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A molecular dynamics simulation of a membrane with net charge in its liquid-crystalline state was
carried out. It was modeled by dipalmitoylphosphatidylserine lipids with net charge, sodium ions as
counterions and water molecules. The behavior of this membrane differs from that was shown by
other membranes without a net charge as a consequence of strong Coulomb interaction between
atoms of adjacent phospholipids. The most remarkable effect produced by such interaction between
neighboring lipids is a reduction of the surface area per phospholipid compared to an uncharged
membrane. In addition, other properties of the membrane were also affected by this interaction
between adjacent lipids such as the atom distribution across the membrane, the diffusion coefficient
of the different components of the membrane and the order parameter of the phospholipid
hydrocarbon region. Some comparisons of this membrane with dipalmitoylphosphatidylcholine
membrane without net charge at similar conditions are presented. ©1996 American Institute of
Physics.@S0021-9606~96!50606-X#

I. INTRODUCTION

Phospholipids play an important role in the control of
diffusion of water and ions across cellular membranes. In
general, the membrane involves a broad variety of phospho-
lipids; while each one plays a different role in the diffusion
of ions and small molecules across the membranes, they also
provide the required environment for proteins embedded in
the membrane.

The phosphatidylserine lipids~PS! are constituents of
the membranes of eukaryotic cells with a molar fraction of
roughly 7%. They are the most important negatively charged
phospholipids under physiological conditions, playing an im-
portant role in the cells of the central nervous system, sup-
posedly contributing to the manic depressive illness as a con-
sequence of some structural changes associated with the
presence of different concentrations of ions.1 In spite of this,
much less data are available in the literature for this phos-
pholipid than for phosphatidylcholine~PC! or phosphatidyle-
thanolamine~PE!.

At neutral pH, where the PS has a net negative charge,
saturated species of PS exhibit gel to liquid-crystal transition
temperatures2 which are higher than for the corresponding
PC but lower than for the corresponding PE. No pretransition
is observed. The phase transition temperature can be changed
by about 20 degrees by changes in the ionic composition of
the aqueous phase.3 X-ray and spectroscopic data1,4,5 indicate

that at neutral pH aqueous dispersions of saturated and un-
saturated PS adopt a lamellar phase.

Computer simulation is a powerful tool that provides a
detailed information on the dynamic and static behavior of
phospholipids in a membranes. Thus, for example, Pastor6

used a Brownian dynamics simulation of a lipid chain for
modeling motional properties of a dipalmitoylphosphatidyl-
choline~DPPC! bilayer. De Loof7 performed computer simu-
lations of a membrane of DPPC by using a combined ap-
proach of molecular and stochastic dynamics and a mean
field based on a Marcˇelja model.8 In any of the simulations
mentioned above, no water molecules were taken into ac-
count in an explicit manner. Venable9 carried out a molecular
dynamics~MD! simulation of a fluid-phase DPPC lipid bi-
layer. Several MD simulations of a model of DLPE~dilau-
roylphosphatidylethanolamine! bilayer have been
performed;10–13 palmitoyloleoylphosphatidylcholine~POPC!
was studied by Helleret al..14 In the latter full atomic detail
was taken into account in the simulation, including water
molecules.

Previous investigations in this laboratory15–18have been
concerned with MD simulations of uncharged membranes
with full atomic detail. Here, we employ the same method-
ology in a MD simulation of a charged membrane of di-
palmitoylphosphatidylserine~DPPS! in its liquid-crystalline
state ~La!, with the aim of finding out the role played by
phospholipids bearing a net charged in a biological mem-
brane. We will compare the results emerged from this simu-
lation with experimental and other simulation data, in par-
ticular with those of a membrane of DPPC.a!To whom correspondence should be addressed.
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II. METHOD AND MODELS

A. Setting up the membrane model

One molecule of DPPS was generated with the commer-
cial packageHYPERCHEM19 ~employing its build molecule
utility ! and it was randomly rotated and copied 32 times on
two layers. The empty volume between these two monolay-
ers of 1 nm thickness was filled up with 796 water molecules
of the SPC20 ~single point charge! model. As DPPS at physi-
ological conditions carries a negative net charge, sodium
ions were used as counterions and 64 initial water molecules
were substituted by 64 ions following a minimum energy
criteria. Except for the water molecules a united atom model
was used. At the end, the membrane model consisted of 64
DPPS2, 64 Na1 and 732 H2O, which amounts to a total
number of atoms of 5460. A snapshot of this membrane
model is shown in Fig. 1.

Table I displays the charge distribution on each DPPS
atom, following the atom numeration of Fig. 2. The compu-
tation was carried out using the quantum mechanical
CNDO21 method~complete neglect of differential overlap!.
The atom charges that were employed in our simulations
~included sodium ions! were equal to the values given in
Table I, divided by a factor of 2~except for the SPC model!.
This has turned out to be effective in the simulation of a
soap/alcohol/water system17 and in the simulation of a
micelle22 as well. The physical justification for this reparam-
etrization is, in short, that the coulombic interactions in the
system are exaggerated due to an insufficient screening per-
formance of the SPC water molecules by the absence of po-
larizability and induced dipoles in the model.

B. Starting up the simulation

Periodic boundary conditions were applied along the
three space dimensions. With the aim of maintaining the
temperature constant along the simulation, the whole system
was weakly coupled to a temperature bath23 of 350 K with a
coupling ~or dumping! constanttT of 0.1 ps. This tempera-
ture was selected such that it was above the DPPS2 transi-
tion temperature4,24 of 326 K. In a similar way, the pressure

FIG. 1. A snapshot of the membrane model during the simulation, showing
the 10 slabs of 0.3 nm of thickness which were used for analysis. Four
different regions can also be observed:~a! Bulk water,~b! interface water–
DPPS,~c! serine1phospate,~d! hydrocarbon tails.

TABLE I. Charge on each atom of a molecule of DPPS21, sodium ions Na1

and water. During the simulation all charges were divided by 2, except for
the water molecules.

Molecule Num. atom. Atom type Charge (e)

DPPS 1 NH3
1 0.6086

DPPS 2 CH 0.1377
DPPS 3 C 0.2941
DPPS 4 O 20.5645
DPPS 5 O 20.5645
DPPS 6 CH2 0.1011
DPPS 7 O 20.3648
DPPS 8 P 1.0888
DPPS 9 O 20.7094
DPPS 10 O 20.7094
DPPS 11 O 20.3907
DPPS 12 CH2 0.0726
DPPS 13 CH 0.2000
DPPS 14 O 20.3599
DPPS 15 C 0.5399
DPPS 16 O 20.3792
DPPS 17–31 CH2–CH3 0.0000
DPPS 32 CH2 0.2000
DPPS 33 O 20.3599
DPPS 34 C 0.5399
DPPS 35 O 20.3793
DPPS 36–50 CH2–CH3 0.0000
Ion Na1 1.0000
Water HW 20.820
Water OW 0.410

FIG. 2. Atom numbering of a molecule of dipalmitoylphosphatidylserine
~DPPS!.
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was maintained constant by anisotropic coupling to a refer-
ence pressure23 of 1 atm with a dumping constanttP of 0.5
ps.

TheGROMOSforce field25,26was used in our simulations.
The dihedral potential and the Lennard-Jones interactions of
the hydrocarbon tail groups were changed to the Ryckaert
and Bellemans form27 as has already been explained in pre-
vious articles.15,18,28The Lennard-Jones parameters as well
as the 1–4 interaction parameters of Ryckaert–Bellemans
potential were shown in a previous article article.18 A con-
stant simulation time step of 2 fs was applied during the
whole of the simulation.

As electrostatic interactions play an important role in the
dynamics of molecules with net charge~sodium ions and
DPPS! or with a permanent dipole moment~water mol-
ecules!, two different cutoff radii were utilized in our simu-
lations, a spherical short cutoff of 0.75 nm and a cylindrical
long one of 1.7 nm analogous to previous simulations of
DPPC.15,18,28

After the membrane model was built up, we applied a
steepest descent energy minimization procedure with the
goal of reducing the high potential energy before starting the
MD simulations. After this procedure, the box edges reached
the values ofx054.61,y054.26, andz055.08 nm, wherex
andy are the axes of the membrane plane. The next step was
to equilibrate the cell dimensions and the total energy of the
system. A computational trick was employed for the accel-
eration of such equilibration: the masses of the hydrogens
were increased to 16. This increase of the hydrogen mass
slowed down the faster rotational motions of the water mol-
ecules by a factor of 4 and it allowed us to increase the time
step with a factor of 4, reaching 8 fs. A simulation under
these conditions was performed for 200 ps. Afterwards, the
hydrogen masses were reduced again to their original value
of 1 and another simulation for 160 ps was performed. Then,
after a total trajectory length of 360 ps of simulation, the box
dimensions equilibrated at the values ofx54.36,y54.09 and
z55.6 nm, with a potential energy of20.363105 kJ/mol.
Finally, a MD run of 184 ps length was carried out. The
results shown below were obtained from the trajectory of this
run.

III. RESULTS AND DISCUSSION

A. Surface area per phospholipid and radial
distribution of head groups

The mean surface area per phospholipid was of 0.54
nm2, which agrees with the experimental results for DPPS in
its liquid crystalline state,24,29,30where values in the range
from 0.50 to 0.55 nm2 have been measured.

It is pertinent to point out the surface anisotropy that we
found in the computing box, where thex length is roughly
10% longer than they length, contrary to what one would
expect from a disordered fluid system. The origin of this
feature will be presented and discussed below.

A comparison between experimental and simulated data
on the DPPS and the DPPC surface area~DPPC being a
neutral phospholipid at physiological conditions with surface

area of 0.6 nm2!, reveals an interesting difference: the DPPC
area is 10% larger than the DPPS area. This is in contrast
with the expectation of a larger area for DPPS compared
with the DPPC due to the coulombic repulsive interactions
between neighboring phospholipids.

Previous investigations31,32 have already suggested the
possibility of a charge interaction between the ammonium
group ~with positive net charge! and some oxygens~with
negative net charge! of adjacent phospholipids. In order to
investigate this point, the radial distribution functionsg(r )
of some atoms involved in potential intermolecular charge
interactions were determined@Figs. 3~a!, 3~b!, and 3~c!#.
Note that, due to the inhomogeneous density distribution in
the system, the radial distribution functions decay to one
only for long distances. The radial distribution functiong(r )
was defined by

g~r !5
N~r !

4pr 2rdr
, ~1!

whereN(r ) is the number of oxygens in a spherical layer
betweenr andr1dr , r being the distance from the reference
atom, andr is the number density taken as the ratio of the
number of atoms to the volume of the computing box.

Figures 3~a!, 3~b!, and 3~c! show the presence of some
peaks in the radial distribution between the ammonium ni-
trogen and different oxygen groups. From the area of the first
neighbor peaks@up to the first minimum ofg(r )#, we are
able to obtain the coordination numbers of each kind of oxy-
gen around the ammonium. The values that we find are 1.3,
1.0, and 1.0, for serine carbonyl, phosphate and tail carbonyl
oxygen, respectively. From these results, we see that the am-
monium group shows a strong intermolecular coordination
which could lead to a decrease of the phospholipid surface
area in DPPS. The ammonium group prefers to be bound to
serine carbonyl oxygen rather than to phosphatidyl or carbo-
nyl tail oxygens. Figure 3~a! also shows an apparent distinc-
tion between the two serine oxygens. This is a consequence

FIG. 3. Intermolecular radial distribution function of oxygens surrounding
ammonium nitrogen group.~a! Serine nitrogen and serine oxygens 4,5.~b!
Serine nitrogen and phosphate oxygens 9,10.~c! Serine nitrogen and carbo-
nyl oxygen tail 16,34.
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of insufficient sampling due to the finite trajectory length of
our simulations, since these oxygens are chemically equiva-
lent.

Figure 4 displays the lateral distribution of the center of
mass of the phospholipid head groups on both layer planes,
including the phosphate group in the calculation of the center
of mass. From this, we see that the phospholipid heads tend
to form a cluster as a consequence of the presence of the
intermolecular charge interaction. This result is clearly dif-
ferent from the head distribution found for DPPC
membranes,9,17,18 where the phospholipid heads are uni-
formly spread on the membrane surface. This anisotropic
distribution of the head groups explains the length difference
betweenx and y of the cell edges. The anisotropy is an
artifact of periodic boundary conditions and is not expected
to occur in biological membranes. Moreover, DPPS is a com-
ponent of the inside layer of the erythrocyte membrane with
abundance of only 7%, in which extensive clustering is not
expected to take place.

B. Atom and charge distribution across the
membrane

Figure 5 shows the atom distribution across the bilayer
membrane for different atoms and groups of atoms from the
center of a bilayer to the center of the next one.

From this, we see as the serine group distribution~re-
ferred to its center of mass! is fairly constrained in two sharp
peaks with a width at halfheight of roughly 0.5 nm~inter-
preting the peaks as Gaussian distributions!, compared with
the broader distribution of the DPPC head16,18,31of 0.66 nm.
In other words, the DPPS head distribution is sharper than
the DPPC one. We conclude that the presence of charge in-
teraction between adjacent DPPS molecules generates a
more constrained structure than in the DPPC case, and as a
result, a sharper peak for the head distribution is obtained.

During the simulation time, neither sodium ions nor wa-
ter molecules dissolved into the membrane. If we look at Fig.
5, we see how the highly hydrophobic nature of the hydro-
carbon region reduces the presence of charged species to
practically zero in this region. Water and sodium can only
penetrate into the interface zone which is mainly occupied by
serine groups and not into the hydrocarbon region, as in the
DPPC case.18,28 Also the phosphate groups appear to be
much less hydrated than in DPPC.

In the sodium distribution, the maximum concentration
is close to the serine/water interface and it decreases toward
the center of the bulk water. With the aim of studying the
tendency of sodium ions to be coordinated by different DPPS
oxygens, Figure 6 shows the radial distribution functiong(r )
as it was defined in Eq.~1!. From the integral of each peak,
we obtain the coordination numbers of 0.8, 1.8, and 0.18, for
the serine carbonyl, phosphate oxygen, and tail carbonyl
oxygens, respectively. Several conclusions can be drawn
from these results. The low tendency of the sodium to be
coordinated by the tail carbonyl oxygens is a direct conse-
quence of the high tendency of the tail carbonyl to coordi-

FIG. 4. Centers of mass of the serine1phosphate group on both layers of the
membrane averaged over 10 ps of the simulated trajectory.

FIG. 5. Atom distribution across the membrane. In the serine and water
case, the distribution is based on their center of mass.

FIG. 6. Radial distribution function of oxygens surrounding sodium ions.
~a! Serine oxygens 4,5.~b! Phosphate oxygens 9,10.~c! Carbonyl oxygen
tail 16,34.
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nate the ammonium groups as we see in Fig. 3~c!. Second, an
inversion in the coordination numbers between serine and
phosphate oxygens is observed compared to their coordina-
tion number with ammonium nitrogen. From this, we con-
clude that the negative charge on serine is mainly compen-
sated by ammonium groups while that for phosphate
oxygens is mainly compensated by sodium ions.

In the case of water molecules, the distribution decays
from the bulk water to the serine region, as a consequence of
the dipolar nature of water, and it vanishes in the hydrocar-
bon region.

In conclusion, these results show the standard behavior
of phospholipid membranes where the phospholipid head
groups generate the required electrostatic environment for
penetration of water and sodium ions into the membrane,
while the hydrocarbon zone is a strong barrier to penetration
of charged or polar molecules into the membrane.

Some experimental results on the hydrocarbon thickness
of the DPPS have been obtained by2H-NMR5 and by simu-
lation for the DPPC.18 If we evaluate the membrane thick-
ness from the atom distribution as the distance between the
intersection points of the serine and hydrocarbon distribu-
tions in both layers, we obtain a thickness of 3.1 nm, which
agrees with the experimental value of 3.3 nm of the DPPS at
353 K and the simulation value of 3 nm of the DPPC at 350
K. On the other hand, we see that the thickness of the hy-
drocarbon interior of the membrane is almost the same as in
the DPPS as in DPPC.

Figure 7 displays the charge distribution across the
membrane for each of its components. We see that the DPPS
charge is mainly neutralized by the sodium ions. The excess
of negative charge is further neutralized by water molecules
through orientation of their dipole moment. In the bulk of the
water layer, the positive charge of the sodium ions is only
partially compensated by the orientation of water dipoles. As
a consequence of the presence of two sharp peaks for DPPS,
the model of a charged condensor with a diffuse double
layer2 for a biological membrane does not differ too much
from our simulations. The findings for the neutral DPPC
membrane17 are quite different. A broader and more diffuse

distribution with local charge compensation is obtained.
Another way of displaying the charge distribution within

the membrane is through its cumulative charge distribution
rc(z) defined as,

rc~z!5E
0

z

r~z8!dz8. ~2!

In Fig. 8 we display the cumulative charge distribution for
the DPPS1Na1, H2O, and for all the components together.
This figure shows that the water molecules partly compen-
sate the excess of cumulative charge of the DPPS plus Na1

by orientation of its dipole moment.
The resulting charge density is still appreciable and will

lead to a potential difference over the interface. By integrat-
ing the cumulative charge distribution once more with re-
spect toz this potential difference can be computed to be
about 2 V.

C. Order parameters

The deuterium order parameter is a very important infor-
mation source on the hydrocarbon membrane structure. The
order parameter tensorS is defined by

Sab5
^3 cosua cosub2dab&

2
a5x,y,z;b5x,y,z, ~3!

whereui is the angle between thei th molecular axis and the
bilayer normal anddi j is the Kronecker delta. The bilayer
axes are defined as follows: Thez molecular axis is the vec-
tor perpendicular to the plane which contains the ethylene
carbon hydrogens, thex axis is along the vector which con-
nects both hydrogens and they axis is a vector perpendicular
to thex andz axis. As we do not consider in an explicit way
the presence of hydrogens in our simulations~except for the
water!, thez axis is defined by the vector which connects the
carbonsCi21 and theCi11, thex axis is perpendicular to the
z axis and it is also contained on the plane defined byCi21,
Ci , andCi12, and they axis is perpendicular to the other
two. Experimentally, carbon–deuterium order parameter,
SCD has been measured by2H-NMR5 of specifically deuter-

FIG. 7. Atom charge distribution across the membrane. FIG. 8. Cumulative charge distribution across the membrane.
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ated DPPS along its hydrocarbon chain. The simulation re-
sults can be compared with the experimental ones through
the relation

SCD5
2Sxx
3

1
Syy
3
, ~4!

wherex andy are the molecular axes defined above. In Fig.
9 we show the simulation results and the experimental values
for DPPS and DPPC under analogous conditions.5,33

If the hydrocarbon phospholipid chains would undergo
an isotropic rotation,34 thenSzz522Sxx522Syy , whereSzz
is usually named asSChain. Figure 9 shows thatSzzÞ22Sxx
and, as a consequence, we conclude that there is rotational
anisotropy along the molecularz axis. This anisotropy results
from a correlation between molecular rotation and tilt of the
molecules.

We further see that there is a good agreement between
experimental and simulation results for DPPS along the
chain. We see thatSCD practically remains constant along the
central region and decreases toward the end of the hydrocar-
bon tail. It is also important to note that the order parameters
of the first atoms of the DPPS drop remarkably. From a
comparison with DPPC, we see that the order parameter pro-
files are very similar from carbon atom number 6 to the tail
end. However, for the first atoms of the tail, we see signifi-
cant differences of up to 30% between DPPS and DPPC.
Obviously, the presence of charge interaction between the
NH3 and the tail carbonyl oxygen is the source of this dif-
ference between these phospholipids. As a result of this
charge interaction, the NH3 that belongs to the serine group
pulls on the tail carbonyl oxygen and the latter drags the first
bonds of the hydrocarbon tail toward a more parallel orien-
tation to the membrane surface. A reduction in the order
parameter results, but when leaving the zone of the first at-
oms, this effect tends to disappear and the situation then
approaches the DPPC case.

The behavior of the order parameter is reflected in the
proportion of trans to cis dihedral angles of the hydrocarbon
tails, as is shown in Fig. 10. The fraction of trans never
exceeds 75%, as it should be for a liquid crystalline state.

D. Translational diffusion coefficients

The diffusion coefficients parallelDt,xy and perpendicu-
lar Dt,z to the membrane plane were obtained through the
following equations:

Dt,xy5
1

4t
^~x~ t !2x~0!!21~y~ t !2y~0!!2&, ~5!

Dt,z5
1

2t
^~z~ t !2z~0!!2&, ~6!

where x(0),y(0),z(0) and x(t),y(t),z(t), are the coordi-
nates of the center of mass at two different times. Then, the
diffusion coefficientsDt,xy andDt,z can be easily obtained in
molecular dynamics simulation from the slope of the auto-
correlation of mean square displacement.

In the DPPS case, both diffusion coefficients,Dt,xy and
Dt,z , were analyzed over two different time scales: a short
range of 0–10 ps and a longer range of 0–60 ps. We have to
note that the ‘‘diffusion constants’’ evaluated from our simu-
lations~as result of the scale of times that we are employing!
reflect more local fluctuations than proper diffusion pro-
cesses. As consequence, they overestimate the lateral diffu-
sion of lipids and the perpendicular diffusion of lipids is
nonexistent. Over a short time range~0–10 ps! the value of
the diffusion coefficient measured from our simulations in
the plane of the membrane,Dt,xy

s was ~3.660.3!31026

cm2 s21. Unfortunately, no experimental results are available
for checking out the validity of our simulations, although
some comparisons can be made with results obtained from
simulation of DPPC under analogous conditions.9 In this
case a value of 231026 cm2 s21 was measured at 323 K. For
the apparent perpendicular diffusion coefficient,Dt,z

s of the
DPPS, a value of~7.160.4!31026 cm2 s21 emerged from
our simulations. In this case, a value of~1061!31026

FIG. 9. Order parameters. The first carbon number corresponds to the first
atom of the hydrocarbon tail.~h! Szz DPPS simulation;~s! 2 SCD DPPS
simulation;~n! 2 2Sxx DPPS simulation;~L! 2 SCD DPPS experimental
~Ref. 5!; ~* ! 2SCD DPPC experimental~Ref. 33!.

FIG. 10. Dihedral angles statistic for both hydrocarbon tails of the DPPS.
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cm2 s21 was obtained from simulation35 for a membrane of
DPPC at 350 K. In spite of the reasonable agreement with
our result, the diffusion coefficient over a short time range is
not much smaller than in the DPPC case, as could be ex-
pected by the presence of charge interaction between phos-
pholipids. Only a small difference of 40% for DPPS com-
pared to DPPC was found along the perpendicular direction
to the membrane plane.

The lateral diffusion coefficientDt,xy
l over long time

range~from 0 to 60 ps!, was found to be~1.3160.02!31026

cm2 s21 compared to 5.131026 cm2 s21 obtained from simu-
lations of a DPPC membrane.18 However, these values are 1
order of magnitude larger than the experimental ones,36

which typically fall in an order of magnitude between 1027

and 1028 cm2 s21. In the Dt,z
l case, some theoretical and

experimental studies of lipid bilayers37,38 measured values
between 1.3 and 2.431026 cm2 s21 in a temperature range
from 295 to 353 K, compared to a value of~1.660.6!31026

cm2 s21 from our simulations.
In the water and sodium case, with the aim of obtaining

more detailed information about their diffusion coefficient
across the membrane, a study along thin slabs at different
depths in the membrane was performed, from bulk water to
the middle of the membrane. As shown in Fig. 11, the com-
puting box was divided in 10 symmetric slabs of 0.30 nm of
thickness each, where the slab numbered 10 just corresponds
to bulk water. In this way, we will be able to obtain informa-
tion about the diffusion of both components at different
depths in the membrane. Due to the high mobility of water
and sodium ions the particles passed from one slab to an-
other. The trick we used to assign particles to a particular
slab was to brake up the trajectory of simulation into several
subtrajectories of 10 ps each and assign a molecule during
the whole subtrajectory to the slab where its center of mass
averaged over the subtrajectory, resides.

From Fig. 11 we observe that theDt,xy
s decreases from

bulk water toward the middle of the membrane. This behav-
ior, shown by both species, is easily understandable as a
clear consequence of the Coulombic interaction between

them and the charge of the phospholipid heads. The sodium
ions have stronger interactions with the head groups than
water and therefore have a more reduced diffusion constant
in the head region.

For water, the value of~8.17060.013!31025 cm2 s21 for
theDt,xy was measured from our simulations in bulk water
~just in slab number 10!. This result is in a good agreement
with the value of 7.531025 cm2 s21 measured for the SPC
model39 at 350 K.

Unfortunately, no values are available from our simula-
tions for the diffusion coefficientDt,xy

s from slabs 1 to 4
~which correspond to the hydrocarbon region of the mem-
brane!, because neither water nor sodium penetrated into the
membrane beyond slab number 5 during the simulation time.
If we wish to evaluate the diffusion coefficient of water or
sodium in this zone of the membrane, a different procedure
such as the force autocorrelation method28 should be used.
This general method based on the fluctuation–dissipation
theorem40 can be used to study diffusion over free energy
barrriers.

Comparing the behavior of the diffusion coefficient of
water Dt,xy

s in this DPPS membrane with that in a DPPC
membrane,28 we find a very similar behavior in both cases.
Only a small difference can be observed in the interface re-
gion where in the DPPS membrane the water diffuses faster
than in the DPPC membrane.

In the sodium case, a comparison can be made with a
system composed of sodium–decanoate/decanol/water15 at
300 K. If we extrapolate the diffusion coefficient of sodium
to a temperature of 350 K, we obtain a value of 1.531025

cm2 s21, which falls between the values measured from our
simulations of 131025 and 531025 cm2 s21 at the beginning
and at the end of the interface, respectively.

IV. CONCLUSIONS

The DPPS membrane shows some differences in its be-
havior relative to uncharged phospholipids, in particular
DPPC. These differences are mainly caused by charge inter-
actions between adjacent phospholipids.

These charge interactions are so effective that they are
able to compensate the high electrostatic repulsions between
neighboring phospholipids. They reduce the net surface area
per phospholipid around 10% compared to DPPC. Another
consequence is the tendency of the phospholipids to cluster
which is the cause of the anisotropic distribution of the phos-
pholipid head groups on the membrane plane.

The presence of these charge interactions also results in
a more constrained structure of the membrane. The atom
distribution across the membrane is rather sharper for the
serine group than for the choline group in DPPC and also the
charge distribution is sharper than that obtained for a mem-
brane of DPPC. DPPS more closely resembles a model of
two charged planes in a condensor. The local charge density
is only partially compensated by water and causes an appre-
ciable potential difference over the interface, with the water
phase being positive with respect to the membrane interior.
Another consequence of the charge interaction between head

FIG. 11. Diffusion coefficient along the membrane plane, at different depths
in the membrane. Slab number 10 corresponds to the bulk of the water layer.
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groups and tail acyl carbonyl groups, is a reduction in the
order parameter of the first atoms of the hydrocarbon tails;
this was observed both experimentally and in the simulation.

No significative differences were found between the lat-
eral diffusion constant of DPPS and DPPC. Although the
limited length of the simulation does not allow an accurate
determination of the diffusion constant, good agreement with
experimental values and results of other simulations was
found.

The behavior of water also shows some differences com-
pared to water in a DPPC membrane. In DPPS a smaller
penetration of the water into the membrane was observed.
On the other hand, its lateral diffusion coefficient behaves in
a similar way as in the DPPC membrane; it drops from bulk
water value to a low value just in the beginning of the hy-
drocarbon region, inside the membrane. The only difference
is that the diffusion coefficient in the DPPS membrane is
slightly higher than in the DPPC membrane, which is possi-
bly related to the reduction of the interaction between phos-
pholipids and water.

The interfacial sodium ions appear to be liganded by
oxygens of DPPS. As a result of this attachment of sodium to
the phospholipids; a reduction in its diffusion coefficient re-
sults: The observed diffusion constant for sodium ions was
smaller than that found for water, typically a factor of 2 at
the deepest zone in the membrane.
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