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Abstract

The results of our recent studies of the selectivity of
a calcium channel by means of a Monte Carlo simula-
tion and of the conductance of ions in a model channel
by means of a molecular dynamics simulation are re-
ported. In our selectivity study we �nd that as a result
of the charge and con�ned space within the channel,
Ca++ ions are preferred over Na+ ions because of their
ability to deliver twice the charge using about the same
excluded volume. In our conductance study, the sim-
ulation is run in parallel for a total of 100 ns for each
condition of concentration and applied potential. For a
1 M NaCl solution with SPC/E water using a moderate
applied voltage, 12 Na+ and no Cl� ions pass through
the channel. The voltage drop across the channel and
the conductance are reported.
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1 Introduction

Channels are proteins with a pore in their center.
They act as traÆc policemen, controlling access to cell
interiors. They produce the electrical signals that are
responsible for such physiological functions as muscle
contractions, including that of the heart, and transport
in the kidneys and intestines.

In this study, we model a channel as a cylinder of
�nite or in�nite extent, whose walls are smooth or com-
posed of regular rings of �xed atoms. With this model,
we hope to capture the essence of the mechanism for
channel functions. In subsequent studies, we hope to
use actual channel structures.

Here we will report on two studies, the selectivity
of a calcium channel and the conductance of a model
nicotinic acetylchloline receptor (NAChR) channel. To
study selectivity, we must examine a wide range of con-
centrations. This is not possible with a molecular model
of water because an enormous number of water molecules
would be required when the concentration is low. As a
result, we model the solvent as a dielectric continuum
with a dielectric constant of �. Since the selectivity
study is an equilibrium study, we use a Monte Carlo
(MC) simulation.

On the other hand our conductance study is con�ned
to a few relatively high concentrations and a molecular
model (SPC/E) is used for water. Since the passage
of time is studied, we use a molecular dynamics (MD)
simulation.

2 Channel selectivity

First we report on the studies of Boda et al. [1], [2].
Our simulation cell is shown in Fig. 1. The channel is
the region within the innermost cylinder and the bath is
the region between the two outermost cylinders of radii
R2 and R. The region between the innermost cylinder
of radius R1 and the cylinder of radius R2 represents the
protein and membrane. As long as they are large, the
the values of R2 and R are not important. For simplic-
ity, the cylinders are assumed to be in�nite in length.
Periodic boundary conditions are applied in the z direc-
tion. Obviously, our geometry is simpli�ed. In reality,
the channel is of �nite length, the membrane is of in�-
nite extent in the r direction, and the bath lies above
and below the membrane and the channel. Our aim is
to start with a simple geometry and then move to more
complex and realistic geometries. We are con�dent that
the geometry of Fig. 1 has captured the essence of the
problem and expect our planned simulations using the
more realistic geometries will yield similar results. We
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Figure 1: Geometry used in the selectivity simulations.



note that other authors [3] have represented channels by
in�nite cylinders.

The electrolyte is a 0.1 M NaCl solution that is within
the channel and in the bath. In addition, half charged
oxygens that represent the glutamate side chains of the
calcium channel are con�ned to the interior of the chan-
nel. Small amounts of CaCl2 are added to the bath
and allowed to permeate into the channel. The dielec-
tric constant, � = 78:5, is constant throughout the sys-
tem. Quite obviously, the dielectric constant is likely
to be di�erent inside a channel than in the bath. The
purpose of a simulation is to obtain results for a well
de�ned model, with which approximation theories may
be compared. Exploration of the results of parameter
changes are best made with the approximation theories.
Merely changing the dielectric constant in the channel is
not necessarily a step forward. The e�ect of multiple im-
ages at the various interfaces would have to be included,
resulting in considerable complexity and a signi�cant in-
crease in computational time. For this reason, we use
the same value of � in all parts of the computational cell.
The e�ect of di�erent dielectric constant in various re-
gions will be explored in later studies. The Na+, Ca++,
and Cl� ions in the channel are in equilibrium with the
bath.

For simplicity, in our earliest study [1], we considered
the Ca++, Na+, Cl�, and O�1=2 ions all to have equal
diameter, d = 2:5 �A. All distances are in units of d. The
ions and channel walls are considered to be hard. The
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Figure 2: Average ion concentrations in the channel (rel-
ative to the oxygen concentration) as a function of the
bulk Ca++ concentration (relative to the bulk Na+ con-
centration). The points give the simulation results, the
solid curve gives the results of the NCE theory, and the
broken curve gives the results of our �t of the simulation
data.

channel was assumed to have a radius R1 = 2d = 5 �A.
The values used for R2 and R are R2 = 6d = 15 �A and
R = 40d. For the length of the periodic cell, H , values
between 20d and 60d were used. In the calculations re-
ported here, we assume that there are 2O�1=2 for each
distance d along the cylinder axis. This corresponds to
an oxygen concentration of 16.9M or 32.7 M, depending
upon whether the volume of the cylinder or the volume
accessible to the center of an oxygen is used. The tem-
perature is 298 K, so that kTd�=e2 = 0:35231, where e
is the magnitude of the electron charge.

As is seen in Fig. 2, the added Ca++ ions displace
Na+ ions from the channel. Very few Cl� ions perme-
ate into the channel. The positive ions in the channel
approximately match the charge of the constrained oxy-
gens. The Ca++ ions are very eÆcient at doing this
since they deliver twice the charge as do the Na+ ions
using about the same excluded volume.

Nonner et al. [4] (NCE) have made an interesting
study of channel selectivity using the bulk uid mean
spherical approximation (MSA) results. This study is
of interest because it uses a bulk uid result for what
is clearly an inhomogeneous uid. It is useful because
it is an analytic study and a broad range of Ca++ con-
centrations can be examined, much broader than can
be accessed in a simulation study. As is seen in Fig. 2,
the NCE theory is much more accurate than one would
have expected. Undoubtedly, the accuracy of the NCE
theory depends on the diameter of the channel.

We have also investigated the e�ect of the di�ering
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Figure 3: Average monovalent cation and Ca++ concen-
trations in the channel (relative to the oxygen concen-
tration) as a function of the bulk Ca++ concentration
(relative to the bulk monovalent cation concentration).
The points give our simulation data whereas the curves
are obtained from our �ts of the simulation data.
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Figure 4: Average Ba++ and Ca++ concentrations in
the channel (relative to the oxygen concentration) as a
function of the bulk Ca++ concentration (relative to the
bulk Ba++ concentration). The meaning of the points
and the curves is the same as in Fig. 3.

ion diameter [2]. We used the following ion diameters:
d(Li+) = 1:2 �A, d(Na+) = 1:9 �A, d(K+) = 2:66 �A,
d(Ba++) = 2:7 �A, d(Ca++) = 1:98 �A,d(Cl�) = 3:62
�A, and d(O�1=2) = 2:8 �A. These values are taken from
the ionic crystal radii in the Sargent-Welch Scienti�c
Company periodic table. The dimensions of the channel
and the computational cell are the same as those used
above.

In Fig. 3, we start with a 0.1 M KCl, NaCl, or LiCl
solution and add CaCl2. The Na+ vs. Ca++ curves
are much like those in Fig. 2. This is because Na+ and
Ca++ have about the same ion diameter (1.9 and 1.98
�A). The ion diameter of Cl� does not play much of a
role because so very few Cl� ions manage to permeate
into the channel. Because Li+ ions are smaller than the
Na+ ions, the Ca++ ions are less able to replace the
Li+. On the other hand, K+ ions are larger than the
Na+ or Li+ ions, so the membrane channel is even more
selective for Ca++ in a KCl bath.

In Fig. 4, we start with a 0.05 M BaCl2 solution and
add CaCl2. Because a Ba++ ion is larger than a Ca++

ion, the membrane channel is selective for Ca++ over
Ba++.

We are currently studying the mechanism for the
conversion of a calcium channel to a sodium channel.

3 Permeation in a model NAChR

channel

In this study [5], our attention is con�ned to rela-
tively high concentrations of NaCl. As a result, a molec-
ular model of water can be used. Our model channel
and bath is shown in Fig. 5. Here the cylinder is �nite.
The surface of the membrane and channel consists of
�xed spheres that have been reduced in size for easier
visualization. An external electrical force is applied to
all the mobile spheres. As mentioned, our simulation
is performed in parallel and, for any given condition of
concentration and applied �eld, runs for 100 ns. The re-
sults discussed here are for a concentration of 1 M. An
external �eld of 1.1 Volts/55 �A (55 �A is the length of the
simulation cell in the direction of the �eld) is applied to
all the mobile particles.

The membrane walls are rigid and �xed in space at
z = 15 �A and at z = 40 �A. The membrane walls consist

Figure 5: Snapshot of the channel with ions and water
molecules. Large and small spheres represent Cl� and
Na+ ions, respectively.



of uncharged Lennard-Jones (LJ) spheres with � = 2:5
�A and �=k = 60 K; the spheres are placed on a 10 atom
� 10 atom square lattice at 2.5 �A intervals with 4 atom
� 4 atom section missing from the center, opening into
the channel. The channel walls are also composed of LJ
spheres with the same � and �. The channel consists of
11 rings each of 20 spheres. The spheres are assigned
the partial charges of -0.35e, +0.35e, -0.5e, and +0.5e
in a repeating pattern around each ring. The spheres
are spaced at 2.5 �A intervals down the channel. Each
successive ring is o�set by 9 degrees to produce a heli-
cal pattern. The magnitudes of the partial charges are
typical of those commonly used for the peptide units of
a protein back bone [6].

The simulation cell consists of a parallelopiped of
dimension 25 �A � 25 �A � 55 �A. Thus, the bath is an
in�nite slab of thickness 30 �A. There are 600 SPC/E
water molecules, 8 Na+ ions, and 8 Cl� ions in the cell.
The potential parameters are those from table 1 of Spohr
[7]. In this calculation, the `e�ective' dielectric constant
is determined by the polarizability of the molecules and
need not be constant. For each run, an equilibration
period of 100ps was performed followed by 10ns of data
collection. Ten such runs were made, yielding 100ns of
collection time, for each condition.

The force calculations were performed using the particle-
particle/particle-mesh (P3M) methodology. Coulombic
real space interactions and LJ interactions were trun-
cated at 10 �A. Reciprocal space contributions to the
coulombic interactions were treated according to the
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Figure 6: Relative potential as a function of z in a
straight line through the center of the channel and the
reservoir region. Potentials were calculated by the peri-
odic insertion of a test particle. The net potential drop
across the cell remains constant at 1.1 volts due to the
imposed external electric �eld.

particle-mesh methodology with a seventh order charge
assignment function on a 16� 16� 64 mesh point grid,
in the x, y, and z directions, respectively. A fourth-
order Gear predictor-corrector integration scheme was
employed with a time step of 2.5 fs.

A snapshot of the system is seen in Fig. 5. Double
occupacy of the channel is not favored. In principle, a
Cl� ion should be able to pass through the channel in
the opposite direction. However, such events were not
observed during the course of the simulation. Evidently,
the larger Cl� ions severely distort the water structure
in the channel.

As is seen in Fig. 6, the average potential drop in the
system is almost entirely across the channel. Actually,
the situation is a little more interesting. The situation
shown in Fig. 6 is that when there are no ions in the
channel. When an ion is moving through the channel,
the potential pro�le shifts and is almost linear with dis-
tance and then shifts back when the ion exits. Since the
time during which ion passages occur is a small fraction
of the total time, the average potential is close to that
shown in Fig. 6.

Our calculated conductance for 1 M NaCl with an
applied potential of 1.1 Volts is 17.8 pS. This is in quite
good agreement with observations, which are in the 20-
50 pS range, considering that our model channel is only
a qualitative representation of a real channel.
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