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Electrostatic interactions in a neutral model phospholipid bilayer
by molecular dynamics simulations

Leonor Saiza) and Michael L. Klein
Center for Molecular Modeling and Chemistry Department, University of Pennsylvania, Philadelphia,
Pennsylvania 19104-6323

~Received 29 March 2001; accepted 27 November 2001!

The organization of the lipid headgroups in a neutral model membrane is studied by atomistic
simulations in the fluid lamellar phase,La . In particular, we report the results obtained for a fully
hydrated 1-stearoyl-2-docosahexaenoyl-sn-glycero-3-phosphocholine lipid bilayer at room
temperature. The orientational distribution of the lipid dipole moments with respect to the
membrane normal presents a maximum at 70°~20° above the plane of the interface, pointing toward
the water region!. We also found another smaller peak at 110°~220° with respect to the membrane
plane!. This preferential orientation of the lipid headgroup dipoles with respect to the bilayer normal
obtained at 303 K is qualitatively different from previous calculations at higher temperatures in the
fluid lamellar phase, where headgroup dipoles were uniformly distributed with orientations spanning
0°–135°. Despite their differences, both situations give rise to a similar mean orientation of;70°,
which is in excellent agreement with experiment. The statistics of the main lipid–lipid interactions,
the charge density profiles, the electrostatic potential along the bilayer normal, and the polarization
of water molecules at the interfacial plane are also analyzed. ©2002 American Institute of
Physics. @DOI: 10.1063/1.1436077#
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I. INTRODUCTION

Lipids are the main component and the structural ba
of biomembranes, which separate the living cells and th
organelles from the environment. These amphiphilic m
ecules in water also display a rich variety of mesophas
which are controlled mainly by temperature and lipid/wa
composition.1 Among these structures, the fluid lamell
phase,La , is the most relevant in biological membranes.

Phospholipids, the major class of membrane lipids, h
two hydrophobic acyl chains and different hydrophilic hea
groups, either charged or neutral. Even in phospholipid
layers with neutral headgroups, the electrostatic interact
constitute a basic ingredient in the structural properties
membranes. Electrostatics also plays a fundamental rol
the interactions among membranes or vesicles, membr
and other objects of biological interest, and membranes w
external fields. Membrane permeation, insertion of prote
or peptides in membranes, DNA-lipid complexes~see Ref. 2
for a recent review!, fusion of vesicles and membranes, a
electroporation, just to mention a few processes, are g
erned primarily by electrostatic interactions.1

In the case of neutral phosphatidyl choline~PC! lipids,
charges are arranged in a way that there is a net headg
dipole, within the range 18.5–25 D.3 The phosphate group
which is linked to the glycerol backbone, has a net nega
charge, while the choline group, which constitutes the f
end of the headgroup, has a net positive charge. In f
hydrated membranes in theLa phase, the lipid headgroup
form a network of interacting moieties to minimize the ele
trostatic interactions at the lipid-water interface,4,5 the most

a!Electronic mail: leonor@cmm.chem.upenn.edu
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polar region of the membrane. In this network, water m
ecules interact with the lipid headgroups and even fo
bridges among them. The microscopic origin of the me
brane surface charge and dipole distribution is thus the o
nization at the interface of the polar headgroups and
counteracting effect of the polarized hydrating water m
ecules. The latter also constitutes the most likely origin
the hydration forces between membrane surfaces.1 Due to the
slow diffusive motion of the lipid headgroups compared
the water molecules, the main structure is driven by
former, whereas the latter rearrange themselves in orde
neutralize the effect of the lipids at the interface. Headgro
dipole correlations in the interfacial plane fade away afte
few molecular diameters and, on average, there is a null
dipole arising from the lipids in the interfacial plane.4

The situation is different when one considers the co
ponent of the headgroup dipole in the direction of the bila
normal, which is perpendicular to the lipid-water interfac
Experimentally, mainly from NMR and x-ray measuremen
it was obtained that, in neutral membranes, there is a
component of the electrostatic dipole along the bilayer n
mal. On average, the headgroup dipoles lie approxima
parallel, within 30°, to the membrane plane.3,6,7Similar char-
acteristics have been obtained for phospholipids with ph
phatidyl glycerol ~PGs! headgroups and with differen
neutral headgroups, such as PCs and phosphatidyl etha
mines ~PEs!, for temperatures well into theLa phase.6

Hence, this behavior has been considered as a common
ture of the lipid headgroup dipoles in theLa phase.

In this article, we analyze the organization of the lip
headgroup dipoles at the membrane interface in the fl
lamellar phase,La , at room temperature. We also study t
2 © 2002 American Institute of Physics

P license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp



dgroup
in the MD

3053J. Chem. Phys., Vol. 116, No. 7, 15 February 2002 Electrostatic interactions in phospholipid bilayer
FIG. 1. Schematic representation of the molecular structure of SDPC. The single and double covalent bonds of the two fatty acid units and the heaare
shown as single and double lines, respectively. For the sake of clarity, the hydrogen atoms are not explicitly shown in the sketch, even though
simulations all the atoms were considered as individual interaction sites.
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counteracting effect of the water molecules hydrating
lipid headgroups and their contribution to the total elect
static potential across the membrane interface. Our res
are based on a model membrane, which consisted of a
hydrated lipid bilayer. Specifically, we chose a mix
~polyunsaturated/saturated! chain lipid, the so-called
1-stearoyl-2-docosahexaenoyl-sn-glycero-3-phosphocholine
~SDPC!. For this system, the main order–disorder pha
transition between the biologically relevant fluid lamell
phase and the more ordered gel phase(Lb8) occurs at a
temperature,Tm , of approximately 25 °C.8 The fluid
lamellar phase is characterized by liquidlike chain
whereas, in the gel phase, the chains are essentially ad
ing an all-transconformation but less tightly packed than
a crystal and tilted to accommodate the packing misma
between lipid headgroups and lipid chains. On the one ha
this low Tm temperature allows us to address the membr
electrostatics at room temperature while remaining well i
the fluid lamellar phase, since the presence of the poly
saturated chains increase the disorder of the membrane
rior and, due to their different conformation, hinder the l
eral packing of the lipid chains. On the other hand,
components of this type of membrane have some interes
properties and are quite abundant in the tissues of the re
brain, and olfactory bulb.9 In particular, multiple unsatura
tions ~double-bonds! affect a number of the membrane bi
physical properties4,10 and, specifically, the docosahexaeno
fatty acid ~DHA! content is known to modify the
activity11–13 of the visual receptor rhodopsin.14 We use clas-
sical molecular dynamics~MD! simulations to explore this
organization at the microscopic level.

II. SIMULATION SYSTEM AND METHODOLOGY

The studied model membrane represents a fully hydra
SDPC lipid bilayer, which was constituted by 64 lipid mo
ecules~32 per monolayer! and about 27.5 water molecule
per lipid. The SDPC lipid consists of a neutral~PC! head-
group, a long saturated chain with 18 carbon atoms, an
polyunsaturated chain with 22 carbon atoms and sixcis
double bonds. In Fig. 1, we show a sketch of the SD
molecule where the hydrogen atoms are not explicitly dra
The system was examined by performing classical MD sim
Downloaded 03 Feb 2002 to 130.91.65.42. Redistribution subject to AI
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lations at constant temperature,T5303 K, and pressure,P
51 atm, with similar characteristics to those report
previously.4 Following the standard procedures, the simu
tions consisted of an equilibration period~almost 2 ns! and
an equilibrium period of 1 ns at constant pressure, numbe
molecules, and temperature~NPT ensemble! with a flexible
orthorhombic simulation cell. During the equilibrium perio
we computed the different properties and the dimension
the lipid bilayer were characterized byA561.460.5 Å2 and
d570.060.5 Å for the area per lipid and lamellar spacin
respectively.4 These dimensions are associated with a sim
lation cell of side box lengthsLx , Ly , and Lz with Axy

[^Lx•Ly&51964.8 Å2 and ^Lz&570.0 Å, where thex-y
plane corresponds to the plane of the interface, thez axis is
parallel to the membrane normal, and the brackets indic
that the average over time is taken. We used the No´–
Hoover thermostat chain extended system isotherm
isobaric dynamics method, as implemented in the progr
PINY–MD.15 The utilization of a reversible multiple time ste
algorithm16 with a three-stage force decomposition~into in-
tramolecular, short-range, and long-range intermolecular
teractions! permitted the use of a time step of 5 fs.

The molecular and potential model used for the lip
molecules was the recent version of theCHARMM all-atom
force field for lipids ~CHARMM27!.17 We used a rigidTIP3P

model18 for the water molecules, which is consistent with t
force field chosen for the lipids. All the motions involvin
hydrogen atoms were frozen and the constraints w
handled by means of theSHAKE/ROLL and RATTLE/ROLL

methods.16 The intermolecular parts of the force fields a
pairwise additive functions, which consist of simp
Lennard-Jones plus Coulomb terms, while the intramolecu
interactions consisted of bonded potentials~bond streching,
bond bending, torsional motions! and nonbonded potential
~Lennard-Jones and electrostatic interactions for atoms s
rated by more than two bonds!.

To overcome the boundary effects due to the finite s
of the system, we used periodic boundary conditions. T
short-range forces were computed using a cutoff of abou
Å and the minimum image convention, and the long-ran
P license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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forces were taken into account by means of the Particle M
Ewald method.19

III. RESULTS AND DISCUSSION

The experimental finding that in theLa phase the lipid
headgroups lie, on average, almost parallel to the memb
interface has been confirmed at the molecular level by c
sical MD simulations. However, the simulated systems w
model membranes constituted usually by PCs with two s
rated alkyl chains. In those systems, the main transition t
perature,Tm , is quite high ~room temperature or higher!.
Thus, in order to probe theLa phase, the temperature rang
investigated was;50 °C. In those conditions, the calcula
tions using a variety of force fields and initial condition
revealed that the orientation of the lipid headgroup dipo
with respect to the bilayer normal followed an almost u
form distribution with a mean of;70°.5,20,21

In the crystalline phase, the existence of two differe
headgroup conformations is common for PCs, PEs,
PGs.22 For instance, in the monoclinic form of dimyris
toylphosphatidylcholine~DMPC!, which crystallizes with
two water molecules for each lipid, the two different mo
ecules in the unit cell present headgroup dipole orientati
of 17° and 27° with respect to the bilayer plane~63° and 73°
with the bilayer normal, with a mean of 68°!. This reflects
two different kinds of interactions with the water molecul
in the hydration shell and the neighboring lipid molecules22

However, little is known about the organization of headgro
dipoles in this disordered and biologically relevantLa phase
at temperatures of experimental and biological interest.

The typical arrangement of the lipid headgroup dipo
moments at room temperature is displayed in Figs. 2~a! and
2~b! for the SDPC lipid bilayer. For the sake of clarity, on

FIG. 2. Instantaneous configuration showing the arrangement of the p
phorus~light grey! and nitrogen~black! atoms of the lipid headgroups~a! at
the plane of the lipid-water interface~top view of one of the leaflets! and~b!
perpendicular to it~side view of the lipid bilayer membrane!. For the sake of
clarity, the water molecules are not displayed. The atoms are draw
spheres with twice the van der Waals radii of the different species~phos-
phorus: 233.8 Å; nitrogen: 233.3 Å! and only those atoms located in th
central orthorhombic simulation cell~colored light grey, with instantaneou
side box lengths ofLx546.5 Å, Ly542.5 Å, andLz569.7 Å! are shown in
~b!. Note that the simulation cell contains a single lipid bilayer membra
patch with periodic boundary conditions. The positions of the lipid hyd
carbon chains and the lipid-water interfaces of the two leaflets of the l
bilayer membrane~where the water molecules are represented by their
covalent bonds!, and the position of the bulk water are schematically in
cated in~b, right!.
Downloaded 03 Feb 2002 to 130.91.65.42. Redistribution subject to AI
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the phosphorus, P~light grey!, and the nitrogen, N~black!,
atoms of the headgroups are drawn. The positions of th
and N atoms at the plane of the lipid-water interface a
perpendicular to it are shown in Figs. 2~a! and 2~b!, respec-
tively, for an instantaneous configuration of the simulat
system. In Fig. 2~b!, right, a cartoon of the model membran
indicates the position the lipid hydrocarbon chains, the
gion of bulk water, and the position of the two interfac
where the lipid headgroups and the oxygen atoms of
carbonyl groups are hydrated by the water molecules. I
worth emphasizing that, in the present model, there is a p
tive net charge of;1e around the N atom (N1) and a nega-
tive net charge of;1e around the P atom (P2) of the lipid
headgroup. The inhomogeneity of the system and the sp
organization of the P2 and N1 oppositely charged atomic
groups in~inter- and intramolecular! pairs with well defined
separations is clearly illustrated in Fig. 2~a!. On average,
there are 2.4 intermolecular charge pairs~CP! per lipid mol-
ecule. Here, we have considered that there is a CP betw
two lipid molecules if the N̄ P distance between one of th
P and one of the N atoms of the two molecules is sma
than RPN

C . We choseRPN
C to be the first minimum of the

gPN(r ) radial distribution function,4 which leads toRPN
C

56.2 Å. The picture that emerges from Fig. 2~a! is, how-
ever, rather complex and there is a rich variety of enviro
ments for the headgroup N1 and P2 groups: from isolated
molecules or pairs of molecules interacting simultaneou
with each other via P̄ N and N̄ P pairs~double-pairs!, to
clusters of different sizes with molecules participating
multiple CPs. The quantitative evaluation of the different e
vironments of the individual lipids through the calculation
the percentage of lipid molecules participating inn (n
50,1,2,3...) CPs further supports this image at the stud
conditions. Concretely, for the present SDPC lipid bilay
we obtained the following values: 4%~0 CPs!, 17% ~1 CP!,
31% ~2 CPs!, 30% ~3 CPs!, 13% ~4 CPs!, 3% ~5 CPs!, and
0% ~>6 CPs!. Thus, we found that most of the molecule
participate in either two or three CPs, but there is also
significant fraction of molecules participating in four CPs
in only one. We also observed a small fraction of isolat
molecules and of molecules participating in as much as
CPs. It is worth noting that similar results were obtained
a DMPC lipid bilayer at similar conditions.23 The P–N̄ P
interactions are nonlinear and the/N–P̄ P angle distribu-
tion has a rather broad maximum at 43°. P–N¯P interac-
tions have been shown to occur directly or through a wa
molecule simultaneously bonded to both molecules.4 For the
former, the peak becomes quite narrow and shifts to low
angles~40°! indicating a quite well defined arrangement
the P–N̄ P atoms, while it considerably broadens and
located at larger angles~48°! for the latter.

It is evident from Fig. 2~b! and simulations4 that, on
average, the P2 atoms are located closer to the membra
interior than the N1 atoms. To quantitatively evaluate th
organization, we investigated the orientation of the he
group dipole moment~basically, the P→N vector, denoted
by P–N! of the lipid with respect to the membrane norma
In Fig. 3, we display the distribution of anglesf, P(f),
between the lipid headgroup P–N vectors and the bila
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normal, n̂. The headgroup dipoles at room temperatu
present a preferential orientation along the plane of the in
face. Specifically, we obtained that the mean orientati
with respect to the bilayer normal of the P–N vector, t
headgroup dipole (m̂H), and the total lipid dipole are 69°
74°, and 80°, respectively. Furthermore, these values
correspond to the most probable orientations. This consi
ably reduces the component of the dipole moment perp
dicular to the bilayer plane from̂m0

H&516.76 D ~for the
total headgroup dipole moment! to ^mz

H&54.21 D ~for the
direction parallel to the membrane normal,z axis!. The dis-
crepances between the results obtained for the two diffe
monolayers indicate the likely magnitude of the statisti
errors present in the simulations.

The deviations of the present P–N angle distribution
30 °C from the uniform distribution obtained at higher tem
peratures from MD simulations5,20,21are evidenced in Fig. 3
Our results are consistent with other calculations using a
versity of force fields and initial conditions at similar tem
peratures for systems with a lowTm temperature.24–27 This
indicates a qualitatively different behavior in theLa phase
upon cooling. The P→N ~or, equivalently,mW H! orientation
with respect to the bilayer normal~at least in PCs! thus
changes from an almost uniform distribution at high te
peratures~;50 °C! to a distribution with a most probabl
orientation of about 70°, i.e., 20° above the bilayer pla
pointing toward the water region. Note that the mean ori
tation is quite similar in both situations and this value is,
turn, in excellent agreement with experiment. Its microsco
origin is, however, different in each case. At higher tempe
tures, the P–N orientation is basically limited by geometri
constraints, namely, the hindered motion of the headgro
caused by the presence of the hydrophobic lipid acyl cha
At lower temperatures, it is due to a prevalent orientation
the headgroup dipoles with respect to the membrane surf
For the present lipid bilayer, we found also a symmet
maximum, though with a lower population, at 110°, i.e., 2
underneath the bilayer plane, pointing toward the bilayer
terior.

The roughness of the interface is clearly illustrated
Fig. 4, where the evolution of the anglef with time is shown
for a set of representative molecules. Our results indicate
molecules with preferential headgroup orientations of620°

FIG. 3. Distribution of thef angle between the headgroup P–N vector a
the bilayer normal for each of the two different monolayers~denoted byz
.0 andz,0! and the average value for the whole model membrane.
results are compared with a uniform distribution between 0° and 135°.
P~f! curves are in arbitrary units.
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with respect to the membrane plane are quite stable, altho
transitions between both states take place in the nanose
time scale investigated~light grey and dark grey curves!. The
rest of the molecules are remarkably free~black curve!. This
behavior agrees with what occurs in more ordered lame
phases. For instance, in the gel-phase (Lb8), from MD simu-
lations it was shown that the P–N orientation displays a
modal distribution.28 In those calculations, the authors foun
two roughly equal populations at 41° and 84° with the
layer normal, pointing toward the water phase, for dipalm
toylphosphatidylcholine~DPPC! at 19 °C. This indicates two
dominant configurations of the lipid headgroups with a me
value of 70°. This bimodal distribution is reminiscent of th
structure of the crystal. It is clear from the present study t
there is a different behavior with temperature. These t
different regimes of the lipid headgroups, one with prefere
tial orientation~order! and the other with uniform orientation
~disorder! are present in the fluid lamellar phase,La .

The preferential orientation of the headgroup dipoles
the expected counteracting effect on the water molecu
which are polarized at the lipid-water interface. This infl
ence is shown in Fig. 5~a!, where the mean value of th
cosine of the angle,u, of the water dipole moment with
respect to the bilayer normal is plotted as a function of
position of the centers of mass of the water molecules al
the z axis. Note that the water density profiles do not pe
etrate deeper than the position of the density distributions
the glycerol backbone,4 which is indicated here by the lac
of data in the region close to the bilayer center (z50 Å).
The water dipoles are oriented pointing toward the bila
interior for those molecules close to the water-lipid interfa
~indicated by the negative values of^cos(u)&!. The situation
is the opposite for those molecules located deeper in
interfacial region. There, the water molecules align their
pole moments pointing toward the water bulk region.

The organization at the interface of water and lipid m
lecular dipoles affects the charge distribution in the direct
of the membrane normal and, consequently, the electros
potential across the interface~membrane potential!. The elec-

e
e

FIG. 4. Temporal evolution of the anglef between the P–N vector and th
bilayer normal for a representative set of lipid molecules: molecule 1~light
grey line!, molecule 2~black line!, and molecule 3~dark grey line!. The
three curves represent three different characteristic behaviors of the
headgroup dipoles~see text!. The angles corresponding to the positions
the maxima of the P~f! function ~f570° and f5110°! and the value
corresponding to thex-y projection of the plane of the interface (f590°)
are indicated by dotted lines.
P license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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trostatic potential profile,f(z), can be estimated using Poi
son’s equation, which reads:2¹2f(z)5(1/e0)r(z), with
r(z) being the charge density as a function ofz. Thereby, the
electrostatic potential across the membrane is given

f(z)2f(0)52(1/e0)*0
z*0

z8 r(z9)dz9 dz8, where f~0! is
the electrostatic potential at the bilayer center. In Figs. 5~b!
and 5~c!, the charge distribution and the electrostatic pot
tial are plotted as a function ofz. To investigate the origin of
the different features of the curves, we calculated the con
butions due to the lipid and the water molecules, which
plotted separately in Fig. 5. The lipid dipoles are oriented
such a way that create a negative potential in the memb
interior. The water molecules excessively cancel this eff
by creating a positive potential in the bilayer core. These t
large counteracting contributions lead to a considerable p
tive potential in the interior of the bilayer. In the prese
calculations, we foundf(z)2f(0)'2500 mV, which is in
agreement with the available experimental data.3 From the

FIG. 5. ~a! Mean value of the cosine of the angleu between the molecular
dipole moment of the water molecules and the bilayer normal as a func
of the position of the molecular centers of mass alongz. Charge density~b!
and electrostatic potential~c! profiles. The contributions from the wate
~dotted lines! and lipid ~dashed lines! molecules are shown explicitly. The
bilayer center is located atz50 Å.
Downloaded 03 Feb 2002 to 130.91.65.42. Redistribution subject to AI
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center of the bilayer toward the interface, thef(z) curves
obtained for the lipids indicate a charge distribution with t
following characteristics: a zone with a weak positive cha
~located around the carbonyl position!, a region of negative
charge corresponding to the position of the negative char
phosphate groups, and a positive region at the interface
responding to the position of the positively charged chol
groups (N1). This is shown in Fig. 5~b!, where we plot the
results obtained for the charge distributions of the differ
molecules and the whole system. The charge distribution
water shows an opposite picture. From the interior tow
the region of bulk water, one crosses a region of a very w
negative charge density, a positive charge, and a nega
charge densities located at similar positions as those for
lipid but with reversed signs. The role of the water molecu
is clearly seen as overcompensating the charge distribu
created by the lipid dipoles through the water polarizatio
which here should be understood as preferential orientat

The existence of a symmetric orientation of the hea
group dipole, pointing toward the membrane interior, ope
the possibility of reversing the charge density of the lipi
and, consequently, of the water molecules. The inversion
the lipid dipole orientation may be differently cancelled b
water because of the presence of the hydrophobic lipid
layer interior. In similar situations, the membrane poten
of model membranes has been found to have the oppo
sign.29 The reversed orientation of the headgroup dipo
may be achieved, for instance, via the incorporation of
ternal elements into the pure neutral membrane. The mo
cation of the electrostatic interactions among the phosp
lipid headgroups in each monolayer could not only mod
the membrane permeability to small solutes and/or wate
facilitate the insertion of membrane peptides and/or prote
but may also affect protein function directly, via lipid-prote
interactions, or indirectly, for instance, by changing the
layer curvature stress30 or by changing the lateral pressu
profile.31

IV. CONCLUSIONS

We have investigated the electrostatic properties at
lipid-water interface of a model neutral membrane by p
forming an atomistic molecular dynamics simulation study
the fluid lamellar phase,La , at room temperature and amb
ent pressure. We considered a fully hydrated 1-stearoy
docosahexaenoyl-sn-glycero-3-phosphocholine lipid bilaye
because it has a low main phase transition temperature.
results obtained are in good agreement with the availa
experimental data. We found that the lipid headgroups
organized at the interface in intermolecular and intramole
lar charge pairs between the oppositely charged cho
(N1) and phosphate (P2) groups, with molecules participat
ing in an average number of 2.4 intermolecular pairs. T
local spatial distribution of positive and negative groups
however, inhomogeneous and we observed a rich variet
environments for the N1 and P2 groups, with lipid head-
groups participating in different numbers of those cha
pairs.

Our analysis has shown that the orientation of lipid
→N vectors~basically the lipid headgroup dipole moment!

n
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with respect to the direction normal to the membrane surf
does not follow, at room temperature, a uniform distributio
Instead, headgroup dipoles are most probably oriented fo
ing an angle of approximately 70°, pointing toward the wa
region. The comparison with other computations at sim
conditions24–27 indicates that the results obtained in t
present work do not depend on the particular details of
model. This preferential orientation of the lipid dipole m
ments is, however, qualitatively different from previous r
sults obtained at higher temperatures5,20,21in the fluid lamel-
lar phase, which suggests a different behavior upon cool
At high temperatures, there is a regime where the lipid he
group dipoles are uniformly distributed with orientatio
spanning 0°–135° with respect to the bilayer normal,5,20,21

whereas, around room temperature, they mostly lie alm
parallel to the interface. Even though both situations lead
similar mean orientations~'70°!, which is in excellent
agreement with experiment, the origin is different in ea
case.

For the present system, we also found a symmetric
entation of the headgroup dipoles~at 110°!, pointing towards
the interior of the membrane, and the temporal evolution
the lipid dipole orientation indicated that transitions betwe
the two different states take place in the nanosecond t
scale studied. Despite the differences observed from sim
tions for the P→N orientations in the fluid lamellar phase
different conditions, the water molecules are polarized at
interface in a similar way, creating a positive potential in t
bilayer interior and excessively counteracting the nega
potential created by the lipid molecules, giving rise to a co
siderable positive potential, in agreement with experimen

Our results have revealed the presence of both ord
and disordered lipid headgroup dipoles in the~disordered!
fluid lamellar phase of model membranes. They also prov
further insights into the molecular origin of the structure a
dynamics of the membrane interface in more realistic mo
membranes at temperatures of biological and experime
interest and, specially, the electrostatic properties, which p
a fundamental role in the interactions among membrane
vesicles, membranes and biological molecules, and m
branes with external fields.
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