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A molecular dynamics simulation of water between two charged layers of dipalmitoylphosphatidylserine in
its liquid-crystalline state with atomic detail was carried out. From an analysis of a trajectory of 184 ps of
length, we obtained information about the dynamics and structure of water between such charged layers.
The most remarkable conclusions of this work indicate that the presence of counterions and charge interactions
between adjacent phospholipids produce a screening of the electric field which reduces the strength of the
lipid-water interactions. In this way, only minor differences of the behavior of the water compared to
uncharged phospholipids were found. This conclusion was based on the calculation of the following
properties: electric potential and water dipole orientation across the water layer, radial distribution function
of water about lipid atoms, and diffusion and orientational relaxation time of water.

Introduction

Phospholipid bilayer membranes play a central role in cell
structure and function.1 The study of the role played by water
in the water-lipid interface is of great interest for an under-
standing of many biological processes such as diffusion and
permeation of small molecules across the cell membrane.
Lipid and bilayer hydration is determined mainly by interac-

tions with the lipid headgroups. Its variation with differing lipid
headgroup types and physicochemical states is therefore strong.2

The properties of interbilayer water differ from those of the
free bulk water. The reason is that the creation of interfaces
causes a perturbation of water structure, where the water
molecules search for new positions and orientations that
represent a compromise between the previous, unperturbed
structure and the organization that would be imposed on the
first few water molecules in the layers immediately adjacent to
a lipid layer surface.2 Coupling between adjacent water
molecules propagates this perturbation induced by the interface
further into the water layer. This is reflected in changed
physicochemical properties of the interbilayer water as detected
by nuclear magnetic resonance, dielectric relaxation, X-ray
diffraction, infrared spectroscopy, calorimetry, microelectro-
phoresis.3-6

A knowledge with atomic-level detail of the membrane-water
interface would afford us an understanding of this important
biological phenomena. The molecular dynamics simulation
technique has proved to be a successful tool in the study of
biological macromolecules such as proteins and nucleic acids.7-9

However, phospholipids forming membranes and their interac-

tion with aqueous solvents have received less attention from
computer simulation. This is mainly due to the limited
availability of experimental data and the very large computa-
tional efforts required. Theoretical studies of the membrane-
water interface have been performed in an approximate way,
which have not taken into account the thickness of the lipid-
water interface, considering the latter as a charged plane.2 Now
with the increase of available computing power it is possible
to study the aqueous-lipid interface by means of the molecular
dynamics technique with atomic detail.10-19

Our efforts have been focused on developing a model of a
charged phospholipid-water bilayer that gives a full representa-
tion of the water-lipid interface. The dipalmitoylphosphati-
dylserine (DPPS- ) was chosen here as the membrane-forming
phospholipid. The DPPS- is the main charged phospholipid
with one net negative charge at physiological conditions. In
the present article we describe the molecular dynamics simula-
tion of water between two layers of DPPS- in its liquid-
crystalline state.

Method and Model

A computer simulation of a charged membrane of DPPS-

phospholipids was carried out employing molecular dynamics.
GROMOS20 was the package used in our simulations, which
was slightly modified for taking into account the parallel
structure of the membrane, where the standard long spherical
cutoff was replaced by a cylindrical one, taking its long
cylindrical axis pointing along the perpendicular direction to
the membrane surface. Being aware of the influence of the
cutoff employed in our simulation on the study of the dynamics
and structure of water in bilayers,21 we have chosen 0.8 nm for
the short spherical cutoff and 1.7 nm for the long cylindrical
one, equals to the values employed in previous articles.17,19,22

The Ryckaert and Bellemans potential23 has been used in the
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hydrocarbon phospholipid tails. For further details about the
force field and methodology we refer to refs 17, and 18.
Periodic boundary conditions were applied along the three

directions of the space. The whole system was coupled to a
temperature bath of 350 K which is well above the DPPS-

experimentally observed phase transition temperature of 326
K,5,24 with a coupling time constant of 0.1 ps.25 The system
was also coupled to an isotropic pressure bath of 1 atm, and
the three cell dimensions were scaled independently with a
coupling time constant of 0.5 ps.25 The time step was 2 fs, and
the bond lengths were constrained by SHAKE.8

The membrane bilayer was modeled by means of 64 DPPS-

(DPPS: dipalmitoylphosphatidylserine) phospholipids distrib-
uted over two layers of 32 phospholipids each, and the middle
of this sandwich of 1 nm of thickness was filled up by 732
SPC water molecules26 and 64 sodium ions for neutralizing the
whole system. The Na+ ions were placed initially at water
positions with low electrical potential. Thus, the membrane
model consisted of 64 DPPS-, 732 H2O, and 64 Na+ which
made a total number of 5460 atoms, with 11 water molecules/
phospholipid. This number of water molecules and thickness
of water layer was chosen by us with the goal of comparing
our results with previous simulations of DPPC10,17 (DPPC:
dipalmitoylphosphatidylcholine) at the same conditions. Hy-
drogen atoms were not taken into account in an explicit manner,
except for the water molecules. Figure 1 shows the atom
numbering of a DPPS- molecule to which we will refer
throughout this article. Atomic charges on each atom of this
molecule are displayed in Table 1, which were obtained through
the HyperChem package27 by means of the mecanoquantic
CNDOmethod. The charges employed in simulation on DPPS-

and Na+ were halved as was explained in previous articles10,18

to minimize the effect of a high-frequency dielectric constant
in the Coulombic interactions.ε0 was the dielectric constant
used in our simulations. A snapshot of such a membrane model
is displayed in Figure 2.
For reaching a steady state, 360 ps of simulations were

required. Both the potential energy and box dimensions were
monitored and used as criteria for asserting that, in fact, the
system was in a steady state. The potential energy in such
steady state was-0.36× 105 kJ/mol and the box edges were
x ) 4.36,y ) 4.09 andz ) 5.6 nm, compared to the starting
box dimensions ofx0 ) 4.61,y0 ) 4.26, andz0 )5.08 nm. From
the steady state, we obtained a surface area per phospholipid

of 0.54 nm2, which agrees with the experimental results of
DPPS- in its liquid-crystalline state,5,28,29where values in the
range 0.50-0.55 nm2 have been measured. After this, a
simulation of 184 ps in length was performed.
In this article, we have centered our attention on the study

of the water behavior. In our previous article,18 we focused
our interest on the lipid properties of this membrane: charge
bridges between neighboring lipids, atom distribution across the
membrane, lipid distribution on the lipid layers, order parameter
in the hydrocarbon tails, thickness of the hydrocarbon region,
cis-to-trans rate of dihedral angles along the hydrocarbon tails,
translational diffusion coefficient of lipids along the parallel and
perpendicular direction to the membrane plane. All these

Figure 1. DPPS- atom numbering.

TABLE 1: Charge on Each Atom of a Molecule of DPPS-,
Ions and Watera

molecule atom no. atom type charge (e)

DPPS 1 NH3+ 0.6086
DPPS 2 CH 0.1377
DPPS 3 C 0.2941
DPPS 4 O -0.5645
DPPS 5 O -0.5645
DPPS 6 CH2 0.1011
DPPS 7 O -0.3648
DPPS 8 P 1.0888
DPPS 9 O -0.7094
DPPS 10 O -0.7094
DPPS 11 O -0.3907
DPPS 12 CH2 0.0726
DPPS 13 CH 0.2000
DPPS 14 O -0.3599
DPPS 15 C 0.5399
DPPS 16 O -0.3792
DPPS 17-31 CH2-CH3 0.0000
DPPS 32 CH2 0.2000
DPPS 33 O -0.3599
DPPS 34 C 0.5399
DPPS 35 O -0.3793
DPPS 36-50 CH2-CH3 0.0000
ion Na+ 1.0000
water OW -0.820
water HW 0.410

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

Figure 2. Snapshot of the membrane. Water layer is placed between
both lipid layers. Slab number 10 corresponds to bulk water. (•) Center
of mass of the water molecules; (+) sodium ion.
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properties were compared with available experimental results,
finding a good agreement between experiments and simulations.

Results

Electrostatic Potential and Water Dipole across the
Membrane. It is well-known that the presence of two parallel
charged layers produces an electrostatic field which perturbs
the water structure compared to the bulk water. One of the
effects of this electrostatic field is the orientation of the water
dipole. In this regard, we focus our attention on the role played
by the water dipole in a system of this type. Speaking in terms
of electric potential instead of electrostatic field, the potential
across the membraneψ(z) can be easily obtained from simula-
tion through the numerical evaluation of the charge distribution
across the membrane as follows:

whereF(z′′) is the charge density across the system andε0 the
vacuum permittivity. Molecular dynamics allows us to split
up the contributions of each component of the system to the
global electrostatic potential. Figure 3 displays the contribution
of the primary charges (phospholipids plus counterions) and of
water to the potential along thez direction (see Figure 2),
averaged over both symmetric sides of the membrane. From
this, we can appreciate that the primary charges would produce
a potential of+6 V, which is partially compensated for by the
water dipole orientation, as is expected from a medium with a
high dielectric constant.
To gain further insight into the water structure between both

phospholipid layers, Figure 4 shows the average of the cosine
of the water dipole with respect to the normal to the membrane
plane (pointing toward the water phase) at different parallel
slices to the membrane surface, where〈cos(θ)〉 ) 1 means that
the water dipoles are pointing outward from the lipid layer and
perpendicular to the membrane and〈cos(θ)〉 ) -1 means that
the dipole is pointing inward, also perpendicular to the
membrane plane. For this analysis, the membrane was divided
into 19 slabs of 0.3 nm thick each. Just in the middle of the
membrane,〈cos(θ)〉 ) 0 mainly due to no water molecules,
although we observe a significant order close enough to the
middle of the water layer. When we move toward the vicinity
of the phospholipid-water interface,〈cos(θ)〉 reaches the value
of -0.3, corresponding to an angle of about 110°, indicating

that the water dipole orientation, which is still rather random,
points preferentially toward the phospholipid layers.
Radial Distribution Function of Water. The radial distri-

bution functions of the oxygen and hydrogen of the water
molecule around phospholipid atoms are shown in Figure 5.
The radial distribution function was obtained from the following
equation:

where,N(r) is the number of atoms in a spherical shell at
distancer and thicknessδr from a reference atom, andF is the
number density taken as the ratio of atoms to the volume of
the computing box. We note that for inhomogeneous systems
the radial distribution function tends to values different from
one at large distances; we did not apply corrections for this
inhomogeneity. The shape of the radial distribution functions

Figure 3. Electrostatic potential across half of the water layer.

ψ(z) - ψ(0)) - 1
ε0
∫0z dz′∫0z′ρ(z′′) dz′′ (1)

Figure 4. Water dipole orientation (across half box) with respect to
the normal of the membrane: (1) bilayer interior, (2) head lipids, and
(3) water layer.

Figure 5. Radial distribution function of water with respect to lipid
atoms: (s) water oxygens; (- -) water hydrogens.

g(r) ) N(r)/4πr2ρδr (2)
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for the NH3-OW (nitrogen and water oxygen) and the NH3-
HW (nitrogen and water hydrogen) shows that the water
oxygens are placed closer to the nitrogen than the water
hydrogens. This is consistent with the water being an H-bond
acceptor. For the case of the P-OW and P-HW, we obtain
the opposite behavior as expected, because the water now is a
H-bond donor. Water tends to concentrate more around O9 and
O10 of the phosphate group (of which in the Figure 5 we show
only the distribution function of the O4 and O9, due to their
chemical equivalence with O5 and O10) compared to the O4 of
the carbonyl serine group. It is very interesting to see that the
radial distribution around the oxygen O9 for the oxygen and
hydrogen of the water, exhibit both well-defined peaks which
suggest the presence of a high level of structure of the water
molecules around these atoms. The water distributions about
the rest of the oxygens of the phospholipid (which are not
shown) do not exhibit significant features.
The coordination number distribution of water oxygens

around some phospholipids atoms obtained from the area under
the first peak of their radial distribution functions, are shown
in Table 2. Their values range from 2.1 for the nitrogen group
to 4.2 for the phosphorous.
To analyze the orientation of the water dipole about the lipid

atoms, the mean angleφ is defined as a function of the water
oxygen-lipid atom distance as follows:

whererb is the vector from the phospholipid atom to the oxygen
of the water, andµb is the dipole vector of the water molecule.
In this way, an angle ofφ ) 180° means that the dipole is
pointing toward the lipid atom, and aφ ) 0° means that the
dipole is pointing along the phospholipid atom-oxygen water
vector.
Figure 6 displaysφ(r) about some phospholipid atoms. For

the phosphorous, a well-defined peak emerged from our

simulations at 0.4 nm with an angle ofφ ) 118°. For distances
close to 0.3 nm the water dipole is pointing outward from the
phosphorous, but when we move away from this, the dipoles
turn around and point toward the phosphorous, having its
maximum of 118° at 0.4 nm. For the nitrogen group NH3+, a
value ofφ ) 55 degrees was found at 0.28 nm. This shows
how the water dipole points outward form the nitrogen, such
as we expect from the partial positive charge placed about the
nitrogen group. For both oxygens, O4 and O9, an angle of 128°
at 0.26 nm came out from simulation, where the water dipole
is clearly pointing toward both oxygens.
Residence times of water about the first hydration shell of

several phospholipid atoms are displayed in Table 2. These
range from 1.1 ps for the water bound to O4 of the carbonyl
serine group to 2.0 ps for the water bound to phosphoryl oxygen
O9.
Water Dynamic Properties: Diffusion Coefficient and

Relaxation Time. In this section, we discuss some dynamic
properties of the water, such as its translational diffusion
coefficient and rotational reorientation time as a function of its
position in the membrane. For this purpose, the membrane was
divided into slices, each of 0.3 nm thickness, parallel to the
surface of the membrane (Figure 2).
The diffusion coefficient was calculated from the mean square

displacement of the center of mass as follows:

wherer2 is the square displacement of the center of mass, and
the brackets mean the average over all water molecules that
are in the same slab.f is the number of translational degrees
of freedom considered for the motion. In our case,f will be
equal to 2 (the normal motion to the membrane plane will be
discarded) because we are only interested in the lateral motion
of the water in the membrane. In such a case, eq 4 becomes:

where r2 is the squared displacement in thex,y plane. As a
consequence of the high mobility of the water, a water molecule
may pass during the simulation several times from a slab to a
neighboring one. We solved this problem by splitting up the
trajectory of simulation in shorter subtrajectories of 10 ps each
for the calculation of eq 5 and assigning that subtrajectory to
the slab where its center of mass (computed along the complete
subtrajectory) falls. Figure 7 displays the diffusion coefficient
in different slab parallels to the membrane. From this we
observe a reduction of the diffusion coefficient in the interface
zone (slab number 7) of 50% with respect to bulk water (the
diffusion coefficient of bulk water for SPC at 349 K is 7.5×
10-5 cm2 s-1.30

With the aim of obtaining a more precise insight into the
behavior of water between two charged layers of phospholipids,
we have studied the rotational diffusivity of water molecules
in different slabs of water layers (the criterium for assigning a
water molecule to a slab is the same used above forDt ).
Particularly, the reorientation of water molecules is described

Figure 6. Radial orientation function of water dipole around lipid
atoms. See text.

φ(r) ) 〈arccos(cosφ(r))〉 ) 〈arccos rb‚µb
|r||µ|〉 (3)

TABLE 2: Coordination Number and Residence Times of
Water Molecules near Phospholipid Atoms

phospholipid atom coord no. residence time (ps)

NH3 2.1 1.2
P 4.2 1.5
O4 2.2 1.1
O9 2.6 2.0

lim
tf∞

〈r2(t)〉 ) 2fDtt (4)

lim
tf∞

〈r2(t)〉 ) 4Dtx,y
t (5)
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by the correlation function〈P1(t)〉 ) 〈cosê(t)〉 ) 〈µb(0)‚µb (t)〉,
whereµb is the unitary water dipole vector andê(t) is the angle
subtended by two orientations ofµb separated by timet.
Simulated correlation functions over 10 ps, for water in

different slabs, are shown in Figure 8. The〈P1(t)〉 values can
be fitted well by a multiexponential:

from which an apparentmean relaxation timeτapp can be
obtained:

Table 3 lists the values ofτappso calculated for different slabs.
From Table 3 we see a resemblance with the diffusion
coefficient: water dynamics close to the interface are slower
than in bulk water, as a clear consequence of the interaction
between water and phospholipids which slows down its motion
by a factor of 2 compared to bulk water (the relaxation time
for bulk water of SPC at 349 K is 1.7 ps30).

Discussion

The two charged layers of phospholipids introduce an
important perturbing effect in the water structure. In this regard,
the bulk water behavior becomes reduced to a region of only
0.3 nm thick, just in the middle of the water layer.
The polarization of water between amphiphilic charged

surfaces is perhaps one of the most interesting properties to
study. In the vicinity of the phospholipids headgroups (where
most of the net negative charge is placed, slabs numbered 6, 7,
and 8) the water dipoles make an angle with the normal to the
lipid layers that becomes 107° at slab number 6, corresponding
to the phospholipid-water interface. Marrink et al.19 carried
out simulations of water hydrating a bilayer of DPPC, obtaining
an angle of 110° at the interface. This result is surprising if
we take into account the difference of net charge between the
DPPS- and the DPPC, where the water dipole tilts the same
angle in both cases. This resemblance in the water dipole
orientation can be explained from the electrostatic potential

distribution across the membrane. In the DPPC membrane,
Marrink et al.19 showed that the water potential is almost a
mirror image of the lipid potential, which means that water
compensates (by dipolar orientation) the effective charge density
due to the lipid. In our case the phospholipid charge density is
mainly compensated by counterions, which screen most of the
excess lipid charges, and only the remaining potential is
compensated by water (Figure 3). The compensation by
counterions of the phospholipid charge excess explains that there
is no increase in the alignment of water dipoles toward the
bilayers of DPPS- compared to DPPC.
Concerning the radial distribution functiong(r) of water

around DPPS- atoms, some interesting results can be pointed
out. Marrink and Berendsen17 obtained the radial distribution
functiong(r) of water around DPPC lipid atoms. The distribu-
tion of g(r)N-OWof the DPPC showed that 12.5 waters are placed
in the first hydration shell. From our simulations a coordination
number of 2.1 was computed. On the other hand, our results
agree with the value of 2.03 obtained by Damoran et al.15 by
MD simulation for DLPE (DLPE: dilauroylphosphatidyletha-
nolamine). This remarkable difference of the coordination
number of DPPS- and DLPE with that of DPPC can be
explained by three effects: first, the stronger tendency of the
DPPC head to penetrate into the water layer than in the DPPS-

and DLPE cases. Second, a much weaker tendency of DPPC
than DPPS- and DLPE to form charge interaction with
neighboring lipids, as has already been noticed in previous
articles,18, 31 which reduces its tendency to be coordinated by
water. Third, the larger volume of the hydration shell in the
case of DPPC, as a result of the presence of its three methyl
groups of the choline group which increase the volume of a
lipid head to be hydrated compared to DPPS-.
For the water radial distribution about the phosphorous atom

g(r)P-OW, Alper et al.16 obtained a coordination number of 5.5
for DMPC (DMPC: dimirystoylphosphatidylcholine) versus a
value of 4.2 that emerged from our simulations for the DPPS-

membrane. This slight reduction in the coordination number

Figure 7. Lateral diffusion constantDtx,y in different slabs of the
membrane. Slab numbers match with Figure 2.

〈P1(t)〉 ) ∑
i)1

3

ai exp(-t/τi) (6)

τapp)

∑
i)1

3

aiτi

∑
i)1

3

ai

(7)

Figure 8. Reorientational correlation functions of water dipole in
different slabs of the membrane. Slab numbers match with Figure 2.
Solid lines: fitted curves. Symbols: simulation results.

TABLE 3: Reorientational Relaxation Time (τapp) in
Different Slabs of the Membranea

slab no. reorientation relaxation time (ps)

8 4.01
9 3.11
10 1.62
9 2.31
8 4.61

a Slab numbers match with Figure 2. Results from slabs 1-7 are
not shown due to the low number of water taken into account in the
statistics.
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of DPPS- against DMPC is a clear consequence (as was already
shown in our previous article18) of the tendency of the
phosphorous of DPPS- to interact with oxygens of the
neighboring phospholipids, decreasing in this way its acces-
sibility of solvation by water.
Concerning the other phospholipid atoms, for the phosphoryl

oxygensg(r)O9-OW, a coordination number of 2.9 was obtained
from our simulations. Alper et al.16 obtained a coordination
number of 1.7 for the phosphoryl oxygens of DMPC. A value
of 2.2 was obtained for the carbonyl serine oxygen, O4 of
DPPS-. This difference between phosphoryl oxygens (O9) of
DPPS- and DMPC can be explained as a consequence of the
higher negative charge placed on the O9 of the DPPS- than on
the equivalent oxygen of DMPC. The reduction in the
coordination number of the O4 respect to O9 is due to the high
coordination of the O4 of the serine group withNH3 of adjacent
lipids.18 In general a diminution in the coordination numbers
of DPPS- is found compared to other uncharged phospholipids,
as a consequence of the fact that the water molecules compete
for the same sites than adjacent phospholipids atoms and
counterions.
With regard to water dipole orientation, from our simulations

we see how the water dipoles point toward the carbonyl oxygens
of the serine and phosphorous oxygens (atoms numbered 4 and
9) with an angle of 128° at 0.2 6 nm, reaching 90° at long
distances. Comparing these results with those obtained by Alper
et al.16 for a DMPC membrane, we appreciate only a slight
difference between them. The orientation of water dipoles
toward phosphorous atoms of DPPS- shows an angle of 118°
at 0.39 nm against the angle of 127° obtained by Alper et al.16
at approximately 0.38 nm.
In the first hydration shell of the nitrogen group, the water

dipole showed an angle of 55° at 0.28 nm, compared to 57° in
the nitrogen case of DMPC.16

From all the results described above, we observe a resem-
blance in the behavior of the radial orientation distribution of
the water around DPPS- atoms, compared to other uncharged
phospholipids such as PC and PE (PC: phosphatidylcholines;
PE: phosphatidylethanolamine).
Residence times of water around DPPS- atoms range from

1.1 ps for the carbonyl serine oxygen O4 to 2.0 ps for the
phosphoryl oxygen O9, in contrast with the range of 2.1-5.9
obtained for the atoms of DMPC16 at 320 K. This reduction of
the residence time of the water around DPPS- atoms compared
to the case of DMPC, is justified in terms of the weakness of
the phospholipid-water interaction for DPPS-, as a consequence
of the higher tendency of DPPS- to interact with adjacent lipids
and counterions which screen the water-lipid interactions and
also to the temperature difference between both systems.
However, the results that have been shown above for DPPS-

are not very reliable due to the strong dependence of the
residence times on the cutoff distance. This situation is
particularly true in a system like ours with net charges (in our
case lipids and ions).
The numerical evaluation of reorientation relaxation times

(Table 3) indicates that water orientation relaxes apparently
twice as fast in bulk water than in the lipid interface. This agrees
with simulation results obtained by Raghavan et al.13 for water
between DLPE bilayers. Although no quantitative comparisons
between them can be carried out because the two simulations
were performed at different temperatures, from both cases we
appreciate the same behavior: water relaxes slower in the
interface region (slabs number 8) than in bulk water. The same
tendency is seen for the translational diffusion coefficient, where
a value of 4× 10-5 cm2 s-1 is found for Dtx,y in the interface

zone and a value of 8× 10-5 cm2 s-1 in bulk water. This
agrees with the results presented by Damodaran et al.15 for
DLPE and Marrink and Berendsen17 for DPPC, where a
reduction (close to a factor of 2) of the diffusion coefficient in
the lipid-water interface was found with respect to bulk water.
From these properties we see that, despite of the fact that DPPS-

forms a charged layer, there is no a dramatic decrease in the
dynamic properties of the water (relaxation and diffusion
coefficient) compared with uncharged membranes of PC and
PE.
It should be pointed out that this analysis of rotational

diffusion is quite simplistic and has just a qualitative value. From
the available theories of rotational diffusion in restricted
(orienting) environment, two aspects are expected. First, at very
short times the initial decay of〈P1(t)〉 should be independent
of the strength of the orientational effect. This is indeed
confirmed by ours results: all the〈P1(t)〉 curves in Figure 8
have nearly the same initial slope. Second, at very long times
there should be an asymptotic plateau〈P1(∞)〉 ) 〈cosθ〉2, where
〈cosθ〉 are the values reported in Figure 4. The〈P1(t)〉 curves
in Figure 8 appear to show this. Then, a base line could have
been included in the fitting function, (eq 6). Unfortunately, this
improved interpretation is not complete; instead, it is compli-
cated by translational diffusion between slabs, which takes place
in time scale. At extremely long times, the real situation must
be 〈P1(∞)〉 ) 0, the same as in the bulk as a consequence of
averaging over slabs. According to all these considerations,
the τapp values in Table 3 have just the meaning ofapparent
mean relaxation times over a moderately long time (10 ps), for
which the correlation function has decayed to 10-20% of its
initial value. We are grateful to a referee of this paper for
providing us the ideas which this paragraph is based.

Conclusion

We have presented results from a 184 ps molecular dynamics
simulation of water between two charged layers of DPPS-.
We conclude that the properties of water are perturbed in

the proximity of the lipid layers compared to its properties in
the bulk. This is a clear conclusion that can be obtained from
results on translational diffusion, rotational relaxation time, and
water dipole orientation.
The net negative charge of the DPPS- membranes is mainly

compensated by the counterion distribution across the water
layer, and only a small remaining negative charge is compen-
sated for by water dipole orientation, pointing its positive dipole
end toward the lipid layer. In the headgroup region, the
orientation is such that the average dipole reaches the 30% of
its maximum value.
The presence of lipid layers slow down the water translational

and rotational motion respect to bulk water, as a clear
consequence of the lipid-water interaction. This mobility in
the lipid-water interface becomes half that in bulk water,
showing a behavior similar to that of DLPE and DPPC
membranes.
Regarding the coordination number of water about lipid

atoms, we obtained a notable reduction compared to DMPC
layers, although a remarkable resemblance with DLPE layers
has been obtained. This reduction was expected as a result of
the high tendency of the head atoms of the DPPS- to be
coordinated by atoms of adjacent phospholipids and the presence
of counterions which compete for the same lipid atoms as the
water does, reducing in this way their water coordination,
orientation, and residence times.
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