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Abstract

We have explored the permeation and blockage of ions in sodium channels, relating the channel structure to function using electrostatic
profiles and Brownian dynamics simulations. The model used resembles the KcsA potassium channel with an added external vestibule and a
shorter selectivity filter. The electrostatic energy landscape seen by permeating ions is determined by solving Poisson’s equation. The two
charged amino acid rings of Glu-Glu-Asp-Asp (EEDD) and Asp-Glu-Lys-Ala (DEKA) around the selectivity filter region are seen to play a
crucial role in making the channel sodium selective, and strongly binding calcium ions such that they block the channel. Our model closely
reproduces a range of experimental data including the current—voltage curves, current—concentration curves and blockage of monovalent ions

by divalent ions.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Sodium channels are widely dispersed across the body,
from neurons in the brain and body, to vertebrate skeletal
and cardiac muscles, and endocrine glands. Although
responsible for a vast array of important bodily functions
their primary role is the conduction of action potentials.
There is a huge variety of sodium conductive channels, but
here we deal with the voltage-gated channels to which this
term is usually applied. Most sodium channels conserve the
EEDD and DEKA ring of residues believed to line the
selectivity filter region. Another common feature of the
sodium channel family is its very small conductance of
between 10 and 30 pS. This range is seen in the sodium
channels in cardiac tissue, myelinated nerve fibres, giant
squid axon and brain planar lipid bilayers [1-16,18]. In this
paper, we aim to construct a model of the family of voltage-
gated sodium channels that can relate its physical and
functional properties. Since no crystal structure exists for the
family of sodium channels, we base our model on
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information gathered from the crystal structure of similar
channels as well as patch clamp and theoretical models, and
examine what structures can reproduce the properties of this
channel. Mutation studies reveal that the most important
structural feature is the two rings of charged amino acids
around the narrow selectivity filter, responsible for the
channel’s affinity for sodium ions [19-22] and, as we
discuss later, block by divalent ions. We have constructed a
model using information gathered from molecular models
[22-24], cryo-electron microscopy [26] and the recently
crystallized KcsA channel [27]. By performing Brownian
dynamics (BD) simulations, we are able to reproduce the
experimental current—voltage, current—concentration and
blockage results, and highlight the important structural
features responsible for the various functions of the channel.

2. Methods
2.1. Channel model

The first, and possibly the most important, part of the
simulation process is creating a shape of the channel that
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Fig. 1. Sodium channel model. The sodium channel model is generated by
rotating each curve by 180°. The points marked by the triangles and circles
around the selectivity filter represent the position of the two rings of EEDD
and DEKA residues, respectively. The squares correspond to the negative
dipoles at the end of the protein.

resembles its structure. We base our model on the gross
structure of the KcsA channel [27]. However, as seen in
Fig. 1A, we shorten the length of the selectivity filter to be
only about 4 A and add a funnel-shaped extracellular
vestibule formed by the P loops near the extracellular side
of the protein with a radius of 7=14 A. The shape and
dimensions were adopted from molecular models presented
by Guy and Durell [24] and Lipkind and Fozzard [25]. The
narrowest region of our model is the selectivity filter, the
radius of which is set to 7=2.2 A. This value is chosen to
correspond to the minimum cross-sectional area suggested
by examining the permeability of various organic cations
[28]. The total length of the channel is 53 A with a large
intracellular entrance (similar to that of KcsA) of diameter 9
A near the intracellular mouth.

Changing any of these parameters has an acute affect on
the conductance properties of the channel. For example,
enlarging the diameter of the inner pore to 10 A dramatically
increases the outward current, as intracellular sodium ions
find it easier to enter the channel due to smaller repulsive
image forces from the dielectric boundary. Also, when the
diameter of the central chamber, currently set at 12 A, is
increased, the current becomes highly asymmetric with the
outward current much higher than the inward current. Thus,
once the gross features of the channel are specified, only a
small range of possible dimensions can reproduce exper-
imental data.

As we do not have the detailed atomic structure of the
protein, rather than including all the partial charges of the
protein atoms, we include only a selection of important
charges as has been done successfully in previous models of
potassium and calcium channels [29,30]. There are two
important rings of charged amino acid residues believed to
line the selectivity filter as mutations of these significantly

affect the conductance and selectivity of the channel [19—
22]. We model these as point charges placed 1 A behind the
channel boundary. The outer ring of EEDD residues lies at
z=18.5 A and the inner ring of DEKA residues lies at z=14
A. Determining the charge state of these residues is not
straightforward in the complex channel environment. We
expect the positive lysine residue in the inner ring to be fully
charged, but one or more of the other negatively charged
residues may become protonated. To determine the most
likely charge state of the channel, we calculate the current
passing through the channel with various combinations of
charges on these rings. To do this, we hold the charge on
one ring constant while varying the charge on the other. An
example of this is shown in Fig. 2. In Fig. 2A we hold the
charge on the outer ring fixed at —3.8x107'" C and
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Fig. 2. Influence of partial charges on channel conductance. The magnitude
of current passing through the channel for each charge combination
obtained from simulations at +106 mV (filled symbols) and —94 mV (open
symbols). (A) The total charge of the inner ring of DEKA residues is varied
between —0.3x10 ' and —1.3x10""’ C while the outer ring of EEDD
residues is kept fixed at —3.8x107' C. (B) The total charge of the outer
ring of EEDD residues is varied between —1.0x10'? and —4.4x107'° C
while inner ring is fixed at —1.0x10~"° C.
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systematically vary the charge on the inner ring. The total
current passing through the channel at +106 and —94 mV is
shown by the filled and open symbols, respectively.
Similarly, in Fig. 2B we hold the charge on the inner ring
fixed at —1x107" C and calculate the current passing
through the channel while varying the charge on the outer
ring.

Using this method, we find that the best agreement with
experimental data (i.e., symmetric currents of the correct
magnitude) is obtained when on average two of the residues
are protonated. In particular, the best results are obtained
when the outer ring has a total charge of —3.8x10~ " C and
the inner ring a charge of —1x10~" C, indicated by filled
and open diamonds in Fig. 2. These charges are spread
evenly across the residues in each ring so that the four
negatively charged residues in the outer ring each have
charges of —0.95x107'" C, while the aspartate and
glutamate residues of the inner ring both have a charge of
—1.3x107" C. A number of combinations of charge per
ring were tried in addition to those shown in Fig. 2 but they
only enforced the fact that the combination stated above is
unique. While a few other combinations do succeed in
reproducing the experimental conductance, we found that of
the combinations we tried, only this one could qualitatively
reproduce the block of sodium current by calcium ions
described later.

Four dipole charges of 0.6x10°' C each are also
introduced at the intracellular pore end of the channel with
their negative ends facing the channel to represent the
macroscopic helix dipoles. These dipoles aid the entry of
ions into the narrow intracellular end of the channel.
Therefore, we conclude that only a very small range of
charge positions and magnitudes can reproduce the exper-
imental data of conductance, current—concentration and
blocking by divalent ions.

2.2. Simulation details

Once a model channel has been created, we perform BD
simulations to obtain the channel conductance. In these
simulations, we place a number of Na and Cl ions in
reservoirs attached to either end of the channel to represent
the intracellular and extracellular space. We then simulate
the motion of the ions under the influence of electric,
random and frictional forces using the Langevin equation,

) dVi
"

= —my;vi + Fr(?) + ¢iEi + Fs (1)

The first term on the right describes the frictional force
experienced by an ion as it attempts to move through a
fluid with a frictional coefficient of m;y;. The second
term, Fgr(¢), is a random force arising from collisions of
the ions with water molecules that are not treated expli-
citly in our simulations. The last term Fg is a short-range
force term that includes short range ion—ion and ion—wall
interactions [29].

The electrical force acting on an ion, g;E;, includes the
potential applied across the channel as well as the Coulomb
interaction between the ions and the fixed charges in the
protein, and the image charges induced along the water—
protein boundaries. These electrical forces can be calculated
by solving Poisson’s equation:

& V[e(r)Vo(r)] = — p(r) 2)

in which &(r), ¢(r), and p(r) are the space-dependent
dielectric constant, electric potential and charge density.
This equation can be solved analytically for only a handful
of channel shapes, and for the model used here a numerical
iterative ‘boundary element’ technique is used [32,33]. To
do this computation a dielectric constant of ¢=2 is assigned
to the channel protein and ¢=60 to the water in the channel
and reservoirs [31,37]. Although a value of 80 should be
assigned to the bulk solution in the reservoirs, this causes
problems for the numerical solutions as ions cross the
dielectric boundary to enter the channel. Thus, an artificial
Born energy barrier is introduced at the entrance and exit of
the channel to compensate for this [31,37].

We implemented the Langevin equation using an
algorithm devised by van Gunsteren et al. [35,36]. A time
step of 100 fs is used to trace the path of ions through the
channel and a larger time step of 2 ps for ions in the
reservoirs. To save calculating the forces on every ion at
every step during the simulation, many of the force
components are pre-calculated for various ion configura-
tions and stored in lookup tables [31]. Once the forces are
calculated for a given configuration, new positions are
calculated for each ion to give their location 2 ps later, and
this entire procedure is repeated. The current is determined
by counting the number of ions traversing the channel in a
given period.

To obtain concentrations of 200 mM used in much of
this study, 14 pairs of Na and CI ions are placed in each
reservoir. The number of ions was increased or decreased in
order to simulate higher or lower concentrations keeping
the size of the reservoirs fixed for all simulations. The
values of the physical parameters used in the simulations
are given in Table 1. Diffusion coefficients of 0.1 and 0.3
times the bulk value for sodium were used in the outer
vestibule and the narrower section (27>z>10 A) and the
intracellular chamber (10>z>—25 A) of the channel,
respectively, as suggested by molecular dynamics studies
of narrow channels [34]. Corresponding values of 0.15 and
0.4 were used for calcium.

In all the simulations involving mixtures of NaCl and
CaCl, in the reservoirs, concentrations of 200 mM and 110

Table 1

Na® Cca*" Cl™
Mass (kg) 3.8x1072° 6.6x1072° 5.9%1072¢
Bulk diffusion (m*s™")  1.33x107° 0.79%107° 2.03x107°
Tonic radii (A) 0.95 0.99 1.81
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mM were used, with nine and five pairs of each species. The
simulation results have been compared to experimental
results obtained by French et al. [16], but we only hope to
make a qualitative comparison. Performing simulations with
lower concentrations of calcium, such as experimental
concentrations of 10 mM, is difficult as it involves taking
very few pairs of ions and very large reservoir sizes. This
increases the simulation time, as very many Na' and CI~
must also be present, and makes it harder to gain statistically
reliable results as interactions between the calcium ions and
the channel become rarer. The intention of these results is to
discuss the general agreement between the experimental and
simulated IV curves, as well as to use the model to try and
understand the underlying mechanisms responsible for the
attenuation of sodium current in the presence of calcium,
rather than to make a direct quantitative comparison.

3. Results
3.1. Sodium permeation

The electrostatic energy profiles for various ion config-
urations found by solving Poisson’s equation with an
applied potential of —94 mV are shown in Fig. 3. As a
single sodium ion is brought in to the channel from the
extracellular side along the channel axis in 1-A intervals, it
sees a deep energy well of 20 kT (solid line) with an energy
minimum in the selectivity filter where it is surrounded by
the two rings of negatively charged amino acid residues. To
pass through the channel, however, the ion must climb out
of this well and over an energy barrier 13 kT in height
created by the charges it induces in the central hydrophobic
section of the channel. This energy barrier is virtually
insurmountable by one sodium ion alone in its random
thermal motions.

Energy (kT)
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-20-Na* .

20 20 0 20 40
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Fig. 3. Potential energy profiles. Potential energy profiles of a single
sodium ion (solid line) or with three ions in the channel (dashed lines) are
calculated at an applied potential of —94 mV. In the multi-ion profile, an ion
is brought into the channel from the right while two ions are allowed to find
their minimum energy positions in the selectivity filter (dashed line, right
hand side). Once all ions are in the filter, the energy of the left hand ion is
calculated as it is moved out to the intracellular side of the channel (dashed
line, left hand side).

The channel can, in fact, hold two Na ions in stable
equilibrium in the selectivity filter. However, this can be
disrupted when a third ion enters. The energy profile seen
by a third ion entering the channel from the extracellular
side in this situation is indicated by the right hand side of
the dashed line in Fig. 3. The third ion still sees an
energy well of nearly 3 kT at the mouth of the channel
attracting it inside. However, if we now move the left
hand ion through to the intracellular end of the channel
with the other two ions in the selectivity filter, we find
that the central barrier is lowered to only 3.5 kT, which it
can be expected to cross in its random motions with the
aid of the repulsive forces it experiences from the nearby
sodium ions. Therefore, from the electrostatic profiles, it
appears that conduction through the channel is likely to
be a three-ion process.

Next we determine the conductance properties of the
channel using BD simulations. As the current passing
through the channel is very small, a large number of
simulations are required to obtain reliable results. Thus,
each data point represents 13 ps of simulation time. The
current-voltage curve shown in Fig. 4A is symmetric and
linear through the origin in agreement with most exper-
imental results [1,2,4,7,10,14,15]. The results of Schild et al.
[1] are shown in the inset for comparison with our BD data.
The simulated data have an outward current at +106 mV of
2.4+0.2 pA, and an inward current at —94 mV of —2.5 pA.
The slope conductance of about 24.5 pS agrees well with the
experimental value of 21 pS.

Experimental results show that the sodium current
through the channel is concentration-dependent but arrives
quickly at a saturation value of about 2 pA under a —70 mV
driving potential (here again results are taken from Schild
and Moczydlowski [2] for comparison) [2,16,17]. This
phenomenon is also observed in our simulations. As we
vary the concentration in the reservoirs from 75 to 500 mM
by adding or removing ions (thus keeping the reservoir the
same size for all simulations), the current rapidly saturates.
The simulated data are compared to experimental results in
Fig. 4B. The agreement between the results is reasonable
although some differences in the current can be seen at low
concentrations. The simulated data are fitted with a
Michaelis—Menton curve [31]:

Imax
= 1 + Ks/[Na] 3)
in which [Na] is the sodium ion concentration, /.. is the
saturation current and Kg is the half-maximum concen-
tration. The experimental data show a point of half-
maximum of Kg=40 mM while the simulated value is
Ks=75 mM [2,16,17]. Thus, although a general agreement is
seen between the simulations and experiment, saturation
occurs at slightly higher concentrations in the simulated
data.

The average distribution of ions in the channel at an
applied potential of —70 mV found during BD simulations
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Fig. 4. Current—voltage and current—concentration relationships. (A) The
current-voltage curve was obtained with a symmetric solution of 200 mM
NaCl. Each data point represents a 13-pus simulation. The inset shows the
experimental results obtained under similar conditions by Schild and
Moczydlowski [2]. (B) The current—concentration curve obtained from BD
simulations (open circles) is plotted against the experimental data (filled
circles) obtained by Schild et al. [1] at a driving potential of —70 mV. A
Michaelis—Menton curve has been fitted to the simulated data.

is shown in Fig. 5B. The channel has been divided into 100
layers and the average number of ions in each layer during
the simulation is indicated. There are approximately 2.5 ions
in the channel in total, 1.2 ions situated near the outer ring
of charges (EEDD ring), 1 ion at the inner ring of charges
(DEKA ring) and approximately 0.3 ions near the intra-
cellular helix dipoles. This also suggests that permeation
involves three ions. An ion is also usually found in the
external vestibule.

The saturation of current at high concentrations can be
easily explained by examining the steps required for
permeation. Let #; (shown in Fig. 5A) be the time taken
by an ion to enter the channel while two ions are already
occupying the selectivity filter (as this is the equilibrium
state). Clearly, this process is accelerated by increasing the

number of ions in the reservoirs, that is, at higher
concentrations, thereby making this step concentration-
dependent. However, 7,, the time taken by the first ion in
the channel to leave the selectivity filter and move across the
central part of the channel once the third ion has entered,
does not depend on reservoir concentrations. Rather, this
time depends on the kinetic energy of the ion and also the
repulsive force provided to it by the other ions in the
selectivity filter as they exert random motions. Thus, at high
concentrations, although #; will become very small, ¢, will
stay the same and limit the conductance of the channel. That
crossing the center of the channel is the rate-limiting step is
also suggested in Fig. 5B. There are three distinct peaks for
the three positions of ions (circles) shown in Fig. 5A
illustrating that there is usually an ion present at the external
end of the channel as required for conduction. However,
there are almost no ions present in the central region of the
channel.

3.2. Blockage by calcium ions

Experimental results reveal that calcium, in an extrac-
ellular solution, interferes with the normal conduction of
sodium ions in the open channel [16,17,38-46]. It is
believed that the presence of calcium obstructs the sodium
ions and prevents conduction. Also, with calcium as the
only cation in the solution, the conductance of the sodium
channel is greatly reduced, so much so that the ratio of the
calcium current to the pure sodium current (/c,/In.)<0.01
[21].

We performed BD simulations with calcium and sodium
ions in solution under three different conditions. These
results are presented in Fig. 6 (filled circles), alongside the
I-V curve for symmetrical concentrations of 200 mM
sodium chloride solutions (open circles). For comparison,
the figures also contain an inset of the data collected by
French et al. [16] under similar conditions. The first set of
simulations, shown in Fig. 6A, was carried out with an
extracellular mixture of 200 mM sodium chloride and 110
mM calcium chloride and an intracellular solution of only
200 mM sodium chloride. We see a large attenuation in the
current into the cell. We notice that the current falls to
0.3£0.1 pA at —94 mV and is reduced to 1.7£0.2 pA at
+106 mV. Fig. 6B represents /-V results with intracellular
sodium and calcium chloride concentrations of 200 mM
and 110 mM, respectively, and an extracellular solution of
pure 200 mM sodium chloride. This time we see a larger
attenuation of the outgoing current from the cell to
1.7£0.2 pA at +106 mV and a reduction in the incoming
current to 1.8£0.3 pA. The final set of results shown in
Fig. 6C is current measurements at symmetrical concen-
tration of 200 mM sodium chloride and 110 mM calcium
chloride. The intracellular current falls to 0.3+0.2 at —94
mV and the extracellular current reduces to 1.4+0.2 pA as
shown in Fig. 6C. All of these results are in good
agreement with data presented by French et al. [16].
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Fig. 5. Average number of sodium ions in the channel at an applied potential of —70 mV (B). There are three distinct peaks corresponding to the positions
shown in (A). The first two peaks on the right are averages of 1.2 ions, the third peak situated at the z coordinate of the inner ring of charges is an average of 1
ion, and the last peak on the intracellular side corresponds to 0.3 ions. These data were calculated over a total simulation period of 1.6 ps.

The blockage of sodium currents by calcium ions
demonstrated in our simple model can be understood by
studying the energy profiles for various ion configura-
tions. The sodium and calcium single- and multi-ion
profiles are plotted together in Fig. 7. We notice that for a
negative potential of —94 mV the energy well seen by a
single incoming calcium ion is much deeper (~30 kT)
than that seen by a sodium ion as shown in Fig. 7A. This
is due to the stronger attraction of the divalent ion to the
negatively charged residues lining the selectivity filter.
This means that calcium ions will be more strongly bound
to the selectivity filter region than sodium. This also
results in a high energy barrier in the central part of
channel which it must surmount if it wants to pass
through the channel.

As the selectivity filter is too narrow for ions to pass
each other, if a calcium ion enters the selectivity filter, the
only way conduction can take place is if it is knocked out
of its equilibrium position by other ions. However, in Fig.

7B we show that this is unlikely to occur. If we place one
calcium ion in the selectivity filter, and bring another
calcium ion into the channel from the right, we see that this
second ion is only weakly attracted into the channel by a
shallow well in the extracellular vestibule (solid line on
right). However, even if a second calcium ion does enter
the channel, the first calcium ion sitting in the selectivity
filter sees a large energy barrier of 7 kT (lower solid curve)
to its left that it must surmount to cross the channel. This
barrier is just large enough that we can expect that the
calcium ion is unlikely to conduct. Indeed, it is much more
likely for the second calcium ion to exit the channel back to
the extracellular side than for the first ion to cross the
channel.

The resident calcium ion is even less likely to be
displaced by an incoming sodium ion. In this case, the
sodium ion is again weakly attracted into the channel as
indicated by the shallow well in Fig. 7B (dashed line on
right). However, for the calcium ion to cross the channel, it
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Fig. 7. Single- and multi-ion profiles for mixed solutions. (A) Single-ion
profile for a calcium (solid line) and a sodium (dashed line) ion in the
channel under an applied potential of —94 mV. (B) Multi-ion energy
profiles under an applied potential of —94 mV. A calcium ion is placed in
the selectivity filter and the energy of either another calcium (solid line,
right hand side) or a sodium ion (dashed line, right hand side) is calculated
as it is brought into the channel from the extracellular side. The energy
required to move the resident calcium ion to the intracellular side of the
channel is then calculated with either a second calcium ion in the filter
(solid curve, left hand side) or a sodium ion in the filter (dashed curve, left
hand side). An applied potential of —94 mV is used throughout.

faces an energy barrier of 12 kT (upper dashed curve)
towards its left, which it finds impossible to overcome. The
barrier in this case is much larger than when a second
calcium ion enters due to the lower Coulomb repulsion
between the ions.

We conclude that once an extracellular calcium ion has
entered the selectivity filter, it is very unlikely to cross the
channel, even with the assistance of incoming ions of either
species. Therefore, this channel cannot be expected to
conduct ions, and the presence of a single calcium ion in the
channel will block the permeation of sodium ions. This
explains the large attenuation of current when calcium is
present in the extracellular solution.
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On the other hand, an outgoing calcium ion sees a
completely different picture, as seen in Fig. 8A. On entering
the inner mouth of the channel, it sees an attractive well of
only 8 kT followed by an energy barrier of nearly 4.5 kT
(solid curve). This attracts the calcium ion only as far as the
inner-mouth dipoles, beyond which it faces some resistance.
Alternatively, a sodium ion sees an energy well of 23 kT
terminating in the selectivity filter (dashed curve). This
makes it more likely for a sodium ion to enter the channel
before a calcium ion can get in.

When there are two sodium ions present in the selectivity
filter (as is usually the equilibrium case, shown in Fig. 5B
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Fig. 8. Single- and multi-ion profiles for mixed solutions. (A) Single-ion
profile for a calcium (solid line) and a sodium (dashed line) under an
applied potential of +106 mV. (B) A multi-ion profile with two sodium ions
held fixed at their equilibrium positions in the selectivity filter, calculated
under an applied potential of +106 mV. A sodium ion is brought in from the
left and the energy required for it to cross into the selectivity filter is
calculated (dashed curve, left hand side). The same is done with an
incoming calcium ion (solid curve, left hand side). The energy required to
move this sodium ion to the extracellular mouth is calculated first with two
sodium ions in the filter (dashed curve, right hand side) and then with
calcium and sodium ions in the filter (solid curve, right hand side).

and later in Fig. 9B), an intracellular calcium ion sees a large
insurmountable energy barrier of 11.6 kT in the central part
of the channel, seen in Fig. 8B (solid curve on left). This is
due to the image forces it experiences in the narrow channel
environment. The energy well that draws it into the channel
is not deep enough to bind the calcium ion strongly and
therefore it hops in and out between this well and the
intracellular reservoir. On entering the channel, an intra-
cellular sodium ion sees a barrier of only 3.7 kT (dashed
curve on left). This it can overcome with its own thermal
energy and cross into the selectivity filter. This explains why
a calcium ion is unsuccessful in completely blocking the
outgoing current, and yet its occasional presence in the
mouth of the channel attenuates the sodium current to a
small extent. Therefore, these energy profiles are successful
in explaining why extracellular calcium concentrations
cause such a large block, whereas intracellular calcium
concentrations only partially reduce the current.

The distribution of ions in the channel with a mixed
solution of 200 mM NaCl and 110 mM CaCl, in the
reservoirs obtained from BD simulations under an applied
potential of —94 mV is illustrated in Fig. 9A. The large peak
in the histogram situated around z=18 A (filled bars)
indicates that a calcium ion remains resident in the
selectivity filter and remains there for a long time even as
other ions wander in and out of the extracellular vestibule.
This was expected from the energy profiles above.

The distribution of ions for a positive potential of +106
mV under the same concentrations discussed above is
shown in Fig. 9B. It is observed that the second peak of
sodium ions at z=20 A (empty bars) is reduced to half its
size from that seen in Fig. 5B. This is due to the presence of
occasional calcium ions that enter this region from the
extracellular side (filled bars). As can be seen from the
histogram, no calcium ions are seen inside the channel.

Simulations were also performed with pure 200 mM
CaCl, in the reservoirs. In this case no current was seen to
pass through the channel. This supports the conclusion that
once a calcium ion has entered the channel, it is virtually
stuck there. Only very rarely can it surmount the high
central barrier, even with the help of another calcium ion.

4. Discussion

We have created a simplified model of voltage-gated
sodium channels that can reproduce and explain a large
variety of experimental data including the current—voltage
and current—concentration relationships for sodium ions, as
well as the blockage of sodium currents by calcium ions.
The model is based on the structure of the KcsA potassium
channel, but with a number of modifications made to
comply with various experimental and theoretical studies. If
we assume that the broad shape of the channel is similar to
that of the KcsA potassium channel, then a relatively unique
model arises. We find that only a very small range of shapes
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Fig. 9. Histogram showing the average number of calcium (black) and sodium (white) ions in the channel during a simulation at an applied potential of (A) —94
mV and (B) +106 mV. These data were calculated over a total simulation period of 1.6 us.

and partial charges can reproduce the experimentally
determined properties of the channel.

Sodium permeation is seen to involve at least three ions.
The selectivity filter is almost always occupied by two
sodium ions, and a third ion entering the channel from the
extracellular side is required to kick one of the ions across
the central region of the channel. Given that measurements
have determined a flux ratio exponent of close to 1 [47],
and a lower affinity to bind ions than the potassium
channel, it may be surprising that we find the channel to
always be multiply occupied. However, further reflection
shows that this multiple occupancy should not be entirely
unexpected. First, sodium ions are clearly less favourably
attracted into this channel than potassium ions are into the
potassium channel. This can be clearly seen by looking at
the single-ion energy profiles. While a single sodium ion is
bound by an energy well of around 20 kT in depth in this
model (Fig. 3), a potassium ion sees a well of closer to 60

kT in the potassium channel [30,31]. This would explain the
different binding affinities.

A number of lines of argument all suggest multiple
occupancy of the channel. First, there are a large number of
charged residues lining the selectivity filter, six acidic
residues and one basic residue. If fully charged, these
residues will exert a very strong electrostatic attraction for
cations. Indeed, the only way for the channel to not be able
to electrostatically bind multiple sodium ions would be
either for four of these to be protonated, or for the structure
of the channel to be quite different from that of the KcsA
channel such that these residues were much farther from the
pore. In either case, it would be hard to explain the influence
of mutations to any of these residues if they were not
imparting a large electrostatic influence to sodium ions [19—
21]. Also, we know that calcium ions bind strongly to the
channel. If the channel can tightly bind a divalent ion, then
it follows that there will also be a large chance that it can
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bind two monovalent ions. Indeed, we find the energy wells
have to be as deep as shown for this model to correctly
reproduce the block of the channel by calcium ions.

All of this, however, seems to conflict with measure-
ments of the flux ratio exponent that find its value to be
close to one [47], and are often interpreted as implying that
the channel is usually occupied by only one ion. In order to
settle this issue, we calculated the flux ratio exponent in our
simulations with a concentration and applied potential
similar to that used in the experimental study. With external
and internal sodium concentrations of 400 and 100 mM,
respectively, and an applied potential of +65 mV, we find
the flux ratio exponent to be 1.3+£0.3, only slightly higher
than the results found by Begenisich and Busath [47].
Notably, this value is considerably less than the average
number of ions in the selectivity filter during the same
simulations that was found to be 2.3. These results suggest
that some caution needs to be applied when interpreting the
meaning of the flux ratio exponent, and one cannot directly
equate it to the number of ions in the channel. Indeed, in
their original paper, Begenisich and Busath [47] state that
their results imply that the sodium channel ‘appears to act as
a multi-ion pore without a large central barrier’.

The fact that the value of the flux ratio exponent is
considerably less than the average number of ions in the
channel can be understood if we examine the conditions in
which the measurements were made. In the studies of
Begenisich and Busath [47], external sodium concentrations
of 440 mM were used. An inspection of the current—
concentration curve (Fig. 3B), however, indicates that at this
concentration, the current passing through the channel is
likely to have saturated [2,16,17]. The influx and efflux of
ions used to calculate the flux ratio exponent are related to
the applied potential and concentration difference across the
channel. However, at large concentrations, the fluxes (at
least in one direction) will not be concentration-dependent.
Therefore, it is possible that the value of the flux ratio
exponent calculated at concentrations where the current for
the channel has already saturated will be considerably
different than at lower concentrations. Clearly, further work
is required to better understand the relationship between the
flux ratio exponent and the number of coupled ions in the
channel.

We also demonstrate how calcium ions attenuate or block
sodium currents. Divalent calcium ions are attracted more
strongly to the negatively charged residues in the selectivity
filter than sodium ions. Thus, at negative potentials it is
harder for calcium ions to leave the channel once they have
entered from the extracellular side, and this is very rare even
with the aid of other calcium or sodium ions in the channel.
With extracellular calcium concentrations, and negative
potentials, the calcium ions enter and sit in the channel
permanently. Alternatively, at positive potentials, these ions
still manage to get into the channel and sit alongside a
sodium ion (Fig. 9B), but they are not as strongly bound.
They temporarily prevent outgoing sodium ions through by

presenting a higher central barrier, but once they are
replaced by a second sodium ion in the filter, the energy
barrier for the outgoing sodium ions is reduced and they
are able to cross over the central barrier. This effect only
reduces the outward current, but does not completely block
it. Thus, the block of the channel by calcium ions is seen
to be an electrostatic effect, created by the interaction of
the permeating ions with the charged residues in the
narrow part of the channel. The narrow width of the filter
region is also a key element in the blockage of the channel
by divalent ions. This prevents sodium ions from moving
past the calcium ion once the latter has entered the
channel. We also see that when calcium is present in the
intracellular solution it does not permanently block the
channel, but hinders the sodium current by briefly
occupying the intracellular mouth and preventing sodium
ions from getting past.

We have assumed a rigid model, treated water as a
continuum and only included a few important partial
charges. However, despite these gross simplifications, we
are able to gain a valuable insight into some of the
characteristic processes of the sodium channel. Furthermore,
the fact that the model can reproduce the current—voltage
curves in sodium and mixed sodium and calcium solution as
well as describing the saturation of current at high
concentrations and the blockage of currents by divalent
ions gives us confidence in the model. The model we have
used in our BD simulations is simple, yet it succeeds in
explaining most of the functions of this important class of
ion channels.
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