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The organization of the lipid headgroups in a neutral model membrane is studied by atomistic
simulations in the fluid lamellar phask,, . In particular, we report the results obtained for a fully
hydrated 1-stearoyl-2-docosahexaensiyglycero-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(20® above the plane of the interface, pointing toward
the water region We also found another smaller peak at 14620° 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 orientatior00f

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 analyzed20@2 American Institute of
Physics. [DOI: 10.1063/1.1436077

I. INTRODUCTION polar region of the membrane. In this network, water mol-
. . .ecules interact with the lipid headgroups and even form
Lipids are the main component and the structural ba3|% . pic groups

ridges among them. The microscopic origin of the mem-

of biomembranes, which separate the living cells and thei . Co Y
. o rane surface charge and dipole distribution is thus the orga-
organelles from the environment. These amphiphilic mol-"." .
ization at the interface of the polar headgroups and the

ecules in water also display a rich variety of mesophases, ; i fact of th larized hvdrati t |
which are controlled mainly by temperature and IipidlwaterCoun eracting etiect of the polarized hydrating water mo-
ecules. The latter also constitutes the most likely origin of

compositiont Among these structures, the fluid lamellar X 1
phaseL,, is the most relevant in biological membranes. the hydration forces between membrane surfad@se to the

Phospholipids, the major class of membrane lipids, havslow diffusive motion of the Iipid headgroups cgmpared to
two hydrophobic acyl chains and different hydrophilic head-the water molecules, the main structure is driven by the
groups, either charged or neutral. Even in phospholipid piformer, whereas the latter rearrange themselves in order to
layers with neutral headgroups, the electrostatic interaction@eutralize the effect of the lipids at the interface. Headgroup
constitute a basic ingredient in the structural properties oflipole correlations in the interfacial plane fade away after a
membranes. Electrostatics also plays a fundamental role i{@w molecular diameters and, on average, there is a null net
the interactions among membranes or vesicles, membrangéole arising from the lipids in the interfacial plafe.
and other objects of biological interest, and membranes with ~ The situation is different when one considers the com-
external fields. Membrane permeation, insertion of proteingonent of the headgroup dipole in the direction of the bilayer
or peptides in membranes, DNA-lipid complexsee Ref. 2 normal, which is perpendicular to the lipid-water interface.
for a recent review fusion of vesicles and membranes, andExperimentally, mainly from NMR and x-ray measurements,
electroporation, just to mention a few processes, are gout was obtained that, in neutral membranes, there is a net
erned primarily by electrostatic interactiohs. component of the electrostatic dipole along the bilayer nor-

In the case of neutral phosphatidyl choliffRC) lipids,  mal. On average, the headgroup dipoles lie approximately
charges are arranged in a way that there is a net headgrogarallel, within 30°, to the membrane plah@’ Similar char-
dipole, within the range 18.5-25 BThe phosphate group, acteristics have been obtained for phospholipids with phos-
which is linked to the glycerol backbone, has a net negativghatidyl glycerol (PG9 headgroups and with different
charge, while the choline group, which constitutes the fregyeutral headgroups, such as PCs and phosphatidyl ethanola-
end of the headgroup, has a net positive charge. In fullynines (PES, for temperatures well into thé, phasé

hydrated membranes in the, phase, the lipid headgroups Hence, this behavior has been considered as a common fea-
form a network of interacting moieties to minimize the elec-yyre of the lipid headgroup dipoles in the, phase.

trostatic interactions at the lipid-water interfétcethe most In this article, we analyze the organization of the lipid
headgroup dipoles at the membrane interface in the fluid

dElectronic mail: leonor@cmm.chem.upenn.edu lamellar phasel.,, at room temperature. We also study the
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FIG. 1. Schematic representation of the molecular structure of SDPC. The single and double covalent bonds of the two fatty acid units and theteeadgroup
shown as single and double lines, respectively. For the sake of clarity, the hydrogen atoms are not explicitly shown in the sketch, even though in the MD
simulations all the atoms were considered as individual interaction sites.

counteracting effect of the water molecules hydrating theations at constant temperatufB=303 K, and pressure?
lipid headgroups and their contribution to the total electro-=1 atm, with similar characteristics to those reported
static potential across the membrane interface. Our resuligeyiously* Following the standard procedures, the simula-
are based on a model membrane, which consisted of a fully,g consisted of an equilibration perigaimost 2 n§ and
hydrated lipid bilayer. SpeC|f_|caIIy_, we chose a mixed an equilibrium period of 1 ns at constant pressure, number of
(polyunsaturated/saturated chain lipid,  the  so-called molecules, and temperatu(dPT ensemblewith a flexible
1-stearoyl-2-docosahexaenamrtglycero-3-phosphocholine L . . S .
y X Y phosp ! eorthorhomb|c simulation cell. During the equilibrium period,

SDPQ. For this system, the main order—disorder phas } ) : i
( 9 ¥ P we computed the different properties and the dimensions of

transition between the biologically relevant fluid lamellar L - )
phase and the more ordered gel phésg)) occurs at a the lipid bilayer were characterized By=61.4+0.5 A? and

temperature, T,,, of approximately —5°C® The fluid d=70.0:0.5 A for the area per lipid and lamellar spacing,
lamellar phase is characterized by liquidlike Chains,respectively‘. These dimensions are associated with a simu-
whereas, in the gel phase, the chains are essentially adop#tion cell of side box lengthd,, L,, andL, with A,

ing an alltrans conformation but less tightly packed than in =(L-L,)=1964.8 & and (L,)=70.0 A, where thex-y

a crystal and tilted to accommodate the packing mismatciplane corresponds to the plane of the interface,zthgis is
between lipid headgroups and lipid chains. On the one hangharallel to the membrane normal, and the brackets indicate
this low T,, temperature allows us to address the membranghat the average over time is taken. We used the Nose
electrostatics at room temperature while remaining well intoqgoover thermostat chain extended system isothermal-

the fluid lamellar phase, since the presence of the polyunsoparic dynamics method, as implemented in the program
saturated chains increase the disorder of the membrane intgy v 25 The utilization of a reversible multiple time step

rior and, due to their different conformation, hinder the lat'algorithrﬁﬁ with a three-stage force decomposititinto in-

eral packing of t_he lipid chains. On the other h_and, th.etramolecular, short-range, and long-range intermolecular in-
components of this type of membrane have some interestin . . .
. : . . . _teractiong permitted the use of a time step of 5 fs.
properties and are quite abundant in the tissues of the retina; _ .
The molecular and potential model used for the lipid

brain, and olfactory bulB.In particular, multiple unsatura- ;
tions (double-bondsaffect a number of the membrane bio- MOlecules was the recent version of thearMM all-atom
).*" We used a rigidrip3p

physical properti€si® and, specifically, the docosahexaenoicforce field for lipids (CHARMM27 Ve . _
fatty acid (DHA) content is known to modify the model® for the water molecules, which is consistent with the
activity'* 3 of the visual receptor rhodopsifiwe use clas- force field chosen for the lipids. All the motions involving
sical molecular dynamicéMD) simulations to explore this hydrogen atoms were frozen and the constraints were

organization at the microscopic level. handled by means of theHAKE/ROLL and RATTLE/ROLL
methodst® The intermolecular parts of the force fields are
Il. SIMULATION SYSTEM AND METHODOLOGY pairwise additive functions, which consist of simple

bennard—Jones plus Coulomb terms, while the intramolecular

SDPC lipid bilayer, which was constituted by 64 lipid mol- Mteractions consisted of bonded potentidisend streching,
ecules(32 per monolayérand about 27.5 water molecules bond bending, torsional motionand nonbonded potentials
per lipid. The SDPC lipid consists of a neut®C) head- (Lennard-Jones and electrostatic interactions for atoms sepa-
group, a long saturated chain with 18 carbon atoms, and ted by more than two bonds

polyunsaturated chain with 22 carbon atoms and aix To overcome the boundary effects due to the finite size
double bonds. In Fig. 1, we show a sketch of the SDP®f the system, we used periodic boundary conditions. The
molecule where the hydrogen atoms are not explicitly drawnshort-range forces were computed using a cutoff of about 10
The system was examined by performing classical MD simuA and the minimum image convention, and the long-range

The studied model membrane represents a fully hydrate
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the phosphorus, Right grey), and the nitrogen, Nblack),
atoms of the headgroups are drawn. The positions of the P
and N atoms at the plane of the lipid-water interface and
perpendicular to it are shown in Figsia® and 2b), respec-
tively, for an instantaneous configuration of the simulated
system. In Fig. &), right, a cartoon of the model membrane
indicates the position the lipid hydrocarbon chains, the re-
gion of bulk water, and the position of the two interfaces
where the lipid headgroups and the oxygen atoms of the
carbonyl groups are hydrated by the water molecules. It is
worth emphasizing that, in the present model, there is a posi-
FIG. 2. Instantaneous configuration showing the arrangement of the phoqive net Charge of-1e around the N atom (N) and a nega-

phorus(light grey) and nitrogern(black) atoms of the lipid headgrougs) at : i
the plane of the lipid-water interfageop view of one of the leafletsand(b) tive net charge of-1e around the P atom (B of the IIpId

perpendicular to itside view of the lipid bilayer membraneFor the sake of ~N€adgroup. The inhomogeneity of the system and the spatial
clarity, the water molecules are not displayed. The atoms are drawn aerganization of the P and N" oppositely charged atomic

spheres with twice the van der Waals radii of the different speghkss- groups in(inter- and intramolecularpairs with well defined

phorus: 2<3.8 A; nitrogen: 2<3.3 A) and only those atoms located in the . . . . .
central orthorhombic simulation cel¢olored light grey, with instantaneous separations Is cIearIy illustrated in Flg(32 On average,

side box lengths of ,=46.5 A, L,=42.5 A, andL,=69.7 A) are shown in there are 2.4 intermolecular charge pait®) per lipid mol-
(b). Note that the simulation cell contains a single lipid bilayer membraneecule. Here, we have considered that there is a CP between

patch with periodic bourﬁary cono!itions. The positions of the lipid hydrq— two lipid molecules if the N--P distance between one of the
cgrbon chains and the lipid-water interfaces of the two leaflets of the_ |IpIdP and one of the N atoms of the two molecules is smaller
bilayer membranéwhere the water molecules are represented by their two ) e
covalent bonds and the position of the bulk water are schematically indi- than RSN- We ChOSGRgN to be the first minimum of the
cated in(b, right). gpn(r) radial distribution functiof, which leads to RSN
=6.2 A. The picture that emerges from FigaRis, how-
ever, rather complex and there is a rich variety of environ-

forces were taken into account by means of the Particle Mesinents for the headgroup Nand P groups: from isolated
Ewald method? molecules or pairs of molecules interacting simultaneously
with each other via P-N and N --P pairs(double-pair§, to
clusters of different sizes with molecules participating in
multiple CPs. The quantitative evaluation of the different en-

The experimental finding that in the, phase the lipid Vvironments of the individual lipids through the calculation of
headgroups lie, on average, almost parallel to the membrariBe percentage of lipid molecules participating n (n
interface has been confirmed at the molecular level by clas=0,1,2,3...) CPs further supports this image at the studied
sical MD simulations. However, the simulated systems weregonditions. Concretely, for the present SDPC lipid bilayer,
model membranes constituted usually by PCs with two satuwe obtained the following values: 4% CP3, 17% (1 CP,
rated alkyl chains. In those systems, the main transition tem31% (2 CP3, 30% (3 CP3, 13% (4 CPs, 3% (5 CPs, and
perature,T,,, iS quite high(room temperature or higher 0% (=6 CP9. Thus, we found that most of the molecules
Thus, in order to probe the, phase, the temperature range participate in either two or three CPs, but there is also a
investigated was~50 °C. In those conditions, the calcula- significant fraction of molecules participating in four CPs or
tions using a variety of force fields and initial conditions in only one. We also observed a small fraction of isolated
revealed that the orientation of the lipid headgroup dipolesnolecules and of molecules participating in as much as five
with respect to the bilayer normal followed an almost uni-CPs. It is worth noting that similar results were obtained for
form distribution with a mean of-70°>2021 a DMPC lipid bilayer at similar conditiors. The P—N--P

In the crystalline phase, the existence of two differentinteractions are nonlinear and tkeN—P - -P angle distribu-
headgroup conformations is common for PCs, PEs, antion has a rather broad maximum at 43°. P—R interac-
PGs?? For instance, in the monoclinic form of dimyris- tions have been shown to occur directly or through a water
toylphosphatidylcholine(DMPC), which crystallizes with  molecule simultaneously bonded to both molecdIEsr the
two water molecules for each lipid, the two different mol- former, the peak becomes quite narrow and shifts to lower
ecules in the unit cell present headgroup dipole orientationangles(40°) indicating a quite well defined arrangement of
of 17° and 27° with respect to the bilayer plai®@° and 73° the P—N--P atoms, while it considerably broadens and is
with the bilayer normal, with a mean of 68°This reflects located at larger angld€48°) for the latter.
two different kinds of interactions with the water molecules It is evident from Fig. ) and simulation$ that, on
in the hydration shell and the neighboring lipid molectffes. average, the P atoms are located closer to the membrane
However, little is known about the organization of headgroupinterior than the N atoms. To quantitatively evaluate this
dipoles in this disordered and biologically relevantphase organization, we investigated the orientation of the head-
at temperatures of experimental and biological interest.  group dipole momentbasically, the P~N vector, denoted

The typical arrangement of the lipid headgroup dipoleby P—N of the lipid with respect to the membrane normal.
moments at room temperature is displayed in Figa) @nd In Fig. 3, we display the distribution of angles P(¢),
2(b) for the SDPC lipid bilayer. For the sake of clarity, only between the lipid headgroup P—N vectors and the bilayer

interface

chains

water

Ill. RESULTS AND DISCUSSION
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FIG. 3. Distribution of thep angle between the headgroup P—N vector and t/ps

the bilayer normal for each of the two different monolay@tenoted byz )
>0 andz<0) and the average value for the whole model membrane. The/G- 4. Temporal evolution of the angiebetween the P—N vector and the
results are compared with a uniform distribution between 0° and 135°. Th&ilayer normal for a representative set of lipid molecules: moleculefit

P(¢) curves are in arbitrary units. grey ling, molecule 2(black Iin@, and molecule t’:(dgrk grey ling. The N
three curves represent three different characteristic behaviors of the lipid
headgroup dipolessee text The angles corresponding to the positions of
the maxima of the Rb) function (¢=70° and ¢=110°) and the value

normal, i. The headgroup dipoles at room temperaturecorresponding to th&-y projection of the plane of the interfaces & 90°)

present a preferential orientation along the plane of the interd'e indicated by dotted lines.

face. Specifically, we obtained that the mean orientations

with respect to the bilayer normal of the P—N vector, the

headgroup dipole &), and the total lipid dipole are 69°, with respect to the membrane plane are quite stable, although

74°, and 80°, respectively. Furthermore, these values alsipansitions between both states take place in the nanosecond

correspond to the most probable orientations. This considetime scale investigate@ight grey and dark grey curvisThe

ably reduces the component of the dipole moment perperrest of the molecules are remarkably figéack curve. This

dicular to the bilayer plane fron{l,u§>=16.76 D (for the  behavior agrees with what occurs in more ordered lamellar

total headgroup dipole momento (,uZH)=4.21 D (for the  phases. For instance, in the gel-phasg §, from MD simu-

direction parallel to the membrane normalaxis). The dis- lations it was shown that the P—N orientation displays a bi-
crepances between the results obtained for the two differemhodal distributior?® In those calculations, the authors found
monolayers indicate the likely magnitude of the statisticaltwo roughly equal populations at 41° and 84° with the bi-
errors present in the simulations. layer normal, pointing toward the water phase, for dipalmi-

The deviations of the present P—N angle distribution atoylphosphatidylcholindDPPQ at 19 °C. This indicates two
30 °C from the uniform distribution obtained at higher tem- dominant configurations of the lipid headgroups with a mean
peratures from MD simulation$%?*are evidenced in Fig. 3. value of 70°. This bimodal distribution is reminiscent of the
Our results are consistent with other calculations using a distructure of the crystal. It is clear from the present study that
versity of force fields and initial conditions at similar tem- there is a different behavior with temperature. These two
peratures for systems with a loW, temperaturé*~2’ This  different regimes of the lipid headgroups, one with preferen-
indicates a qualitatively different behavior in the, phase tial orientation(orden and the other with uniform orientation
upon cooling. The P-N (or, equivalently,iy) orientation  (disordej are present in the fluid lamellar phase,.
with respect to the bilayer normdht least in PCsthus The preferential orientation of the headgroup dipoles has
changes from an almost uniform distribution at high tem-the expected counteracting effect on the water molecules,
peratures(~50 °C) to a distribution with a most probable which are polarized at the lipid-water interface. This influ-
orientation of about 70°, i.e., 20° above the bilayer planegnce is shown in Fig. (8), where the mean value of the
pointing toward the water region. Note that the mean orien€osine of the anglef, of the water dipole moment with
tation is quite similar in both situations and this value is, inrespect to the bilayer normal is plotted as a function of the
turn, in excellent agreement with experiment. Its microscopigosition of the centers of mass of the water molecules along
origin is, however, different in each case. At higher temperathe z axis. Note that the water density profiles do not pen-
tures, the P—N orientation is basically limited by geometricaletrate deeper than the position of the density distributions of
constraints, namely, the hindered motion of the headgroupthe glycerol backbon&which is indicated here by the lack
caused by the presence of the hydrophobic lipid acyl chainof data in the region close to the bilayer center=Q A).

At lower temperatures, it is due to a prevalent orientation ofThe water dipoles are oriented pointing toward the bilayer

the headgroup dipoles with respect to the membrane surfacmterior for those molecules close to the water-lipid interface

For the present lipid bilayer, we found also a symmetric(indicated by the negative values @fos(@))). The situation

maximum, though with a lower population, at 110°, i.e., 20°is the opposite for those molecules located deeper in the

underneath the bilayer plane, pointing toward the bilayer ininterfacial region. There, the water molecules align their di-

terior. pole moments pointing toward the water bulk region.

The roughness of the interface is clearly illustrated in  The organization at the interface of water and lipid mo-
Fig. 4, where the evolution of the angfewith time is shown lecular dipoles affects the charge distribution in the direction
for a set of representative molecules. Our results indicate thatf the membrane normal and, consequently, the electrostatic
molecules with preferential headgroup orientationst@0°  potential across the interfaé@membrane potentialThe elec-
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center of the bilayer toward the interface, ttz) curves
obtained for the lipids indicate a charge distribution with the
following characteristics: a zone with a weak positive charge
(located around the carbonyl positjpra region of negative
charge corresponding to the position of the negative charged
phosphate groups, and a positive region at the interface cor-
responding to the position of the positively charged choline
groups (N). This is shown in Fig. &), where we plot the
results obtained for the charge distributions of the different
molecules and the whole system. The charge distribution for
water shows an opposite picture. From the interior toward
the region of bulk water, one crosses a region of a very weak
negative charge density, a positive charge, and a negative
charge densities located at similar positions as those for the
lipid but with reversed signs. The role of the water molecules
is clearly seen as overcompensating the charge distribution
created by the lipid dipoles through the water polarization,
which here should be understood as preferential orientation.
The existence of a symmetric orientation of the head-
group dipole, pointing toward the membrane interior, opens
the possibility of reversing the charge density of the lipids
and, consequently, of the water molecules. The inversion of
the lipid dipole orientation may be differently cancelled by
water because of the presence of the hydrophobic lipid bi-
layer interior. In similar situations, the membrane potential
of model membranes has been found to have the opposite
sign?® The reversed orientation of the headgroup dipoles
may be achieved, for instance, via the incorporation of ex-
ternal elements into the pure neutral membrane. The modifi-
cation of the electrostatic interactions among the phospho-
lipid headgroups in each monolayer could not only modify
the membrane permeability to small solutes and/or water or
facilitate the insertion of membrane peptides and/or proteins
but may also affect protein function directly, via lipid-protein

interactions, or indirectly, for instance, by changing the bi-
layer curvature stredSor by changing the lateral pressure
profile 3!

FIG. 5. (a) Mean value of the cosine of the angldetween the molecular
dipole moment of the water molecules and the bilayer normal as a functio
of the position of the molecular centers of mass alanGharge densityb)

and electrostatic potentidk) profiles. The contributions from the water
(dotted lineg and lipid (dashed linesmolecules are shown explicitly. The
bilayer center is located at=0 A.

IV. CONCLUSIONS

We have investigated the electrostatic properties at the
lipid-water interface of a model neutral membrane by per-
trostatic potential profileg(z), can be estimated using Pois- forming an atomistic molecular dynamics simulation study in
son’'s equation, which reads: V?¢(2)=(1/e0)p(2), With  the fluid lamellar phasd, ,, at room temperature and ambi-
p(2) being the charge density as a functiorzoThereby, the  ent pressure. We considered a fully hydrated 1-stearoyl-2-
electrostatic potential across the membrane is given bygocosahexaenoywr-glycero-3-phosphocholine lipid bilayer
#(2)— d(0)=—(leo) [5G p(2")dZ'dZ’, where ¢(0) is  because it has a low main phase transition temperature. The
the electrostatic potential at the bilayer center. In Figh) 5 results obtained are in good agreement with the available
and 5c), the charge distribution and the electrostatic potenexperimental data. We found that the lipid headgroups are
tial are plotted as a function af To investigate the origin of organized at the interface in intermolecular and intramolecu-
the different features of the curves, we calculated the contrilar charge pairs between the oppositely charged choline
butions due to the lipid and the water molecules, which aréN*) and phosphate (B groups, with molecules participat-
plotted separately in Fig. 5. The lipid dipoles are oriented ining in an average number of 2.4 intermolecular pairs. The
such a way that create a negative potential in the membrarlecal spatial distribution of positive and negative groups is,
interior. The water molecules excessively cancel this effechowever, inhomogeneous and we observed a rich variety of
by creating a positive potential in the bilayer core. These twaenvironments for the N and P~ groups, with lipid head-
large counteracting contributions lead to a considerable posgroups participating in different numbers of those charge
tive potential in the interior of the bilayer. In the present pairs.
calculations, we foun@(z) — ¢(0)~ —500 mV, which is in Our analysis has shown that the orientation of lipid P
agreement with the available experimental dafzom the — N vectors(basically the lipid headgroup dipole moments
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