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The permeation of hydrophobic, cylindrical nanopores by water molecules and ions is investigated
under equilibrium and out-of-equilibrium conditions by extensive molecular-dynamics simulations.
Neglecting the chemical structure of the confining pore surface, we focus on the effects of pore
radius and electric field on permeation. The simulations confirm the intermittent filling of the pore

by water, reported earlier under equilibrium conditions for pore radii larger than a critical Rdius
Below this radius, water can still permeate the pore under the action of a strong electric field
generated by an ion concentration imbalance at both ends of the pore embedded in a structureless
membrane. The water driven into the channel undergoes considerable electrostriction characterized
by a mean density up to twice the bulk density and by a dramatic drop in dielectric permittivity
which can be traced back to a considerable distortion of the hydrogen-bond network inside the pore.
The free-energy barrier to ion permeation is estimated by a variant of umbrella sampling*for Na

K*, C&*, and CI ions, and correlates well with known solvation free energies in bulk water.
Starting from an initial imbalance in ion concentration, equilibrium is gradually restored by
successive ion passages through the water-filled pore. At each passage the electric field across the
pore drops, reducing the initial electrostriction, until the pore, of radius lessRhatoses to water

and hence to ion transport, thus providing a possible mechanism for voltage-dependent gating of
hydrophobic pores. @005 American Institute of PhysidDOI: 10.1063/1.1927514

I. INTRODUCTION phobic ion channefs® the phenomenon of intermittent fill-
ing by water or “liquid/vapor oscillations” of the confined

The structure and dynamics of water and aqueous soluvater over a narrow range of pore diamet€r$his intermit-

tions near interfaces, or confined to narrow pores differ content behavior may provide a gating mechanism for hydro-

siderably from bulk behavior under comparable thermodyphobic ion channels, whereby the channel is open or closed

namic conditions. A well-known example is the high degreetg jon transport when it is filled or empty of wattn sce-

of supercooling which can be achieved when water is connario for which some recent experimental evidence has be-

fined to nanoporous silica materials, allowing the exploratiorcome availablé*

of slow relaxations by a number of experimental and numeri-  coulombic effects on the behavior of water and ions in

cal 'Fechniqueé.Furthermore, water molecules are frequently nanopores are essentially twofold. First, if the pore surface is
subjected to very large electric fields at interfateg., near jineq with polar residues, the pore becomes hydrophilic, so

metallic electrodes or highly charged colloids and macromoly, 4 \ater permeation is enhanced and occurs at smaller pore
eculey, leading to orientational ordering of the molecules, 4812 on the other hand. an externally applied electric
dielectric saturatioi,and electrostrictiod.The joint effect of field along the pore axis WiII,induce water and ion transport

confinement and strong electric fields is of particular rel-rnq e iting current-voltage relation can be estimated by
evance to biological pores, such as aquaporins and ion Ch""Ef)ntinuum theories, such as the Poisson—Nernst—Planck

nels through membranésn this paper we address the prob- (PNP formulation of electrodiffusior® kinetic theory™*

lem of 'OS a?hd Wa};er pferrtneatlonl OI _m?dledl hydmpr:og'%Brownian dynamics(BD),™ or molecular-dynamicg§MD)
%%recs:(’)llecr:]elstrrat'gnac Iroar(]:l'(;nfsro?/\?ee r?acstrrl'f: tleo f %?tr:a?]rtz'ioi tc1§(imulati0nsl.6 The latter work may be considered as simulat-
o centration gradients. Ict o : ."Ing a stationary nonequilibrium situation, where ions and wa-
highly simplified models in the hope to gain some generic . .

ter are driven through a channel by a constant uniform ap-

physical insight. The nanopores will be assumed to be cylin, lied electric field under periodic boundary conditions,

ders with smooth surfaces connecting two reservoirs with - N
. A - . which mimic a closed-circuit situatiolf. These authors ob-
agueous solutions. Under equilibrium conditions, in the ab-

sence of ions, this simple model has been shown to sharsewe‘j 12 cation passages over a 100-ns time span, which

with more realistic models of carbon nanotubesof hydro- allowed a statistically reasonable estimate of channel con-
ductance, in semiquantitative agreement with experimental

data.
a ] . I
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Department of Chemistry and Biochemistry, University of California, San In this paper we go one step further, by considering the

Diego, La Jolla, California 92093-0365. Electronic  mail: permeation of a hydrophobic cylindrical nanopore by water
jdzubiella@ucsd.edu and ions, under the action of the strong electric field gener-
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I TABLE |. Summary of the interaction parameters used in this work. The
:' parameters for the cross interactions not given here are obtained by the usual
E combining rules.
E Interaction (e/kd mol?) (alA)
g b @ 00 0.6502 3.169
O-Na 0.5216 2.876
] 0K 0.5216 3.250
] o-ca* 0.5216 3.019
E o-cr 0.5216 3.250
5 Na‘—Na' 0.3576 2.730
E K*—K* 0.4184 3.331
T Cca*-Ca* 0.4184 2.869
i Cl-Cr 0.1679 4.860
FIG. 1. Two-dim_ensional ske?ch of the cylindrical model pore _with ra_dius Interaction (€' /kJ morY) (o' 1R)
R, and lengthL, in a slab of widthL, cqnnectlng two reservoirs filled with (b) Wal-0 12578 5474
SPC/E water. The membrane-water interaction reduces the volume acces-
sible to water and defines the effective pore radkuand the effective pore Wall—Na" 0.9328 2.255
lengthL. The effective volume inaccessible to water is depictebite area Wall-K* 0.6393 2.551
by a dashed lineL,=L, andL, are the simulation box lengths. Wall-Ca&* 1.0090 2.324
Wall-CI~ 1.0090 3.320

ated by a cation concentration gradient across the embedding
membrane, and the relaxation of the initial far-from-
equilibrium state to a final closed state of the pore of radiusl is potential is the same as that used for the simulation of
R, less than the threshold radius for water permeation undéiquid water between hydrophobic surfaces by leteal,
equilibrium conditions® The scenario observed in the non- and is obtained by the integration of the water-hydrocarbon
equilibrium MD simulations may be a simple example of LJ interaction over an infinite wall. The same LJ potential is
voltage gating. A preliminary report of parts of the presentintegrated over the volume confining an infinitely long cylin-
work was published elsewheteé. drical cavity to determine the radial interaction potential
V,(r) between the pore surface and the particles inside the
cylindrical porez.3 An interpolation procedure, described in
Appendix A, is applied at the pore edges to avoid any dis-
Consider a cylindrical pore of radiug, and lengthL, continuities. A similar procedure is used to determine the
connecting two reservoirs on both sides of an impermeablegurface-ion potential, and the resulting parameters of the 9-3
nonpolarizable membrane, as sketched in Fig. 1. The resepotential are summarized in Table |. The confining mem-
voirs contain water molecules and N&*, or C&* cations, brane is assumed to be nonpolarizafble., constitutes a me-
as well as Cl anions, at concentrations of about 1 mol/l. dium of dielectric permittivitye=1). The simulation setup
Water molecules interact via the “extended simple pointand interactions are similar to those of Allenal,'® which
charge” (SPC/B model potential® which involves a explored equilibrium fluctuations of water in such a pore, in
Lennard-Jonef.J) potential between the oxygd@®) atoms,  particular, the intermittent filling and dewetting. Those simu-
and Coulombic interactions between sites associated with tHations showed that membrane polarizability, characterized
O atoms(charge —2) and two H atomgcharge ). The by a permittivity e>1, does not significantly alter the ob-
values of the LJ potential parametersand o are listed in  served behavior of confined water.
Table I, while the electric charge i§=0.428&. The water If R, is the geometric radius of the cylindrical pore, one
molecules are rigid and nonpolarizable, with an OH bond ofmay conveniently define an effective radigselative to the
1 A, and an HOH bond angle of 109.5°. The ions interact viawater molecules by the radial distance from the cylinder axis
the Coulomb potential and a LJ potential with each other anét which the interaction energy of a water O atom with the
the water O atoms; we used the ion LJ parameters of Spohr,confining surface is zero. At room temperature, this leads to
summarized in Table I. lon cross terms are calculated by th&=R,-2.5 A; similarly the effective length of the pore is
usual Lorentz—Berthelot combining rules. The LJ parameters =L,+5 A (cf. Fig. 1. Most simulations were carried out
are the same as those used by Lee and R#Samhd for LpleA (L=15 A) and the radiuR, was varied be-
Lynden-Bell and Rasaiahfor the calculation of the mobili- tween 5.5 and 8.5 A. These pore dimensions are comparable
ties of ions in bulk water and in infinitely long cylindrical to those of the selectivity filter of many ion channels.
channels, as well as in the work of Chueg al® in BD The MD simulations were carried out with the
simulations of ion channels. Water O atoms interact with thebLPOLY2.13 package?,4 using the Verlet algorithﬁ? for the
planar membrane surfacéwall) by a potential of the 9-3 integration of the coupled equations of motion of all par-
form, ticles, with a time step of 2 fs. Electrostatic interactions be-
AT, 119 13 tween particles in the periodically repeated simulation box
V(@ = 4€'ll0'/2)"~ (0127, @ were calculated usingIO the smc})/othp particle-mesh Ewald
wherez is the distance of the O atom center from the planarrnethod2.6 The overall pressure in the reservoirs was main-
surface, and the parameter'sand ¢’ are given in Table I. tained atP=1 bar and the temperature Bt 300 K with the

Il. MODEL AND METHODOLOGY
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help of a Berendsen barostat and thermd&tat. N0

IIl. WATER PERMEATION OF A NARROW PORE

In this section we consider the permeation of the model
defined in Sec. Il by pure water, first in the absence of any
ions, and next under the influence of a strong axial electric
field induced by a cation concentration gradient across theza 20
membrane. 10

A. Intermittency “© t/ns

Several authors have reported the intermittent filling of 4
narrow hydrophobic pores by water, characterized by sto-

chastic wetting/dewetting transitions between fill€tig- 10
uid”) and empty(“vapor”) states of the pore, on a nanosec- 0 . —— —— .
ond time scalé™'° Below a threshold value of the pore 0 10 0 40 50

radiusR,; for a given pore length.,, water cannot permeate

the hydrophobic pore, even though the critical effective raF!G. 2. Water occupancy in the polg vs timet in nanoseconds for a pore
dius R is typically more than twice the radius of a water °f 'engthLy=10 A and radii@ R,=7.5 A, (b) 7.75 A, and(c) 8.0 A.
molecule; in other words the emptyapoy state is the only

stable staté® A simple phenomenological, macroscopic ex- Water molecules inside the pore fluctuates around a mean
planation of this behavior was given by Allet al'® and  number N,,~30 whenR,=8 A (R=5.5 A), which corre-
Beckstein and SansofThe free-energy cost of the rear- sponds to a mean mass density of water inside the pore close
rangement of the water molecules in the liquid state close tto the bulk value of 1 g/cfyin agreement with the findings
the pore surface can be estimated as the product of the swf earlier simulations?

face tensiony and the area of the surface. This loss in free  Following Beckstein and Sansohwe define the “open-
energy competes with that for creating two liquid-vapor in-ness”w of a pore by

terfaces at the two pore mouths when the latter is empty. The 1 (Tsim
“bulk” pressure term being negligibly small for water under w= —f dt w(t), (4)
ambient conditions, the free-energy difference between the simJ 0

filled and empty states of a cylindrical pore of effective ra-

) where the characteristic functiom(t)=1 in the filled state
diusR and lengthL, reads

(p=pg in the porg and w=0 in the empty statép~0 in the

AQ =27R%y - 2mRLy Y., (2) pore. The threshold radiug; is defined as the pore radius
. o I for which w=0.5. Although the total simulation time of
where vy, is the liquid-wall andy the liquid-vapor surface Tom=50 ns is clearly too short for the radit=8.0 A to

tension. Note FhaLp rather thanl. was chosen in Eq(2), bserve a sufficient number of “flips” between filled and
because the simulations for empty pores suggest that bo@}ﬂpty statesict. Fig. 2c)], we estimate the opennessio be

liquid-vapor interfaces are, on average, located immediatel 04. 0.40 and 0.82 for effective radit=5.0 5.25 and

at the cylinder endings. Wheh(2=0, the empty and filled 5.5 A resp’ectively. This suggests a valueFQf’: 5.3 A for

s_tates are equally probable, and this defines the critical eﬁe(fhe c}itical effective radius, which is close to earlier esti-

tive radius mates based on shorter runs or more realistic hydrophobic
R.=Lyvdy. (3)  channel model& SubstitutingR,=5.3 A into Eq.(2), we ob-

tain the estimate/.=0.53y. The contact angl® in Young’s

fequationy\,c— v.=7Y C0sf is then estimated to bé=122°,

by assuming the vapor/channel surface tensigrio be neg-

To determineR; for a pore of bare length,=10 A, we have
carried out extensive MD simulations for several values o
thefeffect(ljv? radlus,d??.ob;& Rgﬁ};%.’&' Th? S;JlmuLlaEc;r;slwAere ligibly small and using the experimental value of
periormed for periodic boxes of dimensiong=Ly=2a.1 A, =0.1745T/A2% The estimated contact angle is close to the

andL,=52 A parallel to the pore axis. The temperature andmeasured values=118° for water on a flat methyl-
pressure were maintained at the values300 K andP . oo coif assembled monoladfer

=1 bar, by coupling the system to a Berendsen thermostat,
and a barostat which allowed box rescaling only in the
direction. The total number of water molecules in the simu-
lation box wasN=740. In our preliminary work” we have shown that an exter-
We have computed the water occupancy, i.e., the numberal electric field across the pore and embedding membrane
of water molecules within the pore, as a function of time,generated by an imbalance of cation concentration in the
along trajectories in phase space extending oVgp  reservoirs on both sides of the membrane has profound ef-
=50 ns. Results for three pore radii shown in Fig. 2 exhibitfects on water confined to a nanopore. We examine the struc-
typical intermittent behavior, with a stochastic succession ofure, electrostriction, and dielectric behavior of confined wa-
empty and filled states; in the latter case the nunitygiof  ter under these conditions in more detail in this subsection.

B. Electric-field effects
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average over the water accessible volume& R inside the
pore at a given positiorz. As expected, the electric field
vanishes in the conducting reservoirs, as a consequence of
ion mobility, while it is substantial and almost constant in-
side the pores with opposite signs in A and B. The field
] ] strength can be adjusted by varyigg Examples of axial
i E electric-field profiles observed wheyr0.446 2% (i.e., total
i — chargeQ=+7.14% in the reservoirsare shown in Fig. @),
: ‘\ 3 for a pore radiu};=7.0 A. The mean value of the electric
: AN field <E0>:1/Lpf('3p<E0(z)>dz inside pores empty of water is
ST TR etV CRTRUNTRNY: found to be surprisingly close to the value expected for a
-50 -40 -30 -20 -10 0 10 20 30 40 50 condenser of surface-charge densityQ/(2L2), with L,
.Z./A..... =24.1 A (the lateral size of the slasnamely, Eq=7/¢

P E =1.12 V/A. When the pore is filled with water, the electric
E field inside is reduced by the opposing polarization field.
With the same physical parameters, we now find a mean
value (E)=0.46 V/A, as shown in Fig. 3. Note that in the
: I : absence of the electric field, a pore radiBg,:?.OA (R
SAF b A =4.5 A) would be empty of water as shown in the previous
-50 -40 -30 -20 -10 0 10 20 30 40 50 section, or in the work of Alleret al*° A qualitative, macro-

Z/A scopic analysis of the critical field required to fill a hydro-

FIG. 3. Top frame: snapshot of the simulation setup with 16 ions in eacHPhobic pore of given radius and length will be given at the
reservoir. The dark spheres in the middle reservoir are ions with negativend of this section.
charge €, the light spheres correspond to ions with positive chaggeach Although a dielectric permittivity is an ill-defined con-

reservoir contains a total char¢®|=16q. The other particles are SPC/E ti t | fined | flLﬁ% h it i
water molecules(a) Average density profileg;(z) of the anions and cations cept In nanometer scale-contined polar s/nere It is,

in the reservoir normalized by their bulk densitigs, (b) Averaged electric ~ for the least, a tensorial quantity, one may attempt to use two

field (E) along thez axis measured in a pore of radiRg=7.0, without water  alternative macroscopic definitions efto characterize di-

(solid line) and with water(dashed ling The dotted vertical lines mark the electric Screening within the pore On one hanmay be

position of the slab surfaces. The mean field in the pore(Eg) defined h . f th ) field ithin th

=1.12 V/A without water andE)=0.46 V/A with water. efined as t _e I’aFIO of the gverage ields within t _e empty
((Ep) or “applied field) and filled ((E) or “screened field’
pore, i.e.,

The simulation setup is sketched in Fig. 3. Since the reser-

voirs on both sides of the membrane have different concen- €= (Eg)/{E). (5

trations of anions and cations, periodic boundary conditions The average local permittivity in the pore can also be

in thez d|r¢ctlon require the basic cell tq contaln.two POres octimated from the mean polarizatioR) according to
in succession, say A and B. The reservoir to the right of pore

Ais also the reservoir to the left of B, and vice versa. In this (P) pu{cosb)

part of our investigation which focuses on equilibrium prop- =1+ e(E) = eE) (6)
erties of pore-confined water in a strong electric field, we add 0 0

16 anions(CI") of (partia) charge €(0<q=e) to one res- whereu=7.841x 10°3° C m=0.48@A is the dipole moment
ervoir and 16 cationgNa") of (partial charge  to the other  of a single SPC/E water molecul®p is the mean number
reservoir. In order to maintain the overall system in a stationdensity inside the pore, an@os#) characterizes the mean
ary state, the pore is made impermeable to the ions by settingrientation of the dipole vector of the molecules with respect
the pore radius to zero only for the latter, thus preventing ao thez axis. According to elementary electrostatics, the two
net flow of ions(i.e., an electric curreftand consequently a definitions (5) and (6) would yield identical results in the
gradual drop in voltage. The relaxation towards equilibriumpylk.

when the pore is open to ions will be examined in Sec. V. By varyingq in the MD simulations, one may now esti-
Due to the mutual repulsion of equally charged ions in onemate the effective dielectric screening via E§) and the
reservoir and the attraction to oppositely charged ions in théocal permittivity from Eq.(6). The results fore and €ps
other reservoir, ions tend to condense symmetrically near theabulated in Table Il for several pore rad¥ are seen to
membrane surfaces leading to condenserlike configurationgiffer for every applied field, except in the bulk. The differ-
This is illustrated by the concentration profiles of anions ancences may be, at least qualitatively, understood from a
cations shown in Fig. @). The profiles on both sides of the simple macroscopic, electrostatic model described in Appen-
two membrane slabs are not symmetrical, due to the differerdix C. The resulting total inhomogeneous electric-field dis-
sizes of anions and cations, and the differences in their intettribution is illustrated in Fig. 4, for a pore geomet®y
actions with walls, water, and other ions. Local electric fields=5 A andL=15 A. The curve shows the axial component
are measured as explained in Appendix B. Examples of th&(r,z=z.) of the local electric field as a function of the radial
mean axial fielKE(z)) (field component alon@z resolved distancer, at the center of the porg=z); the curve in the

in z) are shown in Fig. ®). By {..) we denote the radial inset is the axial component along the pore dki&z,r=0)]

P ’.(Z)/ Po;

S = N W s~ wn
IBRRRNRERRRRE:

E-wes

1fe)

<E>/(V/A)
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TABLE IlI. Properties of water confined to a cylindrical pore of length
=10 A and diametefa) R,=8.5 A, (b) R,=7.0 A, and(c) R,=5.5 A in an
electric field(Ep). (d) shows results from applied field simulations in bulk
water under atmospheric pressuréE) has an uncertainty of about

0.015 V/A and could not be accurately determined for the smallest field

((Epy=0.28 V/A) in (a) and(b).

(EI(VIA)  (BY(VIR) e e  {(cost)  plp
@ 0.28 051  1.10
0.56 0.045 124 566 072 121
0.84 0.119 71 293 084 142
1.12 0.281 40 147 089 158
1.67 0.601 28 87 095  1.88
(b) 0.28 077 112
0.56 0.112 50 322 084 147
0.84 0.278 31 166 090 175
1.12 0.462 24 121 093 205
(© 0.28 0.063 44 568 080  1.53
0.56 0.266 21 188 087 197
0.84 0.465 18 139 092 241
1.12 0.682 17 106 094  2.63
() 2.05 0.05 401 401 067  1.00
2.49 0.10 249 249 080  1.00
3.10 0.25 124 124 091 101
3.75 0.50 75 75 093  1.02

as a function of the coordinatealong the axis. The latter
goes through a maximum at the center of the pore, and th
maximum value goes over to the applied fi€lglas the dis-
tance from the axis increases. The results shown in Fig. 4 a
in semiquantitative agreement with the simulation dat
shown in Fig. 5. The on-axis axial componéiiz,r=0) also
goes through a maximum, but the curve is no longer sym
metric aroundz=z., due to the molecular structure of the
dipolar solvent. In the central plane=z., E(r,z=z) tends
much more slowly tdEy) asr> R, which may reflect finite-
size effects when approaching the edges of the simulatio
box.

When subjected to an applied electric field, water under
goes electrostriction and dielectric saturatfdn. bulk water

E(rz=z =0)/E

0.8 -
0.6 .
0.4} §
F { 1 B T T ]
02F =0 2 4 1
I Z/A
0 [ " P al PR Lo P L Ly
0o 2 4 6 g 10 12 14
r/A

FIG. 4. Electric-field distribution from the simple macroscopic model de-
scribed in Appendix C for a pore of geomeRy5 A andL,=10 A. Plotted

is thez component of the electric field in axi&@(z,r=0) and radial direc-
tions E(r,z=z;). Note thatz.=0 in this figure.

I
a

J. Chem. Phys. 122, 234706 (2005)
T T T T 1
0_5:— E(rz=z =0)/<E> 5
04' T 1
I o5l EGr=0/<E> 17
[ I 11
03 1 ]
0zf 1
[ A N NS B
0.1 03525 0 123 .
[ zZ/A
0 [ P A ol P U PR
0 2 4 6 8 10 12
/A

FIG. 5. Same as Fig. 4 but now for our simulation model W&h4.5 A,
L,=10 A, and(Ep)=1.12 V/A.

electrostriction is relatively weak, even under strong fields,
i.e., the increase in overall density is at most a few percent.
Due to the alignment of the molecular dipoles in the applied
field, and the reduction in dipolar fluctuations, the dielectric
permittivity decreases sharply, as shown in Table Il. Except
for the expected layering near the confining walls, the bulk
behavior of water in an external field electric field is not
significantly affected when water is confined between two
plates(slit geometry, when the latter are several molecular
diameters apaft.This behavior changes dramatically when
water is confined to a narrow cylindrical pore. While in the
iS : . )
absence of an applied electric field, the mean density of wa-
tgr remains close to its bulk value for radii sufficiently large
to allow permeation of the hydrophobic poftee., R>R;
=~5.3 A), considerable electrostriction is observed when a
strong electric field is applied. Electrostriction increases with
decreasing pore radius, and for radii below the zero-field
threshold radiuR,=5.3 A, water is driven into the pore by

a sufficiently strong applied field. The mean water densities
inside a pore of length,,=10 A (effective lengthL=15 A)
measured in our MD simulations are listed in Table Il for
three pore radiR, (two of which are below the zero-field
threshold and for several electric fields. Electrostriction of
more than 100%, i.e., a doubling of the bulk water density, is
observed for the narrowest pore and the largest fields! The
observed electrostriction is independent of the ensemble
used, because the pore is connected to large reservoirs, so
that constant volumé&NVT) simulations show hardly any
differences compared tNPT simulations at 1 bar. Table Il
also shows that electrostriction is accompanied by dielectric
saturation, i.e., a reduction of the dielectric permittivity,
which is significantly stronger than in the bulk, and strongest
for the narrowest pore.

The strong electrostriction must be attributed to a signifi-
cant distortion of the hydrogen bond network. This is quan-
tified by calculating the probability distributioR(n;,) of
finding npp, hydrogen bonds per molecule in the pore. We
have used the geometric criterion for hydrogen bonds put
forward in a recent pap%orwhich investigated the structure
of the first coordination shell in liquid water. Using configu-
rations generated in the MD simulations we calculated the

distribution P(n,,) for bulk water and for water confined to

Downloaded 30 Nov 2005 to 132.239.16.187. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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T T T T T "
LSS LR @) T
ol Prw (PP, / \\‘ . ]

Pow/Py

th

FIG. 6. Probability distributiorP of the number of hydrogen bond,, for
SPC/E water in the bulkcircles, and confined to a narrow pore with radius
R,=8.5 A (squares and R,=7.75 A (diamonds. Also shown is the distri-
bution for R,=5.5 A (triangle up in an electric fielkEq)=0.14 V/A.

pores of radiiR,=8.5 and 7.75 A, which are intermittently
filled in the absence of electric field. For the narrowest pore
investigated R,=5.5 A), a field(Ep) =0.14 V/A is required
for the channel to fill. The resulting distributiof®ny,,) are
shown in Fig. 6. The distribution is significantly shifted to-
wards lower values ofi,, as the confinement increases. The
measured average numbers of hydrogen bondsayg
=3.24 in the bulk,(n,,»=2.28 and 2.16 forkR,=8.5 and
7.75 A (in the absence of external fi¢)dand(n,)=1.97 for
R,=5.5 A with an electric fieldEy=0.14 V/A. FIG. 7. Radial density plrogk_es Iof WatE; Oxygd?ew an_d7f5yg\rogznbatgms
The change of local structure with electric field can_alsq‘:’“s"lvs(xsfﬁ;)”ﬂ'::rrfgjIfsy or fo)nggrﬁ; o £0>('=aé.ﬁ'an' d<E0>a:no.(5z)s oo
be seen in the oxygen and hydrogen radial density profiles ighown. in(b) the fields are(Eqy=0.28 V/A (solid line), (E5)=0.56 V/A
the pores shown in Fig. 7. Framéay corresponds to a pore (dashed ling and(Ey)=0.84 V/A (dot-dashed ling
radius R,=7.0 A. For the smallest applied fieldEg)

=0.14 V/A, the two denSity prOﬁleS are rather ﬂat, and ClOSGThese two states are equa”y probab]e whéh= O, and thus

to the bulk density of water, as allgeady noticed in the equithe critical radius in the presence of an external figldis
librium simulations of Allenet al.™ An applied field(E) given by

=0.56 V/A, corresponding to a measured average EM

=0.112 V/A inside the pore, leads to a strong layering of the R.= ;"I‘Pyc—z (8)
water molecules, particularly near the cylindrical pore sur- dy+ egAel B

face. The corresponding mean density of water is 47% highefhare Ae=

than in the bulk(cf, Table I)! The profiles for the narrower ghoys that the critical radiug, decreases with increasing
pore withR,=5.5 A, measured for three fields of increasing field E,. For a given pore geomettiR<R., L), Eq. (8) may
. Ly, Eq.

amplitude (E), are shown in Fig. (). The layering and o reyritten to express the critical field above which the pore
mean density increase dramatically wity). As expected, s

the hydrogen atoms can get closer to the pore surface. At the

highest field a second water layer forms near the pore axis. E. =2 Lpye— Ry 9)
The electric-field-induced filling of narrow hydrophobic 0¢ RL,e0A€ '

pores may be understood, at least qualitatively, in terms o%

(1/e4—1/¢), generalizes Eq(3), and indeed

incee > ¢;, even in confined geometrye=1. The critical

ield (9) is plotted versus the pore radi&sfor a pore length
L,=10 A in Fig. 8; the experimental liquid-gas surface ten-
sion y=0.174gT/A? is used, together with the relatiop,
€1 1 =0.53y derived from our earlier analysis of the critical radius
EEO ) () in the absence of the electric fidleg. (3) and discussion at
the end of Sec. Il A Critical fields estimated from 50-ns
where the third term is the electrostatic energy differenceMD simulations for three pore radii are shown in Fig. 8 for
assuming that the electric field inside the pore is homogeeomparison. The theoretical estimd® is seen to exhibit
neous over the pore volumsszZLp, andeg ande are the  the right trend, but to overestimate the measured critical
permittivities of the confined water vapor or liquid, corre- fields by nearly an order of magnitude. There are at least
sponding to the “empty” and “filled” states, respectively. three possible explanations for this quantitative discrepancy.

macroscopic considerations. In the presence of an applie
field Ey, the free-energy differenc€) between filled and
empty states must be generalized to

AQ =27R%y - 2nRLyy.+V
ég €
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AN ion, the position of which is monitored during a MD evolu-
g tion to determine a histogram of the ion positions. This direct
3 method faces, however, two problemi®. on one hand an
excessively long simulation would be required for the ion to
] sample representative positions in the reservoirs and within
] the narrow pore, in order to accurately determine the ratio of
probabilities of finding the ion in the pore or in the reser-
] voirs, and(ii) on the other hand the expected steep free-
E energy barriers at the two mouths of the pore entail vanish-
3 ingly small probabilities for the ion to permeate the pore.
‘ Problem(i) is essentially entropic and concerns directly the
6 confinement free energy.,,s in EQ. (10). The latter can be
estimated from the “free” ared,(z) accessible to the ion at
FIG. 8. Critical fieldE,, vs the effective pore radiuR for a fixed pore ~ @ny given positiorg; it depends only on the size of the ion
lengthL,=10 A. The channel is filled with water for fields larger than the relative to the pore dimension, and is independent of ionic

critical field. We compare theoretical estimates from the phenomenologica{:harge and water configuration.L is the lateral dimension
theory (9) to simulation results foR=4.5 A, R=3.5 A, andR=3.0 A de- f th e f the simulation b

picted as circles. The shaded region indicates pore radii smaller than on% the reservowil.e., of the simulation O)X
water radiusR<1.5 A.

First, the macroscopic electrostatic model in Appendix C 5 ) _ _oq Ap(2) (12)
shows that the screened field in the filled pore is far from con L2 |

homogeneous, and extends to radii well outside the pore ra-

dius (cf. Figs. 5 and § so that a volume larger than the pore

volume V should be considered for the electrostatic contri-Obviously, the barrier depends on the lateral simulation box
bution in Eq.(7). Second, we have seen that finite-size ef-area; for a physical system this corresponds to the inverse
fects in the simulations can modify the electric-field distri- Pore density per unit area, given for instance by the ion chan-
bution significantly when moving radially away from the nel surface density on a cell membrane.

pore. Finally, the surface tensiongand v, could change Let z be the distance to the center of the pafeconve-
significantly under the action of the electric field due to theniently chosen to be.=0. For positions along the axis out-
strong restructuring of the water molecules. The full expla-Side the effective width of the membrang>L/2, A,(2)
nation of the discrepancy between the macroscopic modeiLs, while inside the cylindrical channé)z <L,/2), A,(2)

and the simulation data might very well be a combination of= 7R/, whereR =R~/ is the effective radius of an ion of

these reasons. species (the wall ion interaction diameters are listed in
Table I. ForL,/2<|Z <L/2, the effective radius is given by
the smooth interpolation formula Ri(2)=R,

IV. FREE-ENERGY PROFILES FOR ION PERMEATION . .
—\o{?=(z-L,/2)2. For the box sizé.,=24.1 A, used in our

A single ion approaching the channel membrane faces aimulations, the barrier heights calculated from B@) vary
free-energy barrier which it must overcome for channel periypically between 1.5 andk4T, depending on the radius of
meation. The origin of the barrier is twofold: first, confine- the ion under consideration.
ment of the ion to a narrow pore strongly reduces the volume  Once the contribution to the Landau free energy due to
locally accessible to it, and thus lowers the configurationatonfinement has been determined from Ekp), the solva-
entropy; second, there is a cost in solvation free energy, sind@n part in Eq.(10) may be efficiently calculated by confin-
the ion is surrounded by fewer, and differently structureding the ion to a cylindrical pore of radius equal to that of the
water molecules compared to the hydration shell in the bulkmembrane pore outside the latter, and spanning the whole
We assume that both mechanisms are independent, and caimulation cell; due to the periodic boundary conditions, this
tribute additive components of a Landau free-energy profilaneans that the ion is confined within a pore of infinite
which is a function of an “order parameter;’the distance of length. In the reservoirs, this confinement will not affect the
the ion from the center of the pore along its axis, bulk solvation free energy, since the water molecules around

the ion are still free to move and rotate in and out of the

F(2) = Feonf2) * Feol 2), (10 extended pore. The probability density of finding the iom,at
whereF.,n{2) is the entropic cost arising from the confine- under the infinite pore constraint, will be referred toR{g).
ment, whileFg is the solvation part=(z) may, in principle, Problem(ii) concerning the sampling of ion configurations
be calculated, within a consta@{ from the probability den- near the steep potential barriers may then be overcome by a
sity P(2) of finding the ion in the intervdlz,z+dz], variant of “umbrella sampling® whereby the ionbut not

_ the water moleculgss subjected to a biasing potentByy(z)

F(2)= ~keTlogP()] + C. (1) which forces the ion to sample a low probabilit?zbregion
P(z) can be measured in simulations of the system sketchearound a prescribed positiag. The solvation part of the free
in Fig. 1, i.e., involving a pore through a membrane separatenergy(10) may then be extracted from the simulation by the
ing two reservoirs filled with water, and containing a singlefollowing relation:
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10

o T ¥ ¥ ¥ ¥ ¥ ¥ ] ] ¥ K b ' v * L * 20 ¥ y | IR I ¥ ¥ * 1 1 1
R-8.5A s, ] L Na,R =704 (a)]

FIG. 9. (a) Free-energy barrier profildyz) for K*, Na*, CI", and C&" ions
permeating a channel with radi®=8.5 A and lengti_,=10 A. Note that
the center of the porg,=0 in this figure.

Feol2) = = kaTlog [P(2)] - B, (2) + Cy, (13)

BF(z)+pd()

whereﬁ(z) is now the probability distribution observed un-
der the infinite pore constraint and in the presence of the
biasing potential, anff,ZO is a constant depending only on the
biasing potential. By choosing a range of biasing potentials |
Bzo(z), one can explore the whole range of positianghe sok

) . -10 - 0 0
overlaps of the resulting..(z) allow CZo to be determined > ZA >

over the whole range of positions. A similar method has re-
cently been used to determine the free-energy profiles of w
ter inside narrow pore¥.We have chosen a simple parabolic % 0 A with a constraining fielcE o =0.1 V/A (diamonds. The con-

-IG. 10. (a) Free-energy barrier profiles(z) for Na“ in a pore of radius
,=7.0 A, with a constraining fieldE,,s =0.05 V/A (squares and R,

biasing potential of the form straining field keeps the narrow channel filled with watby.The total free
2 energy including potentidll5) for Na" in aRp=7.0-A pore, for constraining
BZO(Z) =k(z- Zo) ) (14) fields as in(a). The inset shows a magnification of the profile near the pore

. . . entrance for a better identification of the barrier height.
with values of the spring constarit in the range of

1-10 kI mott A2, - . .

Results for the total free-energy profile, i.e., the sum of?Ve Nave used a constraining potential acting on the water
the contributiong12) and(13), are plotted in Fig. 9 for K, mo]eculgs alone, and mimicking the cqndenser setup de-
Na*, CI", and C&* ions, and a pore of length,=10 A (ef- scribed in Sec. Il B. The chosen po_tennallacts only on the
fective lengthL=15 A), and radiusR,=8.5 A (R=6.0 A),  Water oxygen and hydrogen atoms in the intefzak L/2,

The barriers are obviously symmetrlc and their rise startée
already atz=+10 A, i.e., well before the ion reaches the

pore mouth on either end. Inside the pore, the profiles exhibit 0 forz<-L/2,
flat maxima of height approximately equal to 3, 5, 6.5, and (@ ={~ Econdliz for |2 <L/2, (15
9.5 T for K*, Na', CI, and C&* ions, respectively. The - Egongil for z>1L/2,

order of the increasing barrier heights correlates well with
the decrease in solvation free energy of the ions in bulkvhereEcsis the magnitude of the constraining field. The
SPC/E watef! Note that the larger Kion experiences a constrained probability d|str|but|oF?B(z) in Eq. (13) is now
lower potential barrier than the smaller Nimn, and is less calculated with the additional constraint on the water mol-
preferentially solvated than the latter. The data shown in Figecules arising fron{15).
9 and the results of Lynden-Bell and Rasdfahllow the The resulting Landau free energy for a*Nian near a
qualitative conclusion that stronger solvation in the bulkpore of lengthL,=10 A andR,=7.0 A is plotted in Fig.
leads to a higher barrier upon confinement of the ion to d0(a) for two constraining fleldfmns—o 05 and 0.10 V/A.
narrow pore. However, when the pore radius decreases toBy convention the free energy is set to zero in the left-hand
value comparable to the ion radius,(2) goes to zero and reservoir; the calculated profiles are now highly asymmetric.
the confinement free enerd$?2) diverges, and hence domi- This may be understood as follows. The constraining field
nates the solvation contribution for sufficiently narrow pores.E..spolarizes the water inside the pore, inducing “surface”
In the case of the narrowest hydrophobic ion channelsgharges at the two ends of the pore, which in turn generate a
we have seen that the pore “dries,” and an axial electric fieldeaction field. The latter increases wh,,sand acts on the
is required to drive water molecules inside. In order to cal-dion. The magnitude of this induced field can be estimated
culate the free-energy barrier to ion permeation in that casdrom the total free-energy gain of the ion after permeation,
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90 T ] =L/2)-F(z=-L/2) is different for the four species, showing

80 F 3 5 that the induced fields, which would be identical in the ab-

: ] sence of ions, are sensitive to the charge and the size of the
ions. The profiles corresponding to the case where the ions
are also subjected to the potentids) are shown in Fig.
11(b). The remaining barrier at the left pore entrance is larg-
est for the C& ion (=10kgT) as expected since this divalent
cation is more strongly hydrated in the bulk than the
monovalent ions.

We have also computed the free-energy profile of & Na
ion in a narrow channe{R,=7 A) empty of water(water
permeation is prevented by setting the channel radius equal
to O for the water molecul¢sThe barrier turns out to be
extremely high'F(z=z,) = 108T], in good agreement with
the absolute value of the solvation free energy of Mabulk
SPC/E water* showing that the ion permeation of a pore
empty of water is extremely unlikely, even when it is as short
as 1 nm.

BF@+pD(z)

V. RELAXATION TO EQUILIBRIUM

We now turn to the physiologically important situation
of an initial charge imbalance across the membrane, corre-
g sponding to different anion and cation concentrations in the
-10 -5 0 5 10 reservoirs separated by the membrane. In order to allow the

ZA implementation of periodic boundary conditions in thdi-
FIG. 11. (a) Free-energy profilegF(2) for K* (squares Na* (circles, CI- rection, the setup |r!volvmg two memprqnes, sketghed in Fig.
(diamond3, and C&" (triangles ions permeating a channel with radigs 3, has been used in these nonequilibrium MD simulations.
=5.5 A, with a constraining field.,,:=0.2 V/A. (b) The same aga) but  All ions carry their physical charges. One reservoir has initial
now the potentia(l!_S) is i_n_clu_ded. The inse_t shoyvs a magnification of the concentration, =0.9M (12 cation andc_=0.6M (8 an-
profiles for a better identification of the barrier height near the pore entrance. Lo . .
ions), while in the second reservai, =0.3M (4 cationg and
c_=0.6M (8 anion$. The cations were Naor K*, while the
divided by the channel length and the ion chargei.e., anions were always CI This initial charge imbalance gen-
Eng=[F(z=L/2)-F(z=-L/2)]/(Lg). This vyields E,y erates an average electric field of 0.32 V/A across the mem-
=0.013 and 0.018 V/A fofE,,,<=0.05 and 0.1 V/A. The brane, which is about one order of magnitude larger than
small structure observed F(z) aroundz=5 A (but absentat under normal physiological conditions, but could be
z=-5 A) is probably a signature of the asymmetric solvationachieved in the course of a rare but large fluctuation at the
of the ion by oriented water molecules close to the porgyore entrance. The large cation concentration is necessary to
endings. improve the signal-to-noise ratio in the simulation. In the

Figure 1@b) shows the free-energy profiles when the case of the divalent cation €awe chose a setup with the
potential(15) also acts on the ion, as is the case in the setugame C& concentration but twice the Ckoncentration to
of Fig. 3, which will be used in Sec. V to investigate the ensure electroneutrality. The dimensions of the total simula-
relaxation of an initial ion concentration gradient across theion cell including both channels are,=L,=23.5+0.3 A
membrane to equilibrium. The free-energy profiles are nowand L,=100.3+1.7 A with 1370 water molecules &
dominated by the contribution of the applied field, and the=1 bar andT=300 K. Each simulation was repeated at least
barrier height is nearly suppressed. The remaining barrieten times with different initial configurations, in order to
near the left-hand pore entrance is less th&gT4for the  gather sufficient statistics for the permeation events. In the
lower applied field and aboukgT for the highelE.,,q inthe  setup of Fig. 3, with one reservoir in the middle and the other
case of Na reservoir on both ends of the simulation cell aldBg, the

Free-energy profiles for the four ionic species, Ka", concentration gradients, and hence the electric fields, are an-
CI~, and C&* are compared in Fig. 11 for the narrow channeltiparallel in the two channels, and so will be the resulting ion
of radiusR,=5.5 A. A field of magnitudeE,,,=0.2 V/Ais  currents. The relaxation towards equilibrium, where the two
applied to ensure that the pore is filled with water; this is areservoirs are separately electroneutral, thus involves an in-
magnitude comparable to that achieved in the nonequilibelirect coupling of the two pores.
rium simulation in Sec. V. The mirror image of the density The nonequilibrium simulations were carried out for an
profile of the anions Clis shown to allow comparison with effective pore radiu®=3 A, which, in the absence of the
the cation results. The barriers in Fig.(&1 where the ions electric field due to the charge imbalance, would be closed to
are not subjected to the potent{db), are ordered as for the water. Under the initial conditions of the nonequilibrium
wider pore (cf. Fig. 9. The total free-energy offsef(z  runs, the pore spontaneously fills with water, since the elec-
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FIG. 12. Simulation snapshots. Molecular configuratitasefore a cation
(dark gray sphergegpermeates the channel afigl, 10 ps later, while it goes R ]
through. Anions are shown as light gray spheres. Only half of the periodi- t/ns

cally repeated simulation cell is shown.

FIG. 13. First and second frames: water occupaNgyvs timet from a
typical nonequilibrium simulatiofwith Na* ions) in the left and right pores.
tric field exceeds the critical field for that radi(c. Fig. .  The pore lengih '$p=1?hA and the pore radius 5.5 AR=3 é&)' The
. . o imes when ions cross the pores are indicated by the arrows above the upper
The runs W'_th Na and K" cations show qua_‘“tatlv_ely the frame. The number of water molecules in the pore, assuming bulk density
same behavior. During the course of most simulations, foug,,,, is indicated by a dashed line. The third frame shows the mean mea-
cations move successively through the pore. Snapshots efired field in the pores vs tinte averaged over the absolute fields in both
such an event are shown in Fig. 12. Only raréfpically 1~ POres.
in 10 eventsis a CI crossing observed, which may be un-

derstood from the significantly higher potential barrier expe
rienced by CI compared to the monovalent catiofts. Fig. than for the smaller Nfaions, which may be expected from

11). Each of the ion cros'sings reduces the Charge !mbglanqﬂe lower free-energy barrier experienced by the former ion
between the two reservoirs, and hence the electric field |n5|d&f Fig. 11)

the pore. The T“‘”_‘ber of water molecules inside both pores, lon transport through a pore is found to occur essentially
and the electric field averaged over each pore are plottegt constant velocity, as illustrated in Fig. 14, where the

Verf’L.JS time in Fig. 13 for a typical simqla_tion run involving ¢4 ginate of the permeating ion is plotted as a function of
Slichcs),ZZ.d DirL:eSteocthﬁl SBtr?Jrr]\?jeerleeC(;ﬁ)iﬁtt)rrlichﬁncifr:?j(i:ttil)r?ge?r?gﬁme.' In the reservoirs, anions and cations ungiergo diffu_sive
' o ' motion among the water molecules, characterized by a linear
number of water molecules IS significantly larger than tha'increase of the mean-square displacement with time. When a
expected from the bulk density, namely, cation in the cation-rich reservoir comes close to the pore

ing events are about twice as probable for the dfecies

Npuik = po(7RZLy). (16)

At each ion crossing the numbét,(t) of water mol- o ‘
ecules drops sharply, while remaining abdvig,,. Once the 10
third ion has crossed the first pore, after 1.6 ns, the re- .
sidual electric field is no longer strong enough to sustain the Spommmmmm oo
filled state, and the pore spontaneously empties of water. < | L Cation
Thereafter the pore is impermeable to ions, as may be ex- 0: 3. Cation
pected from the very high free-energy barrier of an empty
pore, mentioned at the end of the previous section. The other T/ E
pore in the simulation cell remains filled, however, and the 10 ]
final ion crossing eventually occurs through that pore which ‘ s ‘ . . L s

thereafter also empties of water, at which stage the total sys- S5 0 5 10 15 20 25 30
tem has returned to equilibrium. The same behavior, involv-
ing the closing of one channel after the passage of the thirdiG. 14. Cation trajectories inside the pore and in its vicinity vs tinie

ion, was observed in all ten simulations carried out withpicoseconds. The coordinate of the cations is plotted vs time for three
different initial conditions successive permeations in one typical simulation run. The cylindrical pore is

. . . located betweerz=-5.0 A andz=5.0 A marked by the two long dashed
In simulations where equal numbers of cations of thejnes t=0 defines the time at which the ions are located at the entrance of

two species Naand K" are included, it is found that cross- the pore.
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TABLE llI. Internal electric field(E), mean velocity, and mobilitiesu, of
Na*, K*, and C&* ions during the first, second, and third ion passages.

Electric-field-controlled permeation in a hydrophobic pore

J. Chem. Phys. 122, 234706 (2005)

tions by MD simulations. The dimensionsadius R and
lengthL) of the cylindrical pore are comparable to those of
the selectivity filter of many ion channels, or of segments of

lon (EY[(VIA) vl (Alps) wal (skgh )
carbon nanotubes, but the model totally neglects the chemi-

Na" 0.32 2.3 45 cal structure of the confining pore surface. We have focused

Nar 0.22 1.3 3.7 on the effects of varying the pore radius, and of the electric

':'(‘3 0'1; 04 1213 field on water and ion permeation for a fixed pore length

K+ 8'22 g'z 9 '25 L,=1 nm (corresponding to an effective length=1.5 nm).

K+ 011 06 34 The key findings of the present work may be summarized as

ca* 0.47 33 2.2 follows:

Sl 0-39 25 20 (8 The present simulations, which extend over at least

mouth, it experiences the strong axial electric field pictured
in Fig. 3, and is dragged into the channel. Analysis of ion
passages in ten independent simulations run with the same
initial charge imbalance, but different initial positions of the
ions, shows that once an ion has penetrated inside the chan-
nel it moves with roughly constant velocity, estimated from
the slope of the trajectories shown in Fig. 14. These slopes
are approximately the same in all ten runs. The ion motio b)
reverts to diffusive once it leaves the pore at the other end.
The slopes observed for the first, second, and third ion cross-
ings decrease, due to the drop in the driving electric field
after each crossing. The slopes give direct access to the cat-
ion mobilities w, via the constitutive relatiom=pu.qE, and

the electric field measured inside the pore. The resulting val-
ues for N&, K*, and C&* averaged over ten runs with dif-
ferent initial configurations are summarized in Table III.

The measured mobilities are seen to increase with in-
creasing field, but to remain of the same order of magnitude
as the corresponding bulk mobilitiés,=5.1 and 8.4 s/kg
for Na* and K, respectively.?’ The mobilities are, however,
systematically larger than those deduced from the diffusion
coefficients in infinitely long pores of the same effective ra-
dius (u,=1.2, 2.0, and 0.08 s/kg for NaK*, and C&",
respectively.?! This enhancement of the mobility must be
attributed to the change of the structure of water inside the
pore, due to the strong electric fieldf. Fig. 7).

We have checked the size dependence of our results by
carrying out simulations in a larger box, by doubling the aredC)
of the x-y section, keeping the ion concentration gradient
constant. As a consequence the numbers of water molecules
and ions were doubled as well, so that twice the number of
ion passages was required before the system relaxed to equi-
librium. The jumps in the internal electric field and in the
numbers of water molecules inside the pore upon an ion
passage are thus smaller in this case than those shown in Fig.
13. Qualitatively similar behavior is observed upon varying
the pore radius or length, except for the fact that for effective
pore radiiR=5.3 A, the pore remains mostly filled with wa-
ter even in the absence of an electric fild.

VI. CONCLUSIONS

We have combined a highly simplified generic model of
hydrophobic pores with a semirealistic description of water
and ions to investigate pore permeation by water molecules
and cations under equilibrium and out-of-equilibrium condi- (d)

50 ns, confirm the intermittent filling of the hydropho-
bic cylindrical pore by water under equilibrium condi-
tions, provided the pore radius exceeds a critical value
R.=5.3 A, as reported earlier for the same motfedy

for more realistic models of ion chann&®or carbon
nanotubes.The critical radius agrees well with the pre-
diction of a simple macroscopic calculation with rea-
sonable values of the liquid/vapor and liquid/pore sur-
face tensiongcf. Eq. (3)].

Below the critical radiusR. water still permeates the
pore under the action of a strong electric field. The
electric field is produced in a condenserlike setup,
whereby the reservoirs in both sides of the pore contain
ions of opposite charge. Equilibrium conditions are
mimicked by preventing the ions from passing through
the pore to restore electroneutrality in the two reser-
voirs. The water driven into the channel exhibits strong
electrostrictive behavior, as characterized by layered
radial density profiles, a mean density up to twice the
bulk density, and a dramatic drop in dielectric permit-
tivity. All these observations can be traced back to a
considerable distortion of the hydrogen-bond network
inside the pore. The variation of the critical radids
with electric field is qualitatively, but not quantitatively
reproduced by a macroscopic calculation of the compe-
tition between capillary and electrostatic contributions
to the free-energy difference between filled and empty
states in the pore.

The free-energy barrier to ion permeation of a filled
pore has been estimated by calculating the Landau
free-energy profile as a function of the axia) posi-
tion of a single ion. This free energy has an entropic
contribution, due to confinement, which is easily calcu-
lated, and a solvation contribution, which must be es-
timated in the MD simulations with the help of a bias-
ing potential (umbrella sampling The latter
contribution correlates well with known solvation free
energies in bulk water. In particular, the barrier to en-
tering the hydrophobic pore is lower for the khan for

the Nd ion. When the pore radiuR<R;, water must

be forced inside the pore, by applying a biasing poten-
tial, which polarizes the channel. If the biasing field
does not act on the ion, the barrier height felt by the
latter increases with field strength. When the electric
field also acts on the ion, the potential barrier drops to
a fewkgT.

We have finally explored the relaxation towards equi-
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librium, by starting the MD simulations with a large ) 70’12 6
charge imbalance between the reservoirs on both sides Vp(r) = 77€ ng(r) — oK) |, (A3)
of the pore and observing the successive passages of

ions through the pore to restore charge neutrality. AtvhereK, is defined as the integral

each ion passage, the electric field across the channel w

drops, reducing the initial strong electrostriction, i.e., K,(r) = R;mf
the mean density of water inside the pore. After a suc-
cession of drops, the pore closes to water, and hence gty ,=r/R, andr is the distance from the particle to the
ion transport, thus providing a possible mechanism fofiyner surface of the pore. In our simulations the correspond-
voltage-dependent gating of hydrophobic pores. Sincgng forces are evaluated by numerical integration for the ap-
the critical electric field, below which t_he channel propriate pore radiuR,, tabulated for 10 000 values and
closes to water, depends on the pore radius and lengtlioreq in each simulation run. For particle positions outside
we mlght expect that water permeation of hydrophobicio pore(z>0) of lengthL, but radial distances<R, we
pores is strongly dependent on pore geometry. use a simple interpolation between the particle Waft) and
particle pore(A3) potentials to avoid discontinuities

do[— ncosf+ (1 — 27 sir? 2™ (A4)
0

Although clearly not directly applicable to any specific
pore or ion channel, our results give clear indications of ge- z r
neric trends in water and ion permeation upon varying the Vil 2) = \,mvw(z) * \;mvp(r)' (AS)
characteristics of the pore geometry, and the applied electric
field. Apart from the chemical specificity, the physically most The interaction between the ions and the membrane surface
important feature missing so far in our model is the polariz-is obtained in an analog way. The interaction parameters are
ability of the water molecules and of the pore-embeddingsgummarized in Table I. Very similar interactions have been

material(e.g., the protein in the case of ion channels or aquatised by Alleret al.in their study of intermittency of water in
poring. Work along these lines is in progress. a narrow hydrophobic porjé’.We finally note that a consis-

tent integration over a finite cylinder in a slab would yield a
different, but very similar interaction t6A2)—(A5), which
ACKNOWLEDGMENTS we think would affect our results only slightly in a quantita-

tive way, but not qualitatively.
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In order to evaluate the local electric field at a given
positionr, the electrostatic force per charge of all charged
APPENDIX A: WATER-WALL AND WATER CYLINDER water atomgoxygen, hydrogenin a small volume around
INTERACTIONS is averaged over £0-10* independent configurations. The
volume is cubic and centered orwith side lengths of 1 A.
U6nly the reciprocal part of the smooth particle-mesh Ewald
force is taken into account to avoid delta peak contributions
due to close proximity of surrounding chargd@&hese local
contributions do not contribute to the macroscopic electric
a\? [o)\® field atr and average out to zero. The Ewald cut-off radius
V() = 46{(?) - (?) } (A1) \yas chosen to be.=2 A and the convergence parameter
] . was accordingly readjusted to=3.2/r.. This method yields
with €=0.8148 kJ mot* and 0=3.75 A. Integration ofA1)  the same result as obtained by integration of charge density
over the membrane volume yields a potential of the 9-3 forrr};“Ong thez axis[one-dimensional1D) Poisson equatidpif
o\ [o'\3 the system is homogeneous in the plane. Fixed phantom
Vi(2) = 4¢€’ (?) - ( ) , (A2)  test particles, not acting on the other particles in the system,
were used to measure the electric field in the case when no
wherez is the distance between the planar confining surfacevater molecules were present aroungk.g., in a pore empty
and the center of the O atom ard=1.2578 kJ/mol and of wate.
o’ =2.474 A. This potential is the same as that used for the
study of liquid water between hydrophobic surfaces by Le€,poen )y . ELECTRIC FIELD INSIDE THE PORE
et al”* The ion-wall interactions have been obtained accord-
ingly. In our simulationsv,, is shifted and cut at a distance Consider a schematic model whereby the cylindrical
z.,=9 A from the wall. An analogous integration can be pore of radiusR and lengthL and embedding dielectric me-
performed over the volume surrounding an infinitely longdium of permittivity €., are confined between the two infinite
pore with radiusR, yielding a semianalytical solutiotsee plates of a condenser carrying uniform surface-charge densi-
the work of Petersoet al® or Appendix A in the work of ties #. The water-filled pore is characterized by a permittiv-
Allen et all9) given by ity €, and the axis of the cylinder is chosen to be trexis.

assembly of methane GHnolecules, each of which interacts
with the water oxygen at a distancevia the Lennard-Jones
potential

z
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= 1 L (1 1
— E(z:L/2,r:O):i{—+’—_22(___)]_
€|l € VL°+4R\en €

(C2
At both ends
E(z=0,r=0=E(z=L, r=0)

_T|1, L2 (1 1)
€| € \e"L2+R2 €m €

<E(z=L/2,r=0) if en<ep. (C3

The effective permittivity in the pore may then be estimated

from
EO T
(E)y=E(z=L/2,r=0)=—=—, (C9
€ €€
which yields
i, L (11 s
e € VL2 + 4R?\ €, € '

In fact, (E) <E(z=L/2,r=0), so thate should be larger than
predicted by Eq(C5). The prediction(C5) of the macro-
scopic model is in semiquantitative agreement with the simu-
FIG. 15. Sketch of two infinite oppositely charged plates with charge dendation data presented in Table Il for pores of various radii
sity +7 separated by a distanteenclosing a medium with permittivity,,. (which corresponds to Ep> €n=1 Ieading to
The dlelectr_lc pore with permittivity, betwet_en the plates generates surface ___ \e"L2+4R2/ L). Using the same macroscopic electrostatic
charges which change the homogeneous field generated by these plates. The . .
resulting field on the axis of the pore is given by EGY). mode], we haye F:alc;ulated numerlcally the inhomogeneous
electric-field distributionE(r,z=z;) off axis at the center of
In the following, z is the distance from the left cylinder en- the pore. Results are shown in Fig. 4 and should be com-
trance. The setup is sketched in Fig. 15. In the absence of gared to the simulation data in Fig. 5. The comparison is
cylindrical pore through the membrane, i.e., in the liRit commented in Sec. Il B.
—0, the electric field inside the condenser would Be
=7/ (€,em)U,=EU,. (U, being the unit vector alon@z) In the See Special Issue, Water in confined geometries, edited by M. Rpkere
r n fth > there will mponent Phys.: Condens. Mattet6, S5297(2004].
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