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ABSTRACT Brownian dynamics simulations have been carried out to study ionic currents flowing across a model mem-
brane channel under various conditions. The model channel we use has a cylindrical transmembrane segment that is joined
to a catenary vestibule at each side. Two cylindrical reservoirs connected to the channel contain a fixed number of sodium
and chloride ions. Under a driving force of 100 mV, the channel is virtually impermeable to sodium ions, owing to the repulsive
dielectric force presented to ions by the vestibular wall. When two rings of dipoles, with their negative poles facing the pore
lumen, are placed just above and below the constricted channel segment, sodium ions cross the channel. The conductance
increases with increasing dipole strength and reaches its maximum rapidly; a further increase in dipole strength does not
increase the channel conductance further. When only those ions that acquire a kinetic energy large enough to surmount a
barrier are allowed to enter the narrow transmembrane segment, the channel conductance decreases monotonically with the
barrier height. This barrier represents those interactions between an ion, water molecules, and the protein wall in the
transmembrane segment that are not treated explicitly in the simulation. The conductance obtained from simulations closely
matches that obtained from ACh channels when a step potential barrier of 2-3 kT, is placed at the channel neck. The
current-voltage relationship obtained with symmetrical solutions is ohmic in the absence of a barrier. The current-voltage
curve becomes nonlinear when the 3 KT, barrier is in place. With asymmetrical solutions, the relationship approximates the
Goldman equation, with the reversal potential close to that predicted by the Nernst equation. The conductance first increases
linearly with concentration and then begins to rise at a slower rate with higher ionic concentration. We discuss the implications
of these findings for the transport of ions across the membrane and the structure of ion channels.

INTRODUCTION

Theoretical studies of the biological ion channel have beemlisparate sets of observations into a connected whole. The
hampered by a lack of detailed structural knowledge. Theheoretical model described in this paper was produced in
exact shape of any biological channel, either ligand-gated athe hope of furthering this aim.

voltage-activated, is unknown, as are the positions, densi- It is possible to make the computations tractable by
ties, and types of dipoles and charge moieties on the proteimaking several simplifications of and idealizations about
wall. These details are needed to compute the intermolecuhe channel and electrolyte solutions, and to examine the
lar potential operating between water molecules, ions, anthagnitude of currents flowing through the model conduit
the protein wall, which is the essential ingredient for mi- under various conditions, using Brownian dynamics simu-
croscopic studies of channels using molecular dynamicdations (Cooper et al., 1985). Brownian dynamics provides
Even if such information were available, it would not be one of the simplest methods for following the trajectories of
feasible at present to carry out molecular dynamics calcuidealized particles in a fluid interacting with a dielectric
lations for all of the water molecules and ions in a biologicalboundary. Here the water is treated as a continuum, and the
channel and its surroundings for a period long enough tdnotions of individual ions are assumed to be governed by
deduce any of its macroscopically observable propertieslectrostatic forces emanating from other ions, fixed charges
For these and other reasons, it has not been possible ta the proteins, the applied electric field and the dielectric
compare the results obtained from microscopic models wittpoundary. The effects of solvation and the structure of water
the real data obtained from patch-clamp recordings. There igre taken into account by frictional and random forces
a need to develop models that can relate the structurdcting on ions. Brownian dynamics simulations have al-
parameters of channels to experimental measurements afegdy been fruitfully utilized to investigate the movement of

to build a theoretical framework that interlaces all of theions across a model cylindrical tube (Jakobsson and Chiu,
1987; Chiu and Jakobsson, 1989; Bek and Jakobsson, 1994)

and a toroidal channel (Li et al., 1998). With these simula-
tions, it was possible to capture some of the salient features
Received for publication 5 December 1997 and in final form 5 May 1998.Of biological ion channels and reveal the importance of the
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lular media must be relatively large, and the simulationMETHODS
period needs to be sufficiently long that reliable statistics for.
. . The channel model
currents flowing across the channel can be collected. With
this requirement in mind, we have devised a method ofThere are two major impediments to formulating a micro-
reducing the amount of computational effort involved in scopic model of membrane ion channels and simulating
simulating a system of charged particles interacting with anolecular trajectories of idealized particles interacting with
protein wall. Instead of computing the force acting on an ionthe protein boundary. First, the description of the protein
at each position and at each time step, we precalculated tieall forming a narrow cavity is relatively incomplete. For
values of the electric potential and field for a grid of €xample, the precise shape, and the number, magnitude, and
positions and stored them in a set of lookup tables. Using #cation of dipoles or charge moieties on the protein wall of
multidimensional interpolation algorithm (Press et al.,biological ion channels are unknown. Second, even with the
1989), the field and potential experienced by an ion at anyn0St @dvanced computer currently available, it is not fea-
position could be deduced from the information stored in5|ble to simulate motion of all water molecules and ions in

the lookup tables. Using this method, we were able to studﬁ1 channel ang stjrround_lpgs tfocrj aﬂp])erlod Iongt'enou]:‘:]h to
ionic currents flowing across a realistic model channel easure conductance. 10 study the permeation ot 1ons
under various conditions. through a biological channel, we need to devise an idealized

. ) . . model channel and then make several simplifying assump-
Brownian dynamics simulations do not adequately cap-. . )

ture the transport process of ions in the narrow constricte{{snS about the intermolecular potential that operates be-
port p ' een particles in the assembly. We therefore make the

uum, ions are idealized as point particles,
wall is represented as a structureless, rigid, and smootf,onnel under various conditions.
dielectric surface. In this narrow cylindrical region, polar

groups on the protein wall are likely to interact with the

primary or secondary hydration shell of an ion as it drifts shape of the channel

across the conduit, possibly replacing several water mole- h | . he
cules in the shell and forming temporary hydrogen bond¢* catenary channel was generated by rotating the closed

with the ion. Elucidation of the permeation processes taking%urve shown in Fig. 1A around the axis of symmetry (

place in the transmembrane segment will require molecul Xis). Thg 'vest|.bule of the channgl, whose shape is similar

. . . o that visible in the electron microscope picture of the
dynamics calculations, such as the ones carried out for the . . i
acetylcholine channel (Toyoshima and Unwin, 1988), was

gramicidin pore (Roux and Karplus, 1991a). In the absence dbvah boli ine f . h/
f a detailed knowledge of the location and types of polargenerate y-a iyperoolic cosing unctian a coshxa,
0 herea = 4.87 A. The radius of the entrance of the

groups lining the channel wall and the precise geometry Oi//vestibule was fixed at 13 A. Two identical vestibules were

the transmembrane segment, we have represented the intggnnected with a cylindrical transmembrane region of

molecular interactions taking place between ions, Watefength 10 A and radius 4 A. A cross section of the model
molecules, and the protein wall in this region as a SteRzhannel, the total interior volume of which was 2.%6
potential barrier of variable height. The barrier is con-10-26 3 s illustrated in Fig. 1B. We assumed, for
structed such that it rises gently to the desired height in 1 Aconvenience, that the two vestibules are identical in size,
and its first and second derivative are zero at the end pointglthough the image of the channel produced by Toyoshima
Thus the energy must be paid to enter the neck and iand Unwin (1988) shows that the extracellular vestibule is
returned when the ion exits. larger than the intracellular vestibule.

Here we describe a model channel and report the results
of Brownian dynamics calculations aimed at elucidating the
permeation of ions through it. The shape of the channel i®ipoles in the protein wall

made approxmately the same as that gf th_e ACh char_mello investigate how the permeation of ions across the chan-
(Toyoshima and Unwin, 1988), and cylindrical reservoirs o s influenced by the presence and absence of dipoles in
containing sodium and chloride ions are placed at each ene protein wall, we placed in some simulations a set of four
of the channel. We show that by placing an appropriatjingles inside the protein boundaryzt 5 A and another
strength of dipoles in the channel wall and erecting a smalket of four dipoles az = —5 A. Their orientations were
energy barrier at the entrance of the narrow transmembrar}gérpendicmar to the central axis of the lumerais). For
segment, we can replicate some of the macroscopicallgach dipole, the negative pole, pldc2 A inside the water-
observable properties of biological ion channels. Amongprotein boundary, was separated from the positive pole by 5
these are the channel conductance, an ohmic current-voltage Thus if 5/16 of an elementary charge was placed on each
relationship, inward rectification as predicted by thepole, then the total moments of four such dipoles would be
Goldman equation, and the conductance-concentratioh00 X 10 *° Coulomb-meter. The same configuration of
relationship. dipoles was used in all of the simulations, giving rise to an
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an ion navigating across it, as found in gramicidin A pores,
40 2t are not explicitly modeled in this study.

Energy barrier to penetrating the transmembrane segment

An ion in the vestibule needs to surmount an energy barrier
to traverse the narrow, constricted segment of the channel.
The presence of such an additional energy barrier in the
gramicidin pore has been revealed by molecular dynamics
-20 - = calculations. Additional evidence is provided by the con-

ductance-temperature curves measured from biological ion
channels, which are always steeper than the conductivity-

Radial distance (A)
o
|
1

-40 - 7 temperature curve of bulk electrolyte solutions. This steeper
! ! ! ! 1 rise in the channel conductance with temperature is inter-

-40 -20 0 20 40 preted as being due to the presence of a dynamic barrier that
Axial distance (A ) ions need to overcome (Kuyucak and Chung, 1994; Chung

and Kuyucak, 1995). Intuitively, this barrier arises from the
interactions between the protein wall and the hydrated ion
as the ion negotiates its way into the narrow, cylindrical
transmembrane pore. To enter the narrow segment, the
hydration shell of an ion needs to be rearranged, or some of
the water molecules in the primary or secondary hydration
shell need to be substituted with polar groups on the protein
wall. To rearrange the ion-water geometry requires an ad-
ditional energy, and the ion can surmount such a barrier
only when it gains a sufficient kinetic energy. To mimic a
barrier present in the ion channel, we placed in some sim-
ulations a potential step near the constricted segment of the
channel. The method we used for implementing such a
potential barrier in the Brownian dynamics algorithm is
FIGURE 1 Idealized biological ion channel. A model channel with two detailed in the Methods.

catenary vestibules was generated by rotating the closed curves outlined in

A along the symmetry axis (horizontal ling by 180°. A transverse section

of the channel so generated is showBirTo approximate the shape of the

acetylcholine receptor channel, vestibules at each side of the membrang/ater as a continuum
were constructed by using a hyperbolic cosine functior, a coshx/a,

wherea = 4.87 A. The radius of the entrance of the vestibule was fixed at\We treat the water as a continuum in which the ions move
13 'A, a_nd the cylinc_irical trar_lsmgmbrane segment had a_radius of 4_,&. Eaclinder the influence of electrostatic forces and random col-
cylindrical reservoir, 60 A in diameter and 22 A in height, contained a . . . .
fixed number of sodium and chloride ions. Unless stated otherwise, théISIC.)nS.. In the constricted reglo_n of the channel, where the
ionic concentration in the volume composed of the channel vestibules anf@dius is~4 A, the representation of water molecules as a
the reservoirs was 300 mM. The cylindrical reservoir had a glass boundangontinuous dielectric medium is a poor approximation. The
in that an ion moving out of the boundary was reflected back into thegddition of energy barriers to the model is an attempt to
reservorr. compensate for this difficulty. We represent the water-

protein interface as a single sharp and rigid boundary be-

tween dielectrics. In reality, however, the channel wall is
attractive potential for sodium ions and a repulsive potentianot made of a structureless dielectric material. Instead, its
for chloride ions in the channel. These fixed charges represurface is likely to be lined with hydrophilic and polar side
sent the charged side chains thought to form a ring aroung@hains, which will restrict the ability of water molecules to
the entrance of the constricted region (Unwin, 1989), andilign with the electric field. The interface could be more
their nearby counter-charges. For convenience, we adjusiccurately represented as a region of intermediate dielectric
the amount of charge rather than the number or positions gfonstant. Because the use of a single boundary does not
the charges, but in reality the side chains of charged aminmtroduce significant error, as has been shown elsewhere
acid residues would have one electron charge each if thefHoyles et al., 1996), we adopt the simpler model. The polar
are fully ionized or unprotonated at neutral pH. Polar groupggroups and ordered water at the interface are not explicitly
located in the transmembrane segment of the channel thatcluded in our model, being represented by the dielectric
may rotate in and out form temporary hydrogen bonds withboundary.
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Applied electric field Computational steps

A potential difference across a lipid membrane is produced’he Brownian dynamics algorithm we used for solving the
by a surface charge density on each side of the membrangangevin equation is that devised by van Gunsteren and
In microscopic terms, the surface charge density is a clouerendsen (van Gunsteren and Berendsen, 1982; van Gun-
of unpaired ions on either side of the membrane. Becaussteren et al., 1981). That the behavior of the interacting ions
these clouds are too diffuse to be explicitly included in ourdeduced from simulations using this algorithm accords with
simulation, we apply an external electric fiekdlof a con-  the physical reality is detailed elsewhere (see Li et al.,
stant strength to represent the average effect of the ionit998). To compute the positions and velocities of ions at
clouds. In the absence of any dielectric boundary, the podiscrete time steps dft, the algorithm takes the following
tential difference across a channel with the lengjib €/d.  computational steps:
The presence of a dielectric boundary, however, severely Step 1. Compute the magnitude of the electric force
distorts the field, enhancing it in the transmembrane segr(t) = ¢, acting on each ion at timg, and calculate its
ment and attenuating it in the vestibule (Kuyucak et al.derivative F(t,) — F(t, — 1)J/At.
1998). Thus the precise potential difference will depend on Step 2. Compute a net stochastic force impinging on each
the selected reference points at the two sides of the catenaiyn over the time period ofst from a sampled value of
channel. For simplicity, we apply a field strength of’ N Fr(b).
m~* and refer to it as an applied potential of 100 mV. Step 3. Determine the position of each ion at time- At
and its velocity at timé,, by substituting~(t,,), its derivative

. . F'(t,) andFg(t) into the solutions of the Langevin equation

Brownian dynamics (equations 2.6 and 2.22 of van Gunsteren and Berendsen,

The trajectories of ions drifting across the channel under thd982). _

influence of a driving force while executing random thermal  Step 4. Repeat the above steps for the desired number of
motion were followed with Brownian dynamics simula- Simulation steps. .

tions. A detailed account of the theory underlying Brownian Throughout, we used the time step&f = 100 fs, except
dynamics calculations is given elsewhere (Li et al., 1998)When an ion entered one of the two imaginary bands placed
Briefly, the computational method traces the motion of the@round the rising and falling edges of the step energy barrier
ith ion with massm, and chargeg, with the Langevin (See the following section).

equation:

dv. Implementation of a step potential barrier in
Mg = ~Myvi + Fe(®) + 6. (1)  the algorithm

The use of a long time step causes a problem in implement-
cfng potential barriers and steps in Brownian dynamics as
short-range forces. In our simulations, the Brownian dy-

by my;, )I/_v:ere 14 C'js threﬁ re:[Iaxatlon tm:e t(f:]onstagt of thet namics algorithm operates predominantly in the diffusive
system. The second terfig(t), represents the random par regime. In other words, random forces are far more impor-

_?_fhth? .CO'||ISIC:I’IS an racljpldlyffluctua}tesEarolundhg Eetro mtiantant than the velocity on the previous step in determining the
e frictional and random forces in Eq. 1, which toge Clanion’s new velocity and position. The algorithm devised

describe the effects of collisions with the surrounding waterby van Gunsteren and Berendsen (1982) uses the factors
molecules, are connected through the fluctuation-dissip ; .

' o ““lexp(—vAt)] and [1 — exp(—yAt)] to switch between ki-
tion theorem (Reif, 1965), which relates the friction coeffi 6‘_—6 p(~ YAV [ P ¥AD]

ient to th i lation functi fth dom f " netic and diffusive regions. With the long time step that we
cient to the autocorrelation function of the random force, | . At = 100 fs),

The first term on the right-hand side of Eq. 1 corresponds t
an average frictional force with the friction coefficient given

o 1- - = 0.9997,
my = MJ (Fr(0)Fx(t))dt, 2) exp(—YnaAt)

- 1 — exp(—ycAt) = 0.9666.

wherek, T, andm are the Boltzmann constant, the temper-Thus for chloride ions only 3% of the previous velocity
ature in degrees Kelvin, and the mass of the ion, respeaemains after one time step, whereas the motion of sodium
tively, and angle brackets denote ensemble averages. Fbns is in effect purely diffusive, with no velocity correla-
nally, €; in Eq. 1 denotes the total electric field at the tion between steps. Because an ion can move a large frac-
position of the ion arising from 1) other ions, 2) fixed tion of the barrier width in a single time step-0.3 A on
charges in the protein, 3) membrane potential, and 4) inaverage), the effect of the barrier force on the ion’s motion
duced surface charges on the water-protein boundary. Thigill not be accurately integrated. Moreover, in the diffusive
term in Eqg. 1 is computed by solving Poisson’s equationregime, external forces cause only an average drift velocity
Note that in three dimensions, Eq. 1 has to be solved fothat does not move the ion far in a single time step. For
each Cartesian componemnt ¥, 2) of the velocity. example, a repulsive force of 120 10 2N (3 kT, over 1
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A) produces a drift velocity of 39 ms for sodium and a where the index labels ions and the four terms on the

displacement of 0.04 A in one time step. This is only 1/7 ofright-hand side of the equation are 1) the self-potential due

the average random displacement in one time step—an ioto charges induced by ian 2) the external potential due to

can diffuse right through a potential barrier before thethe applied field, fixed charges in the protein wall, and

barrier force has time to act. charges induced by these; 3) the image potential due to
To obviate these problems, we used two different timecharges induced by igp and 4) the Coulomb potential due

steps: a short time step of 1 fs when an ion was in thao the charge on iof. We decompose the electric fiell

process of climbing or descending the barrier, and a longxperienced by an ion in the same way:

time step of 100 fs otherwise. A smooth potential barrier of

heightVg was erected at = +10 AGBA frqm the entrance € =Csit Exi+ DG + > e (6)

of the cylindrical segment), with the profiles at the ends as

j#i j#i
U(s) = Ve(10s* — 156" + 65), ) the first three components in Egs. 5 and 6 were stored in the
where tables, whereas the Coulomb potential between each pair of
ions was computed directly.
z—2z 1 To allow rapid lookup, the precalculated results must be
S=TA7 + 2 (4)  on an evenly spaced grid. Because the use of a rectilinear

grid would result in many wasted points and a jagged edge
Herez, = =10 A is the location of the center of the profile, near the pore boundary, we made use of a system of gen-
and Az = 1 A is the width of the profile. The potential €eralized cylindrical coordinates for constructing the lookup
profile U(s) is chosen such that it rises from zerozat tables. The position of an ion was first converted to gener-
+10.5 toVy atz = +9.5, and the first and second deriva- alized coordinates, and then the values of the electric po-
tives of U(s) vanish atz = +9.5 andz = +10.5. The force tential and field in the vicinity of the ion were extracted
due to the barrier is obtained by differentiating Eq. 3. from the tables by multidimensional linear interpolation,

We included a safety distance of 0.5 A in the potentialwhich is a simple algorithm that generalizes easily to di-

profile. Thus, whenever ions were in the bandef 9to 11  mensions greater than 2 (Press et al., 1989). We used
Aorz= -9to—11 A, we switched from long time steps separate tables for the self-potentidls(), the external
to an equivalent sequence of short time steps for those iongotential ¥y ;), and the image potentiaV(;). These are,
Trajectories of ions in these bands were determined by aespectively, two-, three-, and five-dimensional tables. Cy-
sequence of 100 short time steps for the subsequent 100 fiindrical symmetry has been exploited to reduce by one the
In the meantime, all of the other ions were simulated for anumber of dimensions of the self-potential and image-po-
single long time step in the normal way. The long-rangetential tables. The electric field was stored and extracted in
(electrostatic) forces on the ion were calculated at the stathe same way as the potential, except that three values were
of the sequence of 100 short steps and held constant thereequired for each point in a table, one for each Cartesian
after. Similarly, reflection from the boundary walls was component of the field. So while the field tables were
done once at the end of the sequence of short steps. Thedexed by generalized coordinates, their contents were
force from the barrier, however, was recalculated for eaclstored as Cartesian coordinates.
short step, thus ensuring that the effect of the barrier on the ||lustrated in Fig. 2 are a graph of potential enerdy (
ion’s motion would be accurately simulated. and that of thez component of forceR) for a single ion

moving parallel to the central axis of a catenary channel

with no dipoles. The solid lines are calculated by using an
Lookup tables for the electric field and potential iterative method (Hoyles et al., 1996), and the circles by

To reduce the amount of computational effort, we haveinterpolating from the precalculated values stored in the

made use of lookup tables. The electric field and potential®®KUP tables. The spacing between points in the lookup
t|able is 1.77 A in the direction, and the circles are at the

on a grid of positions were precalculated, using a numerical®. ) _ ) )
method of solving Poisson’s equation (Hoyles et al., 1996)m|dp0|nts of these intervals, where the maximum interpo-
and then recorded in a set of tables. By interpolating belation error is expected to occur. There are 37 points across
tween table entries, the electric field and potential anywherd€ lookup table in the direction (perpendicular to the
in and in the vicinity of the channel can be quickly deter- axis), and the spacing between these varies with the radius

mined. Technical details of this method will be describedOf the channel. As indicated in the inset of Fig. 2, the path

elsewhere (Hoyles et al., 1998). of the ion is offset from the axis by 3 A, and the ion passes
The electric potentiaV experienced by an ion is com- through the midpoint of the radial interpolation intervals in
posed of the following four parts: the neck region. . _
The correspondence between the iterative and lookup
V,=Vg;+ Vy; + >, Vi + > Veiis (5) methods evidentin Fig. 2 indicates that interpolation error is

j#i j#i negligible for potential energy and tze&omponent of force



798 Biophysical Journal Volume 75 August 1998

\—/ Input parameters and details of simulations

Simulations under various conditions, each lasting between
500,000 and 2,000,000 time steps, were repeated many
/\ times, for five to nine trials. For the first trial, the positions

of ions in the reservoirs were assigned randomly with the

proviso that the minimum ion-ion distance should be 2.7 A,
or 1.5 times the radius of a chloride ion. We note that with
all subsequent ion-ion distance checking, to be explained
below, the minimum allowed distance, which we refer to as
the “safe distance,” was chosen to be 3/4 of the sum of the
ionic radii. For successive trials, the positions of the ions in
the last time step were used as the initial starting positions
of the following trial. The current (in pA) was extrapolated
from the total number of ions traversing the channel over
the simulation period.

On each side of the vestibule, a cylindrical reservoir with
radius 30 A and an adjustable height was placed. A fixed
number of sodium and chloride ions were placed in each
Ll ' ' ' ' L reservoir, and the height of the cylindrical reservoir was
adjusted to give a desired ionic concentration. As ions were
forbidden to approach the wall of the reservoir within 1 A,
B l the effective radius of the cylindrical reservoir was 29 A.

20 - N For example, if 13 sodium and 13 chloride ions were placed
in each reservoir and the desired ionic concentration was
300 mM, the height of each of the two cylindrical reservoirs
was adjusted to 22 A.

To prevent two ions from coming too close to each other,
a repulsive short-range potential, varying as’,livas in-
cluded (Pauling, 1942). This steeply rising potential imitates
the repulsive force produced when the electron shells of two
ions begin to overlap. When the ionic concentration in the
reservoirs was high, ions at times were able to jump large
0 | ] distances and end up very close to another ion. The forces

Ll ' ' ' . — at the next time step in such instances would be very large,
-50 40 30 -20 10 and the affected ions could leave the system. To correct this
Axial distance (A) problem, we checked ion-ion distances at each time step. If
two ions were closer than the defined safe distance, then
FIGURE 2 A potential energy profileA] and thez component of force  their trajectories were traced backward in time until such a
(B) obtained by inFerpoIating from the precalgulated valules stored in thedistance was exceeded. By performing these checks and
lookup tables. An ion was moved along a trajectory that is parallel to the . .
central axis but is offset from it by 3 A, as indicated by the arrow in the C.O”ecnons’ the SySt.em was well b.ehaved over the simula-
inset. The position of each circle is located at the midpoint between twdion, even for very high concentration. Such a minor read-
adjacent points stored in the lookup table. The solid lines passing througfustment of the position of an ion was needed about once
the filled circles (potgntial epergy) and open circlesgmponent of force)  every 100 time steps when the reservoirs and the channel
are calculated by using an iterative numerical method. contained 52 ions. The steep repulsive force at the dielectric
boundary due to the image charges was usually sufficient to
prevent ions from entering the channel protein. We ensured
in the most important parts of the channel, namely, thghat no ions would appear inside the channel protein by
center of the vestibule and the neck region. More detaile@recting an impermeable glass boundary at the water-pro-
tests indicate that the relative error increases when an iotein interface. Any ion colliding with this boundary was
approaches the vestibular wall. For examptd, & fromthe  elastically scattered. A similar glass boundary was imple-
wall, the relative error in the repulsive force-s15%. This  mented for the reservoir boundaries.
is not of great concern, because ions in the vestibule tend to To ensure that the desired intracellular and extracellular
stay away from the water-protein boundary (Li et al., 1998).ion concentrations were maintained throughout the simula-
In the constricted region, where ions are forced into closetion, a stochastic boundary was applied. When an ion
proximity with the wall, the error in the repulsive force 1 A crossed the transmembrane segment, an ion of the same
from the wall is~5%. species was transplanted so as to maintain the original
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concentrations on both sides of the membrane. For example,

if a sodium ion from the left-hand side of the channel

crossed the narrow transmembrane segment and reached the &—=

imaginary plane az = 10 A, then the furthermost sodium -

ion in the right-hand reservoir was taken out and placed in

the far left-hand side of the left reservoir. When transplant-
ing ions, we chose a point no closer to another ion than the 20 - -
defined safe distance. The stochastic boundary trigger
points, located ar = =10 A, were checked at each time
step of the simulation.

The Brownian dynamics program was written in FOR- 5 o |
TRAN, vectorized, and executed on a supercomputer (Fuff*o
jitsu VPP-300). The amount of vectorization varied from 3
67% to 92%, depending on the number of ions in the
reservoirs. With 52 ions in the reservoirs, the CPU time of § o9 |
a supercomputer needed to complete a simulation period ofs
1.0 us (10 million time steps) was-18.7 h. The following
physical constants were employed in our calculations:

Dielectric constantse,yaier = 80, €pror = 2 40

Massesmy, = 3.8 X 10 ?° kg, mg, = 5.9 X 10 *° kg

Diffusion coefficients:Dy, = 1.33 X 10°° m? s %

Dg = 2.03%X 10 °m?s ™t
Relaxation time constants; *: yy, = 8.1 X 1082 s %,

Potential

Yor = 3.4x 108st 1 ! | ! ! | 1
lon radii: ry, = 0.95 A, re, = 1.81 A -40 -20 0 20 40
Room temperaturef, = 298 K Axial distance (A)
Boltzmann constank = 1.38 X 10 2 J K *
Elementary chargee =1.60x 107 C FIGURE 3 Changes in the potential profile with dipole strength. The

: : ; ial barrier presented to a cation is plotted against its position along its
Throughout we give energy in temperature urkf, We  Potentia P ! p gainstits p ong
9 9 9y P trajectory. A membrane potential of 100 mV was applied such that inside

—21
nOt.e that :!-kTr equals 4.11x 10 J a.nd 2.478 kJ/mol. (right-hand sid¢ was negative with respect to outsidef(-hand sidg The
Units of dipole moments are quoted in Coulomb-metersyalue at each position was computed from a numerical method of solving

abbreviated hereafter as Cm. One Debye corresponds &wisson’s equation. The uppermost curve, labeled 0, was obtained in the
~3.33% 10°3°Cm. absence of dipoles on the channel wall. The next four curves represent the
potential profiles encountered by a cation traversing the channel in the
presence of dipoles with strengths of, respectively, 50, 100, 200 anz 300
1073° Cm. The approximate positions of four of the eight dipoles in the
channel are indicated in the inset. The remaining four dipoles are on the
RESULTS plane orthogonal to those shown.

Dipoles in the channel

In the absence of any charge moieties or dipoles on the Two rings of dipoles, together with an applied electric
protein wall, the potential barrier presented to an ion movpotential of 100 mV, eliminated the repulsive dielectric
ing under the influence of an applied potential of 100 mV isforce. The number accompanying each curve in Fig. 3
shown in Fig. 3 {op curve labeled 0). The potential energy represents the total strength of four dipolesl(03° Cm) in

of a sodium ion placed at a fixed position on thaxis was  each ring. Because there were two rings of dipoles, one at
calculated numerically by solving Poisson’s equation iteraz = —5 A and the other at = +5 A, the strength of dipoles
tively, as detailed previously (Hoyles et al., 1996). The ionplaced on the entire channel wall was twice the value
was then movedyp1 A and the calculations were repeated. indicated in the figure. In the presence of dipoles, an ion
The potential profile presented to the ion as it moved fromtraversing from outside to inside would encounter an attrac-
outside (left-hand side) to inside (right-hand side) increasedive potential throughout its trajectory. With each stepwise
slowly, peaking at the center of the cylindrical transmeme-increase in dipole strength, what used to be a potential
brane segment (labeled 0 A), and then decreased steadily barrier became a potential well whose depth increased with
it traversed the second half of the channel. Note that withouthe strength of dipole moments.

the membrane potential, one would have obtained a sym- The potential profiles illustrated in Fig. 3 were con-
metrical, bell-shaped barrier with a peak height of 145 structed under the assumption that there were no other ions
1021 J. The presence of the membrane potential had lowin the system. Such profiles merely reveal that the perme-
ered the relative height of the barrier to 310 2t Jand  ation of ions across the channel would be hindered if no
distorted the shape of the profile to an asymmetrical curvedipoles were present on the channel wall. It is not possible,
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however, to deduce the conductance of the channel from S
such profiles, or the effect a deep potential well will have on
ions permeating the channel. To study these properties, one &—=

needs a dynamical theory.
We have used Brownian dynamics simulations to deduce

the conductance of the model channel under various condi- ] : . ; - T
tions. In all of the subsequent figures, unless stated other- 40 [~ 7200
wise, each point is the average of nine simulations, each
lasting for 500,000 time steps (50 ns), or five simulations,

each lasting for 2,000,000 time steps (200 ns). The error bar
accompanying each data point is one standard error of
mean. The error bar is not shown if it is smaller than the size§
of the data point. Again, unless noted otherwise, 13 sodiun®
and 13 chloride ions were placed in the left-hand reservoifé 20 -
(representing the extracellular space), whose volume wag
5.84 X 10°2° m?, and the same number of ions in the £
right-hand side reservoir (the intracellular space). Thus the”
ionic concentration in the reservoirs was 300 mM, whichis 10
about double the physiological concentration. This higher
concentration was preferred in the simulations to obtain

-1 100

Conductance (pS, 150 mM)

better statistics. ol dg

In Fig. 4, the number of ions that traversed the channel L - \ - I ‘ L
under the driving force of 100 mV during a simulation 0 200 400 600
period of 0.45us (4.5 million time steps) is converted to Dipole moment (x 10 Cm)

current in pA and plotted against the dipole strength. On the _ _
right-hand ordinate of Fig. 4, current in pA is converted to FIGURE 4 Channel conductance _as a function of dlpole_ strength. The
. . . . agnitudes of sodium currents flowing across the channel in the presence
conductance in pS at the phyS'O|Og'Cal concentration of 15(51: a membrane potential of 100 mV are plotted against strengths of dipoles.
mM. Because the current in these ranges of ionic concenthe ionic concentration of the reservoir was 300 mV. The left-hand side of
trations increases almost linearly with concentration (seghe ordinate indicates the current in pA at 300 mM, whereas the right-hand
|ater), such an extrapo|ation of conductance results is justiS?de of the ordinate indicates t_he conductance in pS at :!.50 mM. The _filled
fied. With no dipoles placed on the channel wall, the r]um_cwc_:le_':, show the net cgrrenL _|.ej, the sum of cur_rents in both directions,
. . . .. . which flows from outside to inside. The open circles show the current
ber of sodium ions that traversed from outside to inside Ir\‘Iowing against the potential gradient, namely, from inside to outside. The
0.45 us was 10, which corresponds to a current of 3.6 pA.simulation time for each data point was 048, except the value for 100
The net current increased rapidly with the increasing dipolel0~° Cm, which was 2us. The points were fitted with a polynomial
strength up to 10&x 10 2°Cm (filled circlesin Fig. 4). The  function.
number of ions crossing the channel increased further with
a further increase in the dipole strength, but many ions were
also traversing in the opposite direction, against the direcabove and below the transmembrane segment to investigate
tion of the applied electric field. The current flowing from other macroscopically observable properties of membrane
inside to outside is indicated as open circles in Fig. 4. As don channels.
result, the net current actually decreased as the dipole
strength was increased further from 300 to 60010 *° .
cm. Energy barrier near the transmembrane segment
The strength of dipoles in biological ion channels is likely It is not known how large an energy barrier an ion must
to be sulfficiently large to cancel the repulsive dielectricovercome to cross the transmembrane segment of the chan-
force presented to the ion, but not so strong as to allow ionsel. From the conductance-temperature relationship, it has
to move against the applied electric gradient. If we assuméeen estimated that the height of this barrier~i8 kT,
that the channel shape can be idealized as our model cha(kuyucak and Chung, 1994). Here we examine how the
nel and that the dielectric constant of water in the vestibuléheight of such a barrier influences the conductance of the
is 80, then the optimal strength of dipoles on the channethannel.
wall is between 100 and 208 10 °° Cm. In reality, the The number of ions crossing the channel was tabulated at
total dipole moment present on the channel wall will bea given height of this step potential barrier during the
greater than the value we quote, because the dielectrigimulation period of 1.Qus. The current was not attenuated
constant of water in the vestibule must almost certainly beappreciably when the height of the barrier was less than 1.0
lower than that in bulk water (see, for example, Gutman eKkT,. The channel currents obtained in the absence of any
al., 1992; Sansom et al. 1997). Hereafter, we place two ringbarrier and in the presence of a XT) barrier were the same
of dipoles, each with a moment of 100 10 3° Cm, just  (23.7 + 1.4 versus 22.} 1.2 pA). With a further increase



Chung et al. Brownian Dynamics Study of lon Permeation 801
in the barrier height, however, the current was systemati-
cally reduced, as shown in Fig. 5. On the right-hand ordinate
of Fig. 5, we show the channel conductance at 150 mM
concentration. It decreased progressively from 110 pS with
an increasing barrier height, dropping to %27 pS at 2.0
kT.. When the barrier height was 2l§,, this conductance
of the channel became approximately the same as that
obtained experimentally from the ACh channel (Hamilland A  3q9 Na*
Sakmann, 1981) or from tHé-methylo-aspartate-activated 10
channel (Chung and Kuyucak, 1995). N g
£ -
. . . Z 200 °
lonic concentrations in the channel s 2
L _ = £
In the volume of our model channel, which is 2.X610~2¢ s 05 2
3 . c .
m®, there would be 720 water molecules. At a concentration § 2
of 300 mM, a similar bulk volume would contain four & 19 o
sodium and four chloride ions. Here we examine the number z
of sodium and chloride ions inside the channel under vari-
ous conditions. To compute the average number and con-
. . . . . 0 0.0
centration of sodium and chloride ions inside the channel,
we divided the model catenary channel, whose length is 80
A, into 16 5-A sections, as shown in the inset of Fig. 6. The 300 or
volumes of the slices from the outermost layer to the small- 1.0
. 0
est layer in the transmembrane segment were 2.94, 2.18, ~ _ g
1.88, 1.54, 1.16, 0.71, 0.25, and 0.¥510 2" m°, z e B -
o
= 200 - 3 . o
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25 - 125
EE - Channel layers
- =
s 20r - 100 g FIGURE 6 Concentrations of sodium and chloride ions in the channel.
g ©v The model channel was divided into 16 5-A-thick sections, as indicated in
3 15 L 175 %) the inset, and the average number of ions present over the simulation period
< > of 0.45us in each section was tabulatdiiéd and open circles The ionic
= g concentration in each section was then calculated by dividing the average
€ 0L 150 § number of ions in each section by its volunt&is). The concentration of
2 S sodium (and chloride) ions in the reservoirs was 300 mM in this and the
o g following three figures. With no dipoles on the channel wall and no applied
5| J925 © electric field, the probability of sodium ion&) and chloride ionsE) being
in each section decreased steadily with its distance from the reservoir.
[ )
0- Jo
L | L | L 1 ) | s | L |
0 1 2 3 4 5

Potential barrier (KT,)

In the absence of a membrane potential and dipoles in the
protein, ions were virtually excluded from entering the
vestibule neck, owing to the repulsive dielectric force pre-

FIGURE 5 Channel conductance as a function of the height of thes_emed to them by the_ dielectric Wal_l- In Fig./ﬁandB, th?
potential barrier. The total strength of dipoles in each ring was %00 time averages of sodium and chloride concentrations in the
10"%° Cm, and a membrane potential of 100 mV was applied throughoutchannel are illustrated. The number of ions present in each

A step potential barrier was placed within= +10 A, as indicated in the
inset. The current across the channel at 300 rfé¥t-band ordinate and
the channel conductance at 150 mMglit-hand ordinat¢ decreased

layer per unit time was first tabulatedilled and open
circles), and then the concentration in each layer was de-

steadily as the barrier height increased. Each point was obtained from HV€d by taking into account its volume. The average ionic

total simulation period of 1.Qus.

concentration in each of the two outermost layers was
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~10% lower than that in the adjoining reservoir, which wasconcentrations in the channel. A drastic change in the pat-
300 mM. The ionic concentration in successive layers detern of charge densities occurred when, instead of applying
clined progressively, dropping to less than 10% of thean electric potential across the channel, two rings of dipoles
reservoir value in the neck region. were placed on the channel wall. As shown in Fig. 8, there
When a membrane potential of 100 mV was appliedwas a marked increase in the concentration of sodium ions
across the channel, such that the right-hand reservoir was the constricted region of the channel. Sodium ions enter-
made negative with respect to the left-hand side, there waisg the channel occasionally would become detained in the
a small but consistent increase in the concentration of sgootential well created by the dipoles on the wall. Some ions
dium ions in the left vestibule and in the concentration ofjumped from one well to the other and drifted across the
chloride ions in the right vestibule (Fig. 7). Other than thisother side, but because there was no potential gradient, the
small asymmetry in the concentrations and a slight increaseumber of ions drifting in one direction (11F% 1.3 pA)
in the probability of ions being present in the constrictedwas about the same as that in the opposite direction (t0.7
segment, the applied field had little effect on the averagel.3 pA).
To mimic the concentration gradient in the channel dur-
ing its open state, we placed an energy barrier ofkT 5at
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FIGURE 7 Concentrations of sodium and chloride ions in the channel in
the presence of a membrane potenalWhen a membrane potential of FIGURE 8 Concentrations of sodium and chloride ions in the channel in
100 mV was applied, as shown in the inset, there was a small increase ithhe presence of two dipole rings. Each dipole ring, with a total moment of
the concentration of sodium ions in the left-hand vestiblg é@nd a 100X 1072° Cm, was placed in the positions indicated in the inset. There
similar but slightly larger increase in chloride ions in the right-hand was a large increase in the concentrations of sodium ions in the innermost
vestibule B). The difference is due to the larger diffusion coefficient of sections of the channeh. In contrast, chloride ions were excluded from
chloride ions compared to that of sodium ions. the innermost section8y).
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the constricted segment and applied a membrane potenti@urrent-voltage relationships
of 100 mV. As shown in Fig. 9, the sodium concentration in . . . . .

: The current-voltage relationships obtained from excised sin-
all layers of the channel was approximately constant under . .
these conditions and ions moved steadily from outside t le channels are in general ohmic, although some show
insid ithout being detained by the di Iy the ch ronounced inward or outward rectification. The reversal
'nSh €, withou elﬂlg _3 ained by the. |po”es onl degfann otential observed in asymmetrical ionic solutions closely
wall. In contrast, chloride ions were virtually excluded from p,shes that predicted by the Nernst equation. Here we

entering the inside of the channel (FigB). The conduc- g4\ how the presence of an energy barrier in the channel
tance of the channel under this condition was*7& pS at  5n distort the linear current-voltage relation.

150 mM (or 15.5+ 0.7 pA at 300 mM), and no sodiumions  The current increased linearly with the applied voltage, as

traversed against the potential gradient. shown in Fig. 10A, when there was no additional potential
A PA 7
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l 1 FIGURE 10 Current-voltage relationships obtained with symmetrical
solutions. A) The currents flowing across the channel that had no potential
Channel layers barrier near the entrance of the transmembrane segment were measured at
different applied potentials. Two rings of dipoles, each ring with the
FIGURE 9 Concentrations of sodium and chloride ions in the presencestrength of 100x 10°° Cm, were placed on the channel wall. The
of dipoles and an applied electric field. Two potential barriers ofKIL,5 current-voltage relationship obtained under these conditions is ohmic. The
were placed at the positions indicated in the inset. With two rings of dipolesslope of the line drawn through the data points is 232 pS. 8) When
canceling the repulsive dielectric force and a driving force provided by aa potential barrier of 3.@T, was erected, the current-voltage relationships
membrane potential of 100 mV, sodium ions steadily traversed the channebhecame nonlinear. The data points were fitted with a modified Ohm’s law
The concentrations of sodium ions in all sections of the channel remainethat takes the barrier into account (see Eq. 12). The valugsnoti 8 used
approximately constantAj. In contrast, chloride ions were virtually ex- to fit the curve were, respectively, 142 4 and 3.5+ 0.4. The simulation
cluded from the transmembrane sectioB} ( period used to obtain each data point wagsl
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barrier in the channel presented to ions for penetrating the PA —
transmembrane segment. In this and all subsequent current- [
voltage curves, we used the total strength of four dipoles in 20 1 L
each ring of 100< 10~3° Cm. The core conductance of the [} o
channel, deduced from the regression line of the fdrm, )
vV, fitted through the data points, was 2324 pS (or 116 | ] ] —
pS at 150 mM). When an energy barrier of T, was -200 -100 VI
erected at the entrance of the constricted segment, the cur-
rent was attenuated, but not by a constant proportion at all
voltages. For example, the currents in the absence and
presence of this barrier at 200 mV were, respectively, 46.0
pA and 18.2 pA (39.6%). With the applied potential of 50
mV, however, the current was reduced from 14.0 pAto 2.2
pA (15.7%), thus indicating that the barrier of the same
height became less of an impediment when the driving force
was large. With a 3.&T, barrier, the current-voltage rela-
tionship became nonlinear, deviating markedly from Ohm’s
law, as shown in Fig. 18. The solid line fitted through the
data points in Fig. 1B was calculated from the "Bohl- B 40 7
Teller function of the forml = yV/[1 + B sechx], where o
x = eVVg andVy is the barrier height. The justification for

fitting the data with this function is given in the Discussion

section. The values of andB used to generate the curves

shown in solid lines are given in the figure legend.

Fig. 11A shows the current-voltage relationship obtained | :
with asymmetrical ionic solutions in the two reservoirs. The -200 -100 100 200 mvV
ionic concentrations outside (left-hand reservoir) and inside
(right-hand reservoir) were 480 mM and 120 mM, respec-
tively. To make the solution electrically neutral, the same
number of sodium and chloride ions was placed in each
reservoir. With no energy barrier in the channel, the slope
for the outward current (at the positive potentiilled
circles) was steeper than that predicted by the Goldman
equation. Then we added potassium ions such that the
number of cations (sodium and potassium) in one reservoir
was equal to that in the other reservoir. Thus the ionic
concentrations outside were 480 mM NaCl and 120 mMFIGURE 11 Current-voltage relationships obtained with asymmetrical

P olutions. The strength of dipoles placed on the channel wall was the same
KCl, Wherea.s th.ose inside were 120 mM NaCl a.nd 480 mMZs in Fig. 10. Eacr(;J point E\ thispfigure represents the average of five
KCI. Potassium ions were prevented from entering the Con§imu|ations, each simulation lasting for 2,000,000 time steps (200As). (
stricted region of the channel by erecting two impermeablerhe current-voltage relationship was first obtained with the ionic concen-
barriers az = +10 A. Potassium ions colliding with these trations of 480 mM outside and 120 mM insid®)( Then, the ionic
barriers were elastically scattered. The slope of the outwarétrengths were changed such that the outside contained 120 mM KClI (and

current ppen circley obtained under these conditions was 480 MM NaCl) and the inside contained 480 mM KCI (and 120 mM NaCl),
and the channel was made impermeable to potassium ions. The outward

|ES§ sFeep.than that prEdiCted by th? Goldman equation' T%rrent was markedly depressed in the presence of potassiuntipn8)
solid line fitted through the data points was calculated withThe current-voltage relationship was obtained with ionic solutions of 400

the Goldman equation of the form mM outside and 200 mM inside®). Then 200 mM KCl was added to the
outside solution and 400 mM KCI to the inside solution. The outward
1-4 exr(—e\//kT) current was depressed in the presence of potassium @nsThe solid
| = KV , @ lines drawn through the data point were calculated with a Goldman
1- eXF(_eV/kT) equation of the form given in Eq. 7, with the const&nt 0.085 forA and
K = 0.146 forB.

whereK is a constant and the factor of 4 arises from the
outside to inside ratio of concentrations.

The slope of the outward current was affected moreWith no potassium ions, the magnitude of the inward cur-
markedly by the presence of impermeable potassium iongent at a given applied potential is about half that of the
when the concentration ratio was 2:1, as illustrated in Figoutward currentf{lled circles). The currents flowing across
11 B. In these simulations, the ionic concentrations of NaClthe channel at various holding potentials were determined
outside and inside were, respectively, 400 mM and 200 mMagain with 200 mM KCI added to the extracellular solution



Chung et al. Brownian Dynamics Study of lon Permeation 805

and 400 mM KClI to the intracellular solution. Thus the total
cation concentrations inside and outside in these simulations
were 600 mM. As shown in Fig. 1B, the outward current
was appreciably attenuated, whereas the inward current
remained unchangedoigen circley. The solid line was
again calculated from the Goldman equation, with the pre-
exponential factor of 2 in the numerator of Eq. 7. A | l i

From a series of simulations such as those illustrated in
Fig. 11, we conclude that the Nernst equation correctly
predicts the reversal potential when the ionic concentrations
in the two faces of the channel are different. The relative
steepness of the slopes fitted through inward and outward
currents changes appreciably when other cations that are
impermeable to the channel are present. The shape of the
current-voltage relationship is further distorted when an
energy barrier is erected near the constricted segment of the
channel.
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Experimentally, current across a biological ion channel in-
creases monotonically with an increasing ionic concentra-
tion initially and then saturates with a further increase in
concentration (Hille, 1992). Saturation of channel currents
occurs when there is a rate-limiting permeation process that
is independent of ionic concentrations. For example, an ion
arriving near the constricted membrane segment will be
detained ther? for a period pf time 'T' _befor? trszersmg theriGURE 12 Conductance-concentration curve. The ionic concentrations
narrow pore, it needs to gain a sufficient kinetic energy toin the two reservoirs were systematically increased while keeping the
climb over an energy barrier. The reason for the presence cfrength of dipoles and an applied membrane potential constant ak 100
such a barrier is explained in the Methods. 107%° Cm and 100 mV, respectively. The number of ion pairs in each
In Fia. 12. th nductan f th hannel i lott dreservoir, with the radius of 30 A, ranged from 3 (for 75 mM) to 78 (for
. 9. » the co _uca ce 0 e ¢ a el Is plo e 1800 mM). @) With no barrier present, the current increased linearly with
against the concentrations of sodium ions in the reservoirsenic concentrations. Each point represents the average of nine trials, with
The two reservoirs contained an equal number of sodiumeach trial lasting for 250,000 time steps or 0.22§. (B8) When a step
chloride pairs, and an applied membrane potentiat 00 barrier with a height of 3.&T, was erecté 5 A from the entrance of the

mV provided the driving force for sodium ions to move trans_membrane segme_nt, the coQductancg-congentrathn rglat_lon became
._nonlinear. The current increased linearly with an increasing ionic concen-

inward. The presence of two rings of dipoles, with thewtration at first and then began to saturate. The data poirBsvedre fitted
negative poles pointing to the lumen, ensured that the charo Eq. 8. The simulation period for each pointBrwas 1us, except for

nel was selectively permeable to sodium ions. When théhose representing 1.2, 1.5, and 1.8 M, for which simulation periods of 0.3
channel had no potential barrier, the ionic current carried by+s were used.

sodium ions increased linearly with concentration, as shown

in Fig. 12 A. Because the magnitude of the current in thisMichaelis-Menten equation of the form

series of simulations was large, we used the total simulation

period of 0.225us for each point shown in Fig. 1& The I
linear conductance-concentration relation became distorted

when a barrier was plade5 A from each end of the wherel,,,, andK; are the fit parameters. For the solid line
cylindrical pore. Fig. 1B illustrates the conductance-con- drawn through the data points of Fig. B2 the numerical
centration curve obtained from the channel with a stepvalues of these two parameters &g, = 25 = 5 pA and
potential barrier of 3.kT,. The ordinate of Fig. 1B is K = 996 = 351 mM. In the Discussion we give a plausible
expanded, because the currents were greatly attenuated piysical interpretation of Eq. 8.

the presence of the barrier. At a low ionic concentration, the

conductance was nearly proportional to the ionic concen-
tration. As the ionic concentration was increased, howeverl?lscussu'.’N
the conductance increased less with increasing concentras we have demonstrated here and elsewhere (Li et al.,
tions. We fitted the points with the curve calculated from the1998), the Brownian dynamics algorithm devised by van

Current (pA)
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Gunsteren and Berendsen (1982) is highly suitable foneck. The probability? of an ion surmounting a barrier of
studying the motions of interacting ions in a fluid. One of heightVg follows from the Boltzmann distribution as

the major advantages of this algorithm is that the range of
time steps\t is not restricted by the relaxation time constant 2 an -

(v} as At << !, which is the case in most other P(E> Ve) _ﬁ(kT) exd—EKT]\EdE,  (9)
Brownian dynamics algorithms. At room temperature, the A Ve

relaxation time constant for sodium ions is on the order Ofy, o so|ytion of which is given by the incompletefunction,
10 fs; thus, to meet the condition stipulated in this equation,

a time step on the order of 1 fs must be used with such 3

algorithms. As the computational cost of covering a simu- PE> V) = gr(za 0‘)’ a=Vg/kT.  (10)
lation period of a few microseconds would be prohibitively \

expensive, the use of such algorithms in studying the perUsing the asymptotic expansion for the incomplEtiinc-
meation of ions across biological channels is severely limtion, Eq. 10 can be written as

ited. Our preliminary tests of the van Gunsteren-Berendsen

0

algorithm in a simple periodic boundary and a toroidal@(E > Ve)

dielectric boundary showed that many of the important 2 1 1 1

features of the motions of interacting ions in a fluid couldbe = — exp(—«) N6(1 ton a2 e ) (11)
captured even when &t as large as 100 fs is used. Among VT « « «

these important features are mean square displacement, thgom Eq. 11, one would predict that the conductance should
velocity distribution, and the conductance of bulk electro-pe attenuated by a factor of 16 when a barrier with a height
lyte solutions. Furthermore, the temperature of the systergs 3 kT, is erected. In contrast, the conductance in our study
remained stable over the simulation period, and the ionigjecreased from 118 pS to 26 pS, or by a factor of 4.5 (see
concentration in a Iogglized region, revealed. by the timerig. 5). This is because an ion attempting to surmount a
average of the probability of occupancy, remained constafarrier, instead of disappearing after a single try, makes

at 150 mM. repeated attempts. Coulomb repulsion of another ion ap-
The results of simulations are in agreement with experiproaching the neck region would also enhance the proba-

mental findings in several respects. First, the channel COMility of transit, which is an entirely dynamic effect not

ductance is close to that determined experimentally for the niicipated in Eq. 9. This illustrates the danger of applying

ACh channel when the height of the energy barrierB0 5 static equation such as the Boltzmann equation to a
KT, or 1.23x 10 " J. Second, the current-voltage relation- gynamic situation.

ship obtained with symmetrical solutions is close to linear

for moderate applied potentials, as is the case with many

biological channels. The relationship obtained with asym-Current-voltage relationship

metrical solutions shows rectification, with the reversalIf the ionic concentrations on the two faces of the channel
pot'entlal close to that predicted b.y the Nernst equannare the same, the current-voltage relationship obtained from
Third, the conductance-concentration curve has the sameg

. t[datch—clamp recordings is, in general, ohmic. The current-
shape as those observed experimentally, although the satu- . . . .
voltage relationship deduced from our simulations becomes

ration concentration is higher than expected. The model alsoonlinear whenever there is a potential barrier for the ions to

makes a numper of other predictions. To render the Channé;,llurmount to cross the channel (Fig. 10). This deviation from
permeable to ions, several charge groups must be placed

the protein wall to counteract the repulsive dielectric force Ghm's law is more pronounced when the potential barrier is

An excessive number of charge residues, however, allo large. Although the precise shape of the curve cannot be

. . . . . Waeduced a priori, it is easy to see how such a curvature in the
sodium ions to flow against the potential gradient, so re- i ! . .

. current-voltage relationship would arise. The presence of a
ducing the conductance of the channel. Moreover, counter-

) : : arrier is less of an impediment when the driving force is
ions do not screen the image repulsion to any great exten L : o
T : : . . arge. This intuitive observation suggests a modification of
in either the vestibule or the constricted region. Finally,

. hm’s law with the Psechl-Teller function
current-voltage curves can be expected to be nonlinear a
large potentials, or for channels with large energy barriers. W

= 1+ B/cosHeViVg)’

(12)

wherey is the conductancé/g is the barrier height, anf

is a dimensionless constant. Whe¥ >> Vg, the denomi-

A potential barrier presented to an ion, arising from thenator goes to 1, and one recovers Ohm’s law.dW< Vg,
dehydration and substitution process and the electrostatieq. 12 is again linear, but with a conductance reduced to
interaction between ions and charge multipoles on the wallyV/(1 + B). The nonlinearities in thé-V curves become
will ensure that only the ions with thermal energielarger  apparent only whereV > Vg, which corresponds to the
than the barrier height will be allowed to go through theregionV ~ 100-200 mV for the above barriers.

Suppression of currents by an energy barrier
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That there is a potential barrier in biological ion channelsis excluded, each vestibule on average contains about one
has been inferred from the temperature dependence of chasedium ion and one chloride ion when the ionic concentra-
nel conductance. The conductance-temperature curve olien in the surrounding medium is 300 mM. With no dipoles
tained from biological channels is always steeper than then the channel wall and no applied electric field, the average
conductivity-temperature curve obtained in bulk electrolytenumber of sodium ions in the channel is the same as the
solutions (see Kuyucak and Chung, 1994; Chung and Kuyuaverage number of chloride ions in the channel. Thus the
cak, 1995; Milburn et al., 1995). A steeper increase in thaime average of the total induced surface charges will be
channel conductance with temperature is expected if weero, as is the net dielectric force experienced by the ions.
assume that there is an additional barrier presented to ionSne may thus be tempted to conclude that the dielectric
entering the transmembrane segment. It is possible thagrce plays no role in electrolyte solutions, because induced
Current-voltage relations obtained from biological Channe'%urface Charges of one po|arity are canceled by those of the
may deviate from straight lines, especially at large values oppposite polarity. In reality, however, single sodium ions
the applied voltage. If such deviations do occur, fitting theand chloride ions stumble into the vestibule at different
data points with Eq. 12 will provide an estimate of the times; thus each experiences the full repulsive dielectric
barrier height present in the channel. _ force arising from induced surface charges. Even if a so-

When the ionic concentrations in the two sides of theg;ym ion is deliberately placed within 1 Debye length of a

channel differ, it is difficult to predict theoretically how the ¢ioride jon, its thermal energy is about twice as large as the
current will vary as a function of the applied potential, evenjiaraction energy of the ion pair (6.8 10 2 J versus

in the absence of any potential barrier in the channel. On g 7 1022 J), and one drifts away from the other within a
macroscopic level, the driving force provided to ions with a,,,, picoseconds. Therefore, any conclusion derived from
potential difference and that with a concentration gradient o retical calculations that do not take induced surface
are equivalent, being coupled by the Nernst-Planck equac'harges into account is likely to be flawed.

tion, and concentration differences are often expressed as an, .« 4o not traverse the channel in the absence of dipoles

equivalent potential. By making a simplifying assumption on the channel wall. When an electric potential of 100 mV

tNhat tfj[epleleclt(rlc f'els ac'ros.st the tcr:ja?nelblts 'unlform, It.h'faj[ls applied across the channel, there is a small increase in the
ernst-rlanck: equation IS integrated to obtain an exp ICIaverage number of sodium ions in one vestibule and a
expression for the magnitude of currents flowing across the

. . i Similar increase in chloride ions in the other vestibule (Fig.
membrane as a function of the applied potential and th (Fig

ionic concentrations at the two faces of the membrane. This)' Th? Qr|V|ng forgg provided to ions by the memprane
is the Goldman equation. Although the field across thepotentlal is not sufficient to overcome the repulsive dielec-

: . : : tric force. Only when dipoles of a favorable orientation are
channel is far from uniform, being grossly distorted by the laced on the sides of the transmembrane seament can an
dielectric boundary (Kuyucak et al., 1998), the measured’ h the ch | under the infl gf h
data points are in reasonable agreement with the predict gn traverse the chahne! under the influence of e mem-
values from the Goldman equation (Fig. 11). The relative rane potential. This raises an intriguing question about
slopes for the inward and outward currents howeVerwhether opening or closing of biological ion channels needs

change in a sensitive way when impermeant ions are placet&’ be steric. lon channels, in theory, can be gated electro-
in the extracellular and intracellular media. When a barrierSt?t'C?”y by rotating an appropna}g number of charge moi-
is introduced in the channel, the shape of the current-voltag8lieS into and out of the protein lining.

relationship becomes further distorted. In a narrow range of

the applied voltage, for example, within100 mV, one

could fit the data points with a straight line that intersectsgyrrent-concentration curve

the abscissa at the reversal potential predicted by the Nernst

equation. If the Goldman equation fails to describe currentEXperimentally it has been shown that the current first
voltage relations obtained from real biological channels, thdncreases with an increasing ionic concentration and then
discrepancy, we be"eve’ arises from the presence of ﬁaturates (Rae et al., 1988; Hille, 1992) Such a relationShip
potential barrier in the conduit and impermeant ions, rathefs expected to be found when the transport of ions across the
than from the constant field assumption that had to be madehannel is determined by two independent processes, one of
to integrate the Nernst-Planck equation. which depends upon ion concentration and one that does
not. In our simulations, for example, the timgit takes for

an ion to arrive near the constricted segment is inversely
proportional to the electric fiel& and ionic concentration

[c], whereas the timer, it takes for the ion to acquire a
We took ensemble averages of time averages of ionic corsufficient kinetic energy to surmount the barrier placed near
centrations in discrete layers of the model channel undethe transmembrane segment and traverse the second half of
various conditions (Figs. 6—9). The main point emergingthe channel is relatively independent of the ionic concen-
from these results is that the channel for the most part isration but dependent only on the electric field. Thus, as-
devoid of ions. If the outermost layer bordering the reservoirsuming a uniform electric field, the transit times can be

lons in the channel
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written as will be an additional energy barrier for an ion entering from
the reservoir to the vestibule, resulting from the change in

- Ky .= ﬁ (13) Born energy. After its height is determined, this barrier must
o [cle 2 also be incorporated into the algorithm. Once these modi-

fications are made, there can be a fruitful interaction be-
tween experiment and theory, the former providing hints
and clues for further modifications of the model, and the
latter making new testable predictions.

wherek, andk, are constants. The total tirret takes an ion
to traverse the channel is = 1, + 7,, and the current
flowing across it will bel = nze where the numbarof ions
carrying chargeseis 1/r. Thus the current is inversely
proportional to the total transit time, that is,
This work was supported by grants from the Australian Research Council
ze yd=3 and the National Health and Medical Research Council of Australia. The
| o (1, + 7) = kll[C] + k' (14) calculations upon which this work is based were carried out with the
Fujitsu VPP-300 of the ANU Supercomputer Facility.
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