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Electric field-controlled water permeation coupled to ion transport
through a nanopore

J. Dzubiella,a) R. J. Allen, and J.-P. Hansen
University Chemical Laboratory, Lensfield Road, Cambridge CB2 1EW, United Kingdom

~Received 30 October 2003; accepted 13 January 2004!

We report molecular dynamics simulations of a generic hydrophobic nanopore connecting two
reservoirs which are initially at different Na1 concentrations, as in a biological cell. The nanopore
is impermeable to water under equilibrium conditions, but the strong electric field caused by the
ionic concentration gradient drives water molecules in. The density and structure of water in the
pore are highly field dependent. In a typical simulation run, we observe a succession of cation
passages through the pore, characterized by approximately bulk mobility. These ion passages reduce
the electric field, until the pore empties of water and closes to further ion transport, thus providing
a possible mechanism for biological ion channel gating. ©2004 American Institute of Physics.
@DOI: 10.1063/1.1665656#
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Water and ion permeation of nanopores is a key issue
biological membrane-spanning ion channels and aquapo
as well as for materials like zeolites, gels and carbon na
tubes. Recent simulations report intermittent filling of hydr
phobic nanopores by water under equilibrium conditions.1–4

However, imbalances in ion concentrations between the
side and outside of cell membranes create strong ele
fields.5 Experiments on water near interfaces show t
strong fields can induce considerable electrostriction
water.6 The nonequilibrium behavior of confined water a
ions in strong fields should therefore be very important
ion permeation and ion channel function. In particular, b
logical ion channels are known to ‘‘open’’ and ‘‘close’’ to io
transport in response to changes in the electric field ac
the membrane. This behavior, known asvoltage gating, is
crucial to their function, but despite recent experimen
advances7,8 its mechanism is so far not well understood5

Related theoretical approaches9 to ion transport include the
application of a uniform external electric field,10,11more spe-
cific models of particular proteins,12–15 Brownian Dyna-
mics11 and continuum theories.16 Here we present the resul
of MD simulations in which a strong electric field across t
pore is explicitly created by an ionic charge imbalance, a
the case in a biological cell. We follow the relaxation of th
nonequilibrium system to equilibrium.

Our generic model ion channel consists of a cylindri
pore of lengthLp515 Å and radiusRp55.5 Å, through a
membrane slab which separates two reservoirs contai
water and Na1 and Cl2 ions, as shown in Fig. 1. One rese
voir has initial concentrationscNa1'0.9 M ~12 cations! and
cCl2'0.6 M ~8 anions!, while for the second reservoir
cNa1'0.3 M ~4 cations! and cCl2'0.6 M ~8 anions!. This
imbalance of charge generates an average electric fiel
0.37 V/Å across the membrane. These ion concentrations
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electric field are typically at least an order of magnitu
larger than under ‘‘normal’’ physiological conditions, bu
they could be achieved in the course of a rare, large fluc
tion at the pore entrance. Such a large initial ionic conc
tration gradient is necessary to improve the signal-to-no
ratio in the simulation. The chosen pore dimensions are c
parable to those of the selectivity filter of a K1 channel.12,17

Our simulation cell contains two of these pores
sequence along the z-axis, only one of which is shown
Fig. 1. The reservoir to the right of this pore thus forms t
left reservoir for the other pore. Due to periodic bounda
conditions, the right reservoir of the latter is also the l
reservoir of the first. In this arrangement, which is the si

FIG. 1. Simulation snapshots. Molecular configurations~a! before a cation
~dark gray spheres! permeates the channel and~b!, 10 ps later, while it goes
through. Anions are shown as light gray spheres. Only half of the peri
cally repeated simulation cell is shown.
1 © 2004 American Institute of Physics

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

http://dx.doi.org/10.1063/1.1665656


ic
tio
x
d
g

/
ric

se
s

y

t

u
o
r–
-
u
t

se
m
o-
co
u
en
s.
th

th
th

ne

n
ro

o
s

ar
r
th
fe
th
m

al
t-

of

he

at
d

e-
tric
the
i-
oth
f

ui-
the
ter.
by

s on

es
ide
l

e

ges
field
the

wo-
e

5002 J. Chem. Phys., Vol. 120, No. 11, 15 March 2004 Dzubiella, Allen, and Hansen
plest allowing the use of full three-dimensional period
boundaries, the flow of ions in response to the concentra
gradient will be antiparallel in the two channels. The rela
ation towards equilibrium, where the two reservoirs are in
vidually electroneutral, will thus involve an indirect couplin
between the two pores.

The water molecules are modeled by the SPC
potential18 which consists of an O atom, carrying an elect
chargeq520.8476e, and two H atoms withq50.4238e.
The O atoms on different water molecules interact via
Lennard-Jones~LJ! potential with parameterse50.6502
kJ mol21 ands53.169 Å. The model is rigid, with OH bond
length 1 Å and HOH angle 109.5°. The ion parameters u
are those of Spohr.19 The Na1 ions have LJ parameter
e50.3592 kJ mol21, s52.73 Å andq51e while for Cl2,
e50.1686 kJ mol21, s54.86 Å andq52e.

Water O atoms interact with the membrane surfaces b
potential of the 9-3 formV(z)5e8@(s/z)92(s8/z)3#, where
z is the distance between the planar confining surface and
center of the O atom ande855.031 kJ/mol,s852.474 Å.
This potential is the same as that used for the study of liq
water between hydrophobic surfaces by Lee, McCamm
and Rossky20 and is obtained by the integration of a wate
hydrocarbon LJ interaction over an infinite wall. It is in
tended to mimic the interaction between a water molec
and a hydrocarbon surface. For the interaction between
particles and the interior cylindrical channel surface we u
an analytical fit to the analogous integral over the volu
surrounding an infinitely long pore. Linear interpolation pr
cedures were applied at the pore edges to avoid any dis
tinuities. Very similar interactions were used in a previo
work on water confined in pores, which revealed intermitt
behavior of water permeation under equilibrium condition3

Ion–water and ion–ion cross terms are defined using
usual Lorentz–Berthelot combining rules. Ions have
same form of interaction with the membrane surfaces as
water molecules, the parameters beinge854.928 kJ/mol,
s53.078 Å for the Cl2 ande852.902 kJ/mol,s852.317 Å
for the Na1.

If Rp is the geometric radius of the cylindrical pore, o
may conveniently define an effective radiusR by the radial
distance from the cylinder axis at which the interaction e
ergy of a water O atom with the confining surface is ze
leading at room temperature toR'Rp22.5 Å; similarly the
effective length of the pore isL'Lp15.0 Å. In order to
verify that the striking behavior described below is n
overly sensitive to details of the wall–particle interaction
we have also carried out simulations based on a Lenn
Jones 12-6~rather than 9-3! interaction between the wate
and surfaces with the same effective pore radii and leng
The results showed no qualitative changes; only slight dif
ences of the water density profiles in the channel and at
membrane wall were observed. Polarizability of the me
brane is neglected here. Earlier simulations21 under equilib-
rium conditions showed that polarization effects are sm
only slightly shifting the transition from closed to intermi
tent states of the pore.

The total simulation cell including both channels is
dimensionsl x5 l y523.560.3 Å and l z5114.361.7 Å and
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contains 1374 water molecules, 16 Na1 and 16 Cl2 ions.
Molecular dynamics simulations were carried out with t
DLPOLY2 package,22 using the Verlet algorithm23,24 with a
timestep of 2 fs. The pressure was maintained atP51 bar
and the temperature atT5300 K using a Berendsen barost
and thermostat.25 Electrostatic interactions were calculate
using the particle–mesh Ewald method.26

The striking result of these simulations is that perm
ation of the pore by water is strongly affected by the elec
field. The effective channel radius chosen for most of
simulations (R'3 Å) is such that under equilibrium cond
tions ~i.e., with equal numbers of anions and cations on b
sides and hence no electric field!, the channel is empty o
water and ions as demonstrated in previous work3 and veri-
fied for the present simulation cell. However, under noneq
librium conditions, the ionic charge imbalance across
membrane causes the pore to fill spontaneously with wa
The electric field throughout the system was monitored
measuring the electrostatic force on phantom test particle
a three dimensional grid.10 Figure 2~a! shows the average
local electric field around one pore before the first ion mov
through a channel. It is nearly zero in the reservoirs. Ins
the pore the field is very strong~;0.37 V/Å! and has a smal
inward radial component. The profile of thez-component of
the fieldEz is shown in Fig. 2~b! and is constant inside th
pore.

During the course of the simulation, a number of Na1

ions move through the pore. Each of these events chan
the reservoir charge imbalance and reduces the electric
in the pore. This has a dramatic effect on the behavior of

FIG. 2. Electric field in and around the pore before the first ion crossing.~a!
Magnitude and direction of the electric field, depicted by vectors on a t
dimensional rectangular grid in thex-z plane. The contour of the membran
pore is sketched as black solid line.~b! Averagedz-componentEz(z) of the
electric field inside the channel.
P license or copyright; see http://jcp.aip.org/jcp/copyright.jsp
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water, as shown in Fig. 3 in which the numbernH2O of water
molecules inside one pore is plotted as a function of time
a typical simulation run.

Initially, the water in the pore undergoes strong elect
striction, comparable to experimental observations.6 If the
average density in the pore is defined byr
'nH2O/(pR2L), then r is twice as large as that of bul
water in equilibrium. If we assume bulk density of waterr0

inside a channel of radiusR and lengthL we expect an av-
erage numbernbulk of molecules inside the channel with

nbulk5r0~pR2L !. ~1!

nbulk is indicated with an arrow on the right-hand side in F
3. At each ion crossing, the numbernH2O of water molecules
inside the pore drops but is still larger thannbulk . In the
particular simulation run shown in Fig. 3 three cations p
through this pore. After the third ion crosses (t'2.23 ns),
the electric field is no longer strong enough to sustain ch
nel filling and the pore spontaneously empties of wa
thereby becoming impermeable to further ion transp
However the other pore in the simulation cell remains fill
and the final ion crossing eventually occurs through this p
which thereafter also empties of water. At this stage,
system has returned to equilibrium and both channels
empty of water. On repeating the simulation 10 times w
different initial conditions, we observe that the closing of o
pore after the third ion passes through it occurs in all run

We believe that the presence of water within the chan
is critical for an ion to enter. When the channel is empty
water, the sodium ion experiences a large potential barrie
the entrance; this can be approximated by the solvation
energy in water (DG'347 kJ/mol).27 If we assume a con
stant electric field and a typical distanced over which the ion
with chargeq sheds its solvation shell while entering th

FIG. 3. Occupancy and structure of water inside the pore. The numbe
water molecules inside the channelnH2O is plotted as a function of timet.
The shades of gray code the average magnitude of the electric field in
the pore: from black to light gray:E'0.37 V/Å, E'0.26 V/Å, E
'0.15 V/Å, E'0.10 V/Å. The inset shows the corresponding radial dens
profiles of the water molecules inside the channel averaged over perio
constant field.r0 is the bulk density of water in equilibrium.nbulk @Eq. ~1!#
is the expected number of water molecules inside the pore if bulk densi
assumed.
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empty pore~roughly its diameterd'3 Å) the field to over-
come the energy barrier must be aboutE5DG/(qd)
'1.2 V/Å, which is one order of magnitude higher than t
fields observed for our parameters when the channel emp
of water. Since the electric field is even smaller at the p
entrance than in the pore center we expect that only un
sonably high fields could drive ions through an empty po
Obviously, the energy barrier for the ion to enter an em
channel will be smaller when polarizability of the membra
is included, or when polar groups are added on the surfac
the channel. In the present simulations we never observe
isolated ion crossing an empty pore.

The structure of water in the filled pore is strongly a
fected by the field, as shown in the inset of Fig. 3. Before
first ion crossing, water forms clear-cut layers near the p
wall and along thez-axis. The central layer disappears aft
the first ion crossing and the outer layer becomes less w
defined. After a further ion crossing, water is more eve
distributed, as observed in the equilibrium simulations
Allen et al.3

Ion transport through the pore is found to occur ess
tially at constant velocity. Figure 1 shows snapshots from
typical simulation run just before~a! and while~b! a sodium
ion passes through the channel. Within the reservoirs
anions and cations diffuse among the water molecules. W
a cation in the Na1-rich reservoir comes close to the chann
entrance, it experiences the strong axial field shown in Fig
and is dragged into the channel. Analysis of the ion passa
for ten simulation runs, with the same initial charge imb
ance but different initial configurations, shows that once
ion enters the channel, it moves mainly with a constant
locity which is approximately the same in all runs, and th
reverts to diffusive motion in the reservoir at the other end
the channel.

Figure 4 shows typical cation positions along thez-axis,
as a function of time, for the first, second and third ion cro
ings, as shown in Fig. 3. The velocity of an ion traversing t
pore decreases with the number of previous cation cross

of

ide

of

is

FIG. 4. Cation trajectories inside the pore and in its vicinity. T
z-coordinate of the cations is plotted versus time for three successive
meations in one typical simulation run. The cylindrical pore is located
tween z527.5 Å and z57.5 Å marked by the two long dashed lines.t
50 defines the time at which the ions are located at the entrance of the
The shades of gray code the average magnitude of electric field experie
by the ions, as in Fig. 3.
P license or copyright; see http://jcp.aip.org/jcp/copyright.jsp
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due to the lowering of the driving electric field. It appea
that the second and third ion pause for a few ps at the ch
nel entrance, perhaps in order to shed their bulklike solva
shell. We observe that this ‘‘pausing time’’ is rather wide
distributed between simulation runs. The cation mobil
m1 , defined byv5m1eE, can be calculated from the slope
of the trajectories in Fig. 4, together with the measured e
tric fields, as in Fig. 2. The resulting values arem1'4.5
31011s kg21 for the first ion,m1'3.831011s kg21 for the
second ion, andm1'2.431011s kg21 for the third ion, av-
eraged each over data from 10 simulations runs with dif
ent initial configurations. These values are close to the va
of m1'2.331011s kg21 obtained from the self-diffusion
constant in the reservoirD1 , using Einstein’s relationm1

5D1 /kBT, but seem to increase with the magnitude of t
electric field inside the pore. This enhancement of the m
bility correlates with the change of structure of the wa
inside the channel, shown in the inset of Fig. 3. The tetra
dral hydrogen bond network which water forms under eq
librium conditions is disrupted inside the pore under hi
electric fields.

In order to test the effect of increasing the box size in
lateral directions we doubled the box area in thex-y plane,
keeping the ion concentration gradient constant. As a co
quence the number of water molecules and ions was dou
as well, and so twice the number of ion passages were
quired before the system relaxed to equilibrium. The jum
in the macroscopic electric field and in the number of wa
molecules inside the channel during an ion passage are
smaller in this case than those shown in Fig. 3.

Changes of the pore radius or length give qualitativ
the same results, apart from the fact that for pore radii lar
than R'5 Å the pore is always filled with water.3 For
smaller radii the critical electric field for water permeation
however, sensitive to the pore radius and length. This s
gests that voltage-dependent gating in ion channels, if it w
to occur through changes in water permeation of a hydrop
bic section of the pore,2–5 might be strongly dependent o
channel geometry.

The key finding which emerges from our simulations
the strong correlation between water and ion behavior i
simple pore under nonequilibrium conditions. Ionic char
imbalance across the membrane induces water permeati
the hydrophobic pore and thus makes it permeable to io
This suggests that voltage gating of ion channels could
linked to the coupling between water and ion permeation
pores far from equilibrium. The structure and density of w
ter in the pore is dramatically affected by the strong elec
field in a way which is insensitive to the details of the co
fining potential or the simulation box size. In our simulatio
Downloaded 23 Jan 2008 to 75.205.224.145. Redistribution subject to AI
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runs, the passage of a cation through the channel cause
abrupt jump of the electric field, and an ensuing jump in t
number of water molecules inside the pore. Ion pass
through the pore occurs at constant velocity and with a m
bility coefficient similar to that of the bulk solution at equ
librium.
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