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Abstract The nicotinic acetylcholine receptor (nAChR)
is the archetypal ligand-gated ion channel. A model of the
o7 homopentameric nAChR is described in which the
pore-lining M2 helix bundle is treated atomistically and
the remainder of the molecule is treated as a “low reso-
lution” cylinder. The surface charge on the cylinder is
derived from the distribution of charged amino acids in
the amino acid sequence (excluding the M2 segments).
This model is explored in terms of its predicted single-
channel properties. Based on electrostatic potential
profiles derived from the model, the one-dimensional
Poisson-Nernst-Planck equation is used to calculate
single-channel current/voltage curves. The predicted
single-channel conductance is three times higher (ca.
150 pS) than that measured experimentally, and the
predicted ion selectivity agrees with the observed cation
selectivity of nAChR. Molecular dynamics (MD) simu-
lations are used to estimate the self-diffusion coefficients
(D) of water molecules within the channel. In the nar-
rowest region of the pore, D is reduced ca. threefold
relative to that of bulk water. Assuming that the diffusion
of ions scales with that of water, this yields a revised
prediction of the single-channel conductance (ca. 50 pS)
in good agreement with the experimental value. We
conclude that combining atomistic (MD) and continuum
electrostatics calculations is a promising approach to
bridging the gap between structure and physiology of ion
channels.
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Introduction

The nicotinic acetylcholine receptor channel (nAChR) is
the best understood member of a family of neurotrans-
mitter gated ion channels which also includes receptors
for glycine, GABA and serotonin (Barnard 1992; Ortells
and Lunt 1995). It is selective for cations over anions,
and has a relatively high single-channel conductance (ca.
50 pS). Unlike the situation with K channels (Doyle
et al. 1998), we do not yet possess a near atomic resolu-
tion crystallographic structure for this channel. How-
ever, combining cryoelectron microscopy results (Unwin
1993, 1995; Miyazawa et al. 1999) with mutagenesis and
protein chemistry data (Changeux et al. 1992; Lester
1992; Bertrand et al. 1993; Galzi and Changeux 1994;
Hucho et al. 1996) enables one to construct both
secondary structure (Le Novere etal. 1999) and
three-dimensional models (Ortells et al. 1996; Sankara-
ramakrishnan et al. 1996; Tikhonov and Zhorov 1998)
of the pore formed by the nAChR. In particular, it has
been established that the lining of the transbilayer pore
is formed principally by a pentameric bundle of M2
helices packed in a pseudo-symmetric (e.g. in the muscle
type nAChR, a,fy0) or symmetric (in some neuronal
nAChR, e.g. a75) fashion around a central water-filled
pore. The M2 helix is apparently the second trans-
membrane segment of each of the five subunits which
make up the intact nAChR. A wide range of studies
(Changeux et al. 1992; Lester 1992; Hucho et al. 1996)
have identified the M2 residues whose sidechains appear
to line the pore. In this paper we will concern ourselves
with M2 from the neuronal o7 type nAChR. This can, at
least in vitro, form homopentameric nAChR in which
the pore is lined by five identical M2 helices, thus sim-
plifying modelling and simulation studies. The sequence
of M2a7 used in this paper is:

Ala-Asp~*-Ser-Gly-Glu™'-Lys-1le-Ser *>-Leu-Gly-Ile-
Thr*®-Val-Leu-Leu-Ser " '°-Leu-Thr-Val-Phe-Met-Leu-
Leu-Val-Ala-Glu %
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Note that we number the M2 sequence according to
the scheme used previously (Lester 1992; Adcock et al.
1998), and that the pore-lining polar sidechains are in-
dicated by italics.

One aim of computational studies of ion channels is
to be able to relate structure to function. In particular,
one would like to be able to start with an atomic reso-
lution model of an ion channel and to compute physi-
ological properties such as single-channel conductance
and ion selectivity. However, this is non-trivial. Al-
though atomistic molecular dynamics (MD) simulations,
for example, provide information on the dynamics and
energetics of ions and water within a channel (Chiu et al.
1991, 1993; Roux and Karplus 1994; Roux 1995; Breed
et al. 1996; Smith and Sansom 1997, 1998, 1999), the
discrepancy between the timescale of MD simulations
(ca. 1 ns) and the timescale of ion permeation (ca.
0.1 pus) means that a hierarchy of computational ap-
proaches, corresponding to different timescales, will be
required to build a bridge from structural biology to
physiology (Cooper et al. 1985; Chung et al. 1998; Roux
1998). One approach is to use MD simulations to obtain
a short timescale picture of channel/ion/water interac-
tions and to use continuum electrostatics calculations
and diffusion-based simulations to address ion perme-
ation. Continuum electrostatics calculations, in different
forms, have been used with some success to predict
single-channel current-voltage relationships for channels
formed by simple peptides (Kienker et al. 1994; Chen
et al. 1997, Lear etal. 1997; Woolley etal. 1997;
Dieckmann et al. 1999; Chung et al. 1999) and by porins
(Dutzler et al. 1999).

In a previous paper (Adcock et al. 1998) we described
a model of the nAChR pore in which the M25 bundle
was embedded in a low-resolution model of the re-
mainder of the protein, and showed how this model
could be used to calculate electrostatic potential energy
profiles along the pore. In this paper we extend this work
to calculate single-channel current-voltage relationships.
By combining this approach with an atomistic simula-
tion of water dynamics within the channel, we show how
such a simple model may account for the magnitude of
the channel conductance, and for the ion selectivity of
the nAChR.

Methods
Model building

The helix bundle and helix bundle plus cylinder models
were generated as described in previous papers (Adcock
et al. 1998; Sansom et al. 1998). Briefly, simulated an-
nealing via restrained MD (Kerr et al. 1994; Sansom
et al. 1995) was used to build the M25 helix bundle.
Target restraints were used to restrain the M2 o-helices
to their approximate positions as defined by the 9 A
resolution electron microscopic image of the pore

(Unwin 19995). Intra-helix restraints were imposed to
maintain the hydrogen bonding pattern of each M2 a-
helix. Inter-helix restraints were used to orient pore-
lining sidechains towards the centre of the helix bundle.

An irregular cylinder model of the remainder of the
channel protein was generated from a simple cubic lat-
tice of atoms with a spacing of 2.5 A. The dimensions of
the irregular cylinder were determined from electron
microscope images of the nAChR (Toyoshima and
Unwin 1988; Unwin 1993, 1995). Net charges on the
relevant domains (extracellular, transmembrane, intra-
cellular) were calculated from the amino acid sequence
of o7, excluding the M2 sequence and assuming full
ionisation of acidic and basic sidechains (a charge of
+0.5 was used for His). Charges on each region were
distributed evenly over the dummy atoms forming the
inner/outer surfaces of each cylinder. The M2s helix
bundle was embedded into the transmembrane (TM)
region of the cylinder model, discarding any cylinder
atoms too close to M2 atoms.

Having generated this model, the pK, values of
ionisable sidechains within the M2 helices were calcu-
lated as described previously (Adcock et al. 1998). Thus,
all of the Asp_4, Glu™! and Lys0 sidechains were ionised,
whereas all of the Glu ™ ?° residues were protonated (i.e.
in their neutral state).

Continuum electrostatics

The electrostatic potential (F®) was calculated by solv-
ing the linearised Poisson-Boltzmann equation. A low
dielectric slab of thickness ca. 40 A, into which the
channel models were inserted, was used to mimic the
lipid bilayer. The channel and ‘“membrane” slab vol-
umes were defined by their solvent accessible surface and
were assigned a dielectric of 4. As discussed elsewhere
(e.g. Ullmann and Knapp 1999), there is some debate
concerning the appropriate value of the protein dielec-
tric. Simonson and Perahia (1995) have shown that for
globular proteins the dielectric varies from ca. 20 at the
surface to ca. 4 in the hydrophobic core. Thus, for a
membrane protein a value of 4 seems more appropriate.
Furthermore, a value of 4 has given reasonable corre-
lation with experiment in calculations on ion channels
formed by the peptide alamethicin (Woolley et al. 1997).
Both the solvent within the pore and the bulk solvent
were assigned a dielectric of 78. An ionic strength of
100 mM (monovalent ions) and a Stern radius of 2 A
were used.

Current-voltage curves

The one-dimensional Poisson-Nernst-Planck equation
(Hille 1992) was used to calculate single-channel current-
voltage curves. The equation is effectively the diffusion
equation for charged particles. It describes the mean flux
along the channel pore axis as a function of concentra-
tion and electric potential; J; is the mean particle flux, C;



is concentration, Fis Faraday’s constant, ¢ is the electric
potential, z is the distance along the pore axis and g¢; is
the ionic valence:

dCi(z)  q;F  d¢
& RTCdz

(1)

Integration of Eq. (1) leads to Eq. (2) from which the
total current per channel, 7, may be calculated:
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C; is the concentration of ionic species i which has va-
lence ¢; and diffusion coefficient D;; A4 is the cross-sec-
tional area of the channel; A1y is the TM potential (i.e.
the voltage, V) and ¢cpanner(z) and ¢rm(z) are the
electrostatic potential due to the channel and the TM
potential at point z (along the channel axis), respectively.
Note that the potential in Eq. (1) is given by ¢

(2) = ¢cuaNNEL(Z) T dTMm(2).

MD simulations

MD simulations of solvated channel models were per-
formed using similar methods to those described previ-
ously (Smith and Sansom 1997). Both of the channel
models were solvated using a pre-equilibrated box of
modified TIP3P waters. The M2s model was solvated
using an hourglass-shaped volume of waters defined to
extend ca. 12 A above the top and bottom of the
channel, producing caps of water at either end. The final
solvated structure contained 1557 water molecules. The
M25 + cyl model was solvated using a cylindrical vol-
ume of water molecules of length ca. 120 A, resulting
in a solvated structure containing 1369 water molecules.
The water molecules extended as far as the top and
bottom layers of dummy atoms forming the cylinder.

In the simulations, only polar hydrogens were rep-
resented explicitly. Non-bonded interactions, i.e. van der
Waals and electrostatic interactions, were cut off at 14 A
using a shift function. The dummy atoms forming the
cylinder model were fixed throughout the simulation.
M25 Co atoms in both models were harmonically re-
strained throughout the simulation, using a force con-
stant of 10 keal mol™' A~2. Previous simulations (Breed
et al. 1996; Smith and Sansom 1997) have shown it is
advisable to restrain the water molecules at each end of
the system during the simulation. Planar restraints were
imposed at either end of the M25 + cyl model in order
to prevent water from escaping from either end of the
cylinder. After energy minimisation and equilibration of
the system, a 500 ps production simulation was run.
Water self-diffusion coefficients and dipole moment
projects were calculated as described previously (Breed
et al. 1996; Smith and Sansom 1997).
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The model/water coordinates from the end of the
500 ps production run were used as a starting point for
the model/water/ion simulations. Simulations were per-
formed in which a Na* ion was placed at points along
the pore (z) axis. Fourteen simulations were run for the
M25 + cyl model, with the ion posmoned between
z=-35A and z= +30 A at 5A spacings. In each
simulation, the ion was inserted at its position on the
pore axis and the nearest water molecule to it was re-
moved. The ion was harmonically restrained to its initial
z-coordinate throughout the simulation with a force
constant of 10 kcal mol™' A2 Each simulation con-
sisted of a minimisation, heatlng (6 ps) and equilibration
stage (9 ps). Interaction energies between the ion and
model or ion and water were obtained from the 9 ps
equilibration. This is a rather short simulation period,
but simulations on a number of systems suggest that the
errors in the potential energy introduced by this are
commensurate with the approximate model used in the
calculations. For the purpose of this analysis the non-
bonded cut-off was extended to 30 A. The interaction
energy of a Na" ion with bulk water (Smith and Sansom
1997) was subtracted from all ion-x interaction energies
in which water molecules formed a component of x.

Computational details

Model building used Xplor V3.1 (Briinger 1992).
Quanta 4.1 (MSI) was used in the generation of the
cylinder model and preparation of structure diagrams.
All electrostatics calculations employed UHBD version
5.1 (Davis et al. 1991) (with some local modifications)
and partial atomic charges from the Quanta/Charmm?22
parameter set. Simulations were performed using
CHARMM?23 (Brooks et al. 1983) with the paraml19
parameter set. All calculations were carried out on Sili-
con Graphics workstations or on a R10 K Silicon
Graphics Origin2000.

Results and discussion
Model of the channel

The model consists of a bundle of five M2a7 helices
(M25) embedded in an irregular cylinder which corre-
sponds to the overall envelope of the protein as seen in
low-resolution electron microscopy images (Toyoshima
and Unwin 1988; Unwin 1993). The M?2s bundle
(Fig. 1A) was constructed, as described previously
(Adcock et al. 1998), so as to fit the density in the
electron microscopy images (Unwin 1995), with the
pore-lining residues (Glu™', Ser ™2, Thr*® and Ser™'%)
directed towards the centre of the bundle. This model
was then embedded in the irreguldr cylinder (Fig. 1B).
The cylinder is 110 A long, with an inner radius of 10 A
and an outer radius of 30 A. The intracellular (I0)
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Fig. 1 A Model of the M2; helix bundle, viewed perpendicular to the
pore axis. The intracellular (N-terminal) mouth of the pore is on the
left-hand side of the diagram, which shows the M2 helices in
“ribbons” format. The acidic and basic sidechains are shown in light
and dark grey, respectively [diagram prepared using Molscript
(Kraulis 1991) and Raster3D (Merritt and Bacon 1997)]. B The
M25+cyl model, in which the M25 helix bundle shown in A (dark
grey) is embedded in an irregular cylindrical pore of van der Waals
spheres (light grey) which mimics the dimensions of the overall
envelope of the nAChR protein. The approximate location of the
bilayer is shown by the broken lines. IC = intracellular; TM = trans-
membrane; EC = extracellular

section runs from z ca. =40 to —15 A the TM section
from z ca. —15 to +15 A and the extracellular (EC)
section from z ca. +15 to +80 A. The surface of the
cylinder was assigned a charge based on the proposed
topology of the nAChR and its amino acid sequence,
assuming charges of +1 for all Lys and Arg, —1 for all
Glu and Asp, and 0.5 for all His residues. For the three
regions defined above, the resultant total surface charges
are: IC, Yg= +2.5e; TM, > q=-5.0e; and EC,
> g = —17.5e (where the charges are per channel, i.e. per

pentamer) (the M2 a-helices were excluded from the
calculation of Y "q for the TM region). The surface charge
density was the same for the inner and outer surfaces of
the cylinder in a given reg10n The most negative surface
charge density was ca. —107> ¢ A~ (for the EC domam)

It should be noted that in this model the only regions
represented atomistically are the M2 helices. All other
residues are represented by the cylinder. Thus, the
M1-M2 loops, which have been suggested (Corringer
et al. 1999; Le Novere et al. 1999) to play a key role in
selectivity, are not modelled atomistically. This is not
really possible without further information on the con-
formation of this region.

Potential profiles

The electrostatic potential profiles (calculated as the en-
ergy of a +le probe charge moved along the central pore
axis) for the pore model and its components are shown in
Fig. 2A. The profiles for the helix bundle on its own
(M25) and for the helix bundle in the charged cylinder
(M25 + cyl) are as presented in Adcock et al. (1998).
Additional analysis presented here is the profile for
M2s + cyly. This corresponds to a calculation in which
the M25 bundle was embedded in the cylinder, but the
latter was assigned a zero surface charge. It can be seen
that the effect of the low dielectric (¢ = 4) cylinder sur-
rounding the helix bundle is to “focus” the electrostatic
field generated by the latter. Thus, with the helix bundle
alone, the electrostatic energy minimum is ca. —l 9 kcal
mol™ v and the profile below — RT( 0.6 kcalmol™") ranges
from z ca. =18 A to +19 A, i.e. about the limits of the
bundle per se. In contrast, the presence of the uncharged
cylinder deepens the energy minimum to ca. —2.8 kcal
mol~! and extends the region of the proﬁle deeper than
—RTto zca. =28 A to +36 A. Thus, even in the absence
of surface charge the electrostatic potential well becomes
deeper and longer. If one assumes the maximum surface
charge on the cylinder, the well deepens to ca. —3.8 kcal
mol~! and is extended right to the extracellular mouth of
the vestibule at z ca. +70 A. Thus, the assumptions one
makes about the surface charge density of the remainder
of the protein have a profound effect on the shape of the
potential profile generated by the M25 helix bundle. For
instance, although one might consider the cases of zero
and maximum surface charge as being limiting cases, a
judicious non-uniform arrangement of surface charge
on the cylinder could deepen and lengthen the poten-
tial well even further.

Current-voltage curves

Single-channel current-voltage (I//V) curves were calcu-
lated on the basis of the M2s and M25 + cyl models (see
Fig. 2B). These were compared with the (ohmic) I/V
relationship if one assumed a zero potential profile. In
all of these calculations the diffusion coefficients of cat-
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Fig. 2 A Electrostatic potential profiles, shown as the electrostatic
potential energy of a +1e probe charge (F®) as a function of position
along the pore (z) axis. The N-terminal (IC) mouth of the pore is at z
ca. =20 A. Profiles are shown for: M2; = the M25 helix bundle on its
own; M2s + cyly = the M25 helix bundle embedded in an uncharged
irregular cylinder; and M25 + cyl = the M2 helix bundle embedded
in a fully charged irregular cylinder (see text). B Calculated single-
channel current (/) vs. voltage (V) curves. Curves are shown for:
M2; = the M25 helix bundle on its own (dotted line and A); zero = a
control calculation in which the electrostatic potential due to the
protein was assumed to be zero at all points along z (solid grey line
and +); and M25 + cyl = the M25 helix bundle embedded in a fully
charged irregular cylinder (solid black line and x)

ions (D) and of anions (D_) were assumed to be the
same (D = 0.2 A? ps™'). This is approximately equiva-
lent to the (simulated) diffusion coefficients of K and
of CI” in bulk aqueous solution (Smith and Sansom
1999). The cross-sectional area of the pore was set to
113 A?, this being equivalent to the minimum pore
radius of ca. 6 A. It can be seen that the potential due to
the M25 helix bundle on its own does not appreciably
change the calculated I/} curve in the positive voltage
quadrant, and only leads to a small reduction in current
at negative voltages. The presence of the (charged)
cylinder has a more profound effect, increasing the sin-
gle-channel conductance.
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How do these values compare with experimental
data? The published value for the single-channel con-
ductance of o7 is ca. 45 pS (Revah et al. 1991). The
channel is cation selective. The conductance calculated
for the M25 model is ca. 100 pS and the ion selectivity
(measured as 7. /I_) ranges from 5 to 12 as a function of
voltage. For the M25 + cyl model the calculated con-
ductance is ca. 150 pS, whilst the ion selectivity ranges
from 85 to 300. So, it would seem that the M2s + cyl
model is suitably ion selective (given that nAChRs are
known to be selective for cations over anions) but the
single-channel conductance is about three times higher
than the experimental value. However, this value will be
very sensitive to, inter alia, the assumed value of D
within the pore.

MD simulations

In order to investigate the influence of the cylinder and
helix bundle on the behaviour of water within the pore,
we ran MD simulations of the M25 and M2s5 + cyl
models filled with water molecules. A diagram of the
M25 + cyl + water system is given in Fig. 3. Note that
these simulations differ from earlier studies (Smith and
Sansom 1997) in that: (1) we have extended the M2
helices to residue —5; (2) we have taken into account the
suppression of ionisation of sidechains in the Glu™?°
ring (Adcock et al. 1998); and (3) we have added the
cylinder to the helix bundle model.

+80

Fig. 3 Diagram of the M2s5 + cyl model plus water molecules
within the pore. The M2s bundle is shown in black using “bonds”
format, the cylinder as light grey spheres, and the water molecules
as dark grey bonds. The approximate z (pore axis) scale is shown
below. The intracellular mouth of the cylinder is at z ca. —40 A
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The self-diffusion coefficient of water molecules
within the pore is shown in Fig. 4A. Both pore models
result in an approximately threefold reduction of the
water diffusion coefficient in the narrowest region of
the pore relative to the bulk value. The presence of the
cylinder results in the reduction of the water diffusion
coefficient extending a little way beyond the ends of the
helix bundle. It appears that the diffusion coefficient may
be somewhat higher than bulk at the extracellular mouth
of the cylinder, but we suspect that this is an artefact due
to end effects.

Water molecule orientations within the pore can be
analysed by plotting the projection of the averaged
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Fig. 4 A Water self-diffusion coefficients (D) as a function of z
compared for the M2s (M) and M2s + cyl (A) models. Standard
errors of the mean (omitted for clarity) range from ca. 0.01 to 0.04 A2
ps™!) for each point. The approximate extents of the helix bundle and
of the cylinder are shown by the light grey and dark grey horizontal
bars, respectively. The broken horizontal line shows the value of D for
bulk water. B Water dipole alignments coefficients as a function of z
compared for the M2s (ll) and M25 + cyl (A) models. In each case,
the average value of the z-projection of the water dipole is shown for
each position along the pore axis. The approximate extents of the helix
bundle and of the cylinder are shown by the light grey and dark grey
horizontal bars, respectively. Standard errors of the mean (omitted for
clarity) range from <0.05 to ca. 0.15 D for each point

water molecule dipoles onto the pore axis (Fig. 4B). As
in earlier studies (Smith and Sansom 1997), we can see a
non-random distribution of water molecule orientations
within the pore. In both models (M25 and M2s + cyl)
the N-terminal dipoles of the helices align the water
molecules at the intracellular mouth of the pore. This
alignment of water dipoles by helix dipoles is also of
interest in the context of the proposed role of helix di-
poles on the cavity region of K channels (Roux and
MacKinnon 1999). The situation within the remainder
of the nAChR pore differs according to the presence
versus absence of the cylinder. There appears to be some
degree of alignment of the water dipoles within the
vestibule of the channel. We anticipate that the exact
degree of dipolar alignment will be sensitive to how the
cylinder surface charge is treated. However, the exten-
sion of the alignment of waters in the M25 + cyl model
into the vestibule is another demonstration of the fo-
cusing effect of the cylinder on the electric field due to
the M2 segments.

Refining the conductance calculation

The reduction of water diffusion coefficients may be used
to obtain an improved estimate of the single-channel
conductance. As discussed previously (e.g. Smart et al.
1998), one may obtain a better estimate of a single-
channel conductance by assuming that
Dpore / Dbulk _ Dpore / Dbulk

on ion water water

(3)

where the subscripts refer to the diffusing species and the
superscripts to its location. Taking a value of ca. 0.3 for
this ratio (see Fig. 4A and above) at the narrowest
region of the pore gives a revised prediction of
0.3 x 150 pS=45pS for the conductance of the
M2s5 + cyl model, i.e. in good agreement with the ex-
perimental value. Thus, from this model one may predict
both the single-channel conductance and the cation se-
lectivity of the a7 nAChR with reasonable accuracy. Of
course, in this calculation we have employed both the
pore cross-sectional area and the reduction in water
diffusion at the narrowest point in the channel. We have
also assumed that ion diffusion rates (Smith and Sansom
1998, 1999) are reduced by the same amount as water
diffusion rates, which may not be exactly so. However,
the agreement is encouraging and suggests that the
overall approach is suitable for first approximation
prediction of single-channel properties from a channel
model, at least for those channels for which it is realistic
to approximate ion permeation as a diffusion-like pro-
cess. One might suspect that this overall approach would
be less accurate, for example, for a K channel in which
the interactions between the pore and the permeant ion
are likely to be somewhat stronger as a result of the
narrow pore, which has minimum radius of ca. I A in
the vicinity of the rings of carbonyl oxygens which form
the selectivity filter (Doyle et al. 1998).



MD simulations of pore/water/Na"

In order to obtain a further perspective of the inter-
action of ions with the model pore, a series of short
(15 ps) MD simulations were carried out in which a
Na" ion was placed at successive positions along the
pore axis. From such simulations one may extract
the potential energy of interaction of the Na™ ion with
the remainder of the system and with the components
(M25 bundle, cylinder and water) of the remainder of
the system (Fig. 5). From these profiles, one can see
that, as in a number of other such calculations for ion
channel models (Grice et al. 1997; Smith and Sansom
1997), the Na* /water and Na" /pore interaction energy
profiles mirror one another, such that the favourable
interaction of the ion with the pore is counterbalanced
by a less favourable interaction between ion and water
in that region. The contribution of the cylinder to the
interaction is rather small other than in the vestibule.
Overall, the Na"/all profile is relatively flat and is
everywhere negative, favouring a cation within the
pore.

One should note the difference in scale between the
MD potential energy profiles and the continuum po-
tential energy profiles. In part this reflects the inclusion
of counterion screening, owing to inclusion of 100 mM
electrolyte within the pore in the continuum electro-
statics calculations. However, if one omits such screen-
ing, then the calculated I/V curve gives a single-channel
conductance of ca. 1000 pS. Evidently, the exact extent
of counterion screening (which owing to the inclusion of
a Stern radius is mainly operative within the wider, i.e.
vestibular, regions of the channel) has a significant effect
on the calculated single-channel conductance. Thus, this
comparison highlights some of the limitations of both
the continuum calculations and the current MD simu-
lations that include only a single Na™ ion within the
pore. In particular, the total depth of the potential
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Fig. 5 Na™ ion interaction potential energy as a function of position
along the M2s + cyl pore. The Na*/water (), Na*/M2; (M), Na*/
cylinder (A) and Na ™ /(water + M2s + cyl) (x) interaction energies
are each shown. The grey bar indicates the extent of the helix bundle
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energy well at the intracellular mouth of the helix bundle
in Fig. 5 is ca. 50 kcal mol™!. This is rather deep. In
reality, the presence of counterions and calculation of
the free energy profile may modify this picture somewhat
in the future. We suspect that the true situation is
somewhere between the two extremes represented by the
MD and continuum calculations. One possible approach
to this problem lies in the work of Eisenberg and col-
leagues (Chen and Eisenberg 1993a, b; Chen et al. 1997).
Another is to run extended (multi-nanosecond) MD
simulations in which all components of the system (pore,
water, cations, anions, bilayer, transbilayer voltage) are
included and in which long-range electrostatic interac-
tions are fully taken into account, e.g. by Ewald sum-
mation. This might provide a more accurate picture of
the strength of interaction of permeant ions with the
channel and with one another.

Conclusions

The principal limitation of the current approach is the
approximate nature of the structural model. However,
as the resolution of cryoelectron microscopic studies of
the nAChR improves (Miyazawa et al. 1999) this will
become less problematic. In particular, the emergence of
higher resolution images of the transbilayer pore region
may improve estimates of the cross-sectional area profile
of the channel. Given recent progress in structure
determination of ion channels (Chang et al. 1998;
Doyle et al. 1998) and their associated extra-membra-
nous domains and subunits (Cabral et al. 1998; Kreusch
et al. 1998; Gulbis et al. 1999), one may be optimistic
that further structures will appear in the near future,
allowing theoretical approaches for relating ion channel
structure to physiological function to be tested on a
number of systems.

As well as limitations in the structural model, we are
aware that the theory used to predict I/V curves in the
current study is relatively crude. In particular, we need
to explore the effects of ion self-interaction and polari-
sation charge terms on our calculations. There are more
sophisticated theoretical treatments of ion channel
electrostatics (Chen and Eisenberg 1993a, b; Syganow
and von Kitzing 1995, 1999a, b; von Kitzing and
Soumpasis 1996; Chen et al. 1997) which it will be im-
portant to explore in the context of models of the
nAChR and related channels. Furthermore, even within
the simple framework adopted within the current paper,
some treatment of asymmetric electrolytes across a
membrane, for example, would be desirable.

Despite these limitations, combining structural
modelling with continuum calculations that are para-
meterised via atomistic simulations seems to provide a
promising overall approach to understanding single-
channel electrophysiological properties. In particular,
our results suggest the possible importance of non-M2
regions in governing the single-channel properties of
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nAChR. In this context, we note with interest that recent
images of the nAChR at ca. 5 A resolution (Miyazawa
et al. 1999) have suggested an important role for the
intracellular, non-M2 regions of the protein in the se-
lectivity mechanism of the channel. This is broad
agreement with the results of the current study, which
support a role for non-M2 domains in determining open
channel electrophysiological properties.
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