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Molecular Dynamics Simulation of Continuous Current Flow through a Model Biological
Membrane Channel
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The conductance of sodium ions through a simplified channel-membrane system immersed in a reser-
voir of 1M NaCl in SPC�E water is examined by molecular dynamics simulation. An applied external
potential of 1.1 V drives the ions and water through a channel of length 25 Å producing a current of
19.6 pA, in reasonable agreement with experimental findings. The stream of ions and water molecules
flows continuously because of the constant applied field and periodic boundary conditions. We also
examine the potential profile across the simulation cell, the average density distributions of the various
species in the reservoir and radially in the channel, and the ion velocity in the channel.
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Ion channels are proteins that control the passage of ions
across cell membranes. They are responsible for such im-
portant functions in biological cells as the generation of
action potentials in nerves and muscles, the regulation of
hormone release from endocrine cells, and the initiation
of the cortical reaction to prevent polyspermy in oocytes
[1]; despite this, the microscopic mechanisms for the func-
tion of such channels are imperfectly understood. Ion
channels are among the simplest proteins to which sta-
tistical mechanics may be applied. Additionally, the elec-
trolyte in the channel is an example of an inhomogeneous
fluid, a topic of considerable interest in statistical mechan-
ics. As a result, in recent years there has been increasing
interest in the application of physics to membrane chan-
nels and, more generally, biophysics.

Roux and Karplus [2] have reviewed earlier simulations.
Recent investigations of channels have included equilib-
rium studies of the mechanism for channel selectivity using
a continuum model for water [3,4], the so-called primi-
tive model (PM) of an electrolyte, and a hard sphere model
for water [5], the so-called solvent primitive model (SPM).
Recent nonequilibrium investigations of channel conduc-
tance, the topic of interest here, can be grouped into three
classes. In the first group, a Debye-Hückel or Poisson-
Planck-Nernst level treatment is employed [6]. Thus, the
PM is used and the molecular nature of the water is again
ignored. In another type of study, the molecular nature of
the water is included but the channel is approximated as a
cylinder of infinite length [7,8]. As a result, the process of
entry of ions and water into the channel cannot be studied.
In the third class, the channel is finite in length, but the
contribution of the water molecules is included only indi-
rectly using Brownian or Langevin dynamics [9,10]. The
study of Chung is performed under open circuit conditions
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with closed circuit conditions mimicked by a recycling of
the ions that pass through the channel.

We consider a 1M saline bath with explicit Na1 and Cl2

ions and extended simple point charge (SPC�E) water on
either side of our model membrane. Under in situ physio-
logical conditions, electrolyte concentrations are typically
0.15M. However, concentrations of 1M are common in
ex situ experiments. An applied electric field of 1.1 V�
55 Å, corresponding to what may be expected from a pair
of planar electrodes at finite separation from the mem-
brane, is applied to all the ions and the water molecules.
Periodic boundary conditions are used to allow a continu-
ous flow of ions and water molecules without reposition-
ing or recycling. A Gaussian thermostat is used to prevent
the system from heating due to particle transport across
the membrane. Because this nonequilibrium molecular
dynamics (MD) is performed under a constant uniformly
applied field, we refer to our simulations as applied field
MD. To our knowledge, this is the first application of this
method in studies of membranes.

To illustrate our method, the channel is modeled as a
nearly cylindrical rigid atomic pore with polar walls and in-
ternal diameter 8.1 Å (similar to that of the nicotine acety-
cloline receptor channel [1]) embedded in a rigid uncharged
membrane. We address such questions as the voltage pro-
file in the bath and in the channel and its change during ion
passages, the ion passage time and current as a function of
the applied voltage. The model channel and membrane
system that we use is simple. However, we intend to move
rapidly to more sophisticated models.

Ten independent runs of 10 ns each were performed for
100 ns of total simulation time. Each run was started from
a structured lattice of 600 SPC�E water [11] molecules,
8 Na1 ions, and 8 Cl2 ions. Since we have an explicit
© 2001 The American Physical Society 2467
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molecular model for water, the polar properties of water
are implicit in the model and the dielectric constant that
we use is unity. The ions were distributed randomly and
uniquely for each run. The Lennard-Jones (LJ) parameters
for ion-ion and ion-water interactions are taken from the
work of Bopp et al. [12] and Smith and Dang [13,14] and
are summarized in Table I of Spohr [15]. For each run, an
equilibration period of 100 ps was performed, followed by
the 10 ns period of data collection. A fourth-order Gear
predictor-corrector integration scheme was employed, with
a time step size of 2.5 fs.

Each simulation cell consisted of a constant volume par-
allelopiped 25 Å 3 25 Å 3 55 Å in the x, y, and z direc-
tions, respectively, where the x and y directions are parallel
to the membrane surface and the z direction is perpendicu-
lar to the membrane surface. Rigid membrane walls were
fixed in space at z � 15 Å and at z � 40 Å. The walls con-
sisted of uncharged LJ spheres with s � 2.5 Å and e�k �
60 K. These spheres were placed on a 10 atom 3 10 atom
square lattice at 2.5 Å intervals, with a 4 atom 3 4 atom
section missing from the center, opening into the channel.

The channel walls were also composed of LJ spheres
with s � 2.5 Å and e�k � 60 K. In addition to the LJ
parameters, channel spheres were assigned partial charges
to mimic the environment found in biological channels.
Charges of 20.35e, 10.35e, 20.5e, and 10.5e (e be-
ing the magnitude of the electron charge) were given to
the spheres in a repeating pattern around each ring. The
channel was constructed of eleven 20-atom rings spaced at
2.5 Å intervals down the axis of the channel, beginning
at z � 15 Å and ending at z � 40 Å (from one mem-
brane surface to the other). The 20-atom rings were given
a 10.625 Å center-to-center diameter, with the 20 mem-
bers evenly distributed about the perimeter. Each repeat-
ing ring was rotated 9± relative to the previous ring in order
to stagger them by one atom radius and produce a helical
charge pattern. To assist in visualizing our model channel,
three consecutive rings of channel wall atoms are plotted
in Fig. 1. The magnitudes of the partial charges that were
used are typical of those commonly used for the peptide
units of a protein backbone [16]. The atom spacing is simi-
lar to that found in peptide units. The overall polarity of the
channel is about what would be found in backbone-lined
pores, such as gramicidin or a potassium channel. How-
ever, we emphasize that this model channel is only a quali-
tatively reasonable model.

Force calculations were performed using the particle-
particle�particle-mesh methodology [17] according to the
optimization recommendations of Deserno and Holm
[18]. Coulombic real space interactions and LJ interac-
tions were truncated at 10 Å. Reciprocal space contribu-
tions to the Coulombic interactions were treated according
to the particle-mesh methodology with a seventh-order
charge assignment function on a 16 3 16 3 64 mesh
point grid, in the x, y, and z directions, respectively.

An external potential corresponding to an electric field
of 1.1 V�55 Å in the z direction was applied throughout
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FIG. 1. Structure of the channel wall. Three consecutive 20-
atom rings are shown. From lightest to darkest, the spheres have
partial charges of 10.5e, 10.35e, 20.35e, 20.5e. As the differ-
ences in shading of dark and light spheres may be difficult to see,
one can start with a dark sphere and give it a specific negative
charge. Proceeding counterclockwise, the next sphere in a given
ring has a positive charge of the same magnitude, the third sphere
has the other negative charge, and the fourth sphere has a posi-
tive charge of the same magnitude as that of the third sphere.
Successive rings are displaced by 9±. The figure is for illustrative
purposes only and is not drawn to scale; the exact specifications
of the system are given in the text.

the simulation cell to mimic the potential gradient that
drives ion transport through biological channels. As can
be seen in the potential plot of Fig. 2, the fluid responds
to this external field, neutralizing it in the reservoir region,

FIG. 2. Relative potential as a function of z in a straight line
through the center of the channel and the reservoir region. Poten-
tials were calculated by insertion of a test particle that sampled
the electrostatic interactions from the average charge distribution
over the duration of all of the simulations. The net potential drop
across the cell remains constant at 1.1 V due to the imposed ex-
ternal electric field.
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and amplifying it across the membrane so that the 1.1 V
potential drop is felt mainly across the membrane. In
analogy to an electrical circuit, the potential drop is found
mainly across the channel (resistor), rather than across the
reservoir (conducting wire).

Periodic boundary conditions were applied in all three
directions, maintaining a constant volume and enabling
the simulations to be run continuously without particle
insertions or deletions, even though a net current of Na1

ions was flowing in the positive z direction.
During the 100 ns of data collection, 12 complete Na1

ion passages occurred, wherein a sodium ion entered the

FIG. 3. Snapshot of the model system. The large dark spheres
represent the Cl2 ions, the smaller light colored spheres repre-
sent the Na1 spheres, the smaller “boomerang” objects represent
the SPC�E water molecules, the two planes of smaller spheres
represent the neutral membrane walls, and the rings are made up
of small spheres (the darker spheres have a negative charge) that
represent the atoms in the eleven 20-member rings comprising
the channel structure. The figure is for illustrative purposes only
and is not drawn to scale; the exact specifications of the system
are given in the text.
channel at z � 15 Å and exited the channel at z � 40 Å.
In addition, one partial passage occurred, in which a
sodium ion traversed only 26% of the way through the
channel within the allotted time. A Na1 could be found in
the pore for 14.76 ns of the total 100 ns of data collection.
A snapshot of the channel is given in Fig. 3.

Although several Cl2 ions entered the channel at z �
40 Å and subsequently reexited at z � 40 Å after a few
ps, there was no complete Cl2 ion passage and the total
net fraction of Cl2 ion partial passages was therefore zero
during the simulation period.

For the given channel structure and 1.1 V applied voltage,
there were 12.26 Na1 ion net passages within the allotted
100 ns. This yields a current of 19.6 pA and a conduc-
tance of 17.8 pS. The mean passage time is 1.2 ns, calcu-
lated by computing the total time in which there is a Na1

ion in the channel divided by the net number of passages.
Since experimentally measured [1] channel conductances
are of the same order of magnitude, the calculated current
demonstrates the viability of the applied field MD method
for studying channel conductance. The velocity of an ion
in the channel, although fairly constant in the bulk of the
channel, increases, up to a factor of 2, as the ion ap-
proaches the exit.

Unlike present experimental measurements, MD simula-
tions allow us to directly explore subtle atomic-level details
of the channel conductance. For example, do the sodium
ions prefer to travel down the center of the channel, or
along the sides? Figure 4 shows the average density dis-
tribution in the radial direction of Na1 ions, O atoms, and

FIG. 4. Average density distribution of H atoms (dotted line),
O atoms (solid line), and Na1 ions (dashed line) in the channel
as a function of distance from the center of the channel. Sodium
ion information comes from all 100 ns of property collection;
hydrogen and oxygen atom distributions were collected during
a 50 ps period while there was no ion in the channel. Densities
are relative to the bulk density of each species.
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FIG. 5. Average density distribution of H atoms (dotted line,
density divided by two), O atoms (solid line), Na1 ions
(squares), and Cl2 ions (3) in the reservoir region as a function
of z. Samples were taken from a 6 Å diameter cylinder that was
parallel to the z axis and centered at the points farthest from
the channel. Sampling took place at 50 fs intervals during all
100 ns of property collection. Note that the left axis corresponds
to the hydrogen and oxygen traces and that the right axis cor-
responds to the ion traces. Please also note that because of the
periodic boundary conditions, the negative z values of this plot
are equivalent to those values plus the cell length, LZ � 55 Å
(i.e., z0 � z 1 55 Å).

H atoms inside the channel. The Na1 ions prefer to be
about 1.1 Å from the center of the channel. In contrast,
the Cl2 ions, whose density is too small to be seen, pre-
fer to be at the channel center during their brief visits. On
the other hand, the water molecules adhere to the walls of
the channel, presumably due to the polarity of the channel
atoms. For our model, there are few water molecules in
the center of the channel. Note that in contrast to the wa-
ter molecules and the Cl2 ions, the Na1 ion concentration
in the channel reaches a level considerably in excess of the
bulk concentration. As seen in Fig. 3, the water dipoles in
the channel are oriented by the external field, as would be
expected. Space does not allow a consideration of ion de-
hydration or water channel wall interactions here, but we
speculate that the positioning of Cl2 ions near the center
of the channel and their low conductance reflect the hydra-
tion of these ions within the pore. The structure of water
around ions is undoubtedly peculiar to particle diameters
and charges and the channel diameter.

Average density distributions as a function of z, for a
region with x and y far from the channel, for each atomic
species in the reservoir region are given in Fig. 5. The Na1

ions tend to exhibit a higher concentration probability, with
some layering, on the high-potential side of the membrane
whereas the Cl2 ions tend to exhibit a higher concentration
probability, again with some layering, on the low-potential
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side of the membrane. Some of the H atoms approach the
membrane more closely than the O atoms because of their
smaller size. Thus, something like a double layer forms
on the membrane. There is rough electroneutrality in the
center of the reservoir. Presumably, a more precise elec-
troneutrality for the “bulk” fluid would be exhibited with
a larger unit cell.

We have demonstrated the feasibility of modeling an
ion current through a membrane using molecular dynamics
with closed circuit conditions. Sufficient ion passages are
observed to permit a statistical reasonable estimate of the
channel conductance. It will be interesting in the future
to utilize this approach to study conductance/concentra-
tion relationships, conductance/voltage relationships, and
channel permeation selectivity, as well as to study systems
with a protein structure embedded in a lipid.
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