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A 200 ps molecular dynamics simulation of a membrane bilayer consisting of 202 dilauroylphosphatidyl-
ethanolamine molecules and 8108 water molecules at 315 K is conducted. Distribution functions of lipid
groups, order parameters, and other properties of the lipid bilayer are calculated and compared with experimental
measurements. A detailed analysis is conducted for the structure at the membrane—water interface. Water
polarization profile, membrane dipole potential profile, and susceptibility profile are calculated. Simulation
results suggest that the polarization of water is determined mainly by the distribution of lipid head groups in
the interfacial region. The membrane dipole potential is mainly due to the ester groups linked to the glycerol
backbone, while the contribution due to the phosphatidylethanolamine head groups is almost completely
cancelled by the contribution due to oriented water molecules. The susceptibility profile suggests a dielectric
constant around 30 for the head group—water interface and a dielectric constant around 10 for the ester group
region. The ammonium groups of the DLPE membrane are found to form hydrogen bonds with water
molecules, while no orientational preference is observed for water molecules around the choline groups of a
previously simulated POPC (1-palmitoyl-2-oleoyl-sn-glycerol-3-phosphatidylcholine) membrane. Correlations
of the membrane surface charge density are also analyzed. The simulations which involved 32 808 atoms
included Coulombic forces between all atom pairs evaluated by means of the fast multipole algorithm. Effects

of cutting off Coulombic forces at a distance of 8 A are discussed.

Introduction

Biological membranes have become the subject of intensive
modeling studies in recent years.!'? Biological membranes are
complex molecular assemblies formed by amphiphilic lipid
molecules, membrane proteins, and other molecules like cho-
lesterol and water. Many important biological processes, such
as the reactions in the respiratory chain, the photosynthetic
reaction, and cell signalling and transport, take place on or across
biological membranes and are inherently related to properties
of membranes. Obtaining a more detailed and complete
understanding of the structure, dynamics, and function of the
membrane—water system remains a major task for bio-
physicists,>~¢ and one can expect that molecular dynamics
simulations can contribute very well in this respect. However,
modeling of membrane—water systems involves large system
sizes and requires long time simulations. The rotational motion
of lipid along its long axis and the trans/gauche isomerizations
occur in the time range of 100 ps to nanoseconds;” !¢ collective
motion of the membrane hydrocarbon tails occurs on an even

longer time scale.!! In addition, a membrane patch large enough -

to preserve bulk properties, or a membrane patch complexed
with a protein of medium size, involves 20 000 atoms or more
and a correspondingly large simulation.!? Such large scale and
long time simulations were unachievable until recently due to
limitations in computational power. The availability of very
efficient algorithms for the evaluation of Coulombic forces!?
has made it possible to carry out the necessary computations
today.

Earlier theoretical models by Marlelja used mean field
descriptions to represent the influence of neighboring lipid
atoms.! Monte Carlo simulations were later used to study the

* To whom correspondence should be sent.

* This work was supported by a grant from the National Institutes of
Health (P41RR0OS5969) and by a grant from the National Science Foundation
(ASC93-18159).

® Abstract published in Advance ACS Abstracts, January 1, 1995.

0022-3654/95/2099-2194$09.00/0

hydrocarbon regions and the phase transitions of lipid mem-
branes!>!6 and membrane—cholesterol interactions.!”!® Com-
bining the Maréelja mean field model and Brownian dynamics,
Pastor et al. carried out simulations on a few lipid molecules
in the time range of microseconds and reproduced some
experimental data.!%2 Simulation using detailed atomic models
and molecular dynamics techniques on membrane—water sys-
tems was pioneered by Berendsen et al. on a decanoate (2 x

'16 molecules) membrane?! and was later extended to bigger

membrane patches including explicit water molecules.?>??
Studies on other membrane bilayers such as DLPE (1,2-dilauryl-
sn-glycerol-3-phosphatidylethanolamine)?*25 and DPPC (1,2-
dipalmitoyl-sn-glycerol-3-phosphatidylcholine)?6~28 have been
carried out in recent years. With the help of newly developed
supercomputers, very long simulations on membranes (2 ns for
DMPC (1,2-dimyristol-sn-glycerol-3-phosphatidylcholine)?®) and
simulations for very large systems (up to 200 POPC (1-
palmitoyl-2-oleoyl-sn-glycerol-3-phosphatidylcholine) lipid mol-
ecules!? have been carried out. These studies have allowed
direct comparison with experiments and suggest that MD
simulations have become a powerful tool in membrane research
and for membrane-related biological processes.

Among the head groups of the lipid molecules found in
biological membranes, phosphatidylcholine (PC) and phosphati-
dylethanolamine (PE) are quite common. Pure lipid membranes,
such as the PC or PE membranes, usually undergo a phase
transition from the gel (Lg) phase to the liquid crystal (L,) phase
at a temperature between —20 and 80 °C. Biological mem-
branes generally exist in the liquid crystal phase in vivo, and
this phase is probably most relevant for most membrane
processes. The crystal phase structures of a few membranes,
such as that of the DLPE*3! and of the DMPC3? membrane,
are known through X-ray crystallography. Even though in the
liquid crystal phase the structures are disordered, the X-ray
structures do provide some important information on lipid
packing in membranes. Differences are observed between the
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DLPE and DMPC membranes: for example, a direct hydrogen-
bonding network is observed between neighboring lipid head
groups in the DLPE membrane. Compared to PC membranes,
PE membranes usually have smaller surface areas per lipid,**
lower phase transition temperatures,! and weaker hydration, i.e.,
a faster decay in the hydration force.3* Extensive experimental
studies have been carried out on PC membranes (particularly
DPPC), and simulation studies have been carried out by many
researchers.122627 In the present study, we focus on the DLPE
membrane, which is among the most intensely investigated PE
" membranes and has also been studied by modeling techniques
recently.?

The hydration forces between interacting membrane surfaces
have been investigated by many researchers, both experimentally
and theoretically.!*35- Various models have been proposed to
explain the observed exponential decay of the repulsion force
between approaching membrane surfaces. Nonlocal water
polarization in the water layers between the membrane surfaces
has been suggested to play an important role in determining
the hydration force.?®*2 In this paper, we attempt to study the
water polarization profile in the membrane-water interface and
compare the profile obtained to previous theoretical models.

It is well-known that the membrane bilayer interior, or the
air phase for a membrane monolayer dispersion, has a positive
potential compared to the aqueous solution. This potential, the
so-called membrane dipole potential, was first proposed to
explain the difference of permeabilities for the hydrophobic ions
tetraphenylboron (TPB™) anion and tetraphenylphosphonium
(TPP*): cation,4 an explanation which has been generally
accepted. The measured dipole potentials are 100~300 mV
for membrane bilayers’!2 and 300—600 mV for membrane
monolayers at the air—water interface.*84° Possible contribu-
tions to the dipole potential, as described by McLaughlin®® and
Honig,3* arise from the membrane head groups, the (glycerol)
ester groups, and the oriented water molecules solvating the
lipid. Experimental evidence exists for both the ester groups®*-6
and the solvating water molecules’ as possible origins for the
dipole potential. Previous modeling studies suggested that the
lipid head groups cause a potential in reverse direction to the
measured total dipole potential, whereas both the water and the
ester groups contribute to the total potential in the right
directions.® Another study by Jing and Pullman® on a glyceryl
monooleate membrane suggested that the potential arising
primarily from lipid dipolar groups can account for the
experimentally observed dipole potential and may be important
in determining the conformation of gramicidin A imbedded into
the membrane. Previous molecular dynamics simulations also
suggested dipole potentials of a few hundred millivolts positive
inside the membrane bilayer.?6:60

The dielectric constant profile of the membrane-water system
has been the subject of only a few experimental studies®!~6
and remains quite unexplained at this point. However, elec-
trostatic potential profile and dielectric constant profile across
the membrane are quite important quantities for studying
membrane—protein and membrane—drug interactions. One
potential application of such profiles is the development of
mesoscopic models for the membrane—water interface which
could simplify simulations of membrane processes significantly.

In the present study, we have conducted a 200 ps molecular
dynamics calculation on a DLPE membrane bilayer patch
consisting of 202 lipid molecules and 8108 water molecules.
The simulation was conducted under constant temperature (315
K) and constant volume conditions. Long-range Coulombic
interactions between all atom pairs were accounted for using
the fast multipole algorithm.'® Structural properties of the
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Figure 1. Schematic diagram of the dilauroylphosphatidylethanolamine
(DLPE) lipid molecule. Segments of the lipid molecule and the partial
charges used in the present study are also shown.

simulated membrane patch were analyzed using the trajectories
generated from the last 20 ps of the simulation and suggest that
the simulated membrane corresponds to the DLPE membrane
in the liquid crystal phase. We calculated the water polarization
profile, the electrostatic potential profile, and the susceptibility
profile across the DLPE bilayer. Hydrogen-bonding properties
of the lipid head group and charge distribution on membrane
surfaces were also analyzed. Comparisons were made between
the simulated DLPE membrane and a previously simulated
POPC membrane bilayer'? in terms of membrane—water
interfacial properties.

Methods

System Simulated. A membrane bilayer consisting of 202
dilauroylphosphatidylethanolamine (DLPE) molecules (Figure
1) was simulated in the present study. The united atom model
was used for the DLPE lipid molecules. The partial charges
employed for the effective atoms were obtained by modifying
the CHARMm parameters and are shown in Figure 1. The
CHARMm force field for lipid molecules contains explicit
hydrogens. To transfer the corresponding charges to a united
atom model, as employed in the present study, we have added
the charges of the nonpolar hydrogen atoms to the carbon atoms
which they are bonded to and correspondingly changed the atom
types for these carbon atoms. For example, the charges of the
terminal methyl groups were obtained by adding the charges
of the carbon atom and the three associated hydrogen atoms of
the CHARMm all-hydrogen model. The charges of the meth-
ylene groups were obtained by adding the charges of the carbon
atoms and the two associated hydrogens atoms, etc. It turned
out that the charges of the methyl and most of the methylene
groups were zero, as shown in Figure 1. The charges we use
are very similar to the charges used for a previous molecular
dynamics study on the DLPE membrane.2> The initial geometry
of the DLPE molecules was taken from the crystal structure
given in ref 31. One of our objectives to simulate the DLPE
membrane is to prepare an equilibrated membrane patch large
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enough to study phospholipase A;—membrane interactions. It
is known that phospholipase A; interacts with approximately
40 lipid molecules when adsorbed to membrane surfaces.54
Hence, we selected 202 lipid molecules, 101 lipids in each
monolayer, to form a disk-shaped membrane bilayer with a
radius of approximately 41 A. The membrane simulated in this
study would be large enough to study not only the lipid
molecules associated with phospholipase A but also the lipid
molecules at some distance away from the protein in a
phospholipase A;—membrane complex. The normal of the
membrane bilayer was chosen along the y-axis, and the center
of the bilayer defined the origin of the coordinate system. The
DLPE molecule in the liquid crystal phase has a larger surface
area (about 50 Azllipid) than DLPE in the crystal (about 39
Alipid).33  Since our simulation method does not allow
significant readjustment of the membrane surface area and since
the properties of the simulated membrane bilayer depend
critically on its surface area as shown by previous simulations, 2
it is very important that the initial structure of the membrane is
properly chosen. For the present investigation, we have
isotropically scaled the coordinates of the lipid molecules in
the xz-plane, such that the area per DLPE molecule corresponded
to that of the liquid crystal phase. The structure was subse-
quently energy minimized for 100 steps using the program
XPLOR. During the energy minimization, the configurations
of the DLPE molecules were optimized and the high internal
energy due to the scaling of x- and z-coordinates was eliminated;
the surface area of the constructed membrane bilayer remained
unchanged.

Water molecules were then placed on both sides of the
membrane. Boxes of water, previously equilibrated with
periodic conditions and available from the standard XPLOR
package, were added to cover the surfaces of the two membrane
sheets. Water molecules were deleted if the oxygen atoms were
closer than 1.6 A to any atom of the lipid bilayer, or if the
oxygen atoms were outside of the cylindrical region defined as
{x>+ 22 <43.02 A%, —40.0 A <y < 40.0 A}. A total of 8108
water atoms were selected, which form water layers more than
20 A thick on both sides of the membrane bilayer. The radius
of the water layers in the xz-plane was 43 A, chosen slightly
larger than the radius of the lipid membrane to ensure sufficient
solvation for lipids in the boundary region.

Our initial structure of the DLPE membrane did not cor-
respond to the membrane in the liquid crystal phase, because
the hydrocarbon chains were too ordered and, therefore, the
bilayer too thick, nor did it correspond to the crystal phase,
due to the larger surface area assigned to the lipid molecules.
Also, water molecules were not initially distributed in the
membrane-water interface as expected in the multilamellar
membrane bilayers. During the course of the molecular
dynamics simulation, the effective length of the hydrocarbon
chains shrank due to thermal motion, and the chains became
disordered. Water molecules penetrated into the membrane head
group region, and the thickness of water layers on both sides
decreased to approximately 15 A. Such thickness is the
minimum desired for accurate descriptions of the membrane-
water interface for the boundary condition employed here (see
below). As described in the following section, the position of
the two membrane sheets and the boundary conditions for the
water molecules were adjusted during the equilibration process
until equilibrium was reached.

Experimentally, it is known that the DLPE membrane bilayer
hydrates very weakly as compared to PC membranes. In the
lamellar structures formed by the DLPE membrane, there are
only very thin water layers (5 A) separating the adjacent
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membrane layers.? In the present study, the DLPE membrane
was solvated by excess water. Furthermore, the membrane
patch investigated did not correspond to the membrane lamellar
structure? since periodic boundary conditions were not em-
ployed. Such boundary conditions would have forced us to
employ Ewald summation,55 which we have not implemented
in our programs yet, to account for long-range Coulombic forces
properly. We consider it quite unlikely that the excess water
placed in the simulated system would cause major effects on
the properties of the DLPE membrane. However, future studies
are certainly desired to simulate the membrane in a multilamellar
environment, through implementation of Ewald summation®
in our program, and compare the results to the present study.
The recent development of efficient algorithms for Ewald
summation for systems with very large elementary cells%-7 will
allow us to include periodic boundary conditions in future
studies.

Simulation Conditions. To maintain the desired shape of
the simulated system, in particular, to keep intact the cylindrical
shape of the water layers solvating the membrane bilayer (which
could change easily due to surface tension), a novel boundary
condition was employed in this study. Test calculations were
initially conducted using a stochastic harmonic boundary
condition, where the atoms in the boundary region were
constrained to their starting structure using a harmonic potential,
the dynamics of these atoms  governed by the Langevin
equation.%%% However, such constraints were observed to
impose rather rigid structures on the lipid hydrocarbon tails and
affect the equilibration of the membrane bilayer, causing an
inhomogeneous thickness of the membrane.

We decided then to apply harmonic potentials only to atoms
which diffuse outside of a defined region and to omit any
constraints for atoms inside the region. Thus, the simulation
was carried out in a confined reaction region, defined as a
cylinder with a radius of 43.0 A in the xz-plane, with harmonic
potential walls. To define the boundary of the cylinder along
the y-axis, the thickness of the bilayer and the water density
profile were calculated. During the equilibration, the overall
length of the hydrocarbon tails of the lipid molecules shrank,
and, accordingly, the distance between the two monolayers were
adjusted subsequently to the experimental data.?3 As a result,
the distance between the two bilayers was adapted such that
the calculated electron density exhibited two peaks at a distance
of 33.0 A. The water density was calculated in test simulations
with different boundary conditions to ensure that the water
density remained constant and in agreement with the observed
density. The boundaries of the system along the y-axis were
finally chosen at y = £35.5 A.

To constrain the water molecules, the following harmonic
potentials were applied to their oxygen atoms:

K(y + 35.5) ify < —35.54
Eparn = { K(y — 35.5)° ify>3554 )

KW +22—-43.00° it Va2 + 2> 4304

where K = 0.5 kcal/(mol'A2). A similar, but gentler, potential
was applied to all lipid atoms using a force constant K = 0.2
keal/(mol-A2).

The system was equilibrated for altogether 180 ps at 315 K,
a temperature above the gel — liquid crystal phase transition
temperature (303.5 K) for DLPE.?® During the equilibration,
the thickness of the bilayer and the boundary conditions were
adjusted as described above. The program MD!3.71.72 was used
for the equilibration. The system was coupled to a heat bath
of the desired temperature with a relaxation time of t = 100 fs.
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A time step of 1 fs was used for integration of the equation of
motion without using the SHAKE algorithm. The electrostatic
interactions were calculated between all atom pairs in the
system; that is, no cutoff scheme was employed during the
equilibration.

After the 180 ps equilibration, the thickness of the membrane
bilayer and the water distribution equilibrated as demonstrated
by the distribution of various membrane segments and water
molecules. A 20 ps simulation (simulation A) was subsequently
conducted using the program MD and the same simulation
conditions as outlined above. In order to examine the effects
of a cutoff of the Coulombic forces, we also conducted
simulation B, employing a 8.0 A shift cutoff using the program
XPLOR.” Simulation B started from the same structure used
for simulation A. Simulation B was conducted for 15 ps.

Simulation Programs Employed: MD and XPLOR. The
program MD is a library of C functions for a UNIX environ-
ment, developed for simulations of biological macromolecules.”
While many commercial programs are currently available for
molecular dynamics calculations, MD was written to give the
user easier access to the code and the capability to modify certain
functions easily according to the needs of the application.

The energy functions in MD are compatible with the
CHARMm? energy functions. However, MD employs new
algorithms to calculate long-range Coulombic interactions,
namely, the FMA (fast multipole algorithm)’> and the multiple
time scale algorithm,’® and does not use any cutoff scheme.
The performance and accuracy of the FMA and multiple time
scale algorithms have been documented previously.!® For the
present study, we employed both the FMA and the multiple
time scale algorithm in the calculation for nonbonded forces.
The interactions between all atom pairs (including long-range
and short-range interactions) were calculated using the FMA
library every 20 fs. During intervals of 20 fs, the forces due to
long-range interactions (atoms further apart than 7.0 A from
each other) were kept constant and the short-range interactions
(atoms within 7.0 A only) were updated each time step.
Simulations in this study were conducted on a Silicon Graphics
Crimson workstation with a MIPS R4000 processor. For the
32 808-atom system approximately 3 ps/day dynamics were
simulated using the program MD, a performance which is
comparable to that of the program XPLOR, with the latter
employing an 8 A cut-off for Coulombic interactions. The
program MD and its parallel version PMD, written for parallel
computers such as the CM-5 and workstation clusters, are
available upon request. (To request a copy of the program MD,
please contact Andreas Windemuth at Dept. of Biochemistry,
Columbia University, BB-221, 630 W. 168th St., New York,
NY 10032, or Klaus Schulten.)

The program XPLOR?? is a widely used molecular modeling
program for X-ray and NMR structural refinement. XPLOR
implements the CHARMm force field.™ Besides using XPLOR
for energy minimization and molecular dynamics we employed
the program for trajectory analysis, as it uses a very expressive
language for data manipulation. In simulation B this program
was used for the molecular dynamics calculation. The atom-
based shifted cutoff scheme for Coulombic interactions was
employed. According to this scheme, the Coulombic force
between two charges Q; and @ is”™ '

2 \2
faed® = Q,-Q,fRz(l - RR;) @

where R is the distance between the two charges and Rogg = 8.0
A is the chosen cut-off distance. o is the dielectric constant in
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vacuum since the dielectric property of the system is represénted
explicitly by the motion of charged atoms.

Data Analysis. a. Order Parameter. To obtain information
on the structure and dynamics in the membrane interior,
molecular long-axis order paramters are calculated. Order
parameters are related to the average orientation of the meth-
ylene group and are defined through the tensor S:

S;= —;{3 cos 6, cos 6, — 3, 3

where 6;, i € {x.y.z}, is the angle between the ith molecular
axis and the membrane bilayer normal. The molecular axes
for a methylene group (CHy) are defined as follows: the x-axis
is along the H—H vector, the y-axis is the bisectrix of the
H—C—H angle, and the z-axis is defined as the vector
perpendicular to the H—C—H plane.”? The deuterium order
parameter measured by NMR experiments is given by?
2 1
Scp = ES" + SS” 4
For perfectly extended all-trans chains, completely aligned
along the bilayer normal, Scp = —0.5. For randomly distributed
chains (completely disordered state) Scp = 0. The molecular
long-axis order parameter is defined by S In case the
molecular motion is isotropic around the z-axis Scp = —0.5S,.2
The molecular long-axis order parameters were determined in
this study from simulation A for all lipid molecules in the
simulated membrane and averaged over 50 snapshots at 0.4 ps
time intervals.

b. Distribution of Molecular Groups and Angles. To
determine the distribution of molecular groups across the bilayer
(along the y-axis), and to determine the probability distribution
of a few important angles related to the membrane-water
interface (such as the angle between the phosphate —ammonium
vector and the membrane surface), we only counted the lipid
molecules within a given area in the xz-plane. Only lipids whose
sn-2 carbon atoms in the glycerol backbone satisfy P o
135.0% A2 were considered. The following procedure was used
to obtain smooth distribution functions despite the relatively
few sample points obtained from the simulation. Each statistical
realization, e.g., a coordinate or an angle, was considered not
as a discrete point but as a Gaussian function:

1
7

G(x) = —— exp(—(x — x)"10°) 5)
where x is the variable, and x; is one statistical realization of
the variable. The variance o used in our calculation was 1.5 A
for coordinates and 5° for angles. The distribution probability
at xo, within a width dx, was then calculated by summing up
all the density functions G; and normalizing according to

o(x)ox = (zc,.(xo)/Zn ox (6)

where the summation runs for all the selected atoms (or angles)
over many configurations obtained from the simulation.

The density of water molecules was calculated in an
analogous way. The averages were carried out for simulation
A using different snapshots of the dynamics trajectory. The
angle distributions were averaged for the two lipid layers.

c. Water Polarization. The orientational polarization profile
along the y-axis was calculated for water molecules whose
oxygen atoms satisfy x? + z2 < 35.02 A% to avoid effects from
boundary conditions. The polarization profile was calculated
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through integration of the charge density:

Py) = [e0)dy ™

where o(y) is the surface charge density of the system in the
xz-plane. To calculate the average charge density as a function
of y, the system was divided into small slabs with thickness D
= 0.2 A along the y-axis. The charge density was averaged
over 150 configurations generated from simulation A. The
calculated polarization profile was smoothed using the procedure
described in the previous section (0 = 1.5 A). The water
polarization profile was similarly obtained from simulation B
using the configurations of the last 5 ps for comparison.

The contribution to the polarization due to water dipole
moments alone was also calculated along the y-axis using

P¥(y) = y(») p() (8)

where y(y) is the density of water molecules and p(y) is the
average dipole moment of each water molecule at a given
y-coordinate. This calculation was carried out for simulation
A only.

4 Electrostatic Potential Profile. Several factors contribute
to the electrostatic potential profile across the membrane. The
experimentally measured dipole potential, which is the potential
difference between the membrane interior and the aqueous
solution, is the sum of these contributions. We have calculated
the charge densities of lipid molecules and water molecules,
respectively, along the y-axis. Due to the boundary conditions
used in the simulation and due to the difference in the surface
area of the lipid and water layer, it is inaccurate to calculate
the total potential by integrating over the charge densities, which
could be done if periodic boundary conditions had been used.

To calculate the dipole potential, we employed a method
consistent with a finite-size system. The average electric field,
due to charges of all water as well as all lipid molecules, on a
disk with a radius of 35 A on the xz-plane, was calculated and
integrated while the disk was assumed to be moving along the
y-axis. The center of the disk was fixed on the y-axis.
Integration of the average electric field on this area gives the
average potential profile felt in the central region of the
simulated system. Using a smaller radius of 25 A for the disk
gives a similar potential profile for the membrane-water system
studied. The potential profile was calculated for every 05A
along the y-axis. The calculation was performed on the
averaged structure for simulation A (and simulation B) only,
since the potential calculation involved numerical integration
and was quite time consuming. However, the charge on each
atom was treated not as a point charge but rather as a Gaussian
charge density, centered around atoms with a variance 0 = 1.5
A. The potentials due to water and lipid molecules were
determined separately, and the total potential was calculated
by adding the two contributions.

e. Susceptibility Profile. Susceptibilities of model systems
were determined previously, using linear response theory,”’ ™"
for homogeneous systems like water®*3! employing the formula

_Am(M?)

X=73vr
where M is the total dipole moment of the system, V is the
volume of the system, and T is the temperature at which a
simulation is conducted. We modified this method in the

present study to obtain a susceptibility profile for the simulated
membrane system along the y-axis. To calculate the suscepti-
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Figure 2. Electron density profile of the simulated DLPE membrane-
water system (dashed line) and the electron density profiles observed
for the DLPE membrane in the liquid crystal phase for the DLPE
membrane (solid line, data taken from ref 33, in arbitrary units).

bility profile, the system was sliced into 1.0 A thick slabs along
the y-axis. The susceptibility of each slab was calculated using
the fluctuation of the polarization in that particular slab
according to

4n(M,) — M)
20) = ¥

where M,(y) is the polarization' along the y-axis due to all
charges located in the slab, A is the area of the slab in the xz-

plane, and d is the thickness of the slab (1.0 A). M (y), the
average polarization along the y-axis due to all charges in the
slab, was subtracted to obtain the fluctuations of the polarization.
This quantity was omitted in previous studies for homogeneous
systems, where it should be zero 808! but could not be omitted
for the membrane-water interface because the system is inho-
mogeneous and there exist permanent dipole moments along
the y-axis which lead to the membrane dipole potential. Our
method to calculate the dielectric constant is very similar to
that used by Warshel et al. for protein—water systems,’? except
that these authors applied the method to spherical regions while
we applied it to cylindrical disks.

To obtain the susceptibility profile of the system, fluctuations
of the polarization were calculated using the 20 ps dynamics
trajectory from simulation A. Only the water molecules, whose
oxygen atoms satisfy x* + 22 < 35.02 A% and the lipid
molecules, whose sn-2 carbon atoms in the glycerol backbone
satisfy the same condition, were considered. Thus, the suscep-
tibility was calculated for a cylindrical region with the area in
the xz-plane of A = 35%% A2,

(10)

Structural Properties of the Membrane

Electron Density and Order Parameter. The shape of the
electron density profile, averaged over simulation A, is com-
pared in Figure 2 with the profile observed for a DLPE
membrane in the liquid crystal phase. The center of the lipid
bilayer shows a characteristic minimum of the electron density.

The molecular long-axis order parameters for the sn-1 and
sn-2 chains of simulation A are compared in Figure 3 with the
order parameters experimentally measured for the DPPC
membrane at 51 °C. The carbon atom next to the carbonyl
group of each hydrocarbon chain is denoted as carbon atom 2
in this study, and the terminal methyl group is denoted as carbon
atom 12 (their molecular long-axis order parameter cannot be
calculated). The simulation for the DLPE membrane was
carried out at 11.5 °C above its phase transition temperature,
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Figure 3. Molecular long-axis order parameters calculated for the simulated DLPE membrane as compared to the experimentally measured order
parameter for the DPPC membrane: (x) order parameters for the sn-1 chain of the simulated DLPE membrane; (+) order parameters for the sn-2

chain; (W) measured order parameter for the DPPC membrane® at 51 °C.
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Figure 4. Deuterium order parameter 6f the membrane bilayer of the sn-1 and sn-2 chains obtained from the structures at 0.2 ps (solid line), 10.2
ps (dashed line), and 18.2 ps (dotted line) of the final 20 ps of our 200 ps simulation.

whereas the experimental order parameters for the DPPC
membrane were measured at 10 °C above its phase transition
temperature.¥ Because DLPE lipid molecules have quite short
hydrocarbon tails, and because of the difference in the head
group of the PE and PC membranes, a direct comparison is not
possible. However, the calculated order parameters show the
characteristic plateau up to carbon atom 8 and a decrease in
the order parameter along the tails of the hydrophobic chains.
The order parameters calculated for carbon atoms 3—8 are
slightly higher than the order parameter for DPPC, as given by
deuterium NMR studies.?? Our simulation does not reproduce
the characteristic dip in the order parameter for the carbon atom
at position 3 very well, which is probably due to a short
simulation time or due to the united atom model employed
which does not describe very accurately the packing between
lipid hydrocarbon chains. Such a difference between the
simulated and the experimentally observed order parameter
profiles was also noticed in our previous study on the POPC
membrane!? as well as in other simulation studies.?

We only present the average structural properties for the
membrane during the last 20 ps simulation time here. The

electron density and the order parameter of the two chains are
stabilized during the last 20 ps, suggesting that a 180 ps
equilibration is long enough for the present analysis. The
deuterium order parameters of the membrane bialyer at 0.2, 10.2,
and 18.2 ps of the last 20 ps simulation are shown in Figure 4;
no significant differences in the order parameter profiles can
be observed for the three snapshots, except for that caused by
the fluctuation of the system. However, since the characteristic
time scale for lipid motion is nanosecond or longer for lipid
diffusion, the structure of the membrane bilayér cannot be
thoroughly equilibrated during simulation times which are
accessible using our current computational resources.

Lipid Group Distribution and Water Density. The dis-
tribution of various segments of the lipid, as defined in Figure
1, and of the water molecules is presented in Figure 5. The
head groups of the lipid molecules are seen to be distributed
over a width of about 15 A. The width is somewhat larger for
the lower lipid layer (y < 0) compared to the upper layer (y >
0), the difference being due to a statistical error arising from
the relatively small sample size. The water molecules are seen
to penetrate up to the ester groups of the hydrocarbon tails;
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Figure 6. Top: distribution probabilities of the methylene (solid line)
and the methyl (dashed line) groups across the simulated DLPE
membrane. Bottom: distribution probabilities of the angle between
the phosphate—ammonium vector (solid line) and the carbonyl groups
(dashed line) and the membrane surface.

this penetration depth has also been suggested by experimental
studies® and previous simulations. We determined the ap-
proximate number of bound water molecules per lipid molecule
by counting the waters within the range of the two dashed
vertical lines in Figure 5. The spacing between the two lines
is 46.1 A and corresponds to the spacing between DLPE lamellar
membranes.>* Roughly 10.6 waters per lipid are found in this
range; this compares well with 9—10 waters suggested by
experimental studies to be bound per lipid head group.33:85
Figure 6 (top) shows the distribution of the methylene and
the methyl groups of the DLPE bilayer. The terminal methyl
group is observed to distribute over a width of about 20 A in
the center of the membrane bilayer. Even though the distribu-

tion of the methyl groups is broad, they do not distribute over
the entire range of the membrane, as do the methylene groups.
Such distribution for terminal methyl groups of lipid hydrocar-
bon tails in the membrane bilayer has also been observed for
the DOPC membrane.?* Figure 6 (bottom) displays the
distribution of the angle between the phosphate to ammonium
vector (PN vector) and the membrane surface, as well as the
angle between carbony! groups and the membrane surface. An
average tilt of +20° toward the aqueous solution is found for
the PN vector. An angle of about +8° is found between the
ester carbonyl groups and the membrane surface, with the
carbonyl groups tilting toward the membrane-water interface.
A small tilt of the carbonyl toward the aqueous phase has been
suggested previously and might contribute to the membrane
dipole potential®>%¢ analyzed in the following sections.

Interfacial Properties of the Membrane

Water Polarization. The total water polarization (solid line)
and the polarization due to dipole contribution only (dashed
line) are shown in Figure 7. The total water polarization is
also obtained for the trajectory from simulation B (by integrating
the charge density) and is shown as a dotted line in Figure 7.
The polarization of water shows two peaks in regions where
the membrane head groups are located. The charge density of
the water molecules in the head group—water interface almost
exactly cancels out the charge density due to lipid head groups
located in this region (not shown). Therefore, the water
molecules behave as a high-dielectric-constant medium, and
their polarization profile reflects the lipid head group distribu-
tion. Very small polarization arises for water molecules located
in the regions where no lipid head groups are found, i.e., at y
< =250 A ory > 250 A. The two small peaks in the
polarization profile close to the system boundary are probably
induced by the water—vacuum interface. According to experi-
ments,¥ water molecules would orient themselves with the
hydrogen atoms pointing toward the water—hydrophobic inter-
face such that the hydrophobic region would have a positive
electrostatic potential relative to the aqueous solution. Such
behavior is qualitatively in agreement with the water polarization
profile obtained for waters at the system boundary shown here
and is probably not related to the membrane-water interface
and, thus, not of importance for our study.
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Figure 7. Water polarization profiles of the simulated DLPE membrane system along the y-axis (solid line) total water polarization obtained from

simulation A (with no cut-off); (dotted line) water polarization due only to dipole contributions from simulation A; (dashed line) total water polarization

obtained from simulation B'(with 8 A cutoff).

A shifted cutoff scheme for the Coulombic interaction, as
adopted in simulation B, causes profound differences in the
water polarization. The most prominent effect is a wider
polarization profile, which indicates more water layers are
affected by the membrane head groups as compared to that of
simulation A. Such an effect is most likely due to the water
molecules some distance away from the membrane surface
which would interact with only some of the charged membrane
head groups because of the cutoff scheme. For example, the
water molecules might interact with the ethanolamine group,
which is within 8.0 A in distance, but would not interact with
the phosphate group farther away. The net result is an artificial
long-range potential which would not be present if all the atom
pairs were included in the calculation of electrostatic forces
using the fast multiple algorithm, even though the cutoff scheme
itself includes only short-range Coulombic interactions compared
to the fast multipole algorithm.

We have also calculated, for comparison, the water polariza-
tion for a POPC membrane, using molecular dynamics trajec-
tories reported in r  12. The magnitude of the polarization
for the POPC memorane-water interface, presented in Figure
7, is about twice as large as for the DLPE—membrane interface.
The width and shape of the water polarization profile of the
POPC membrane are similar to that of the DLPE membrane
(Figure 8).

Membrane Dipole Potential. The calculation of the elec-
trostatic -potential of the system has been described in the
Methods section. Figure 9 (top) shows the potential profile due
to the water molecules and due to the lipid molecules. There
is a significant decrease (negative inside) of the potential due
- to the lipid phosphate—ammonium dipoles when moving across
the lipid head group—water interface into the membrane interior.
A smaller potential increase (positive inside) occurs in the region
where the ester groups are located, due to the partial charges of
the carbonyl groups. Not surprisingly, the potential due to the
water molecules almost completely cancels the potential due
to lipid head groups in the interfacial region, and the cancellation
is not as complete in the region where the ester groups are
located, i.e., where the water density is much lower.

The resulting total electrostatic potential is shown in Figure
9 (middle). The potential difference between membrane interior
and the aqueous solution, or the membrane dipole potential,
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Figure 8. ‘Water polarization profiles of the previously simulated POPC
membrane system along the y-axis.

determined from our simulation, is 600 mV. The dipole
potential measured for the DLPE monolayer (air—water inter-
face) is 450 mV.342 The dipole potential measured for
membrane bilayers is usually smaller than that of the monolayers
formed between air—water interfaces, typically 100—150 mV
less.**87 The reason for this difference is not well understood;
McIntosh er al.3” suggested that the dipole potential measure-
ments with bilayers depend on large probes that perturb the
interface. The calculated potential profile suggests that the main
contribution to the dipole potential comes from the ester groups
(450 mV), and the overcompensation of the contribution due
to oriented water in the head group—water interface, i.e., the
contribution from hydration, is about 150 mV. Our model does
not use explicit hydrogen atoms for the hydrocarbon tail and
does not include the effects due to atomic polarization, and their
effects on the dipole potential are neglected in the simulation.
A higher dielectric constant than assumed in the ester group
regions would also cause a smaller dipole potential across the
membrane. Using an all-hydrogen model or employing a more
realistic dielectric constant in the simulation might improve the
agreement between the simulated dipole potential and the
experimental results.

The membrane dipole potential has also been calculated for
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Figure 9. Top: electrostatic potential profiles across the membrane due solely to contributions from water molecules (solid line) and lipid molecules
(dashed line). Middle: the total potential profile across the membrane; solid line, simulation A (left scale); dashed line, simulation B (right scale).
Bottom: the susceptibility profile across the membrane, calculated using the trajectory obtained in simulation A.

the average structure generated from simulation B. The same
method as in the case of simulation A is used for the evaluation
of the potential. The resulting potential profile is shown in
Figure 9 (middle). The potential is about seven times larger in
magnitude compared to the potential predicted by a simulation
without cutoff, mainly due to a significant overestimate of the
potential due to oriented water molecules. It appears that the
error in the water polarization profile leads to the large
overestimate of the membrane potential: this implies that the
conformation equilibrated in a simulation with cutoff cannot
be used to determine the potential profile.

Susceptibility. The susceptibility of the system is calculated
along the y-axis as described in the Methods section. The
susceptibility of the lipid head group—water interface, as shown
in Figure 9 (bottom), is found to be approximately 30. The
susceptibility profile decreases slowly in the head group—water
interface and decreases rapidly in the region in which the ester
groups are located. The calculated susceptibility profile is in
reasonable agreement with previous measurements of membrane
bilayerss!~63 which suggested a dielectric constant of 30 for
the hydrophilic head groups and a dielectric constant of 6—10

for the ester groups. The susceptibilities for the water layers
outside the membrane surface are 30—40 in our simulation,
which is much less than the expected value for bulk water (~73).
There are a few possible reasons for this disagreement. First,
the dielectric property for the water molecules close to the
membrane surface might be different from bulk water. In our
simulation, only a few layers of neat water are included (the
thickness of the water layer is only 15 A), and their behavior
might be somewhat between bound water and bulk water.
Therefore, the dielectric constant could also be lower. It has
been reported by Warshel et al. that boundary conditions and
cutoff play a major role in determining the dielectric constant
for a finite system.8? Inclusion of the reaction field was shown
to be essential in obtaining realistic dielectric constants for
simulated water droplets. Periodic boundary conditions and
Ewald summation of Coulombic forces might provide more
realistic dielectric properties. Previous studies have shown that
the ‘water models currently used in simulations might have a
lower dielectric constant than real water. Dielectric constants
of 34.0 and 53.0 were found for the MCY and the TIP4P water
models at 293 K 2081 Berendsen et al. suggested that polariza-



MD Study of a Membrane—Water Interface

J. Phys. Chem., Vol. 99, No. 7, 1995 2203

3.0 . * * - 20
20
3
1.0
0.0
L5 r
20
1]
a 10
1.0 .
03 W
0.0 . v 0.0 - v v v

Distance (A)

Distance (A)

Figure 10, Radial distribution functions (RDFs) around the lipid head group obtained from the present simulation of DLPE and the previous
simulation of POPC membranes.!? Left top: RDFs of water oxygen (solid line) and water hydrogen atoms (dashed line) around the ammonium
nitrogen atoms of the DLPE membrane. Left bottom: RDF of lipid oxygen atoms around the ammonium nitrogen atoms of the DLPE membrane.
Right top: RDFs of water oxygen (solid line) and water hydrogen atoms (dashed line) around the choline nitrogen atoms of the POPC membrane.
Right bottom: RDF of lipid oxygen atoms around the choline nitrogen atoms of the POPC membrane.

tion effects might be important to obtain a more realistic
description of water. However, simulations using polarizable
water models did not show much improvement in obtaining a
more realistic dielectric constant.88

Interlipid Hydrogen Bonding and Membrane Surface
Charge Distribution. Figure 10 shows the radial distribution
function (RDF) of oxygen atoms of water molecules as well as
of lipid phosphate groups around the ammonium nitrogen atom
of DLPE. The RDFs are normalized by the density of oxygen
(or hydrogen) atoms in bulk water and, therefore, do not
necessarily approach 1.0 at large distances.

Counting only the number of oxygen atoms in the first
coordination shell (within a distance of 3.2 A), there are on
average 3.4 water oxygen atoms and 2.5 lipid oxygen atoms
around one ammonium group. Similarly, we found 10.5 water
hydrogen atoms and 3.0 lipid ammonium hydrogen atoms
around each phosphate group of the DLPE membrane in the
first hydration shell (within 4.0 A). The head groups of the
DLPE membrane form interlipid hydrogen bonding to a certain
extent, but more hydrogen bonds are formed with water
molecules, particularly for the bulky phosphate group. The
interlipid hydrogen bonding of the DLPE membrane in the liquid
crystal phase appears to be weaker when compared to the
hydrogen-bonding network formed in the crystal structure.3!

We determined also the RDFs for the POPC membrane,
exploiting the trajectories reported in ref 12. The result is
compared in Figure 10 with the RDFs of the DLPE membrane.
In the PC membrane, the N—CH;3~O(water) RDF peaks at 4.4
A, and there is no preferential orientation of water around the
choline head group. In the PE membrane, the peak of the
N—H~O(water) RDF is at 2.8 A, and there is significant
hydrogen bonding between the ammonium group and waters
in the first hydration shell. These results support the suggestion
that PC membranes induce formation of clatherates in the nearby
waters.8%7 We also find that there is, on average, only one
lipid oxygen atom in the first hydration shell of the choline
group in POPC, which indicates that the interlipid electrostatic
interaction in PC membranes is weaker than in PE membranes.

The charge density of the DLPE membrane surface is
calculated using the averaged structure from simulation A.
Because the charges of the lipid molecules are distributed in

the three-dimensional space, there is not a well-defined two-
dimensional surface on which the charge density could be cal-
culated: such a surface is only defined for the purpose of the
analysis. In this study, we have calculated the surface charge
density by projecting the 3-D charge density of the lipid
molecules into the xz-plane. Each charge atom is treated as a
Gaussian function with o = 1.5 A, as described previously. The
calculation was performed for 10 000 cells in the area defined
by {~25.0 A <x <250 A; =250 A < z < 25.0 A}, and the
size for each cell is 0.5 A along the x- and z-axis. The calculated
charge density is shown in Figure 11. The charge distribution
and, as a consequence, the electrostatic field, on the membrane
surface is clearly inhomogeneous. We have calculated the radial
correlation function g(r) of the surface charge density defined
by

(1) = (Fe(Fy + ri)Ke(Fp)* (11)

where 7o is a vector in the xz-plane which defines the position
of any cell and 7 is a unit length vector in the xz-plane ‘with
arbitrary direction. Ensemble average is performed over 7 and
by calculating the correlation using all cells in the area {—25.0
A<x<250A;-250 A <z <250 A}. The correlation
functions g(r), calculated up to a distance of 40 A separately
for the two membrane monolayers, are shown in Figure 12. To
compare the distribution of surface charge densities of PE and
PC membranes, we also calculated the correlation functions g(r)
for a POPC membrane bilayer using the coordinates from the
simulation reported in ref 12 (see Figure 12). For both the
DLPE and the POPC membrane, long-range correlations in
surface charge density are found. However, in both cases the
correlation length is estimated to be within 8—10 A, and the
behavior of the correlation functions in DLPE and POPC
membranes is very similar.

Discussion

In order to model biological membranes at the atomic level,
in particular for studies of protein—membrane and drug—
membrane interactions, we had previously constructed and

simulated a POPC membrane bilayer!? of large size. To test
the accuracy of the model, deuterium order parameters, spatial



2204 J. Phys. Chem., Vol. 99, No. 7, 1995

Zhou and Schulten

25

15

z coordinates (A)

1
wh

-15

x coordinates (A)

Figure 11. Surface charge densities obtained for one monolayer of the simulated DLPE membrane bilayer. Bright regions correspond to positive
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Figure 12. Radial correlation functions g(r) of the surface charge
density calculated for the DLPE membrane (upper) and the POPC
membrane (lower). The correlation functions were calculated separately
for the two monolayers in each membrane and are shown as a solid
line and a dashed line, respectively.

distribution of lipid segments and of water, the head group
angles relative to the membrane normal, the lateral diffusion
constant were calculated and compared with observations. The
results suggested that the membrane model used was in
reasonable agreement with actual membranes.

In this study, a patch of a DLPE membrane bilayer with a
diameter of more than 80 A (with 101 lipid molecules in each
monolayer), with a 15 A water layer on each side of the

membrane, was constructed and simulated. All atoms, except
the hydrogen atoms attached to nonpolar carbon atoms, were
described explicitly. The simulated system involved 32 808
atoms. The study of the DLPE membrane was motivated by
the specific role which the PE membrane plays in many
protein—membrane complexes, such as in the case of the protein
phospholipase A».°%*! The membrane patch simulated here is
large enough to be used in further studies of phospholipase A;—
membrane complexes. The width of two lipid layers was
adjusted during the simulation to agree with experimentally
measured electron density profiles. To avoid possible artifacts
in the description of the membrane—water inteface, long-range
Coulombic interactions were calculated explicitly; that is no cut-
off scheme was used.

General Properties. A 200 ps simulation had been carried
out for the present study, which required more than 2 months
of calculation on a Silicon Graphics workstation with a MIPS
R4000 processor. Such short simulation time is not sufficient
to study many properties of the membrane bilayer. Electron
density profile, molecular long-axis order parameters, distribu-
tion of lipid segment and water penetration, and the average
angle of the lipid head group to membrane surface were
calculated in this study. The results indicate that the simulated
membrane corresponds to a membrane bilayer in the liquid
crystal phase. The order parameters of the simulated membrane
are a little higher than the order parameter measured for a DPPC
membrane at comparable temperatures. The distribution of
membrane segments and water molecules does resemble the
observed properties of DOPC membrane bilayers.

A particular emphasis in this study was placed on analyzing
properties of the membrane-water interface, i.e., the water
polarization, the dipole potential profile, and the susceptibility
profile along the membrane normal. We have also analyzed,
as a complement to a previous study,'? other properties of the
lipid, such as the hydrogen-bonding properties of the lipid head
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group and the membrane surface charge distribution. Such
properties are very important in studying protein—membrane
and protein—drug interactions and may serve to construct
simpler mesoscopic models of membranes. One promising
feature of the present approach is that it allows one to obtain
the free energy profile for drug molecules diffusing through
the membrane bilayer, by calculating contributions from elec-
trostatic interactions, hydrophobic interactions, and steric in-
teractions to lipid hydrocarbon tails.

Theoretical Models for the Hydration Force. An early
model for membrane hydration forces was proposed by Mar&elja
and Radic based on a Landau-type expansion of the free energy
density.* The change in the free energy, caused by the partial
orientation of the interbilayer water between two membrane
surfaces separated by a distance d,, is described by the free
energy terms associated with the water polarization, by its spatial
variation, and by the coupling between the water polarization
and external orienting polarization field. The model suggested

. that the hydration force decays exponentially as d,, is increased.
The decay length of the hydration force 4, observed to be close
t02.0 A, was suggested to be the correlation length of the water
polarization and, therefore, is a property of water itself. The
magnitude of the hydration force is determined by the water
polarization at the membrane surface. Later studies by Simon
and McIntosh®? suggested that this magnitude can be further
related to the membrane dipole potential, assuming that the
dipole potential provides the electrostatic field that orients the
solvating water molecules at the membrane-water interface. The
authors tested through experiments the relationship between the
hydration force and the dipole potential as suggested in their
model.

The Martelja~Radic model assumed an infinitely thin
membrane surface and suggests a nonlocal behavior of water
polarization at the membrane—water interface.3¥3® Such as-
sumptions are, however, questionable. Experiments with dif-
ferent surfactant and lipid bilayers in water have yielded values
for A varying from 1.0 to 3.0 A.3* With such a large variation,
A does not correlate necessarily to the size of a water molecule.
Simulation studies on a mica surface and on a lecithin surface
did not reveal the proposed exponential decay of water polariza-
tion,** and the membrane-water interface has a significant
thickness. Another simulation study on a DLPE membrane in
the gel phase suggested the hydrogen-bonding profile as the
order parameter instead of the water polarization.*! Cevc#
attempted to incorporate the thickness of the membrane—water
interface into the original model and suggested for relatively
thick membrane interfaces that the hydration forces might be
stronger than predicted by the Martelja—Radic model and would
decay on the length scale of the interfacial thickness rather than
A. In a recent simulation study,? it was suggested that the water
polarization on the surface of a liquid crystal phase membrane
is mainly determined by the distribution of membrane head
groups. Another model, proposed by Israelachvili and Wen-
nerstrom,**44-went further to suggest that the so-called “hydra-
tion” forces are not due to water structures but rather originate
from entropic repulsion of the lipid molecules.that protrude from
the fluid-like membrane surfaces through thermal motion.
Genuine hydration is suggested to play only an indirect role
through determining the hydrated sizes of the protruding groups.
Our previous studies on POPC membrane bilayers!? support this
view to some extent. _

An alternative view of the origin of the hydration force has
been suggested by Kornyshev and Leikin*® and Rand ez al.%
In their mode], inhomogeneous membrane surfaces are consid-
ered; that is, the (dipolar) charge density on membrane surfaces
is assumed to be fluctuating with a certain correlation length.
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According to this model, the decay length of the hydration force
is determined not only by the decay length of water polarization
but also by the nature of the interface. When the correlation
length of the membrane surface charge density is smaller than
the decay length of water polarization, the hydration force is
suggested to depend mainly on the property of the membrane
surface, and Komnyshev and Leikin argued that this is indeed
the case for biological membranes. This model was applied to
explain the observed weaker hydration for PE membranes since
PE membranes were suggested to have stronger correlation in
surface charge density due to interlipid hydrogen bonding.4

Polarization of Water Molecules. Along with a recent
molecular dynamics study of other membranes,?6 the calculated
water polarization and lipid head group distribution in this study
suggest that the polarization due to water molecules almost
completely cancels the polarization due to lipid head groups.
The solvating water molecules in the membrane-water interface,
thus, behave like a classic medium of high dielectric constant,
and nonlocal effects due to intrinsic water correlation length
are hardly observed. It appears that the decay length of the
distribution of lipid head groups in the membrane-water interface
(which is about 2.0 A obtained by a monoexponential fit for
the two membrane sheets simulated in the present study) plays
an essential role in determining the decay length of the water
polarization in the interfacial region.

The role of water in screening charge—charge interactions
in proteins has been previously demonstrated by Warshel and
Russel®>%? and has been demonstrated here for screening of
charged membrane surfaces. The water polarization profile
calculated in this study had been averaged over the xz-plane,
and the conclusions we draw on the behavior of the solvating
water molecules are valid only on an average.

Due to the fact that periodic boundary conditions were not
employed in our simulation, our system does not correspond to
a membrane system with lamellar structure, to which we
compare our results, e.g., the distribution of lipid segments and
water. A simulation of lamellar membranes employing cor-
responding periodic boundary conditions, Ewald summation of
Coulombic forces, and water layers which correspond to the
small degree of hydration of lamellar membrane systems is
highly desirable.

These limitations of the simulation prohibit an accurate
description of the properties of bulk water some distance away
from the membrane surface and also prevents the decay length
of water polarization from being accurately determined.

Membrane Dipole Potential. The calculated electrostatic
potential across the membrane can be compared to the measured
dipole potential for DLPE monolayers.’!52 Qur study suggests
that the main contribution to the dipole potential arises from:
the ester groups, namely, 450 mV for the total potential increase,
whereas the hydration of the lipid head group contributes only
150 mV. This result is in agreement with other modeling
studies.® Two recent experiments support our results on the
membrane dipole potential: a study on the membrane mono-
layers at the argon—water interface®* has shown a linear
relationship between the measured dipole potential and the
surface concentration of the membrane dipoles; the authors in
ref 94 also suggested a nondipole contribution arising from the
oriented water molecules which can be larger than 100 mV, in
line with the value we report here; a second study®s compared
the dipole potential in both DPPC/cholesterol and DPPC/6-
ketocholestanol membranes and suggested that introducing
further carbonyl groups in the latter membrane caused the
observed increase in dipole potential compared to the DPPC/
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cholesterol membrane. Recent experiments by Gawrisch et al.,
however, contradicted our findings in that they suggest a
contribution from the membrane ester group of only about 110
mV for DPPC and DHPC membranes.5

The measured dipole potentials of lipid membrane monolayers
are usually larger than measured for bilayers by 100—150 mV.
The dipole potential obtained in our study compares better with
the potential measured for the air—water monolayer. We notice
that this is true also for a number of other molecular dynamics
studies.?6% The reason for such a difference is not clear.
Mclntosh et al.3” suggested that the dipole potential measure-
ments with bilayers depend on large probes that perturb the
interface,’” and the dipole potential measured for the monolayer
might be a more accurate description of unperturbed biological
membranes. If this is indeed true, then the dipole potential
obtained from molecular dynamics simulations should agree
better with the observed data from the membrane monolayer
rather than from the membrane bilayer.

The dipole potential obtained from simulation depends very
much on the partial charges assigned to the lipid molecules and
on the dielectric property of the simulated system. It is also
possible that the calculated dipole potential is larger than the
measured dipole potential for a membrane bilayer due to errors
arising from the force field employed. The methylene groups
and the methyl groups are not charged in our force field, and
we did not consider atomic polarization effects in our simulation.
The dielectric constant of the hydrocarbon region resulting from
such a force field is effectively 1, whereas in reality it is
probably 2 or larger. An underestimate of the dielectric constant
would in turn cause an overestimate of the dipole potential.
However, in view of the limitation of the MD simulation
technique, we regard our agreement with observation as very
satisfactory.

To understand better the origin of the membrane dipole
potential, simulation studies on other membranes, such as the
DPPC membrane, and heterogeneous membrane systems, such
as the DPPC/cholesterol membranes, would be desired. Com-
parison of the simulated results with the observed dipole
potential of these systems would provide more information on

the accuracy of the molecular dynamics technique as well as -

on the contributions of various factors to the total dipole
potential.

Simon and McIntosh?’ suggest that the water polarization in
the membrane—water interface and the dipole potential are
related. Our results suggest, however, that the membrane ester
groups are the origin of the dipole potential, while the water
polarization nearly cancels the contribution of the charges of
the phosphatidylethanolamine head groups to the dipole poten-
tial. This suggestion is corroborated by the observation that
the water polarization of the POPC membrane is twice as large
as that of the DLPE membrane, due to the difference of the
head group in the two membranes. However, the dipole
potentials measured for PC and PE membrane monolayers are
not too different. However, other experiments’’ support the
Simon and McIntosh model and suggest that the water molecules
in the head group region contribute most to the membrane dipole
potential.

Dielectric Properties of the Membrane—Water Interface.
For the dielectric susceptibility near the lipid head group—water
interface and near the ester groups we determined values around
30 and 10, respectively. These values are in agreement with
experiments on PC and PS membranes.! The susceptibility
varies slowly in the lipid head group—water interface and varies
rapidly in the ester group region. Due to limiations of the model
used, the susceptibility in the lipid hydrocarbon region can not
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be calculated. Calculation of the susceptibility in the hydro-
carbon region would require us to implement an all-hydrogen-
atom mode] and include atomic polarization effects in the force
field. We expect that the electrostatic potential profile and the
susceptibility profile obtained in this study can be incorporated,
with easy modifications, into mesoscopic continuous medium
descriptions of membrane transport properties.

Membrane Surface Charge Distributions. It is rather clear
from this and other molecular dynamics studies that the
MarZelja—Radic model®® originally proposed to explain the
membrane hydration force is over simplified. Not only is the
thickness of the interface non-negligible but the charge distribu-
tion on the membrane surface is also inhomogeneous, as
illustrated in Figure 11. Long-range correlations in surface
charge densities are found for DLPE and POPC membranes.
No significant difference is observed in the correlation function
of surface charge densities between DLPE and POPC mem-
branes despite the fact that hydrogen bonding between DLPE
lipid head groups is also significant and differs from that found
in the POPC membrane. Recent studies on hydrophobic
surfaces® suggest that the surface charge distributions induce
long-range attractive forces between these surfaces. Whether
or not the fluctuation of the surface charge distribution indeed
contributes to the membrane hydration force and whether or
not the difference in the hydration of PE and PC membranes
could be explained by the model of Kornyshev and Leikin*
remain to be a subject of further studies.

It should also be kept in mind that the membranes simulated
in this study and in our previous study!? are highly ordered when
constructed, and the simulation times (~200 ps) are rather short
compared to the time needed for lipids to exchange places (~10
ns) and relax. The calculated correlation function of surface
charge densities presented in Figure 12 exhibits some correlation
between the two membrane leaflets and might be due to the

_ fact that the initial distributions of lipid molecules in the two

membrane leaflets were chosen too similar and did not relax
completely. Further studies with membranes constructed in a
more random way (such as starting from random positions using
conformations obtained from Brownian dynamics?’) are neces-
sary to obtain more reliable data on membrane surface charge
distributions.

Effects of Employing a Cutoff Scheme in MD Simulation,
Our study demonstrates the strong influence of long-range
Coulombic interactions on the electrical properties of membrane—
water systems. A cutoff of the Coulombic forces has a
significant effect on water polarization and causes an overes-
timate of the membrane dipole potential, particularly the
potential due to hydration. Our conclusions are in agreement
with a recent study®’’ on a DMPC membrane bilayer—water
system. In the studies of this system,””%8 it was further shown
that the dynamic properties as well as the hydrogen-bonding
properties of the water molecules are also affected when a short
cutoff radius is used for Coulombic forces. From this study
and other results in refs 97 and 98 one expects that long-range
Coulombic interactions should also play a role for membrane—
protein interactions, especially, when the protein or the mem-
brane lipids are charged, such as in case of phospholipase A;—
membrane® or annexin—membrane!® interactions.
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