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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 corréEN@BDC)
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 systeosjrive
force-field(with the corrected Ewald sunhas been used. Comparison of the results with previously
published simulations of electrolyte near charged surfaces, which employed different force-fields,
shows the robustness of tlmiARMM potential and gives confidence in future all-atom bilayer
simulations using EW3DC andHARMM. © 2003 American Institute of Physics.

[DOI: 10.1063/1.1531589

I. INTRODUCTION tion shell structure—which is sensitive to ion type and
charge—affects fluctuations in headgroup structiréi-
Understanding the behavior of ions and water near th¢ayer structural properties, including headgroup dynamics,
pores of ion channels, in the so-called electrical double-layeinfluence transmembrane protein structure and funétion,
is of prime importance in elucidating ion channel function. and thus we must understand the behavior of hydrated ions
lon channels are among the most important transmembranear these surfaces.
proteins involved in signal transduction. Among the many  Despite the complexity of the membrane—electrolyte
functional questions raised by ion channel researchers is hoisiterfacé—which includes proteins, lipids, water, and salt—
ion selectivity is achieved. One hypothesis is that the rethere are concrete properties of this region which may be
moval of waters from ion-hydration shells, as is required forexploited in constructing models of the membrane. For ex-
ion conductivity, may be the rate-limiting step in selectivity. ample, it has been well established that functional properties
Therefore, it becomes necessary to understand the structursll ion channels, such as conductance level, are quite sensi-
and dynamic properties of hydrated ions, especially at theive to bilayer surface charge, which is biologically regulated
membrane—electrolyte interface. The importance of studyingia the ratio of charged to uncharged lipids. This has been
ion and water behavior at the membrane surface is furtheshown extensively in the gramicidin A chani®t!? the
highlighted by experimental data on lipid headgroup confor-alamethicin channéf and K* channeld?* Further, models
mational dynamics. The degree to which ions disrupt hydraof bilayers need not be symmetric, as biological membranes
are known to be asymmetric in lipid composition, and hence
“Electronic mail: jsachs@bme jhu.edu in charge density. The asymmetric lipid distribution could be
DElectronic mail: woolf@groucho.med.jhmi.edu due to a different ratio of negative phosphatidylserR&
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and neutral phosphatidylcholi®C) lipids in the two leaf- 6+ O-—
lets. This, in principle, leads to an asymmetry in local order- 48N 6 A/

ing of water and salt in the double-layer, which could have //:P.o(: L@.} / i
profound consequences for the biophysical processes in- (’ i N (’ i

vglved in transmembrane S|gngllng. !n addition, one recog-  oom i 2;50 . ggg m]: E Vacuum
nizes that the water molecule itself is asymmetric, both in ] ‘ 1M |
geometry and in partial charge distribution. The nonspheri- i / A L% i /

cal, asymmetric nature of water molecules at the surface of L/ @ >.(: L/
membranes may play a significant role in influencing head- i OC. .3‘ AV

group conformations, as well as in determining the strength 2=-17  2=17

of mtergc’qon.s bet\{veen h,eadgrOUps and ions. Finally, dlﬁe_rT:IG. 1. Schematic of system setup. Two plates composed of discrete vdW
ences in ionic radii may influence the balance of enthalpiGpheressee Methodsare separated by 34 A of empty space. Concentra-
and entropic constraints on hydration shell structure, andons on the negative plate side are varigde Table), while they are kept

may thus play a significant role in membrane protein strucSonstant at 250 mM on the positive plate side in all systems. Vacuum re-
gions are placed at the ends of the electrolyte regions to allow for applica-

ture and f'unctlon. . _ . tion of the EW3DC technique for calculation of electrostatic interactions.
Experimentally, related questions regarding the influence&xcess counterions are added, making each @tuding the platg elec-

of molecular level interactions, dynamics, and structure caiically neutral.

be addressed using spectroscopic and scattering methtis.

In addition, theoretical treatment has provided insighf

Supplementing these techniques are computational simula-

tions, which provide atomic-level descriptions. Both Monte g|gctroded3-264546 A rigorously — convergent — two-

Carlo'® and molecular dynamioD)*°-**simulations have  dimensional Ewald SUNiEW2D) does exist, and is thought
been used extensively to study the behavior of water and sal pe the ideal method for long-range electrostatic calcula-
next to both charged and uncharged surfaces. Surface charggns in such systenf€~*° While simulations utilizing this
density and molecular roughness have been shown to affegiethod have been shown to give good agreement with ex-
the orientational distribution of water molecules. These Paperimental result&’ the implementation of EW2D is prohibi-
rameters are directly related to the charge state and chemioﬁ\yew slow?*5:%20One successful alternative adds a shape-
structure of lipid headgroups, and thus are relevant to studiqgsependent correction terir?to the traditional Ewald sum.
of biomembranes. There is extensive literature devoted tqhe corrected metho¢EW3DC) and EW2D have demon-
MD simulations of biomembran&s®® and transmebrane strated quantitative agreeméA€® Because the implementa-
proteins, including ion channet§7*® All-atom representa- tion of EW3DC was found to be ten times faster, we adopt it
tion of the bilayer, however, is computationally expensive,here. The increase in computational efficiency is crucial for
and hence prohibitive for exploring new methodologies. Itstudies of large systems such as biological membranes.
has been shown that reduced representations of the bilayer— |t is important to note that the effectiveness of EW3DC
which are computationally more efficient than all-atom applied to a bilayerlike setting, as is presented here, has
representations—can provide important insight into fundayet to be tested. Among the goals of this study is to show
mental properties dictating the biophysical nature of memthat fundamental properties of the system, such as water or-
brane systems. For example, it has been shown that a lattieer and hydration, are correctly calculated under the
of inducible dipoles can be used to represent the electrostatieiarmm force-field with EW3DC. Methodologically, the
environment and for calculations of transmembrane proteimvork represents an important modification to previous
solvation free energi€¥. The work presented here utilizes simulation$®2°2455%63s it applies the EW3DC technique to
MD to simulate a model transmembrane concentration graa more biologically relevant geometry, incorporating a con-
dient, in which the membrane is represented as two oppcaeentration gradient in which electrolyte species interact
sitely charged surfaces. Such a reduced representation allowisross a model bilayer. As is discussed below, the model
for efficient investigation of the detailed behavior of water bilayer consists of charged Lennard-Jones spheres, facilitat-
and salt in this novel, biologically relevant geometry. ing efficient evaluation of the effectiveness of EW3DC
Because all-atom simulations that cut off electrostaticthrough a comparison of our results with these other related
interactions have well known artifacts;**including severe systems. Having shown the viability of simulations in this
reductions of salt mobility, we apply the Ewald summationgeometry, it is believed that application of the EW3DC meth-
technique. One methodological aspect of simulations thabdology should prove valuable in future all-atom simulations
utilize the Ewald sum is that the system must be replicate@f biological membranes solvated by electrolyte.
periodically in all three dimensions. Simulations of a trans-  We present here simulations of two NaCl solutions sepa-
membrane concentration gradient have two-dimensionaiated by two oppositely charged plates, as shown in Fig. 1.
periodicity, and thus have not been previously performedThe system is constructed to mimic bilayer geometry, with
One solution would be to simulate more than one bilayer pedisparate salt concentratiofia the range of 250 mM to 1M
unit cell, but this is currently computationally prohibitive. on the two sides of the plates. The plates are separated by
The problem of simulating systems with two-dimensional34 A, the approximate width of a typical biological
periodicity has been similarly challenging for simulations membrané’ The choice of oppositely charged plates models
of electrical double layers between oppositely chargedin asymmetric distribution of lipid types between opposed
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monolayers. The plates consist of a square lattice of tightlyfABLE 1. Configurational parameters for the six sets of simulations pre-
packed van der WaalsdW) spheres, which also carry point sented. Four_ classe_g of system are d_eflned baseq upon the _plate surface

harges at their centers. modeling both the roughness of charge density. Positive plate side ionic concentrations were fixed at 250
C, g v 9 9 rﬁM while the negative plate side concentrations were varied as shown.
bilayer surface and the discreteness of charge. The surfag@ree simulations withr=0.1 C/n? provided information regarding the
charge values were chosen to approximate that of biologicadffect of changing negative plate side concentration. Note that, as described
membranes. in the range of 0 G 0.2 C/nt. which cor- in the text, excess counterions were added to each side in the non-neutral

’ . . s ’ late systems.
responds to a biologically realistic ratio of charged to un-" B
charged lipids. Positive plate side Negative plate side
Water orderingboth translational and orientationglon  ojae Nwat Nnat Ng- Nuwe  Npat Ng-  [NaCl]

d|str|but|_ons, and electrostatic potential prpflles are analyzeg0 o 992 4 4 992 4 4 250 mM
as functions of plate surface charge density and salt concen-g o5 ¢/t 990

. . ( _ 4 6 990 6 4 250mMm
tration. We find asymmetric ordering of water molecules at+0.1 c/nf 988 4 8 988 8 4 250 mM
the two plates, which is explained as a manifestation of thez0.1 C/nf 988 4 8 980 12 8 500 mMm
geometric and electrostatic asymmetry of the water moleculg -1 ¢/t~ 988 4 B %4 20 16 iMm
f02Cif 984 4 12 984 12 4 250 mM

itself. Specific interactions between the oppositely charged
hydrogens and oxygens, with the oppositely charged plates,
lead to better defined water layers and hydration shell struc-
ture on the negative plate side, both of which are in accor

. . . 99 ) which neutralized the charge on the plate. However, unlike
dance with previously published resuffs** Simulation de- with an ideal parallel plate capacitor, in which the external

tails are presented in the next section, followed by results foélectric fields are zero everywhere, the discreteness of the

water and salt ordering, as well as electrostatic potential proﬁlate charges and the explicit treatment of the electrolyte

files in Sec. “l'.A dlscussmp of the asymmetries in thesesolutions allows for interactions between the two sides and
molecular orderings follows in Sec. IV. affects their dynamics. Thisans-bilayer interaction is influ-
enced by the concentration gradient and is therefore unique
Il. METHODS among systems previously descriddd®2426:58 However,
the time-averaged structure approaches that of isolated sides
in the long time limit. Thus, while the system presented here
Figure 1 shows the general setup for the simulations. Irdoes capture side—side interactions on short time scales as-
order to establish the viability and efficacy of applying sumed relevant to biomembrane dynamics, the long time av-
EW3DC to membrane systems, the design of the system wasage structure should be comparable with simulations of
chosen to match as closely as possible that of Cratiat®>™  electrolytes confined within parallel plates.
with the intention of comparing the results against those of  Electrolyte regions were prepared by starting with two
an electrodelike system. The cathode, or negatively chargegre-equilibrated water boxed 00 ps of dynamics with no
plate, was placed at=+17 A, while the anode, or posi- sal, followed by a random placement of ions within each
tively charged plate, was placedzt — 17 A. Each 25.5 X box, each ion replacing a water molecule. The system was
25.5 A plate was a 1717 lattice of tightly packed vdW constructed as described above, and the whole system was
spheres of radius 0.75 A. Single point charges were placed #ien subject to a minimization and dynamid4.0 p3 cycle
the center of each sphere, the magnitude of which were dder further equilibration. Ten starting configurations were
termined by the overall plate surface charge density;. constructed for each system presented, with the initial ion
The position of the spheres was fixed throughout the simuplacements varying between them. Data were averaged over
lations. Adjacent to each plate, electrolyte regions were builtall ten configurations, and over 1 ns of dynamics per con-
each extending 42.5 A from the plates, making the total vol{figuration. Hence, a total of 10 ns of dynamics is presented
ume of each electrolyte region 27 636 .Avacuum regions for each setup. Simulations were performed usiRgRMM
2.5 times the cumulative length of the electrolyte and platesoftware3® version 26. Periodic boundary conditions were
regions were placed adjacent to the electrolyte regions. Thussed with constant number of aton(d), temperature(T
the overall dimensions of the simulation cell were 25.5=298 K), and volume(V) to generate NVT ensembles. A
Ax25.5 Ax714 A. In all simulations the total number of cutoff of 12 A was used for van der Waals interactions. The
particles(waters, Na and CI") per side was kept constant at time step was 2 fs, and all bonds involving hydrogens were
1000. fixed using the SHAKE algorithm, with a toleran@elative
Four classes of simulation are presented, distinguishedeviation of 107°. The frequency of regenerating the non-
by the value ofo, as shown in Table |. Clags=0 C/nf was  bonded list was set with a heuristic testing algorithm that
a system with neutral plates, while the plates were charged inpdates based on the distance each atom moved since the last
classeso=+0.05 C/nf, 0=*0.1 C/nf, and o==0.2  update.
C/n?. The ionic concentration on the positive plate side was  cHARMM utilizes the TIP3P water mod® which con-
held constant at 250 mM for all classes. Class0.1 C/nf  sists of three partially charged sites, and agrees well with
consisted of three separate sets of simulations, in which thexperimental data regarding hydration and energetics. The
negative plate side concentration was set to either 250 mMparameterization of the ions was based upon comparison
500 mM, or 1 M. These correspond to 4, 8, and 16 ionswith solvation free energy data and quantum mechanical
respectively. Excess counterions were added to each sidmlculations® The CHARMM parameterization has been

A. Simulation setup
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extensivé-®?and in addition to small molecule quantum cal- C. Residency times
culations is focused upon biomolecular interactidesg.,
water—protein, water—lipid and lipid—lipid interactions

In order to use EW3DC, we made a modification to the
CHARMM implementation of the particle mesh EwdRME)
sum following Yeh etal?® to account for t%h%ez“ two-
dimensional periodicity. Following previous wofk;™ we At
tested this in?plement)z;tion by cz?lcﬂlating the force acting <N(t+At)>t:<N(t)>teXF{ _7)’ 23
between two oppositely charged point charges as a function . . .
of separation distance. As with previous results, the resultineﬁv rlAere!\l(trZ IS thebnum:ogr of 'QITS present at_ t'mind Nr(]t
force profile plateaud at long separations under the currergL tl)< IS t. € humber ot ions st preITept atft'me t .Th_e h
implementation of EW3DC, but diverged under EW3D. rac et's indicate averaging over a time rames within the
Such consistency with previous results showed that the Cuglmulatl_on. As was done in Ref. 64, t“Bd'me”S'O’? was
rent implementation was reliable. The method also require _roker_l inb 4 A regions, and the averagéor that region is
placement of vacuum regions in tkze@limension, in order to given in the plots.
reduce interactions between the two boundaries. In order to
insure that waters did not evaporate into the vacuum region®). Volumetric calculations
a force was applied using a miscellaneous mean field poten-
tial (MMFP).%® This acted at the water—vacuum boundary,
inhibiting evaporation and also minimizing artifactual order-

ing.

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

Calculation of thermally accessible volumes for the wa-
ter and ions was done using a Voronoi procedure provided by
Gersteinet al®® Briefly, given a distribution of atoms, the

We have run 10 ns of dynamics for each of the Setupsstandard Voronoi procedure constructs a polyhedron around

presented in Table |, a total of 60 ns for the work presentec?aCh atom, that has the property that all interior points are

. . . ) closer to the central atom than to any others. The resulting
here. As discussed below, te=0 C/n? simulations consist partitioning fills the entire space in the simulation bie.,

of_two perfectly symmetric sides. In the_ case of perfect SaMllows no void$. The reported volumes are averages over
pling, therefore, we expect the properties of these two side

to be the same. As shown below, this is in fact the case, antzajectorles and configurations.

we take this as evidence that 10 ns is indeed sufficient simu-
lation time for each system. Each configuratidnng was  Ill. RESULTS

run for 65 h on 8 processors of an IBM SP3. Table | lists the simulation details for the four classes of

system presented here. For simplicity, we adopt a nomencla-
ture as follows: for exampleg=0 C/n? (250 mM, 1 M
refers to the system which has positive plate side concentra-
tion of 250 mM, and negative plate side concentration of
1 M. In what follows, we present the trajectory averaged
Average number density profiles of water and salt, as @esults for the six sets of simulations. We first provide results
function of distance from the plates, were calculated as folfor macroscopic and microscopic water properties, followed
lows. Each electrolyte region was divided into volumetric by salt properties, including evidence that the EW3DC tech-
slices of length 0.2 A in the-dimension. A histogram of  nique has enabled appropriate salt mobility. Finally, we
positions was then constructed as a trajectory averaged quapresent the macroscopic electrostatic potential profiles,
tity for water hydrogen and oxygens, as well as for'Nand ~ which results from the combined properties of the water and
Cl~. Number densities are therefore in units of atonis/A salt.
Normalized ionic concentration profiles were obtained by di-A Water orderin
viding by bulk concentrations. ' 9
Poisson’s equation gives the electrostatic potential, As we will discuss the interactions between the solvent
®d(2), as (watep and solute(saly with the plates, we first present the
distribution profiles for water. Figure(&) shows the water
1 number density profilen(z), for the neutral plates simula-
V20 (2)=~ —p(2) (21 tion (=0 C/m?), with hydrogen,ny(z), and oxygen,
0 .
Noxy(2), shown separately. Data are presented as a function
of distance from the charged plat@segative distances for
the positively charged plate side are simply meant to reflect
the geometry of the systgnmHydrogen distribution tails ap-
proach the plates roughll A closer than do those for oxy-
1 rz gen. Two strong peaks are seen in'the plots, followed by a
P(2)=- —f pe(z')(z—2")dZ, (2.9  third less clear peak. These oscillations are due to local or-
€Jo dering of the waters, as known from experimental measure-
ments and previous simulatiofs?*°>%®Typically, the peaks
which is the form utilized in this work. are used to define water hydration layers. Beyond approxi-

B. Density and electrostatic potential profiles

with p.(z) being the charge density distribution. Thus, an
integration ofp.(z) can yield the potential profilep(z).
Spohf® used the following form in order to calculafe(z),
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FIG. 2. Effect of plate surface charge density, on
oxygenng,(z) and hydrogemy,q(z) number density
profiles. Note that the bulk water density is 0.0334
waters/&. (A) For 0=0.0 C/nf, oxygen(solid line)
and hydroger(dashed ling profiles. (B) The first oxy-
gen peaks forr=0.0 C/nf, +0.05 C/nf, +0.1 C/nft,
and +0.2 C/nt. (C) The first hydrogen peaks, systems
as in(B). Data in part§B) and(C) have been shifted up
for clarity. The vertical, dotted black line indicates the
position of the surface of the plate vdW spheres, at
z=0.75 A.

mately 10 A from each plate, the profiles reach a constanproximatey 1 A closer to the plate than the original peak. No
value, signaling no influence from the plates. Thus, for sim-such second peak is seen on the positive plate side.

plicity, data is presented only out to 15 A from each plate.
Consistent with previous simulatioRs,water number

There are two factors which determine the shapes of the
distributions shown in Fig. 2, namely, the relative position of

density profiles are relatively insensitive to the varied con-water molecules and their relative orientation. The latter in-

centration of salt on the negative plate side in étre= 0.1
C/n? simulations(data not shown However, these densities
vary quite profoundly with changing the plate charge
Thus, we next consider the effect @fon these profiles, and
focus on the first water layer. FiguréB® shows that ag is
increased from 0 to- 0.2 C/nf, the peak positions remain
relatively constant. Increasing has a more profound effect
on the hydrogen profiles. Figuré@ shows that there is an

fluences the hydrogen distributionsy,(z), more pro-
foundly, as is now discussed. We observe that the distance
between the two hydrogen peaks on the negative plate side is
less than the 1.6 A hydrogen—hydrogé#H) distance for
each water molecule. This suggests that the HH vector is in
average tilted with respect i meaning there is a induced
reorientation of the water. Previous simulations of water near
platinum surfaced showed clear, electrostatically induced

additional structure in the first hydrogen layer on the negaerientations of water molecules near surfaces. These simula-
tive plate side, seen in the emergence of a second peak afns used a different water model and potential function
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o - #=90°, in that the water molecule plafgefined by the OH
i bondg can be either parallel or perpendicular to the plate.
\o /°\ The distribution for bulk water, that is at locations away from
/ - - the plates, is expected to be flat. Thus, we can understand the
5o o shapes of these distributions in each case in terms of devia-
b=50 b=0" tions from the bulk case. Starting with the neutral plate case,
257 ‘ the distributions on both sides are identical, and are clearly
g not flat, suggesting that the plates have introduced restric-
2k — oo/ i tions in the orientational freedom of the waters. This is most

- 02 C/m? likely due to excluded volume effects, since the plates bear
[ ] no charge. There is a greater probability of the HH vector
being parallel to the plate 6=90°) than perpendicular
(#=0°), which is geometrically consistent with the presence
of only one hydrogen peak in the profiles shown in Fig. 2.
The distributions P(co8) are quite broad, with significant
probability of the HH vector being perpendicular to the plate.

Next we focus on the effects of charging the plates (
#0), starting with the positive plate sidé-ig. 3A)]. The
maximum value for P(co#) is still at 90°, but population of
this state has increased, while tHe=0° state has become
less populated with the increasedn This indicates an elec-
trostatically induced restriction in rotational freedom for the
s waters. Figure @) shows the distribution for the negatively

charged plate side. Increasing generates a maximum of
H\ M o P(cos#) at 6=45° (waters tilted away from the plate<on-
o | 7\ sistent with previous simulatiort$ This preferred orientation
/ ® =0 § H generates the double peak mq,«(z) shown before in Fig.
¥ 0=0° 2(C). The average position of this peak is shiftedvardsthe
#=90° orientation with increasing (data not shown In-
terestingly, the orientation of these water molecule next to
the negative plate reflects an atomic-scale double-layer
by o — oo/ = within the first water layer comprising the more typically
- 020/m L N ] described ionic double-layer. Data for intermediate surface
’ > charge densities is omitted for clarity, but interpolate be-
. ' tween the extremes. These results are in remarkable agree-
ment with previous simulatiorfS,endowing an at least mod-
erate degree of confidence in the EW3DEARMM
potential.

We have seen that water molecules next to the plates
pack differently than in bulk. We further investigated this by
calculating the thermally accessible volumes of the water
‘ ‘ ‘ . molecules utilizing the Voronoi algorithnisee Methods
0.2 0.4 0.6 0.8 1 Figure 4 shows the results of these calculationsgfel0 and

lcost| o=+0.2 C/nf, as a function of distance from the plates.

o , __The figure highlights the volumetric restriction imposed
FIG. 3. Effect ofo- on the orientation of first layer water molecules, as given .
by the probability distribution ofcosé|, the angle between the HH vector upon th_e water molecules as_they approac_h the plates, with
and thez-axis, for(A) the positive plate side ar{@) the negative plate side. the available volume decreasing by approximately 30% at 1
o=0.0 C/nf (solid line) ando=+0.2 C/nf (dashed lingare shown. Data A from the plates, essentially approaching the steric packing

is binned in 0.2 A increments. Corresponding water orientations are shownmitfﬂ (shown by the dashed lines in Fi@.. On the negative

for illustrative purposes. Note that the distribution for a bulk, isotropic water . . . . . .

under no influence from the plates is a fiat line. plate side, increasing induces a decrease in relative vv'aFer
volume near the plates. There is, on the other hand, minimal
volumetric response on the positive plate side. Data from the

than is employed here. However, comparison with these re(-’_:io'05 and+0.1 C/nf cases is omitted but follows the
sults is informative. As such, the distributions P(é&pof trends shown.

angles# between the HH vector and tlzeaxis for waters in B. Sal .

the first water layers next to the plates are plotted in Fig. 3. alt properties
Corresponding water orientations f6=0° (perpendiculal; Having shown the results for the solvemtaten behav-
45°, and 90°(paralle) are shown for illustrative purposes. ior, we now turn to the solutésaly. The results for salt are
Note that there is an inherent ambiguity in the definition atpresented in two sections. The first section gives time aver-
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+0 -0
35 — ‘ ‘ 35

FIG. 4. There is a decrease in the thermally accessible
volumes per water molecule near the plates, whiah is
dependent on the negative plate side only. Calculated
via the Voronoi procedurésee Methods these vol-
umes are plotted as a function of distarigez) from

the plates foro=0 C/n? (solid line) and o=+ 0.2
C/m? (dashed ling Horizontal dashed lines indicate
water bare volumésteric limit).

——-020m°
—oCm

Volume (A%
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aged results, in the spirit of those presented above for theons approach closer to the more highly charged plates. In
water. The second section gives time dependent results, the case of neutral plates&0) there is no peak in the ion

order to address the mobility of the salt. distributions next to the plateglata not shown Similar to
the water, increasing the NaCl concentration on the negative
1. Spatial distribution plate side changes neither the peak heights nor the peak po-

In order to show the effects af on salt behavior. we sitions, as we have tested for all three=0.1 C/nf simula-

have plotted the position dependent counter-ion concentrdiOns (data not shown

tions for theo=+0.05 C/n¥, =+0.1 C/nf ando=+0.2

C/n? cases in Fig. 5. Note that the absolute distance of eacB. Range of motion

counterion type from its corresponding plate is plotted. Al Ag mentioned in the Introduction, salt mobility has been
counterion profiles show two well-defined layers. The posi-o¢ concern for MD simulations. Among the motivations for
tion of the peaks is different for the two counterion typesihe yse of the Ewald sum in calculating long-range electro-
between the two sides, with the Clpeak being approxi-  giatics is the fact that under cutoffs there are thought to be
mately 0.8 A, closer to the positive plate than the*_l\paeak IS artifacts in salt mobility1~#*Thus, it was necessary to verify

to the negative plate. The first Clpeak is larger in magni-  nopility of jons in the simulations. Figure 6 shows a typical
tude than the first Na peak, while this trend is reversed for {ime series for the-position of an arbitrarily selected Na

the second peaks. As opposed to the counterions, we see g - on (A) the negative plate side ari@) the positive
intervening peaks in co-ion density on either side. Bulk CONplate side from ther==+0.1 C/n (250 mM, 250 mM simu-
centrations are reached by approximately 20 A from the platgyiions. Due to the vdW exclusion radii of the plate spheres,
for both ion types. Peak heights increases dramatically as 4 particle can penetrate closer than approximately 0.75 A
is increased, and peak positions are shifted such that COU”tBrus its vdW radius from each sphere. Because the plate is
rough, there are “dimpled” regions between the spheres
where particles may get closer than this. The figure shows a
——-cCr clear ion exclusion zone of approximately 3.0 A from the

40r — Na plates, attributed to an intervening water layer. The figures
also show that co-ions freely traverse thdimension, popu-
lating the entire range in less than 1 ns. Counterions, on the

30 other hand, have a tendency to adsorb to the plate for short

periods, as expectéd Similar mobility is observed in the-
andy-dimensions and in all six simulated systefdata not
shown.

In order to quantitatively characterize the adsorption
phenomena, ion residency times, were calculatedsee
/\ 0.1 C/m? | Methods and are shown in Fig. 7. For both Naand CI",

[lon)/[lon],

" I DN there is a peak i located 4 A from the plates, which is
0.05 C/m® roughly 1 A from the exclusion zone. Peak residency time
S ‘ for Na© next to the negative plat€273 ps is greater than
0 0 5 10 15 that of CI" (171 p3s next to the positive plate, each approxi-
Distance from plate (A) mately one order of magnitude less than the length of the

simulation. Both Figs. 6 and 7 demonstrate, however, that the

FIG. 5. Effect ofo- on counterion concentration profiles. Solid lines are for . . . . s
Na’ ions on the negative plate side and dashed lines are foid@k on the adsorption of counterions is a transient process within the

positive plate side. Note that the distances are shown as absolute values, aptinulations, as ions are not permanently bounq to the sur-
data has been shifted up for clarity. face. The falloff of 7 to zero beyond the adsorption zone is
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in width, has a broad shoulder which is a manifestation of
the double peak im,(2z). The first peak inp(z) on the
positive plate side is positive, due to the fact that hydrogens
approach the plate more closely than oxygens. This trend is
reduced asr increases to 0.2 C/n though it is not fully
absent even in that high charge case. ber+0.2 C/n?
there are two additional, well-defined water layers on the
negative plate sidédata not shown which are absent on the
positive plate side.

Using Eq.(2.2), we can now calculate electrostatic po-
tential profiles,®(z), which are given in Fig. @). Again,
oscillations result from the molecular ordering discussed
above. Results for=0 C/n? are perfectly symmetric. As
was the case withy, 4(z) andng,(z), the potential is insen-
40 o5 od o8 o8 1 sitive to changes in the negative plate side NaCl concentra-
time (ns) tion. The positions of the first peak and valley in the negative
plate side potential profiles correspond exactly with the first
and second hydrogen number density peaks. The peaks and
valleys for the positive plate side are less coincident. It will
be seen that this is due to a more well-defined counterion
hydration layer on the negative plate side.

In order to compare the potential profiles on the two
sides, we choose to calculate the potential drop from the
center of the plate vdW spheres to the bulk. In principle, one
could also choose the surface of the spheres as the starting
point for the calculation. Choosing tlee= 0 point accounts
for the possibility of atomic penetration into the dimpled
regions of the lattice. It should be noted that this choice,
while affecting the magnitude of the potential drdpp(z),

did not affect the underlying asymmetry in the data. Figure
9(B) plots A®(z) from each plate to the bulk as a function
0 0.2 0.4 0.6 0.8 1 of . The change in magnitude of the drop is more than
time (ns) double on the positive plate side. As discussed above, there
FIG. 6. Time series of distance from the plates for two arbitrarily selected> &1 exclusion Zon? Immedlately adjacent to the plqtes, and
Na* (thin, dashed lineand CI (thick, solid ling ions showing a wide therefore the potential changes linearly over this region. The
range of ionic mobility under EW3DJA) the positive plate side and) difference in the overall potential drop is due to the different
th_e pegativg plate side of the=0.1 C/nf (250 mM, 250 mM simulation. molecular ordering on the two sides. The length of the ex-
i'g?rlirngggg_”s are seen for all other systems, as well as forttend ) qion zone on each side, which is less for the negative plate
and is defined by the vdW “roughness” of the plate surface
and the vdW radii of approaching atoms, also influences
quite rapid, due to less restricted ion mobility in these re-Ad(z).
gions. Similarly, co-iongdata not shownhave uniformly
low residency times. IV. DISCUSSION

Membrane proteins are influenced by the membrane en-
vironment which, complex and heterogeneous, includes lip-

Understanding atomic level ordering of waters and ionsds, water, and salt. In this paper we have chosen to investi-
provides a unique backdrop for interpretation of macroscopigate the interactions of water and salt in the vicinity of
measurements such as the electrostatic potential. Having egharged plates, which are intended as a model of the mem-
amined the properties of water and salt individually, we nowbrane. The main focus has been in determining how the salt
turn to the charge density distribution as a whole. Figure &nd water behavior is different next to the plates than in bulk,
shows first layer charge distributions,(z), for =0 C/n?  which may ultimately lead to understanding how hydrated
ando==+ 0.2 C/nf. Results forr=0 C/n? are, as expected, salt affects lipid—protein interactions. There is a good deal of
symmetric for the two sides. The results fo=+0.2 C/nf, experimental evidence which suggests that regulation of
however, are asymmetric, with the negative plate side showmembrane surface charge density is a mechanism for con-
ing more and better-defined alternating positive and negativeolling transmembrane protein structure and functidi?
peaks. On the negative plate side, the peaks.(f) closest One possible explanation is that there is an indirect biophysi-
to the plate are positive, and based on the hydrogen numbeal pathway, which goes from the lipid, through the ordering
density,np,(2) [see Fig. 2C)], are most likely due to hy- of interfacial water and salt, to the protein. Therefore, it is
drogen. Note that this first peak, which is approximately 1 Aimportant to study the details of water and salt behavior near

Distance from plate (A)

40 L) L] L} L}

N [45)
o o

Distance from Plate (A)

C. Electrostatic potential
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+0 -0
300 T T T T T T T T 300

A) B) —

¥—¥6=0.1 C/m’ (250mM,1M)
—¢5=0.1 C/m’ (250mM, 250mM)
=—W0-02C/m’

200 f 1 i 7 200 FIG. 7. Residency times;, for counterions as a func-
tion of distance from the charged plates, as calculated
from Eq. (2.3). Shows sensitivity to changes in, but

not to changes in negative plate side concentratiaj.
CI~ ions on the positive plate sidélled) and(B) Na*

f ions on the negative plate sidepen. o==+0.1 C/nt
(250 mM, 250 mM (diamond$, o=+ 0.1 C/nf (250

100 | i 1 100 mM, 1 M) (triangles, ando==+0.2 C/nf (squaresare
shown.

T(ps)

o

0 1 1 'l
-8 -7 -8 -5 -4 -3 3 4 5 6

Distance from plate (A)

~
0]

membranes. Molecular dynamics simulations have been wel. Asymmetric molecular ordering
suited for such studies. The charge densities used in the . . L
- . . The dominant electrostatic properties in these systems
present study are realistic for biological membranes. The . . S
simulated 25.5 A25.5 A area corresponds to two monolay- are the asymmetric partial charge d|str!but|on of the water
ers of approximately 9 lipid molecules each, which wouldM°lecule and the water—plate interactions. In a 250 mM
have a charge density 6f0.014e/A2, or —0.22 C/r?, if NaCl solution there are only four salt molecul-es for every
composed entirely of PS lipids. Thus, the molecular ordering?88 water molecules, and hence one can easily see the im-
which we have investigated in this work is presumablyPortance of examining the role of water ordering and orien-
present in biomembrane systems as well. Such ordering tation. Water orientation probability distributions plotted in
well documented in similar systems of electrolyte near singldFig. 3 agree with previously published simulation resdi§
charged surfaces20-24555&nd provides the context for our and it is remarkable that such agreement is seen despite sig-
discussion. nificant differences in water parameters. Our system provides

+0 -0
6=0 C/m’ B)
——- 6=02C/m°

A)

4 F

FIG. 8. Trajectory averaged charge density profiles,
used to calculate the electrostatic potential profiles, are
most sensitive to changes in Note that, as described
in the text, these distributions are dominated by water
partial charges(A) Positive plate side an@) negative
plate side charge density profiles as a function of
distance from the plates far=0 C/n? (solid line) and

|
!
|
4 L ,‘ i v o==*0.2 C/nt (dashed ling
|
|
|
- B | 4 -6
/
y
_8 Il L L L _8
-3 -2 -1 0 0 1 2 3

Distance from plate (A)
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1 -_,—\/\/ ] i 1,
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__/\_/\/_ _\/\/__ FIG. 9. Asymmetries are evident in the potential pro-
files calculated from Eq(2). Potential as a function of
-1 . . -1 distance from each plate is given in p&) for four
-10 -5 . 0 0 i O 10 values ofo. Data has been shifted up for clarif{B)
Distance from plate (A) Overall potential drop from the charged plate to bulk as
a function ofo. The arrows highlight the asymmetric
3 : : magnitude in potential drop from the oppositely
A charged plates.
B) Positive plate side drop
2 -
/(;)\
=
O
>
— 7
N
S
<
O |
1 Negative plate side drop
-1

-0.2 —6.1 0 0‘.1 0.2
Plate surface charge density ¢ (c/m?)

the opportunity to investigate the behavior near two differento compare the behavior with the previous simulations of
surfaces within the same simulation, and as a result we hav@pohret al.?! Fig. 10C) plots the distribution of oxygen—
shown multiple examples of how the water geometric andon—oxygen angles ) within the first hydrationshell of
electrostatic asymmetry results in asymmetry between theach ion in these first watésyers The hydration shells are
two sides. defined by the location of the minima in thygr) functions
The most obvious asymmetries between the two sidefdata not shown There is a clear geometric arrangement of
occur in the first layer of water and salt. Figure 10 recastsvaters around the Naions next to the negative plate, with
data from Figs. 2 and 5 to show an overlay of first layerthe peak at cos&= 0 being consistent with an octahedral
oxygen, hydrogen, and counterion densities {Nfar the  arrangemert' The water arrangement around the Gbns
negative plate side, and Clfor the positive plate sigeOn  on the positive plate side is much less well-defined, which is
the negative plate side, the Na@eak is clearly shifted away also consistent with the previous simulation results. As with
from the first layer water peaks, demonstrating that a welthe other asymmetric trends discussed above, the difference
defined water layer intervenes between the plate and the firgt hydration behavior increases with
Na' layer. On the positive plate side, however, the @kak Understanding this asymmetric ordering of water and
overlaps much more with the water peaks, suggesting a lesalt next to oppositely charged surfaces must include a dis-
discrete hydration layer. In order to more fully investigate cussion of how the insertion of neutral plates perturbs isotro-
the relative arrangements of the water and ions, and in ordguic, bulk water. Under the influence of neither electrostatic
nor vdW forces imposed by the plates, a bulk water molecule
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+6 -0
7 ‘ - : 7
A) +—Cl B) ~——< Na"*
6 | oxygén 5 16
§ ——- hydrdgen
= 5 1 B 15
R
= i
S
2 s -
s
-~ 2 -
c 4
;g. 1 - e FIG. 10. Combined spatial distributions of water and
/ w, salt reveal asymmetric ordering on the two sides of the
0 00500004000 < S5 5 system. Overlayed oxyger—), hydrogen (———)(A)

-5 -2.5

Distance frc(;m Oplate (A) CI~ (positive plate side, filled diamongand (B) Na*

(negative plate side, open diamohét®m thes==+0.1
C/n? (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 to
each platdsymbols as in partéA) and(B)].

limit. It is important to point out that the resulting molecular side was to increase the population of waters with90°
distributions are dependent upon the reference point. If théparallel to the plate Such an orientation is favorable elec-
reference is moved from the lab frarq@ates, in this cagdo  trostatically, as it decreases the interaction between the posi-
a given water molecule, as is done for radial distributiontively charged hydrogen and the positive plate. Note that the
functions,g(r), oscillations are seen due to local water or-ambiguity in this statdviz., H-O—H plane is resolved by
dering. In fact, any insertion experiences the inherent locathe charge density profilg,.(z) shown in Fig. 8, in that the
ordering of water. The resulting density distributioggr), first peak became more negative with increasing
depend upon molecular interactions as well as molecular In contrast, the behavior seen in FigB3 for the nega-
sizes. In this framework, one can think of the plates as insettive plate side, showed a decrease in the water population
tions with infinite radii of curvature. Thus, we understand thewith #=90°, suggesting that the favorable electrostatic inter-
origin of the oscillations in ther=0 C/n? simulation, as action between the positively charged hydrogens and nega-
reflecting this intrinsic property of the water—insertion inter-tively charge plate is, surprisingly, diminished with increas-
action. In addition, we have seen that the smaller hydrogeing o. However, the emerging peak in the P(&s
atoms populate locations approximagtel A closer to the distribution at§=45° shifted towards th@=90° state with
plates than do the oxygens, due to their smaller size. lincreasingo (data not shown This is consistent with an
should be noted that this hydrogen-plate packing is likelyincreased electrostatic attraction of the hydrogen to the plate.
sensitive to the size and shape of the spheres which make dmwus, there is clearly a delicate balance in forces acting on
the plates, and by analogy the specific molecular nature ahe water molecules on the negative plate side. The subtleties
various biologically relevant lipid headgroups. of this behavior may potentially be explained via a competi-
Oscillations in the number density profiles therefore re-tion between sterics and electrostatic interactions. One notes
flect a translational ordering of the water molecules with that water is more cylindrical than spherical, with a length-
respect to the plates. Beyond this type of ordering, we saw ito-width ratio of approximately 1.6 A. The extent to which
Fig. 3 that waters respond to the insertion of the plates wittsuch a geometric asymmetry may influence entropic degrees
orientationalordering as well. With no preferred orientation of freedom, and hence the relative free energies of specific
for bulk waters, the probability distribution of HH angles, as water orientations/packing arrangements, may depend upon
in Fig. 3, would be flat. Given that the insertion of neutral the charge state of the platésoth sign and magnitugle
plates causes water reorientation, the question becomes: The asymmetry between the positive and negative plates
How does charging the plates affect this order? Figyre) 3 was also seen in the salt behavior, again due to the interplay
showed that the effect of increasimgon the positive plate between ionic size and charge with water geometry and po-
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larity. Na" residency times were significantly longer than 2

those for CT next to their respective counter-charged plates. % Zgﬂ;ﬁdﬁsu"s

However, CI' approaches its counter-charged plate more
closely. Further, the water layers on the negative plate side
were more well defined than those on the positive plate side
These phenomena may be explained by the formation ofgy
more well-defined hydration layers next to the'Ngresum- ©
ably facilitated by its smaller ionic radius. The presence of < o fx
N
e

i}

this more well-defined layer on the negative plate side in-
creased N& residency time and prevented N@enetration

to the plate. On the other hand, the larger @ins disrupted
these structures on the positive plate side, explaining the
closer approach and shorter residency times.

a}

) . -2 : ' - : : ‘ : ' ’
B. Comparison to continuum theory o 1 2 7.8 9 10

3 4 5 6
. . Distance from plate (A
Efforts to capture water and salt behavior and interac- P (A)

tions at the bilayer interface have been made using cCOmpuHG. 11. A possible connection between the simulated results and con-
tationally efficient models such as the Gouy—Chapman extinuum theory. Comparison of potential profile from the=+0.2 C/nf
tension of Poisson—Boltzmann theory. While Ccmtinuumsimulation and the thgoretical prediction calculated from @dl). Param-
o L eters used are given in the text.

models have been quite illuminatifigye have seen that the
molecular structure of water molecules, and subsequent or-
dering, has a dramatic influence on the shape of the electro-
static potential profiles. Such models do not capture the os-
cillations because of the dielectric treatment of the solventV. CONCLUSIONS
Despite this, continuum models have been extensively, and
successfully, used to describe relevant experimental param- We have achieved two primary goals in the present
eters, such as the Debye screening length of solvents of vargtudy. First, we have applied the EW3DC methodology for
ing ionic strength. It is interesting, therefore, to attempt tocalculating long-range electrostatics to a system with bio-
extract related parameters from the oscillating profiles pretogically relevant membrane geometry. We have successfully
sented above in Fig. 9. As was done by Israelacfvitir  performed an all-atom simulation of a concentration gradient
Calculating oscillations in solvation pressures acting at an such a geometry_ Our results on water Ordering are con-
solid-liquid interface, and elsewhefewe have fit the po-  sistent with those from nonbilayer like systems, giving us
tential as the product of an exponential decay and a periodigonfidence that the implementation of the EW3DC in this
cosine function as follows: context successfully avoids interactions in thdimension,

2m(z—S) as is necessary for systems with two-dimensional periodicity.
{T) (4.1 Second, with the viability of the method established, we aim

) i . o to understand macroscopic features, such as the electrostatic
whereA is the amplituded is a decay length, inspired by the

X : —a o+ potential, in terms of molecular-level ordering. We have
Debye lengthpis the period of the oscillationgiving peak gy that the geometric and electrostatic asymmetry of the
spacing, ands is a phase shift setting the position of the

ks relative to the plate. Fi 1 h i water molecule is the fundamental basis for the macroscopic
peaks relative to the piate. Figure compares the nega IVéasymmetry between the two sides of a membranelike system.
plate side potential profile fosr=—0.2 C/nf with this em-

pirical model of the potential, with values A=2.0 V, The key role of molecular asym'metry in'wate.r ordering
d=3.0 A, s=1.1 A, andp=2 SA’ This value fom, it shoulé may impact upon the understanding of biological mem-
be r;oteé is 'app,roximatel.y thé width of one’ water Iayerbranes. As we have performed simulations in the biological

which is consistent with the picture of water layering as the'@nge of surface charger(0-0.2 C/nf), our results are

cause of the oscillations in the number density profiles. FurSuggestive of the effect of changing the ratio of charged to
ther, the shifts, can be related to the length of the exclusionUncharged lipids in biological membranes. As water structure
zone in the vicinity of the plates. This empirical model @ound ions at the headgroup region of biological mem-

clearly misses several details of the data, most notably thBranes has a profound impact on the fluctuations in head-
surface potential. It is interesting, nonetheless, to compar@oup order, our results regarding asymmetries are of inter-
the value ofd to the actual Debye length value, which is 6.08 €St.

A for a 250 mM NacCl solution at 298 K. The value dfis We have initiated a series of related simulations in which

thus approximately half of this in our model, which may bethe overall charge on each side of the system is nonzero.
the result of the discreteness of water partial charges presefbese new simulations, which will be discussed in a future

in an all-atom representation of water, which is absent in theeport, should provide useful insight into how interactions

continuum model. Further refinements of these ideas are cubetween water and salt on opposite sides affect molecular
rently being explored in a new set of simulations. ordering.
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