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Electric field-controlled water permeation coupled to ion transport
through a nanopore
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We report molecular dynamics simulations of a generic hydrophobic nanopore connecting two
reservoirs which are initially at different Naconcentrations, 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. 2@4 American Institute of Physics.

[DOI: 10.1063/1.1665656

Water and ion permeation of nanopores is a key issue foelectric field are typically at least an order of magnitude
biological membrane-spanning ion channels and aquaporinigrger than under “normal” physiological conditions, but
as well as for materials like zeolites, gels and carbon nanathey could be achieved in the course of a rare, large fluctua-
tubes. Recent simulations report intermittent filling of hydro-tion at the pore entrance. Such a large initial ionic concen-
phobic nanopores by water under equilibrium conditibifs. tration gradient is necessary to improve the signal-to-noise
However, imbalances in ion concentrations between the inratio in the simulation. The chosen pore dimensions are com-
side and outside of cell membranes create strong electrigarable to those of the selectivity filter of a'kchanneft21’
fields® Experiments on water near interfaces show that Our simulation cell contains two of these pores in
strong fields can induce considerable electrostriction ofequence along the z-axis, only one of which is shown in
water® The nonequilibrium behavior of confined water and Fig. 1. The reservoir to the right of this pore thus forms the
ions in strong fields should therefore be very important forleft reservoir for the other pore. Due to periodic boundary
ion permeation and ion channel function. In particular, bio-conditions, the right reservoir of the latter is also the left
logical ion channels are known to “open” and “close” to ion reservoir of the first. In this arrangement, which is the sim-
transport in response to changes in the electric field across
the membrane. This behavior, known asltage gating is
crucial to their function, but despite recent experimental N
advance$® its mechanism is so far not well understobd. . %
Related theoretical approacfiés ion transport include the :
application of a uniform external electric fielt** more spe- .4
cific models of particular protein€, > Brownian Dyna- S
mics'* and continuum theorie¥.Here we present the results w-"?‘“ o

the case in a biological cell. We follow the relaxation of thls
nonequilibrium system to equilibrium. W
Our generic model ion channel consists of a cylindrical . : &
pore of lengthL,=15A and radiusR,=5.5 A, through a , "“_f_'_'.
membrane slab which separates two reservoirs containin s
water and N& and CI” ions, as shown in Fig. 1. One reser-
voir has initial concentrationsy,+~0.9 M (12 cation$ and
Cco-~0.6 M (8 aniong, while for the second reservoir, o
Cnat=~0.3M (4 cation$ and cc-~0.6 M (8 anions. This LAY
imbalance of charge generates an average electric field or

0.37 V/A across the membrane. These ion concentrations arriG. 1. Simulation snapshots. Molecular configuratiéaisbefore a cation
(dark gray sphergegpermeates the channel afig), 10 ps later, while it goes
through. Anions are shown as light gray spheres. Only half of the periodi-
3Electronic mail: jd319@cam.ac.uk cally repeated simulation cell is shown.
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plest allowing the use of full three-dimensional periodic a

boundaries, the flow of ions in response to the concentratior 10

gradient will be antiparallel in the two channels. The relax-

ation towards equilibrium, where the two reservoirs are indi-

vidually electroneutral, will thus involve an indirect coupling 4. .

between the two pores. '
The water molecules are modeled by the SPC/E 4/A

potential® which consists of an O atom, carrying an electric o]

chargeq=—0.8476e, and two H atoms with=0.4238e. I T
The O atoms on different water molecules interact via a e ::I};////V/;/////fw/j:: e
Lennard-Jones(LJ) potential with parameters=0.6502 P B PP g o o
kd mol * ando=3.169 A. The model is rigid, with OH bond B s Too
lengh 1 A and HOH angle 109.5°. The ion parameters used |- - - - - - -
are those of SpoHf. The Na ions have LJ parameters od S O
€=0.3592 kdmol?, ¢=2.73 A andg= +e while for cI, = b=—— = . S
€=0.1686 kImol’, 0=4.86 A andq=—e. 04— ' : - - '

Water O atoms interact with the membrane surfaces by e= 0.3
potential of the 9-3 forV(z) = €'[ (¢/2)°— (o' 12)%], where % ozl
zis the distance between the planar confining surface and th <.~ |
center of the O atom and =5.031 kJ/mol,o’=2.474 A. r.q"’o'l_

This potential is the same as that used for the study of liquid o—"
water between hydrophobic surfaces by Lee, McCammon, 15 20 25 33‘ 35 40 45
and Rossk$P and is obtained by the integration of a water— zl

hydrocarbon. L‘.] mtergctlon Qver an infinite wall. It is in- FIG. 2. Electric field in and around the pore before the first ion crossig.
tended to mimic the interaction between a water moleculgagnitude and direction of the electric field, depicted by vectors on a two-
and a hydrocarbon surface. For the interaction between th#mensional rectangular grid in thez plane. The contour of the membrane
particles and the interior cylindrical channel surface we usedore is sketched as black solid lirie) Averagedz-componen€,(z) of the

an analytical fit to the analogous integral over the volume®ectric field inside the channel,

surrounding an infinitely long pore. Linear interpolation pro-

cedures were applied at the pore edges to avoid any discogontains 1374 water molecules, 16 Nand 16 CI ions.
tinuities. Very similar interactions were used in a previousmolecular dynamics simulations were carried out with the
work on water confined in pores, which revealed intermittentp poLy2 package?? using the Verlet algorithA?2?* with a
behavior of water permeation under equilibrium conditidns. timestep of 2 fs. The pressure was maintained®atl bar
lon—water and ion—ion cross terms are defined using thand the temperature @t=300 K using a Berendsen barostat

usual Lorentz—Berthelot combining rules. lons have theand thermosta®® Electrostatic interactions were calculated
same form of interaction with the membrane surfaces as thgsing the particle—mesh Ewald methid.

water molecules, the parameters beieig=-4.928 kJ/mol, The striking result of these simulations is that perme-
0=3.078 A for the CT and €'=2.902 kJ/mol,c’=2.317 A ation of the pore by water is strongly affected by the electric
for the Na'. field. The effective channel radius chosen for most of the

If R, is the geometric radius of the cylindrical pore, one simulations R~3 A) is such that under equilibrium condi-
may conveniently define an effective radiRsby the radial  tions(i.e., with equal numbers of anions and cations on both
distance from the cylinder axis at which the interaction ensides and hence no electric figldhe channel is empty of
ergy of a water O atom with the confining surface is zerowater and ions as demonstrated in previous Wwarkd veri-
leading at room temperature R~R,—2.5 A; similarly the  fied for the present simulation cell. However, under nonequi-
effective length of the pore it ~L,+ 5.0A. In order to librium conditions, the ionic charge imbalance across the
verify that the striking behavior described below is notmembrane causes the pore to fill spontaneously with water.
overly sensitive to details of the wall—particle interactions, The electric field throughout the system was monitored by
we have also carried out simulations based on a Lennardneasuring the electrostatic force on phantom test particles on
Jones 12-Grather than 9-Binteraction between the water a three dimensional gritf. Figure 2a) shows the average
and surfaces with the same effective pore radii and lengthsocal electric field around one pore before the first ion moves
The results showed no qualitative changes; only slight differthrough a channel. It is nearly zero in the reservoirs. Inside
ences of the water density profiles in the channel and at théhe pore the field is very strong-0.37 V/A) and has a small
membrane wall were observed. Polarizability of the mem-4nward radial component. The profile of tke&component of
brane is neglected here. Earlier simulatfdnsnder equilib-  the fieldE, is shown in Fig. 2b) and is constant inside the
rium conditions showed that polarization effects are smallpore.
only slightly shifting the transition from closed to intermit- During the course of the simulation, a number of'Na
tent states of the pore. ions move through the pore. Each of these events changes

The total simulation cell including both channels is of the reservoir charge imbalance and reduces the electric field
dimensionsl,=1,=23.5+= 0.3A andl,=114.3-1.7A and in the pore. This has a dramatic effect on the behavior of the
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t/ns FIG. 4. Cation trajectories inside the pore and in its vicinity. The

z-coordinate of the cations is plotted versus time for three successive per-

FIG. 3. Occupancy and structure of water inside the pore. The number Of,eations in one typical simulation run. The cylindrical pore is located be-
water molecules inside the chanrle_lzo is plotted as a function of time tweenz=—7.5A andz=7.5A marked by the two long dashed lins.

The shades of gray code the average magnitude of the electric field inside g gefines the time at which the ions are located at the entrance of the pore.

the pore: from black to light gray:E~0.37V/A, E~0.26V/A, E  The shades of gray code the average magnitude of electric field experienced
~0.15 V/A, E~0.10 V/A. The inset shows the corresponding radial density by the ions, as in Fig. 3.

profiles of the water molecules inside the channel averaged over periods of
constant fieldp, is the bulk density of water in equilibriunm,, [Eq. (1)]

is the expected number of water molecules inside the pore if bulk density i%empty pore(roughly its diameted~3 A) the field to over-
assumed. come the energy barrier must be abobt=AG/(qd)

~1.2 V/IA, which is one order of magnitude higher than the
water, as shown in Fig. 3 in which the numisgy , of water fields observed for our parameters when the channel empties
molecules inside one pore is plotted as a function of time fon water. Smcg the electric field is even smaller at the pore
a typical simulation run. entrance than in the pore center we expect that only unrea-

Initially, the water in the pore undergoes strong electro-sonably high fields could drive ions through an empty pore.

striction, comparable to experimental observatidristhe OhbwouTIy,_I;trtl)e enerlglgy bar:ner folr the tI)(')I'n to feﬂter an (ta)mpty
average density in the pore is defined by ¢ _anTedV\g esr:na erlw en polariza Idlijg ¢ ehmemfranef
~ny.o/(wR?L), thenp is twice as large as that of bulk IS Included, or when polar groups are adde on the surface o

2~ o . the channel. In the present simulations we never observed an
water in equilibrium. If we assume bulk density of waggr

o . isolated ion crossing an empty pore.
inside a channel of radiuR and [engthL we expect an av- The structure of water in the filled pore is strongly af-
erage numben,,, of molecules inside the channel with

fected by the field, as shown in the inset of Fig. 3. Before the
Npuk= po( TRZL). (1) firstion crossing, water forms clear-cut layers near the pore
wall and along thez-axis. The central layer disappears after
Npui is indicated with an arrow on the right-hand side in Fig. the first ion crossing and the outer layer becomes less well-
3. At each ion crossing, the numbmey o of water molecules  defined. After a further ion crossing, water is more evenly
inside the pore drops but is still larger than,,. In the distributed, as observed in the equilibrium simulations of
particular simulation run shown in Fig. 3 three cations pas#llen et al3
through this pore. After the third ion crosses~2.23 ns), lon transport through the pore is found to occur essen-
the electric field is no longer strong enough to sustain chantially at constant velocity. Figure 1 shows snapshots from a
nel filling and the pore spontaneously empties of waterfypical simulation run just beforé) and while(b) a sodium
thereby becoming impermeable to further ion transportion passes through the channel. Within the reservoirs the
However the other pore in the simulation cell remains filledanions and cations diffuse among the water molecules. When
and the final ion crossing eventually occurs through this pore cation in the Na-rich reservoir comes close to the channel
which thereafter also empties of water. At this stage, theentrance, it experiences the strong axial field shown in Fig. 2
system has returned to equilibrium and both channels arand is dragged into the channel. Analysis of the ion passages
empty of water. On repeating the simulation 10 times withfor ten simulation runs, with the same initial charge imbal-
different initial conditions, we observe that the closing of oneance but different initial configurations, shows that once an
pore after the third ion passes through it occurs in all runs.ion enters the channel, it moves mainly with a constant ve-
We believe that the presence of water within the channelocity which is approximately the same in all runs, and then
is critical for an ion to enter. When the channel is empty ofreverts to diffusive motion in the reservoir at the other end of
water, the sodium ion experiences a large potential barrier ahe channel.
the entrance; this can be approximated by the solvation free Figure 4 shows typical cation positions along thaxis,
energy in water £ G~347 kJ/mol)?’ If we assume a con- as a function of time, for the first, second and third ion cross-
stant electric field and a typical distand@ver which the ion ings, as shown in Fig. 3. The velocity of an ion traversing the
with chargeq sheds its solvation shell while entering the pore decreases with the number of previous cation crossings
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due to the lowering of the driving electric field. It appearsruns, the passage of a cation through the channel causes an
that the second and third ion pause for a few ps at the charabrupt jump of the electric field, and an ensuing jump in the
nel entrance, perhaps in order to shed their bulklike solvatiomumber of water molecules inside the pore. lon passage
shell. We observe that this “pausing time” is rather widely through the pore occurs at constant velocity and with a mo-
distributed between simulation runs. The cation mobilitybility coefficient similar to that of the bulk solution at equi-

u. , defined b= u , eE, can be calculated from the slopes librium.
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