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Molecular dynamics simulations of ionic concentration gradients across
model bilayers
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To model a concentration gradient across a biomembrane, we have performed all-atom molecular
dynamics simulations of NaCl solutions separated by two oppositely charged plates. We have
employed the recently formulated three-dimensional Ewald summation with correction~EW3DC!
technique for calculations of long-range electrostatics in two-dimensionally periodic systems,
allowing for different salt concentrations on the two sides of the plates. Six simulations were run,
varying the salt concentrations and plate surface charge density in a biologically relevant range. The
simulations reveal well-defined, atomic-level asymmetries between the two sides: distinct
translational and rotational orderings of water molecules; differing ion residency times; a clear
wetting layer adjacent only to the negative plate; and marked differences in charge density/potential
profiles which reflect the microscopic behavior. These phenomena, which may play important roles
in membrane and ion channel physiology, result primarily from the electrostatics and asymmetry of
water molecules, and not from the salt ions. In order to establish that EW3DC can accurately capture
fundamental electrostatic interactions important to asymmetric biomembrane systems, theCHARMM

force-field~with the corrected Ewald sum! has been used. Comparison of the results with previously
published simulations of electrolyte near charged surfaces, which employed different force-fields,
shows the robustness of theCHARMM potential and gives confidence in future all-atom bilayer
simulations using EW3DC andCHARMM. © 2003 American Institute of Physics.
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I. INTRODUCTION

Understanding the behavior of ions and water near
pores of ion channels, in the so-called electrical double-la
is of prime importance in elucidating ion channel functio
Ion channels are among the most important transmemb
proteins involved in signal transduction. Among the ma
functional questions raised by ion channel researchers is
ion selectivity is achieved. One hypothesis is that the
moval of waters from ion-hydration shells, as is required
ion conductivity, may be the rate-limiting step in selectivity1

Therefore, it becomes necessary to understand the struc
and dynamic properties of hydrated ions, especially at
membrane–electrolyte interface. The importance of study
ion and water behavior at the membrane surface is fur
highlighted by experimental data on lipid headgroup conf
mational dynamics. The degree to which ions disrupt hyd

a!
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tion shell structure—which is sensitive to ion type a
charge—affects fluctuations in headgroup structure.2,3 Bi-
layer structural properties, including headgroup dynam
influence transmembrane protein structure and function4–9

and thus we must understand the behavior of hydrated
near these surfaces.

Despite the complexity of the membrane–electroly
interface7—which includes proteins, lipids, water, and salt—
there are concrete properties of this region which may
exploited in constructing models of the membrane. For
ample, it has been well established that functional proper
of ion channels, such as conductance level, are quite se
tive to bilayer surface charge, which is biologically regulat
via the ratio of charged to uncharged lipids. This has be
shown extensively in the gramicidin A channel,10–12 the
alamethicin channel,13 and K1 channels.14 Further, models
of bilayers need not be symmetric, as biological membra
are known to be asymmetric in lipid composition, and hen
in charge density. The asymmetric lipid distribution could
due to a different ratio of negative phosphatidylserine~PS!
7 © 2003 American Institute of Physics
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and neutral phosphatidylcholine~PC! lipids in the two leaf-
lets. This, in principle, leads to an asymmetry in local ord
ing of water and salt in the double-layer, which could ha
profound consequences for the biophysical processes
volved in transmembrane signaling. In addition, one rec
nizes that the water molecule itself is asymmetric, both
geometry and in partial charge distribution. The nonsph
cal, asymmetric nature of water molecules at the surfac
membranes may play a significant role in influencing he
group conformations, as well as in determining the stren
of interactions between headgroups and ions. Finally, dif
ences in ionic radii may influence the balance of entha
and entropic constraints on hydration shell structure,
may thus play a significant role in membrane protein str
ture and function.

Experimentally, related questions regarding the influe
of molecular level interactions, dynamics, and structure
be addressed using spectroscopic and scattering method15,16

In addition, theoretical treatment has provided insight.17,18

Supplementing these techniques are computational sim
tions, which provide atomic-level descriptions. Both Mon
Carlo19 and molecular dynamics~MD!20–26simulations have
been used extensively to study the behavior of water and
next to both charged and uncharged surfaces. Surface ch
density and molecular roughness have been shown to a
the orientational distribution of water molecules. These
rameters are directly related to the charge state and chem
structure of lipid headgroups, and thus are relevant to stu
of biomembranes. There is extensive literature devoted
MD simulations of biomembranes27–33 and transmebrane
proteins, including ion channels.34–39 All-atom representa-
tion of the bilayer, however, is computationally expensiv
and hence prohibitive for exploring new methodologies
has been shown that reduced representations of the bilay
which are computationally more efficient than all-ato
representations—can provide important insight into fun
mental properties dictating the biophysical nature of me
brane systems. For example, it has been shown that a la
of inducible dipoles can be used to represent the electros
environment and for calculations of transmembrane pro
solvation free energies.40 The work presented here utilize
MD to simulate a model transmembrane concentration g
dient, in which the membrane is represented as two op
sitely charged surfaces. Such a reduced representation a
for efficient investigation of the detailed behavior of wat
and salt in this novel, biologically relevant geometry.

Because all-atom simulations that cut off electrosta
interactions have well known artifacts,41–44 including severe
reductions of salt mobility, we apply the Ewald summati
technique. One methodological aspect of simulations
utilize the Ewald sum is that the system must be replica
periodically in all three dimensions. Simulations of a tran
membrane concentration gradient have two-dimensio
periodicity, and thus have not been previously perform
One solution would be to simulate more than one bilayer
unit cell, but this is currently computationally prohibitive
The problem of simulating systems with two-dimension
periodicity has been similarly challenging for simulatio
of electrical double layers between oppositely charg
Downloaded 27 Aug 2004 to 130.37.129.78. Redistribution subject to AIP
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electrodes.23–26,45,46 A rigorously convergent two-
dimensional Ewald sum~EW2D! does exist, and is though
to be the ideal method for long-range electrostatic calcu
tions in such systems.47–49 While simulations utilizing this
method have been shown to give good agreement with
perimental results,50 the implementation of EW2D is prohibi
tively slow.23,51,52 One successful alternative adds a sha
dependent correction term53,54 to the traditional Ewald sum
The corrected method~EW3DC! and EW2D have demon
strated quantitative agreement.24,55 Because the implementa
tion of EW3DC was found to be ten times faster, we adop
here. The increase in computational efficiency is crucial
studies of large systems such as biological membranes.

It is important to note that the effectiveness of EW3D
applied to a bilayerlike setting, as is presented here,
yet to be tested. Among the goals of this study is to sh
that fundamental properties of the system, such as wate
der and hydration, are correctly calculated under
CHARMM force-field with EW3DC. Methodologically, the
work represents an important modification to previo
simulations19,20,24,55,56,as it applies the EW3DC technique t
a more biologically relevant geometry, incorporating a co
centration gradient in which electrolyte species inter
across a model bilayer. As is discussed below, the mo
bilayer consists of charged Lennard-Jones spheres, faci
ing efficient evaluation of the effectiveness of EW3D
through a comparison of our results with these other rela
systems. Having shown the viability of simulations in th
geometry, it is believed that application of the EW3DC me
odology should prove valuable in future all-atom simulatio
of biological membranes solvated by electrolyte.

We present here simulations of two NaCl solutions se
rated by two oppositely charged plates, as shown in Fig
The system is constructed to mimic bilayer geometry, w
disparate salt concentrations~in the range of 250 mM to 1M!
on the two sides of the plates. The plates are separate
34 Å, the approximate width of a typical biologica
membrane.57 The choice of oppositely charged plates mod
an asymmetric distribution of lipid types between oppos

FIG. 1. Schematic of system setup. Two plates composed of discrete
spheres~see Methods! are separated by 34 Å of empty space. Concen
tions on the negative plate side are varied~see Table I!, while they are kept
constant at 250 mM on the positive plate side in all systems. Vacuum
gions are placed at the ends of the electrolyte regions to allow for app
tion of the EW3DC technique for calculation of electrostatic interactio
Excess counterions are added, making each side~including the plate! elec-
trically neutral.
 license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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1959J. Chem. Phys., Vol. 118, No. 4, 22 January 2003 Ionic concentration gradients across bilayers
monolayers. The plates consist of a square lattice of tig
packed van der Waals~vdW! spheres, which also carry poin
charges at their centers, modeling both the roughness
bilayer surface and the discreteness of charge. The sur
charge values were chosen to approximate that of biolog
membranes, in the range of 0 C/m2 to 0.2 C/m2, which cor-
responds to a biologically realistic ratio of charged to u
charged lipids.

Water ordering~both translational and orientational!, ion
distributions, and electrostatic potential profiles are analy
as functions of plate surface charge density and salt con
tration. We find asymmetric ordering of water molecules
the two plates, which is explained as a manifestation of
geometric and electrostatic asymmetry of the water molec
itself. Specific interactions between the oppositely char
hydrogens and oxygens, with the oppositely charged pla
lead to better defined water layers and hydration shell st
ture on the negative plate side, both of which are in acc
dance with previously published results.20–22 Simulation de-
tails are presented in the next section, followed by results
water and salt ordering, as well as electrostatic potential p
files in Sec. III. A discussion of the asymmetries in the
molecular orderings follows in Sec. IV.

II. METHODS

A. Simulation setup

Figure 1 shows the general setup for the simulations
order to establish the viability and efficacy of applyin
EW3DC to membrane systems, the design of the system
chosen to match as closely as possible that of Crozieret al.55

with the intention of comparing the results against those
an electrodelike system. The cathode, or negatively cha
plate, was placed atz5117 Å, while the anode, or posi
tively charged plate, was placed atz5217 Å. Each 25.5 Å3
25.5 Å plate was a 17317 lattice of tightly packed vdW
spheres of radius 0.75 Å. Single point charges were place
the center of each sphere, the magnitude of which were
termined by the overall plate surface charge density,6s.
The position of the spheres was fixed throughout the sim
lations. Adjacent to each plate, electrolyte regions were b
each extending 42.5 Å from the plates, making the total v
ume of each electrolyte region 27 636 Å3. Vacuum regions
2.5 times the cumulative length of the electrolyte and pl
regions were placed adjacent to the electrolyte regions. T
the overall dimensions of the simulation cell were 25
Å325.5 Å3714 Å. In all simulations the total number o
particles~waters, Na1 and Cl2) per side was kept constant
1000.

Four classes of simulation are presented, distinguis
by the value ofs, as shown in Table I. Classs50 C/m2 was
a system with neutral plates, while the plates were charge
classess560.05 C/m2, s560.1 C/m2, and s560.2
C/m2. The ionic concentration on the positive plate side w
held constant at 250 mM for all classes. Classs50.1 C/m2

consisted of three separate sets of simulations, in which
negative plate side concentration was set to either 250 m
500 mM, or 1 M. These correspond to 4, 8, and 16 io
respectively. Excess counterions were added to each
Downloaded 27 Aug 2004 to 130.37.129.78. Redistribution subject to AIP
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which neutralized the charge on the plate. However, un
with an ideal parallel plate capacitor, in which the extern
electric fields are zero everywhere, the discreteness of
plate charges and the explicit treatment of the electro
solutions allows for interactions between the two sides a
affects their dynamics. Thistrans-bilayer interaction is influ-
enced by the concentration gradient and is therefore un
among systems previously described.19,20,24,26,58However,
the time-averaged structure approaches that of isolated s
in the long time limit. Thus, while the system presented h
does capture side–side interactions on short time scales
sumed relevant to biomembrane dynamics, the long time
erage structure should be comparable with simulations
electrolytes confined within parallel plates.

Electrolyte regions were prepared by starting with tw
pre-equilibrated water boxes~100 ps of dynamics with no
salt!, followed by a random placement of ions within ea
box, each ion replacing a water molecule. The system
constructed as described above, and the whole system
then subject to a minimization and dynamics~110 ps! cycle
for further equilibration. Ten starting configurations we
constructed for each system presented, with the initial
placements varying between them. Data were averaged
all ten configurations, and over 1 ns of dynamics per c
figuration. Hence, a total of 10 ns of dynamics is presen
for each setup. Simulations were performed usingCHARMM

software,59 version 26. Periodic boundary conditions we
used with constant number of atoms~N!, temperature~T
5298 K!, and volume~V! to generate NVT ensembles.
cutoff of 12 Å was used for van der Waals interactions. T
time step was 2 fs, and all bonds involving hydrogens w
fixed using the SHAKE algorithm, with a tolerance~relative
deviation! of 1026. The frequency of regenerating the no
bonded list was set with a heuristic testing algorithm th
updates based on the distance each atom moved since th
update.

CHARMM utilizes the TIP3P water model60 which con-
sists of three partially charged sites, and agrees well w
experimental data regarding hydration and energetics.
parameterization of the ions was based upon compar
with solvation free energy data and quantum mechan
calculations.58 The CHARMM parameterization has bee

TABLE I. Configurational parameters for the six sets of simulations p
sented. Four classes of system are defined based upon the plate s
charge density. Positive plate side ionic concentrations were fixed at
mM, while the negative plate side concentrations were varied as sho
Three simulations withs50.1 C/m2 provided information regarding the
effect of changing negative plate side concentration. Note that, as desc
in the text, excess counterions were added to each side in the non-ne
plate systems.

Positive plate side Negative plate side
splate NWat NNa1 NCl2 NWat NNa1 NCl2 @NaCl#

0.0 C/m2 992 4 4 992 4 4 250 mM
60.05 C/m2 990 4 6 990 6 4 250 mM
60.1 C/m2 988 4 8 988 8 4 250 mM
60.1 C/m2 988 4 8 980 12 8 500 mM
60.1 C/m2 988 4 8 964 20 16 1 M
60.2 C/m2 984 4 12 984 12 4 250 mM
 license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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extensive61,62and in addition to small molecule quantum ca
culations is focused upon biomolecular interactions~e.g.,
water–protein, water–lipid and lipid–lipid interactions!.

In order to use EW3DC, we made a modification to t
CHARMM implementation of the particle mesh Ewald~PME!
sum following Yeh et al.24 to account for the two-
dimensional periodicity. Following previous work,23,24 we
tested this implementation by calculating the force act
between two oppositely charged point charges as a func
of separation distance. As with previous results, the resul
force profile plateaud at long separations under the cur
implementation of EW3DC, but diverged under EW3
Such consistency with previous results showed that the
rent implementation was reliable. The method also requ
placement of vacuum regions in thez-dimension, in order to
reduce interactions between the two boundaries. In orde
insure that waters did not evaporate into the vacuum regi
a force was applied using a miscellaneous mean field po
tial ~MMFP!.63 This acted at the water–vacuum bounda
inhibiting evaporation and also minimizing artifactual orde
ing.

We have run 10 ns of dynamics for each of the set
presented in Table I, a total of 60 ns for the work presen
here. As discussed below, thes50 C/m2 simulations consist
of two perfectly symmetric sides. In the case of perfect sa
pling, therefore, we expect the properties of these two s
to be the same. As shown below, this is in fact the case,
we take this as evidence that 10 ns is indeed sufficient si
lation time for each system. Each configuration~1 ns! was
run for 65 h on 8 processors of an IBM SP3.

B. Density and electrostatic potential profiles

Average number density profiles of water and salt, a
function of distance from the plates, were calculated as
lows. Each electrolyte region was divided into volumet
slices of length 0.2 Å in thez-dimension. A histogram ofz
positions was then constructed as a trajectory averaged q
tity for water hydrogen and oxygens, as well as for Na1 and
Cl2. Number densities are therefore in units of atoms/Å3.
Normalized ionic concentration profiles were obtained by
viding by bulk concentrations.

Poisson’s equation gives the electrostatic potent
F(z), as

¹2F~z!52
1

e0
rc~z! ~2.1!

with rc(z) being the charge density distribution. Thus,
integration ofrc(z) can yield the potential profile,F(z).
Spohr23 used the following form in order to calculateF(z),

F~z!52
1

e0
E

0

z

rc~z8!~z2z8!dz8, ~2.2!

which is the form utilized in this work.
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C. Residency times

In order to investigate the local dynamic behavior
ions near the plates, residency times for ions,t, at a givenz
position were calculated from fits to the time correlati
function

^N~ t1Dt !& t5^N~ t !& t expS 2
Dt

t D , ~2.3!

whereN(t) is the number of ions present at timet andN(t
1Dt) is the number of ions still present at timet1Dt. The
brackets indicate averaging over all time frames within
simulation. As was done in Ref. 64, thez-dimension was
broken into 4 Å regions, and the averagez for that region is
given in the plots.

D. Volumetric calculations

Calculation of thermally accessible volumes for the w
ter and ions was done using a Voronoi procedure provided
Gersteinet al.65 Briefly, given a distribution of atoms, the
standard Voronoi procedure constructs a polyhedron aro
each atom, that has the property that all interior points
closer to the central atom than to any others. The resul
partitioning fills the entire space in the simulation box~i.e.,
allows no voids!. The reported volumes are averages ov
trajectories and configurations.

III. RESULTS

Table I lists the simulation details for the four classes
system presented here. For simplicity, we adopt a nomen
ture as follows: for example,s50 C/m2 ~250 mM, 1 M!
refers to the system which has positive plate side concen
tion of 250 mM, and negative plate side concentration
1 M. In what follows, we present the trajectory averag
results for the six sets of simulations. We first provide resu
for macroscopic and microscopic water properties, follow
by salt properties, including evidence that the EW3DC te
nique has enabled appropriate salt mobility. Finally,
present the macroscopic electrostatic potential profi
which results from the combined properties of the water a
salt.

A. Water ordering

As we will discuss the interactions between the solv
~water! and solute~salt! with the plates, we first present th
distribution profiles for water. Figure 2~A! shows the water
number density profile,n(z), for the neutral plates simula
tion (s50 C/m2), with hydrogen,nhyd(z), and oxygen,
noxy(z), shown separately. Data are presented as a func
of distance from the charged plates~negative distances fo
the positively charged plate side are simply meant to refl
the geometry of the system!. Hydrogen distribution tails ap-
proach the plates roughly 1 Å closer than do those for oxy
gen. Two strong peaks are seen in the plots, followed b
third less clear peak. These oscillations are due to local
dering of the waters, as known from experimental measu
ments and previous simulations.20,24,55,66Typically, the peaks
are used to define water hydration layers. Beyond appr
 license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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FIG. 2. Effect of plate surface charge density,s, on
oxygen noxy(z) and hydrogennhyd(z) number density
profiles. Note that the bulk water density is 0.033
waters/Å3. ~A! For s50.0 C/m2, oxygen ~solid line!
and hydrogen~dashed line! profiles. ~B! The first oxy-
gen peaks fors50.0 C/m2, 60.05 C/m2, 60.1 C/m2,
and60.2 C/m2. ~C! The first hydrogen peaks, system
as in~B!. Data in parts~B! and~C! have been shifted up
for clarity. The vertical, dotted black line indicates th
position of the surface of the plate vdW spheres,
z50.75 Å.
ta
im
e.

n

s

n
t

ga

o

the
of
in-

nce
e is

s in

ear
d
ula-

ion
mately 10 Å from each plate, the profiles reach a cons
value, signaling no influence from the plates. Thus, for s
plicity, data is presented only out to 15 Å from each plat

Consistent with previous simulations,55 water number
density profiles are relatively insensitive to the varied co
centration of salt on the negative plate side in thes56 0.1
C/m2 simulations~data not shown!. However, these densitie
vary quite profoundly with changing the plate charges.
Thus, we next consider the effect ofs on these profiles, and
focus on the first water layer. Figure 2~B! shows that ass is
increased from 0 to6 0.2 C/m2, the peak positions remai
relatively constant. Increasings has a more profound effec
on the hydrogen profiles. Figure 2~C! shows that there is an
additional structure in the first hydrogen layer on the ne
tive plate side, seen in the emergence of a second peak
Downloaded 27 Aug 2004 to 130.37.129.78. Redistribution subject to AIP
nt
-
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proximately 1 Å closer to the plate than the original peak. N
such second peak is seen on the positive plate side.

There are two factors which determine the shapes of
distributions shown in Fig. 2, namely, the relative position
water molecules and their relative orientation. The latter
fluences the hydrogen distributions,nhyd(z), more pro-
foundly, as is now discussed. We observe that the dista
between the two hydrogen peaks on the negative plate sid
less than the 1.6 Å hydrogen–hydrogen~HH! distance for
each water molecule. This suggests that the HH vector i
average tilted with respect toz, meaning there is as induced
reorientation of the water. Previous simulations of water n
platinum surfaces20 showed clear, electrostatically induce
orientations of water molecules near surfaces. These sim
tions used a different water model and potential funct
 license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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1962 J. Chem. Phys., Vol. 118, No. 4, 22 January 2003 Sachs et al.
than is employed here. However, comparison with these
sults is informative. As such, the distributions P(cosu) of
anglesu between the HH vector and thez-axis for waters in
the first water layers next to the plates are plotted in Fig
Corresponding water orientations foru50° ~perpendicular!,
45°, and 90°~parallel! are shown for illustrative purposes
Note that there is an inherent ambiguity in the definition

FIG. 3. Effect ofs on the orientation of first layer water molecules, as giv
by the probability distribution ofucosuu, the angle between the HH vecto
and thez-axis, for~A! the positive plate side and~B! the negative plate side
s50.0 C/m2 ~solid line! ands560.2 C/m2 ~dashed line! are shown. Data
is binned in 0.2 Å increments. Corresponding water orientations are sh
for illustrative purposes. Note that the distribution for a bulk, isotropic wa
under no influence from the plates is a flat line.
Downloaded 27 Aug 2004 to 130.37.129.78. Redistribution subject to AIP
e-

.

t

u590°, in that the water molecule plane~defined by the OH
bonds! can be either parallel or perpendicular to the pla
The distribution for bulk water, that is at locations away fro
the plates, is expected to be flat. Thus, we can understan
shapes of these distributions in each case in terms of de
tions from the bulk case. Starting with the neutral plate ca
the distributions on both sides are identical, and are cle
not flat, suggesting that the plates have introduced res
tions in the orientational freedom of the waters. This is m
likely due to excluded volume effects, since the plates b
no charge. There is a greater probability of the HH vec
being parallel to the plate (u590°) than perpendicula
(u50°), which is geometrically consistent with the presen
of only one hydrogen peak in the profiles shown in Fig.
The distributions P(cosu) are quite broad, with significan
probability of the HH vector being perpendicular to the pla

Next we focus on the effects of charging the platess
Þ0!, starting with the positive plate side@Fig. 3~A!#. The
maximum value for P(cosu) is still at 90°, but population of
this state has increased, while theu50° state has becom
less populated with the increase ins. This indicates an elec
trostatically induced restriction in rotational freedom for t
waters. Figure 3~B! shows the distribution for the negativel
charged plate side. Increasings generates a maximum o
P(cosu) at u545° ~waters tilted away from the plates!, con-
sistent with previous simulations.19 This preferred orientation
generates the double peak innhyd(z) shown before in Fig.
2~C!. The average position of this peak is shiftedtowardsthe
u590° orientation with increasings ~data not shown!. In-
terestingly, the orientation of these water molecule next
the negative plate reflects an atomic-scale double-la
within the first water layer comprising the more typical
described ionic double-layer. Data for intermediate surfa
charge densities is omitted for clarity, but interpolate b
tween the extremes. These results are in remarkable ag
ment with previous simulations,20 endowing an at least mod
erate degree of confidence in the EW3DC/CHARMM

potential.
We have seen that water molecules next to the pla

pack differently than in bulk. We further investigated this b
calculating the thermally accessible volumes of the wa
molecules utilizing the Voronoi algorithm~see Methods!.
Figure 4 shows the results of these calculations, fors50 and
s560.2 C/m2, as a function of distance from the plate
The figure highlights the volumetric restriction impose
upon the water molecules as they approach the plates,
the available volume decreasing by approximately 30% a
Å from the plates, essentially approaching the steric pack
limit 67 ~shown by the dashed lines in Fig. 4!. On the negative
plate side, increasings induces a decrease in relative wat
volume near the plates. There is, on the other hand, mini
volumetric response on the positive plate side. Data from
s560.05 and60.1 C/m2 cases is omitted but follows th
trends shown.

B. Salt properties

Having shown the results for the solvent~water! behav-
ior, we now turn to the solute~salt!. The results for salt are
presented in two sections. The first section gives time av

n
r
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FIG. 4. There is a decrease in the thermally access
volumes per water molecule near the plates, which iss
dependent on the negative plate side only. Calcula
via the Voronoi procedure~see Methods!, these vol-
umes are plotted as a function of distance~in z) from
the plates fors50 C/m2 ~solid line! and s56 0.2
C/m2 ~dashed line!. Horizontal dashed lines indicate
water bare volume~steric limit!.
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aged results, in the spirit of those presented above for
water. The second section gives time dependent result
order to address the mobility of the salt.

1. Spatial distribution

In order to show the effects ofs on salt behavior, we
have plotted the position dependent counter-ion concen
tions for thes560.05 C/m2, s560.1 C/m2 ands560.2
C/m2 cases in Fig. 5. Note that the absolute distance of e
counterion type from its corresponding plate is plotted.
counterion profiles show two well-defined layers. The po
tion of the peaks is different for the two counterion typ
between the two sides, with the Cl2 peak being approxi-
mately 0.8 Å closer to the positive plate than the Na1 peak is
to the negative plate. The first Cl2 peak is larger in magni-
tude than the first Na1 peak, while this trend is reversed fo
the second peaks. As opposed to the counterions, we se
intervening peaks in co-ion density on either side. Bulk co
centrations are reached by approximately 20 Å from the p
for both ion types. Peak heights increases dramatically as
is increased, and peak positions are shifted such that cou

FIG. 5. Effect ofs on counterion concentration profiles. Solid lines are
Na1 ions on the negative plate side and dashed lines are for Cl2 ions on the
positive plate side. Note that the distances are shown as absolute value
data has been shifted up for clarity.
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rions approach closer to the more highly charged plates
the case of neutral plates (s50! there is no peak in the ion
distributions next to the plates~data not shown!. Similar to
the water, increasing the NaCl concentration on the nega
plate side changes neither the peak heights nor the peak
sitions, as we have tested for all threes50.1 C/m2 simula-
tions ~data not shown!.

2. Range of motion

As mentioned in the Introduction, salt mobility has be
of concern for MD simulations. Among the motivations fo
the use of the Ewald sum in calculating long-range elec
statics is the fact that under cutoffs there are thought to
artifacts in salt mobility.41–44Thus, it was necessary to verif
mobility of ions in the simulations. Figure 6 shows a typic
time series for thez-position of an arbitrarily selected Na1

and Cl2 on ~A! the negative plate side and~B! the positive
plate side from thes560.1 C/m2 ~250 mM, 250 mM! simu-
lations. Due to the vdW exclusion radii of the plate spher
no particle can penetrate closer than approximately 0.7
plus its vdW radius from each sphere. Because the plat
rough, there are ‘‘dimpled’’ regions between the sphe
where particles may get closer than this. The figure show
clear ion exclusion zone of approximately 3.0 Å from th
plates, attributed to an intervening water layer. The figu
also show that co-ions freely traverse thez-dimension, popu-
lating the entire range in less than 1 ns. Counterions, on
other hand, have a tendency to adsorb to the plate for s
periods, as expected.26 Similar mobility is observed in thex-
andy-dimensions and in all six simulated systems~data not
shown!.

In order to quantitatively characterize the adsorpti
phenomena, ion residency times,t, were calculated~see
Methods! and are shown in Fig. 7. For both Na1 and Cl2,
there is a peak int located 4 Å from the plates, which is
roughly 1 Å from the exclusion zone. Peak residency tim
for Na1 next to the negative plate~273 ps! is greater than
that of Cl2 ~171 ps! next to the positive plate, each approx
mately one order of magnitude less than the length of
simulation. Both Figs. 6 and 7 demonstrate, however, that
adsorption of counterions is a transient process within
simulations, as ions are not permanently bound to the
face. The falloff oft to zero beyond the adsorption zone

and
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quite rapid, due to less restricted ion mobility in these
gions. Similarly, co-ions~data not shown! have uniformly
low residency times.

C. Electrostatic potential

Understanding atomic level ordering of waters and io
provides a unique backdrop for interpretation of macrosco
measurements such as the electrostatic potential. Having
amined the properties of water and salt individually, we n
turn to the charge density distribution as a whole. Figur
shows first layer charge distributions,rc(z), for s50 C/m2

ands56 0.2 C/m2. Results fors50 C/m2 are, as expected
symmetric for the two sides. The results fors560.2 C/m2,
however, are asymmetric, with the negative plate side sh
ing more and better-defined alternating positive and nega
peaks. On the negative plate side, the peaks ofrc(z) closest
to the plate are positive, and based on the hydrogen num
density,nhyd(z) @see Fig. 2~C!#, are most likely due to hy-
drogen. Note that this first peak, which is approximately 1

FIG. 6. Time series of distance from the plates for two arbitrarily selec
Na1 ~thin, dashed line! and Cl2 ~thick, solid line! ions showing a wide
range of ionic mobility under EW3DC.~A! the positive plate side and~B!
the negative plate side of thes50.1 C/m2 ~250 mM, 250 mM! simulation.
Similar motions are seen for all other systems, as well as for thex- and
y-dimensions.
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in width, has a broad shoulder which is a manifestation
the double peak innhyd(z). The first peak inrc(z) on the
positive plate side is positive, due to the fact that hydrog
approach the plate more closely than oxygens. This tren
reduced ass increases to 0.2 C/m2, though it is not fully
absent even in that high charge case. Fors560.2 C/m2

there are two additional, well-defined water layers on
negative plate side~data not shown!, which are absent on the
positive plate side.

Using Eq.~2.2!, we can now calculate electrostatic p
tential profiles,F(z), which are given in Fig. 9~A!. Again,
oscillations result from the molecular ordering discuss
above. Results fors50 C/m2 are perfectly symmetric. As
was the case withnhyd(z) andnoxy(z), the potential is insen-
sitive to changes in the negative plate side NaCl concen
tion. The positions of the first peak and valley in the negat
plate side potential profiles correspond exactly with the fi
and second hydrogen number density peaks. The peaks
valleys for the positive plate side are less coincident. It w
be seen that this is due to a more well-defined counte
hydration layer on the negative plate side.

In order to compare the potential profiles on the tw
sides, we choose to calculate the potential drop from
center of the plate vdW spheres to the bulk. In principle, o
could also choose the surface of the spheres as the sta
point for the calculation. Choosing thez 5 0 point accounts
for the possibility of atomic penetration into the dimple
regions of the lattice. It should be noted that this choi
while affecting the magnitude of the potential drop,DF(z),
did not affect the underlying asymmetry in the data. Figu
9~B! plots DF(z) from each plate to the bulk as a functio
of s. The change in magnitude of the drop is more th
double on the positive plate side. As discussed above, t
is an exclusion zone immediately adjacent to the plates,
therefore the potential changes linearly over this region. T
difference in the overall potential drop is due to the differe
molecular ordering on the two sides. The length of the
clusion zone on each side, which is less for the negative p
and is defined by the vdW ‘‘roughness’’ of the plate surfa
and the vdW radii of approaching atoms, also influenc
DF(z).

IV. DISCUSSION

Membrane proteins are influenced by the membrane
vironment which, complex and heterogeneous, includes
ids, water, and salt. In this paper we have chosen to inve
gate the interactions of water and salt in the vicinity
charged plates, which are intended as a model of the m
brane. The main focus has been in determining how the
and water behavior is different next to the plates than in bu
which may ultimately lead to understanding how hydrat
salt affects lipid–protein interactions. There is a good dea
experimental evidence which suggests that regulation
membrane surface charge density is a mechanism for
trolling transmembrane protein structure and function.10–14

One possible explanation is that there is an indirect bioph
cal pathway, which goes from the lipid, through the orderi
of interfacial water and salt, to the protein. Therefore, it
important to study the details of water and salt behavior n

d

 license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



ted

1965J. Chem. Phys., Vol. 118, No. 4, 22 January 2003 Ionic concentration gradients across bilayers
FIG. 7. Residency times,t, for counterions as a func-
tion of distance from the charged plates, as calcula
from Eq. ~2.3!. Shows sensitivity to changes ins, but
not to changes in negative plate side concentration.~A!
Cl2 ions on the positive plate side~filled! and~B! Na1

ions on the negative plate side~open!. s560.1 C/m2

~250 mM, 250 mM! ~diamonds!, s56 0.1 C/m2 ~250
mM, 1 M! ~triangles!, ands560.2 C/m2 ~squares! are
shown.
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membranes. Molecular dynamics simulations have been
suited for such studies. The charge densities used in
present study are realistic for biological membranes. T
simulated 25.5 Å325.5 Å area corresponds to two monola
ers of approximately 9 lipid molecules each, which wou
have a charge density of20.014e/Å 2, or 20.22 C/m2, if
composed entirely of PS lipids. Thus, the molecular order
which we have investigated in this work is presumab
present in biomembrane systems as well. Such orderin
well documented in similar systems of electrolyte near sin
charged surfaces,17–20,24,55,56and provides the context for ou
discussion.
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A. Asymmetric molecular ordering

The dominant electrostatic properties in these syste
are the asymmetric partial charge distribution of the wa
molecule and the water–plate interactions. In a 250 m
NaCl solution there are only four salt molecules for eve
988 water molecules, and hence one can easily see the
portance of examining the role of water ordering and orie
tation. Water orientation probability distributions plotted
Fig. 3 agree with previously published simulation results19,20

and it is remarkable that such agreement is seen despite
nificant differences in water parameters. Our system provi
s,
are

ter

of
FIG. 8. Trajectory averaged charge density profile
used to calculate the electrostatic potential profiles,
most sensitive to changes ins. Note that, as described
in the text, these distributions are dominated by wa
partial charges.~A! Positive plate side and~B! negative
plate side charge density profiles as a function
distance from the plates fors50 C/m2 ~solid line! and
s560.2 C/m2 ~dashed line!.
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FIG. 9. Asymmetries are evident in the potential pr
files calculated from Eq.~2!. Potential as a function of
distance from each plate is given in part~A! for four
values ofs. Data has been shifted up for clarity.~B!
Overall potential drop from the charged plate to bulk
a function ofs. The arrows highlight the asymmetri
magnitude in potential drop from the opposite
charged plates.
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the opportunity to investigate the behavior near two differ
surfaces within the same simulation, and as a result we h
shown multiple examples of how the water geometric a
electrostatic asymmetry results in asymmetry between
two sides.

The most obvious asymmetries between the two si
occur in the first layer of water and salt. Figure 10 reca
data from Figs. 2 and 5 to show an overlay of first lay
oxygen, hydrogen, and counterion densities (Na1 for the
negative plate side, and Cl2 for the positive plate side!. On
the negative plate side, the Na1 peak is clearly shifted away
from the first layer water peaks, demonstrating that a w
defined water layer intervenes between the plate and the
Na1 layer. On the positive plate side, however, the Cl2 peak
overlaps much more with the water peaks, suggesting a
discrete hydration layer. In order to more fully investiga
the relative arrangements of the water and ions, and in o
ule
eDownloaded 27 Aug 2004 to 130.37.129.78. Redistribution subject to AIP
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to compare the behavior with the previous simulations
Spohret al.,21 Fig. 10~C! plots the distribution of oxygen–
ion–oxygen angles (z) within the first hydrationshell of
each ion in these first waterlayers. The hydration shells are
defined by the location of the minima in theg(r ) functions
~data not shown!. There is a clear geometric arrangement
waters around the Na1 ions next to the negative plate, wit
the peak at cosz5 0 being consistent with an octahedr
arrangement.21 The water arrangement around the Cl2 ions
on the positive plate side is much less well-defined, which
also consistent with the previous simulation results. As w
the other asymmetric trends discussed above, the differe
in hydration behavior increases withs.

Understanding this asymmetric ordering of water a
salt next to oppositely charged surfaces must include a
cussion of how the insertion of neutral plates perturbs iso
pic, bulk water. Under the influence of neither electrosta
nor vdW forces imposed by the plates, a bulk water molec
undergoes full isotropic rotational motion in the long-tim license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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FIG. 10. Combined spatial distributions of water an
salt reveal asymmetric ordering on the two sides of t
system. Overlayed oxygen~—!, hydrogen ( – – – ),~A!
Cl2 ~positive plate side, filled diamonds! and ~B! Na1

~negative plate side, open diamonds! from thes560.1
C/m2 ~250 mM, 250 mM! simulation. ~C! Probability
distribution of the O–ion–O angle in the first hydra
tions shell of the counterions in the first layer next
each plate@symbols as in parts~A! and ~B!#.
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limit. It is important to point out that the resulting molecul
distributions are dependent upon the reference point. If
reference is moved from the lab frame~plates, in this case! to
a given water molecule, as is done for radial distributi
functions,g(r ), oscillations are seen due to local water o
dering. In fact, any insertion experiences the inherent lo
ordering of water. The resulting density distributions,g(r ),
depend upon molecular interactions as well as molec
sizes. In this framework, one can think of the plates as in
tions with infinite radii of curvature. Thus, we understand t
origin of the oscillations in thes50 C/m2 simulation, as
reflecting this intrinsic property of the water–insertion inte
action. In addition, we have seen that the smaller hydro
atoms populate locations approximately 1 Å closer to the
plates than do the oxygens, due to their smaller size
should be noted that this hydrogen-plate packing is lik
sensitive to the size and shape of the spheres which mak
the plates, and by analogy the specific molecular nature
various biologically relevant lipid headgroups.

Oscillations in the number density profiles therefore
flect a translational ordering of the water molecules wit
respect to the plates. Beyond this type of ordering, we saw
Fig. 3 that waters respond to the insertion of the plates w
orientationalordering as well. With no preferred orientatio
for bulk waters, the probability distribution of HH angles,
in Fig. 3, would be flat. Given that the insertion of neutr
plates causes water reorientation, the question beco
How does charging the plates affect this order? Figure 3~A!
showed that the effect of increasings on the positive plate
Downloaded 27 Aug 2004 to 130.37.129.78. Redistribution subject to AIP
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side was to increase the population of waters withu590°
~parallel to the plate!. Such an orientation is favorable ele
trostatically, as it decreases the interaction between the p
tively charged hydrogen and the positive plate. Note that
ambiguity in this state~viz., H–O–H plane! is resolved by
the charge density profile,rc(z) shown in Fig. 8, in that the
first peak became more negative with increasings.

In contrast, the behavior seen in Fig. 3~B! for the nega-
tive plate side, showed a decrease in the water popula
with u590°, suggesting that the favorable electrostatic int
action between the positively charged hydrogens and ne
tively charge plate is, surprisingly, diminished with increa
ing s. However, the emerging peak in the P(cosu)
distribution atu545° shifted towards theu590° state with
increasings ~data not shown!. This is consistent with an
increased electrostatic attraction of the hydrogen to the pl
Thus, there is clearly a delicate balance in forces acting
the water molecules on the negative plate side. The subtle
of this behavior may potentially be explained via a compe
tion between sterics and electrostatic interactions. One n
that water is more cylindrical than spherical, with a leng
to-width ratio of approximately 1.6 Å. The extent to whic
such a geometric asymmetry may influence entropic deg
of freedom, and hence the relative free energies of spe
water orientations/packing arrangements, may depend u
the charge state of the plates~both sign and magnitude!.

The asymmetry between the positive and negative pla
was also seen in the salt behavior, again due to the inter
between ionic size and charge with water geometry and
 license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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larity. Na1 residency times were significantly longer tha
those for Cl2 next to their respective counter-charged plat
However, Cl2 approaches its counter-charged plate m
closely. Further, the water layers on the negative plate
were more well defined than those on the positive plate s
These phenomena may be explained by the formation
more well-defined hydration layers next to the Na1, presum-
ably facilitated by its smaller ionic radius. The presence
this more well-defined layer on the negative plate side
creased Na1 residency time and prevented Na1 penetration
to the plate. On the other hand, the larger Cl2 ions disrupted
these structures on the positive plate side, explaining
closer approach and shorter residency times.

B. Comparison to continuum theory

Efforts to capture water and salt behavior and inter
tions at the bilayer interface have been made using com
tationally efficient models such as the Gouy–Chapman
tension of Poisson–Boltzmann theory. While continuu
models have been quite illuminating,68 we have seen that th
molecular structure of water molecules, and subsequen
dering, has a dramatic influence on the shape of the elec
static potential profiles. Such models do not capture the
cillations because of the dielectric treatment of the solve
Despite this, continuum models have been extensively,
successfully, used to describe relevant experimental par
eters, such as the Debye screening length of solvents of v
ing ionic strength. It is interesting, therefore, to attempt
extract related parameters from the oscillating profiles p
sented above in Fig. 9. As was done by Israelachvili66 for
calculating oscillations in solvation pressures acting a
solid–liquid interface, and elsewhere,69 we have fit the po-
tential as the product of an exponential decay and a peri
cosine function as follows:

F~z!5A expS 2
z

dD cosS 2p~z2s!

p D , ~4.1!

whereA is the amplitude,d is a decay length, inspired by th
Debye length,p is the period of the oscillations~giving peak
spacing!, and s is a phase shift setting the position of th
peaks relative to the plate. Figure 11 compares the nega
plate side potential profile fors520.2 C/m2 with this em-
pirical model of the potential, with values ofA52.0 V,
d53.0 Å, s51.1 Å, andp52.5 Å. This value forp, it should
be noted, is approximately the width of one water lay
which is consistent with the picture of water layering as
cause of the oscillations in the number density profiles. F
ther, the shift,s, can be related to the length of the exclusi
zone in the vicinity of the plates. This empirical mod
clearly misses several details of the data, most notably
surface potential. It is interesting, nonetheless, to comp
the value ofd to the actual Debye length value, which is 6.
Å for a 250 mM NaCl solution at 298 K. The value ofd is
thus approximately half of this in our model, which may
the result of the discreteness of water partial charges pre
in an all-atom representation of water, which is absent in
continuum model. Further refinements of these ideas are
rently being explored in a new set of simulations.
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V. CONCLUSIONS

We have achieved two primary goals in the pres
study. First, we have applied the EW3DC methodology
calculating long-range electrostatics to a system with b
logically relevant membrane geometry. We have successf
performed an all-atom simulation of a concentration gradi
in such a geometry. Our results on water ordering are c
sistent with those from nonbilayer like systems, giving
confidence that the implementation of the EW3DC in th
context successfully avoids interactions in thez-dimension,
as is necessary for systems with two-dimensional periodic
Second, with the viability of the method established, we a
to understand macroscopic features, such as the electros
potential, in terms of molecular-level ordering. We ha
shown that the geometric and electrostatic asymmetry of
water molecule is the fundamental basis for the macrosco
asymmetry between the two sides of a membranelike sys

The key role of molecular asymmetry in water orderi
may impact upon the understanding of biological me
branes. As we have performed simulations in the biologi
range of surface charge (s50–0.2 C/m2), our results are
suggestive of the effect of changing the ratio of charged
uncharged lipids in biological membranes. As water struct
around ions at the headgroup region of biological me
branes has a profound impact on the fluctuations in he
group order, our results regarding asymmetries are of in
est.

We have initiated a series of related simulations in wh
the overall charge on each side of the system is nonz
These new simulations, which will be discussed in a futu
report, should provide useful insight into how interactio
between water and salt on opposite sides affect molec
ordering.

FIG. 11. A possible connection between the simulated results and
tinuum theory. Comparison of potential profile from thes560.2 C/m2

simulation and the theoretical prediction calculated from Eq.~4.1!. Param-
eters used are given in the text.
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