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ABSTRACT Molecular Dynamics (MD) computer simulation studies are reported for a system consisting of two model membranes in
contact with an aqueous solution. The influence of the membrane on the adjacent liquid is of main interest in the present study. It is
therefore attempted to make the system sufficiently large to encompass the entire region between bulk liquid and the membranes.
The latter are modeled by two-dimensional arrays of COO groups with rotational and translational degrees of freedom. The water
molecules are represented by the well-tested TIP4P model. The intermolecular potentials are parametrized in terms of Coulomb
interactions between partial charges on the molecular frames and empirical, mostly Lennard-Jones (12-6), interactions centered
at the atomic positions.
A strong layering of the liquid accompanied by an increase in average water density is found in the vicinity of the membrane. The

structural perturbation reaches 8 into the liquid. We discuss the static structure in these layers in terms of atom-atom distance
distribution functions and study the average orientation of the water molecule dipoles with respect to the membrane. From the
distribution of the ions, we find that < 50% of the surface charge of the membrane is neutralized by Na+ ions in the first layer above
the membrane. A simplified model of the adsorption site of the ion on the membrane is developed from the distance distributions.
Finally the hydration of the Na+ in the first adsorbed layer is discussed.

1. INTRODUCTION

Membranes have essential functions in living cells. They
are composed of proteins and lipids. The lipids form
bilayers, which are the basic structures of membranes,
and the proteins are embedded in or attached to these
structures. Both proteins and lipids are not at fixed
positions but can diffuse. The usually fluid-like dynamics
of the membrane (fluid mosaic model) complicates the
microscopic description considerably. The structure and
the dynamics of the membrane are furthermore influ-
enced by the surrounding medium, which is usually
water or an aqueous solution. Vice versa, the membrane
will exert a strong influence on the liquid in its vicinity.
This is the aspect that we are mostly interested in
because this interfacial region is where many chemical
reactions of biological importance take place.
The goal of studying in detail a phospholipid mem-

brane together with its full aqueous environment is a

very ambitious one. The surface area typically occupied
by the headgroup of such a lipid is of the order of
magnitude of 100 A2. The amount of water necessary to
simulate the wetting of a sufficiently large array of such
headgroups is difficult to treat at the level of accuracy
that we deem necessary here. The simultaneous treat-
ment of the hydrophobic tails in the simulation is also
difficult for the same reasons. Furthermore, at the
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present level of knowledge about intermolecular interac-
tion potentials, little would be gained from setting up
and studying a full system. Because of the lack of reliable
and tested data available on the intermolecular interac-
tions the interpretation of such simulation results would
be quite uncertain.
We have thus chosen to study first a simplified model

system consisting of two-dimensional arrays of deproto-
nated carboxilic acid headgroups in contact with water
and hydrated Na+ ions. The surface area occupied by a

COO- group is of the order of magnitude of 20 A2. This
model system represents many of the important features
associated with a membrane surface; similar systems are
also studied experimentally (1-3). The COO- groups are
given translational and rotational mobility; the correla-
tion of the translational motions of the headgroup with
the ones of the first elements of the hydrophobic chain is
incorporated in an effective way by increasing the mass
of the carbon atom. The headgroups lead to a strong
surface charge density. The structure of the liquid near
the membrane will result from an interplay between the
mutual influences of the headgroups, ionic charges, and
the hydrogen bonded network structure of the bulk
liquid. We have attempted to make our system large
enough to be able to study the complete transition
region from the membrane up to the bulk-like liquid
phase.
As already stated, a useful interpretation of simula-
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tion results and the reduction of the observed phenom-
ena to physical pictures as simple as possible is feasible
only if the number of parameters involved (say the
number of different atoms or molecules and the complex-
ity of their mutual interactions) is not too high. Gener-
ally speaking, it is our goal to construct a simple model
system for a membrane-aqueous medium interface with
not too many parameters, which would allow to extract
such typical features. Within this frame we attempt to
model a typical system as realistically as possible, and for
this reason we have selected molecules and groups for
which the intermolecular interaction potentials are

known with a high level of accuracy. The solvation of the
Na+ ion with the present model (Vww and V,, vide infra
Eq. 1) has for instance been studied in detail (4). A large
body of comparative studies of results from simulations
and experiments is available for aqueous ionic solutions
in general (5-8). The interface between the model
membrane used here and pure water has been studied
separately (9, 10). It will serve here as a reference system
when the influence of the ions is investigated.
Computer simulations are well suited for the study of

complex systems like the present one, and many simula-
tion studies of interfacial systems have been reported.
As an example, the development of a two-dimensional
hydrogen bond network in water in the vicinity of an

uncharged platinum surface has recently been demon-
strated (11). One-dimensionally hydrogen bonded water
has been found and studied in model transmembrane
channels (12). Other related simulation work dealt with
micelles (13, 13a), inverted micelles (14) and cholesterol
(15), mixtures of decanol and sodium-decanoate (16),
phosphatidylcholine (17, 17a) interface regions, and,
similar to the present case, Langmuir monolayers (18)
and hexanol-water interfaces (19). These simulations
can be subdivided into ones where the lipid surface is
treated as an external potential (14, 17, 17a) and others
with free moving lipid molecules. We shall demonstrate,
as was also pointed out by other authors (13, 16), that
the structure of the membrane surface is strongly influ-
enced by the counterions. The influence of water on the
motions of headgroups has been investigated previously
(9). In this context we also note that analytical results for
simpler, but similar, interfacial systems have recently
become available (20). The molecular dynamics (MD)
simulation method employed here allows in principle to
determine both the static and the dynamic properties. In
the present communications we shall restrict our atten-
tion mostly to the static or structural results.
The paper is organized as follows: first the interaction

potentials and the simulation techniques used will be
briefly discussed. After a short description of the evalua-
tion techniques employed we shall discuss the stability of
the model system. Then we shall consider the layering

phenomenon observed in the water and in the ions in the
vicinity of the membrane. The structure in these layers
will be investigated next. In this context we stress again
that we are presently not so much interested in exact
quantitative results, but that we rather attempt to
determine as unambiguously as possible typical features
and trends. The ionic hydration shell will then be
considered, and a few qualitative results concerning the
approach of a hydrated ion toward the membrane will be
presented.

II. INTERACTION POTENTIALS AND THE
SIMULATIONS

The total intermolecular interaction potential energy is
partitioned as a sum of molecule-molecule energies:

VtOt = vWW + VWM + VW, + VMM + VMI + Vll9 (1)

where the index Wstands for a water molecule,M stands
for a membrane COO- group, and I stands for an ion.
All terms in this sum are assumed to be sums of pairwise
additive site-site potentials. The intramolecular geome-
tries are kept rigid. The TIP4P (21) model is used for
VWW. VMM results from a model by Jorgensen and Gao
(22), this potential was also checked against various
ab-initio calculations (23, 23a). With the help of combi-
nation rules (24) the potential VWM is also determined;
here we use the procedure of Lorentz-Berthelot. A
detailed discussion and exploration of these potentials is
given in reference 9. The Na+ water interactions are

described by a model fit to ab-initio data performed by
Bounds and Bounds (25). The other interactions involv-
ing the Na+ ion are modeled in terms of charged
Lennard-Jones spheres and the combination rules are

applied. For convenience, the functions describing all
the pair potentials and other details of the models have
been collected in an Appendix.
The simulated system consists of 60 COO- groups

representing two membrane surfaces limiting a central
lamina with the liquid. The liquid consists of 859 water
molecules and 60 Na+ ions. The elementary box of the
simulation is sketched in Fig. 1. The system is periodic in
x- and y-direction. The composition of the system stud-
ied and other parameters of the simulation are given in
Table 1. Cut-off radii similar to the ones used here have
been used in related simulation work (13, 13a, 15, 19).
Only two equations of motion are solved for the transla-
tions of the COO- groups of the membranes in z-direc-
tion, i.e., only a collective motion of these groups is
allowed in this direction. The individual COO- groups
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FIGURE 1 Elementary box. The two membrane surfaces are located
at z = 0 and z = z,. The system is periodic in x- and y-directions. The
values for xl and Yi and the average value for z1 (see text) are given in
Table 1.

can move in their x-y-plane and rotate around their axis
of symmetry.
The arrangement in Fig. 1 is chosen mostly to obtain a

sufficiently large number of averages. Furthermore, the
presence of two independent membrane surfaces in the
system allows to estimate the degree of statistical reliabil-
ity reached by comparing the results obtained for the
two halves of the box. Finally the problem of finding
suitable boundary conditions for the bulk liquid is also
avoided. The only prerequisite for this setup is the
absence of direct interactions between the two surfaces.
The surface density of the COO- groups is set to 0.05

A-2. The separation between the two surfaces, which
was kept fixed in initial runs, is allowed to vary in the
main run reported here. Starting from an equilibrated
system with pure water between the two surfaces (9), the
ions are introduced into the central zone of the lamina
by exchanging water molecules. Before the ions are
allowed to move, they are kept at fixed positions until
hydration shells have developed. Four to eight ions are
introduced at a time and the system is then allowed to
reach a pseudoequilibrium state before the procedure is
repeated. A small change in the water density, which is
compensated by a volume shrinkage of the system, and
which is due to the electrostriction of the water in the
hydration shells of the Na+ ions, is observed after each

TABLE 1 Dimensions of the simulated system, number of
particles, and other characteristic values of the simulation

xI 24.03A
y, 24.97A
(ZW) 42.5,A
nH2O 859
ncoo 60
nN.+ 60
Timestep dt O.5fs
Simulation time tsim 9Ops
Average temperature (7) 297.5 K
Cut-off radius r<,, (Van der Waals) 7A°
Cut-off radius r,,t (Coulomb) 11iA

addition of ions. In a few instances a water molecule is
pushed through the membrane surfaces by an ion. This
did not lead to a loss of stability of the membrane. The
total time during which ions are added is in excess of 150
Ps.
The main runs of the simulations reported here are

carried out at a constant number of particles and total
energy, but variable volume (see section IIIb). We did
not observe any significant difference between the re-

sults of these runs and the ones obtained from ordinary
NVE-MD. Further details of the simulation procedure
are given in reference 9. During a typical run of 90 ps,
the total energy remained constant to better than
AEIE = 10' without rescaling of the velocities or other
manipulations. The dynamical properties, such as trans-
port coefficients or reorientation times, can thus be
computed without corrections or adjustments, they will
be reported in a forthcoming communication.

111. RESULTS

a. Methods of analysis
We shall discuss the water and hydration shell structures
mainly by means of normalized atom-atom distance
distribution functions g,,(r.), where ra. is the internu-
clear distance. The analysis of the water in the vicinity of
the membranes is carried out by computing such func-
tions separately for the different layers parallel to the
membrane. In the case of homogeneous systems, this
function is usually extended over the entire space
around a particle (radial distribution function [RDF] or
radial pair correlation function hJ[r.] = ga[ra - 1)
and the integral

na(r<,) = 4srp~f( ga.(rf)r2dr', (2)

where p, is the number density of species 1 in the
system, is often called the running integration number.
The value of this integral up to the first minimum of theg
function is often referred to as the coordination number
of species a by species 13. If the minimum in the RDF is
very shallow, it is obvious that this definition may not
lead to very rigorous results (26). The plots presented
here were generated from 6,000 configurations equally
spaced throughout the simulation time of 90 ps. The
peak heights and shapes did not depend on the bin size,
which was varied between 0.02 and 0.04 A. The curves
were not smoothed.
The relative orientation between two molecules can in

general be described by expansions of the generalized
molecule-molecule pair correlation functions in terms
of a set of invariant basis functions depending on the
relative angles. In hydrogen-bonded liquids such expan-
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sions tend to converge quite slowly even in homoge-
neous systems, and it is difficult to interpret the many

resulting expansion coefficients. We have therefore
chosen a simpler approach for the analysis in section
Ille.

b. Stability of the system
In initial runs of the series described above, the separa-
tion between the two membranes, and thus the total
volume of the system, are adjusted in such a way as to
obtain a density of - 1 g cm-3 in the center of the lamina.
It was shown previously (9) that the structure of the
liquid near the membrane is quite insensitive to the
density in the center of the lamina. It is nevertheless of
interest to explore whether this setup corresponds to an

equilibrium state. To investigate this we have relaxed the
constraint of constant separation between the two mem-
branes imposed in earlier work (9) and solved two
additional equations of motions in z-direction for the
two membranes. The total mass of the 30 COO- groups,
including the enhanced masses of the carbon atoms, is
used. Note that this system is not in equilibrium in a

thermodynamic sense because, on one hand, there are

no periodic boundary conditions in z-direction, and on

the other, no external pressure is applied and no gas
pressure can build up.

We found that after a short relaxation the separation
between the two membranes oscillates with an ampli-
tude of +0.5 A and a frequency of <10 cm-' around

an equilibrium. The density in the center of the lamina
then oscillates around 1 g cm-3. These slow anharmonic
oscillations are not expected to couple with motions in
the liquid or in the membranes. When more water
molecules are exchanged for ions, the average separa-
tion of the membrane surfaces decreases slightly due to
the electrostriction of the water in the hydration shells.
The simulated system is thus stable at the time scale of
the simulation. This is true even for systems containing
less water than used here, i.e., with smaller average
membrane-membrane separations.
The question of stability also arises with respect to the

penetration of water or ions into the region outside the
lamina. As was already mentioned above, water mole-
cules are pushed through the membrane surface by ions
approaching the membrane in a few instances; this did
not destabilize the membrane. The water molecules
usually attached to the positive end of the COO- group
and remained there for the duration of the simulation or

reentered the lamina at a later time. During a total of
more than 200 ps simulation with the maximum number
of ions (sometimes even with less water molecules than

in the main run reported here) we never observed the
breakthrough of an ion.

In the case of pure water, a lowering of the density of
the COO- groups from 0.05 to 0.042 A-2 was found to
lead to massive breakthroughs of the water through the
membrane. Repeating the same experiment in the
presence of the Na+ ions leads to similar results. We
therefore restrict the present study to the aforemen-
tioned surface density of 0.05 A-2.

c. Layering of the liquid above the
membrane
Fig. 2 shows the local density of the water molecule
oxygens and hydrogens, averaged over the x- andy-coor-
dinates, as a function of the distance from the plane of
the carbon atoms of the COO- groups. The resolution is
0.036 A in the z-direction. For convenience, the curves
are normalized by setting the number density of 0.0334
A3 for the oxygens and 0.0668 A3 for the hydrogens
equal to the macroscopic water density of 1 g cm-'.
Results from the two membrane surfaces, see Fig. 1, are
superimposed to show the degree of statistical reliabil-
ity.
A layering of the water molecules extending 7-8 A

into the liquid is observed. The maximum density in the
first layer is about three times the bulk density both for
the oxygens and for the hydrogens. The average density
of the oxygens between 2 and 3.1 A from the reference
plane is still enhanced by a factor of about two. This
increase in average density is similar to the one found for
pure water near the membrane, in spite of the fact that
the details of the density fluctuations are different here.
The shift between the oxygen and the hydrogen peaks in
Fig. 2 is an indication of the average orientation of the
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FIGURE 2 Local density of the water oxygens (a) and hydrogens (b)
as functions of the distances from the plane of the carbon atoms. The
curves obtained for the halves of the box (see Fig. 1) have been
superimposed as a measure of the statistical reliability.
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water molecules with respect to the surface normal of
the membrane.
A second region of increased density is located

between 4.5 and 6 A for the oxygens. Only washed-out

features are found here for the hydrogens, indicating a

loss of preferential orientation of the water molecules.
Beyond 8 A there are only small statistical oscillations in
both curves so that this value can be taken as the upper
limit of the influence of the membrane on the density of
the ionic solution.
The local number density of the Na+ ions is shown as a

function of the distance from the reference plane in Fig.
3. Again the results obtained for the two halves of the
box are superimposed. The fraction of the surface
charge neutralized by Na+ ions is also given as a function
of the distance. A pronounced layer of ions is found in
the immediate vicinity of the membrane, the integral
over this peak is 12.5. We thus find that <50% of the

membrane charge is neutralized by cations in the first
layer. This finding is in some contrast with results from
analytical studies where very rapid charge neutralization
(termed fast screening) is found (27).

Fig. 4 shows averaged density profiles for the Na+
ions, analogue to Fig. 3, obtained during the process of
addition of ions to the system. The results are for the
pseudoequilibria reached after the ions have moved
toward the membranes. They are averaged over time
periods of 25 ps each. It is seen that once there are

enough ions in the system to complete the first layer, it
remains stable. It is pushed toward the membrane
surface, presumably by the buildup of the positive
charge density of the cations being added to the system.
In this process the layer becomes somewhat broader, but
the number of Na+ ions involved remains constant.

It is essential to consider both the effect of the electric
charges and of the packing to understand these features.
To create a favorable site for the adsorption of a cation
on the membrane, the COO- groups in the membrane
must be orientated. It was shown previously (9) that the
presence of pure water does not affect the structure of
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FIGURE 4 Local number density of the Na+ ions, as in Fig. 3, for
partially charged systems. Here the profiles obtained for the two
membranes are shown separately. The numbers refer to the integrals
over the peaks, i.e., to the number of Na+ ions.

the membrane very much. This structure can be under-
stood as a distorted hexagonal arrangement of the
carbon atoms. The relative orientations of the 0-0

vectors of the COO- groups is almost random in this
case, with possibly a small preference for T-shaped
configurations.
The local orientational order induced between the

membrane groups by the ions is demonstrated in Fig. 5,
which shows the normalized distance distribution func-
tions for the oxygen- and carbon-atoms of the COO0
groups. They are contrasted with the same functions
obtained in the absence of ions. Fig. 5 also shows the
Na+-Na+ and Na+-O (COO-) normalized distance dis-
tribution. The typical distances found in the distribution
functions in Fig. 5 are depicted in a sketch in Fig. 6.
The peak maximum of the ion density in Fig. 3 is atz =

0.5 A, i.e., at the level of the oxygens. The positively
charged ions attract the negative ends of the COO0
groups, leading to an environment of the ions with the
0-0 vectors of the COO- groups preferentially oriented
radially with respect to the ion. This condition can be
fulfilled only for every second site on the membrane. In a

very schematic picture the ions could be said to occupy

positions of a 2 x 1 overlayer on bridge sites of a strongly
distorted hexagonal surface. Characteristic chains -Na+-
O-O-Na+-O-O- of such an overlayer can be identified
in snapshot pictures of the membrane. Due to fluid-like
behavior they are rather wavy. The idealized overlayer
structure and a snapshot of an actual configuration are

shown in Fig. 6 besides the sketch of an idealized Na+
adsorption site on the membrane. The ions adsorbed at
these sites are able to keep large parts of their hydration
shells (vide infra). Other Na+ ions are thus prevented
from approaching the membrane, leading to the charge
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FIGURE 3 Local number density of the Na+ atoms as a function of
their distance from the plane of the carbon atoms. The percentage of
the membrane charge neutralized is also given as a function of the
distance from the membrane. The results for the two halves of the box
are superimposed.
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FIGURE 5 Normalized distance distribution functionsgN,+-N,+,gN,+-O, and intermolecular part ofgcc andg0O. for the COO- groups. (O' is used for
the oxygens here to avoid confusion with the water oxygens.) Results obtained in the absense of Na+ ions are given for comparison (upper curves).

neutralization of < 50% by this first layer, as described
above.
Above the first layer of ions there is a diffuse region

between - 1.7 and 3.7 A. Approximately 5 Na+ ions (per
membrane surface) are found on the average in this
region. A more pronounced second layer of ions can be
identified around 4.25 A. This layer contains about eight
cations; some 85% of the membrane charge is thus
neutralized within 5.5A from the plane of the carbons of
the COO- groups, taken here as reference. Ions in this
layer are able to keep their full hydration shells. The
remaining Na+ ions are found throughout the lamina,
where they seem to remain stable, at least at the
time-scale of the simulation.

d. Structure in the liquid layers
The stratification of the liquid in layers parallel to the
membrane is clearly established from Figs. 2 and 3. We
have already discussed in some detail the structure of
the layer of ions adsorbed directly on the membrane.
The joint influence of the membrane and its ionic
colayer on the water is the focus of interest in this
section. For this purpose we define layers of 1-A depth
parallel to the membranes (see Table 2) for which

normalized distance distribution functions have been
computed separately. As a test, this procedure has
formally also been used in the center of the lamina. If
the liquid is homogeneous there, these distribution
functions should become identical to the usual radial
distribution functions. The literature values for this
RDF (21) were also obtained from bulk TIP4P-water
simulations, and the analysis in terms of layers was also
tested on the bulk system.

Fig. 7 shows such oxygen-oxygen distance distribution
functions obtained for layers, as defined in Table 2,
parallel to the membrane. The influence of the mem-

brane corrugation on the oxygen-oxygen order in the
first layer is clearly visible. The oscillations in the
distance distribution functions have a range of > 10 A,
which is much larger than in liquid bulk water. With
increasing distance from the membrane, the range of the
ordering diminishes. Toward the center of lamina, i.e.,
at distances of > 8 A from the membranes, the functions
here resemble more and more the usual RDF's obtained
for bulk TIP4P-water under the same conditions. The
main difference here is that first minimum and second
maximum are somewhat less pronounced than in the
bulk. It is also interesting to note that the transition
between the structure in the first layers and the bulk
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FIGURE 7 Normalized distance distribution functions of the water
molecule oxygens in layers parallel to the membrane surface. From
bottom to top: layers 1-5 as defined in Table 2.
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FIGURE 6 Sketch of a characteristic adsorption site of a Na+ ion on
the membrane with characteristic distances from the distance distribu-
tion functions in Fig. 5; sketch of the resulting idealized overlayer
structure and snapshot of an actual configuration from the simulation.

structure seems to be a continuous one here, in contrast
to the existence of a structure-broken region in the case
of pure water (9). The transition region between surface
induced structure and bulk structure is also narrower in
the presence of ions.

Integrals analogue to the ones defined in Eq. 2, but

TABLE 2 Deflnition of the water and Ion layers parallel to the
membrane surfaces for the computation of the normalized
distance distribution functions In Fig. 7

Layer Water z/A Ion ziA4

la 1.7-2.5
lb 2.5-3.3
1 1.9-2.9 0.0-1.0
2 4.4-5.4 3.5-4.5
3 6.9-7.9
4 11.9-12.9
5 15.0-16.0

Layers 1 a and 1 b are used in Fig. 9.

extended here only over the layers of 1-A thickness
parallel to the membrane surface are also shown in Fig.
7. The value at the minimum between the first and
second peak of the distribution function gives the mean
number of next oxygen neighbors in the corresponding
layer. In bulk water the integral extended over the entire
next neighbor shell of a water molecule yields a value of
slightly more than 4 (5), in keeping with to the predomi-
nantly tetrahedral environment of a molecule in the
H-bond network. The mean number of next neighbors in
a layer in bulk-like water in the center of the lamina is
found to be 0.7. This is also the value to be expected
from the total number of neighbors and the volume over

which the integral is extended. The agreement of the
value found in the simulation with the one statistically
expected shows again that the structure in the center of
the lamina is no longer influenced by the membranes.
Close to the membrane, on the other hand, the number
of next neighbors is increased to 4.0 and 2.5 in the first

and second water layer, respectively. This gives evidence
for the destruction of the tetrahedral H-bond structure
in the vicinity of the membrane.
The orientational order of the water molecules with

respect to the membrane surfaces, which was already
seen from the shift between the first peaks in the
hydrogen and oxygen density profiles in Fig. 2, is studied
in more detail by computing the average dipole moment
of a water molecule in the z-direction (p,u). The Langevin
parameter a = pu,EIkBT, where p,u is the dipole moment
of the model TIP4P water (2.27 D), E, is an equivalent
electric field for the orientation of the water molecules,
and the other symbols have their usual meaning, is
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computed by means of the Langevin equation

-=coth (a) - -.(3)
Fig. 8 shows the value ofa as a function of the distance

of the water molecule oxygen from the reference plane.
Almost complete orientational order of the water di-
poles with respect to the membrane surface normal is
found at z - 2 A. At smaller z values this orientational
order decreases rapidly. Only a few water molecules
penetrate into this region (cf. Fig. 2). In doing so, they
tend to orient their dipoles with respect to the individual
atoms of the COO- groups rather than with respect to
the membrane as a whole. Note also that due to the
small number of molecules present these values have a
large statistical uncertainty.
At distances larger than 2.5 A the orientational order

decreases toward a minimum, which coincides with the
minimum in the oxygen density (see Fig. 2). A small
second maximum is reached around 4 A, which then
decays slowly toward the center of the lamina. Similar to
what was found for the density oscillations, the orienta-
tional order due to the membrane can be said to have
vanished at distances above 8-10 A. In keeping with the
lower effective surface charge of the membrane together
with the colayer of Na+ ions, this range of the orienta-
tional order is shorter here than in the case of pure
water. We recall that the average separation between
the two membranes is 42.5 A in the present system, thus
allowing for a sufficiently large amount of water in the
middle of the lamina not affected by the membranes.

e. Hydration of the Na+ ion
The hydration structure of the Na+ ion has been studied
in many instances with different ion-water and water-
water potentials. Single hydrated ions have been studied
as well as salt solutions at different concentrations and
pressures (5). It is generally concluded that the first
hydration shell of this ion is well described by the
available models, a detailed discussion can be found in

a
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the review literature cited above. At low to medium
concentrations the coordination number according to
the definition in Eq. 2 is found between 6 and 6.5.

Fig. 9 shows Na+-O distance distribution functions
between ions and water molecules in various layers. The
first water layer (Table 2) has been subdivided here into
two layers, labeled 1 a (shoulder close to the membrane,
see Fig. 2) and 1 b (main peak). Two layers of ions are
distinguished (see Table 2): layer one (0-1 A) contains
all ions directly adsorbed on the membrane and layer
two (3.5-4.5 A) consists of the ions forming the second
pronounced peak at 4 A distance from the membrane.

A bulk radial distribution function is included in Fig. 9

g (r)

FIGURE 9 Na+ oxygen distribution functions. From bottom to top: (a)
Na+ (1st layer), oxygen (layer 1 a); (b) Na+ (1st layer), oxygen (layer
1 b); (c) Na+ (2nd layer), oxygen (layer 2); (d) Na+ (bulk), oxygen
(bulk).

Biophysical Journal Volume6O July1991

FIGURE 8 Parameter a of the Langevin function, see text, as a
function of the distance between water molecule oxygens and the
reference plane. Results for the two halves of the box are superim-
posed.
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for comparison. Remarkable differences are seen in Fig.
9 between the various layers. With decreasing ion-
membrane distance, the height of the first ion-oxygen
peak decreases from 8 to 2, while the position of this

maximum shift from 2.37 to 2.52 A. An increasingly
pronounced long-range structure is simultaneously ob-
served in these functions. The comparison of the Na+
oxygen distribution functions for layers 1 a and 1 b
shows a remarkably less pronounced first neighbor peak
and an increased second neighbor peak for the water
molecules in immediate vicinity of the membrane. This
is a consequence of the decrease of ionic hydration
because of hindrance by the COO- groups at the
membrane surface. The number of water molecules in
the first hydration shells (i.e., within 3.2 A from the ion)
of first layer ions is 2.2. About two-thirds of the first

hydration shell is thus occupied by COO- groups. For
ions in the diffuse region between the first and second
layers about one hydration water molecule is replaced by
such a group. The ions in the second ion layer are

completely hydrated. As a consequence of the increased
water density their coordination number (7.1) is even

higher than in bulk TIP4P water (6.3).
Distributions of relative orientations and the resulting

averages are often used besides the distance distribu-
tions to characterize the ionic hydration. We calculate
the average angle 0 between the ion-oxygen vector and
the dipole moments of the neighboring water molecules
as a function of the ion-oxygen distance for ions and
water molecules in the various layers. The potential
energy minimum of the ion-water potential corresponds
to 0 = 0. It is of special interest here to determine the
range of the ion-induced order in the vicinity of the
membrane. For this purpose we computed the differ-
ence between 0, as described above, and the mean

orientation of the water molecules. This mean orienta-
tion Om is computed in the same way as 0 but with respect
to a large number of sites arbitrarily distributed in the
layer. Om reflects the orientation of the molecules due to
the membrane and the geometry factors resulting from
the subdivision into layers. We then define an "excess"
orientation Oe = Om - 0 of the water molecules with
respect to the Na+ ions.

Fig. 10 shows 0, Om, and Oe as functions of the
site-oxygen distance for different ion and water layers
(layer definitions from Table 2). As a convenient mea-

sure of the influence of the membrane interface on the
hydration shell orientation we chose the value of 0 at an
ion-oxygen distance of 2.4 A. At this distance 0 has its
best statistical reliability because it corresponds roughly
to the first peak of the Na+ oxygen pair distribution
function. The values are 102, 58, and 40 degrees in the
first and second layers and in bulk water, respectively.
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FIGURE 10 Angles 0, thin lines, Om, dotted lines (right scale), and 8e,
fat lines (left scale), as defined in the text, as functions of the site
(ion)-oxygen distance. (Bottom) Ion (layer 1), water (layer 1); (middle)
Ion (layer 2), water (layer 2); (top) bulk. Ion layers as in Fig. 9.

This shows that even the average orientation in the first
hydration shell of a sodium ion is considerably disturbed
in the vicinity of the membrane (recall that the ion-
water potential energy minimum corresponds to 0 = 0).
The curves 0e show the range of ion-induced orienta-
tional order. All three curves show a region of strong
excess orientation which reaches up to a distance of
- 3.2 A. This distance corresponds to the outer limit of
the first hydration sphere as defined by the Na+-O pair
distribution function (Fig. 9). In the case of a sodium ion
in bulk water this region is followed by a second one of
increased orientation which extends to 5.5 A and
coincides with the second hydration sphere at the top of
Fig. 9. As seen in the middle and the bottom of Fig. 10,
this orientational influence in the region of the second
hydration sphere is increasingly suppressed in the course
of approach to the membrane surface.

f. Approach of a hydrated Na+ ion
toward the membrane
As described above, the ions are introduced into the
system by exchanging water molecules near the center of
the lamina. They are immobilized until a hydration shell
has formed and then allowed to move. After some time
the ions start accelerating toward one of the membrane
surfaces, dragging along their hydration shells, or at
least large parts of them. We have used these events to
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obtain a qualitative picture of the microscopic events

during the approach of a hydrated ion toward a charged

membrane. A major point of interest here is, for

instance, the stripping of the hydration shell off the ion

before entering a transmembrane channel.

The representation in Figs. 11 has been chosen to get

a picture independent of the velocity of the ion approach-

ing the membrane. Fig. 11 a shows the distance that a

water molecule travels attached to a Na' ion approach-

ing the surface. Attachment to the ion is defined here as

follows: a water molecule is considered to be attached to

an ion after having approached closer than R2 = 2.77 A.

It is considered detached again if its separation from the

ion becomes larger than R3 = 3.92 A. R. is the distance at

which the ion-oxygen RDF is equal to one for the nth

time. This somewhat cumbersome definition is necessary

to omit oscillatory motions of water molecules entering

and leaving the hydration shell from the statistics. The

abscissa in Fig. 11 a gives the distance from the mem-

brane at which a water molecule enters the hydration

shell for the first time. The ordinate is the distance from

the surface. We have drawn vertical lines for each water

molecule belonging to a hydration shell starting from the

location where it entered the shell to the location where

it left it. The lines below the diagonal thus belong to

molecules which accompany the ion over a certain

distance toward the membrane. Lines above the diago-

nal are molecules which enter the hydration shell "in

front" of a moving ion and leave it after having been

".pushed aside" and rotated around the ion. At small

ion-surface distances the water molecules that are

pushed through the surface (see section IIIb) are seen.

Average distances are shown in the lower part of the

graph. It shows again that the distance that water

molecules travel attached to an ion decreases markedly

with decreasing distance from the surface. Below 5 A the

ion moves toward the membrane essentially without

dragging along any water.

Fig. 11 b is an analogue graph. It shows a vertical line

for each water molecule attached to an ion. Here the

abscissa gives the position of the ion above the mem-

brane at the time the water molecule attached. The line

extends from there to the position of the ion at the time

when the water molecule left the hydration shell. From

this figure it is seen that the distance a given ion travels

attached to a certain water molecule is on the average

longer than the distance covered by the water, Fig. 11 a.

This suggests a mechanism where water molecules enter

the hydration shell predominantly "in front" of the ion,

are pushed aside and eventually dragged along for a

certain distance in a rotative movement around the ion,

and then leave the hydration shell "behind" the ion.

This effect is particularly clear at distances below 5 A.

zA

FIGURE ii Illustration of the dynamics in the hydration shells of Na'
ions approaching the membrane surface. (a ) Distances that water
molecules travel attached to ions as a function of the distance of the
water molecule from the membrane where the attachment occurred
(upper part, left scale), and values averaged over 1 A (lower part, right
scale); (b) distances that ions travel attached to a given water molecule
as a function of the distance of the ion from the membrane where the
attachment occured (upper part, left scale) and values averaged over 1
A (lowerpart, right scale).
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IV. SUMMARY AND CONCLUSIONS

The main results of the present investigation can be
summarized as follows: the overall influence of a mem-
brane surface consisting of deprotonized carboxilic head-
groups extends 8 A into an aqueous solution. In this
region remarkable structural changes are found com-
pared with pure liquid. The average density is, for
instance, strongly increased in the vicinity of the surface.
Furthermore, only -50% of the membrane charge is
neutralized by counterions in the first adsorbed layer.
This is a consequence of the headgroup mobility. Ions in
the first layer above the membrane lose a part of their
hydration shells and are coordinated by headgroups,
forming a kind of overlayer. Further ions are prevented
to enter into this region once the overlayer is formed.
Presently we prepare and simulate more realistic model
systems with larger headgroups and also include the
hydrophobic tails.

-1.200 10'
Vmc

rmc

5.999 102
VHC

rHC

Here O' refers to the oxygen on the COO- group.

VMM = VCC + Ya Vo-u; + .a vc°i'
i,j-1,2 12

5.768* 102 13.800\12 3.800161
VC Ir3.196C _

rcc ~ ~ [rc'cJ r
1.298 103 [(2.960 12 2.960 61

VOO + 5.836~
r 'OtO . rOo. r JO'

-8.652 102 .(3.380 12 3.380 6
Vco. + 4.3119~

rco rco rc,

The intramolecular geometry of the COO- group is also kept fixed,
the C-O' distance is 1.231 A and the O'-C-O' angle is 1310. The
partial charges are +0.50 e on the carbon atom and -0.75 e on the
oxygen. A mass of 54 a.u. is located at the position of the carbon to
mimic the first elements of the hydrophobic chain.

APPENDIX

Intermolecular interaction potentials (energies in 10-21 J, distances in
A) and other details of the models

V = VOO + Vmm + z V.H + z VH.H
i-1,2 i;=j1,2

13.154 12 13.154 6-
voO = 4.308 IrOO I r II

2.495 103
Vmmmm r
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VmH rmH

6.238 102
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rHH

The (fixed) intramolecular 0-H distance is 0.9572 A, the H-O-H
angle is 104.50. The point m is located on the H-0-H angle bisector at
a distance of 0.15 A from the oxygen. The partial charges leading are
+0.52 e on the hydrogens and -1.04 e on point m.
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