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Abstract Bacterial homologues of mammalian potassium
channels provide structures of two states of a gated K
channel. Thus, the crystal structure of KcsA represents a
closed state whilst that of MthK represents an open state.
Using homology modelling and molecular dynamics
simulations we have built a model of the transmembrane
domain of KcsA in an open state and have compared its
conformational stability with that of the same domain of
KcsA in a closed state. Approximate Born energy cal-
culations of monovalent cations within the two KcsA
channel states suggest that the intracellular hydrophobic
gate in the closed state provides a barrier of height ~5 kT
to ion permeation, whilst in the open state the barrier is
absent. Simulations (10 ns duration) in an octane slab (a
simple membrane mimetic) suggest that closed- and
open-state models are of comparable conformational
stability, both exhibiting conformational drifts of ~3.3 A
Co RMSD relative to the respective starting models.
Substantial conformational fluctuations are observed in
the intracellular gate region during both simulations
(closed state and open state). In the simulation of open-
state KcsA, rapid (<5 ns) exit of all three K ions
occurs through the intracellular mouth of the channel.
Helix kink and swivel motion is observed at the mole-
cular hinge formed by residue G99 of the M2 helix. This
motion is more substantial for the open- than for the
closed-state model of the channel.
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Introduction

Ton channels are membrane proteins that enable rapid
(i.e. near diffusion limited) yet selective passive flux of
ions across biological membranes through a central pore
surrounded by protein. The past few years have wit-
nessed the determination of the structures of several
species of ion channels, by X-ray diffraction (Bass et al.
2002; Chang et al. 1998; Doyle et al. 1998; Dutzler
et al. 2002) and by cryoelectron microscopy (Miyazawa
et al. 2003; Unwin 1993, 1995; Unwin et al. 2002). There
have been substantial advances in structure determina-
tion of K channels, with X-ray structures having been
determined for four different bacterial homologues of
mammalian K channels. These are: (1) KcsA, a pH-ga-
ted K channel from Streptomyces lividans (Doyle et al.
1998; Zhou et al. 2001); (2) MthK, a Ca-gated K channel
from Methanobacterium thermoautotrophicum (Jiang
et al. 2002a); (3) KvAP, a voltage-gated K channel from
Aeropyrum pernix (Jiang et al. 2003); and (4) KirBac, an
inward rectifier K channel from Burkholderia pseudo-
mallei (Kuo et al. 2003). Combined with a large body of
functional and indirect structural data (reviewed by
Yellen 2002), these structures provide an opportunity to
relate atomic resolution structures of K channels to their
diverse physiological functions. These functions include
important roles of K channels in the physiology of both
excitable (e.g. control of resting membrane potentials
and of the depolarizing phase of action potentials) and
non-excitable cells (e.g. regulation of insulin release from
f-pancreatic cells) (Ashcroft 2000; Hille 2001).

All K channels have a common structural core,
responsible for forming the central K *-selective pore
(Fig. 1). The channel is a tetramer, with each subunit
contributing two transmembrane (TM) a-helices (called
M1 and M2 in KcsA, MthK and KirBac; called S5 and
S6 in Kv channels) plus a re-entrant loop [made up of a



Fig. 1 Schematic diagram of the pore domain of a K channel,
viewed from the extracellular mouth. The M1 and M2 helices are in
light grey; the P helix in dark grey. This diagram is based on the
closed-state structure of KcsA

P-helix and an extended filter (F) region]. The filter
contains the TVGYG sequence motif that is character-
istic of K channels. The eight TM helices, (M1,M2),,
form an inverted truncated cone. The wider, extracel-
lular end of the cone accommodates the (P-F)4 region,
with the backbone carbonyls of the filter directed
inwards to form K™ interaction sites. There are five
interactions sites in the filter (SO to S4, where SO is at the
extracellular mouth). Below site S4 is a water-filled
cavity. In the crystal structure of KcsA this cavity binds
a single, central K" ion, and is of sufficient volume to
accommodate 25-30 water molecules.

The crystal structures of KcsA and KirBac corre-
spond to closed conformations of the channel. The M2
helices are close together at the intracellular mouth of
the channel, forming a narrow hydrophobic pore that
presents an effective barrier to ion permeation. Site-di-
rected spin-labelling studies of KcsA at low pH (under
which conditions the channel opens) provided the first
structural indication of how KcsA opened, via move-
ment apart of the M2 helices to provide a wider intra-
cellular mouth to the pore (Liu et al. 2001; Perozo et al.
1998, 1999). This model of gating was subsequently
studied further by a variety of computational ap-
proaches (Allen and Chung 2001; Biggin and Sansom
2001; Mashl et al. 2001; Shen et al. 2002). A crystallo-
graphic insight into the nature of the open state of KcsA
was provided by the structure of MthK. MthK is acti-
vated by Ca’" ion binding to an intracellular domain,
and the crystals were grown in the presence of Ca’™,
thus “locking” the protein in an open state. The
homology of KcsA and MthK allowed a model for the
open state of KcsA to be proposed (Jiang et al. 2002b).
In this model the M2 helices are splayed apart via hinge
bending at a conserved glycine residue (G99 in KcsA) so
as to provide a wide intracellular mouth for the channel.

Molecular modelling and simulation provide a valu-
able tool for integration of structural data from dispa-
rate sources and for exploring the dynamic, functional
implications of static (time- and space-averaged) crystal
structures. A wide range of computational approaches
have been used to explore the functional implications of
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the (closed-state) KcsA structure (as reviewed by e.g.
Roux et al. 2000; Sansom et al. 2002), including molecular
dynamics (MD) simulations (Allen et al. 1999, 2000;
Bernéche and Roux 2000; Domene and Sansom 2003;
Guidoni et al. 1999, 2000; Shrivastava and Sansom
2000, 2002; Shrivastava et al. 2002), continuum electro-
statics calculations (Roux and MacKinnon 1999),
Brownian dynamics simulations (Allen and Chung 2001;
Corry et al. 2000; Mashl et al. 2001) and homology
modelling studies intended to extrapolate from the KcsA
structure to structures of mammalian homologues
(Capener and Sansom 2002; Capener et al. 2000, 2002,
2003). Notable successes of these methods include esti-
mation of the free energy landscape for ion permeation
through the KcsA filter (Aqvist and Luzhkov 2000;
Bernéche and Roux 2001) and prediction of the SOK * ion
interaction site from simulations based on the lower res-
olution KcsA structure, a site subsequently identified in
the high resolution structure of the channel (Bernéche and
Roux 2001; Sansom et al. 2002).

In this study we use homology modelling based on
the structure of MthK to generate a candidate structure
for the TM domain of KcsA in an open state. MD
simulations of the closed-state and open-state KcsA
structures are performed to compare the conformational
stability of the two structures, and to explore the con-
formational dynamics of the ions, and of the protein in
the filter and gate regions. The results support the pro-
posal that the open state of KcsA is similar to that of
MthK in the TM region, and also support the suggestion
that G99 acts as a molecular hinge.

Methods

Molecular modelling

The coordinates of KcsA (1k4c) and MthK (1lnq) were taken from
the RCSB (http://www.rcsb.org). Two models of the open state of
KcsA were generated (Table 1). Model Openl was a direct open-
state homology model based on MthK; model Open2 was gener-
ated using the M1 and M2 helices of model Openl plus the loops
and filter from the (closed) KcsA crystal structure. The sequence
alignment upon which these models were based was derived from
that in Jiang et al. (2002b). Homology modelling was performed
using Modeller v6 (http://guitar.rockefeller.edu/modeller/model-
ler.html). An ensemble of 100 models for each structure was

Table 1 Summary of simulations®

Simulation Membrane  Atoms Time (ns)  Time (ns)
restrained  unrestrained

Closed Octane 49,289 0.2 10

Closed, lipid POPC 40,376 0.2 >10

Openl Octane 49811 0.2 1F+10

Open2 Octane 54,903 0.2 10

Openl =KcsA in open-state homology modelled on MthK;
Open2 =KcsA in open-state modelled using M1 and M2 helices of
Openl plus loops and filter from the (closed) KcsA crystal struc-
ture;

Ffilter mainchain atoms restrained for 1 ns followed by 10 ns
without any restraints
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generated with fourfold symmetry restraints. Five models from
each ensemble were selected on the basis of the best fit to the
restraints and an assessment of stereochemical quality was also
performed to select an overall best model (Morris et al. 1992).
Interactive modelling was carried out using Quanta (Accelrys).

Ionization states for both models of KcsA were the same as in
Domene and Sansom (2003), having been adjusted to match the
results of pK4 calculations (Ranatunga et al. 2001). Thus, most of
the sidechains remained in their default ionization states, but the
sidechain of E71 was constructed in a protonated state to form a
diacid hydrogen bond with the carboxylate group of D80. The
N-termini were capped with acetyl groups and the C-termini with
amide groups.

Simulations

In each case the simulation system consisted of the channel model
embedded in an octane slab (Table 1). The latter has been shown
(Capener and Sansom 2002; Guidoni et al. 1999, 2000; Tieleman
and Sansom 2001; Tieleman et al. 2001) to act as a simplified model
of a phospholipid bilayer that has a significantly lower viscosity
and so enables substantial changes in helix packing on a nanosec-
ond timescale, should such changes wish to occur (i.e. be energet-
ically favourable). Octane is comparable in its dielectric properties
to the core of a lipid bilayer (its dielectric constant is ~2) but has a
viscosity that is orders of magnitude lower than that of a lipid
bilayer. The octane slab was 25 A thick. The protein/octane system
was solvated with ~15,000 water molecules. For comparison, a
simulation of the closed state of KcsA in a POPC bilayer (Domene
and Sansom 2003) was also performed. In each simulation, three
K ions were placed within the channel, two in the filter (at sites S1
and S3) and one in the cavity.

Lipid parameters were based on those of Berger et al. (1997)
and of Marrink et al. (1998). All MD stages were performed using
GROMACS 3.0 using the default Gromacs forcefield. Parameters
derived from those of Aqvist (1990) for use in GROMACS were
used for the K™ ions. The temperature of the system was main-
tained at 300 K using a Berendsen thermostat (Berendsen et al.
1984). The pressure was maintained at 1.0 bar using a Berendsen
barostat and a compressibility of 5x107° bar™'. The integration
time step was 2 fs. Once the system was set up, an energy mini-
mization was carried out followed by a 0.2 ns equilibration period
where the protein and the cation positions were restrained. After
this, unrestrained MD simulations were performed in the NPT
(constant number of particles, pressure and temperature) ensemble.
A cut-off was used for longer range interactions: 10 A for van der
Waals interactions and 18 A for electrostatic interactions.

Results
Comparison of models

Before reporting the results of the simulations, it is
informative to make a brief comparison of the two static
models. Visualization (Fig. 2) of the pore linings of the
two models reveals the main difference, namely the
intracellular mouth of the pore. In the closed state of
KcsA the intracellular mouth of the pore is constricted
by a ring of hydrophobic V115 sidechains. In the open
state the kink of the M2 helices at residue G99 results in a
significantly wider pore in this region, such that there is
complete continuity between the cavity and the aqueous
phase on the intracellular side of the membrane.

This difference can be quantified by determining the
pore radius profiles for the two models (Fig. 3A). For

closed open

filter > S
gate 7 A i-4

Fig. 2 Comparison of the closed- and open-state structures. The
closed-state structure is shown on the left-hand side and an open-
state model (model Open2: see Table 1) on the right-hand side. The
upper diagrams show the helices (cylinders) and filter (backbone
atoms) plus K ions (blue spheres), along with the approximate
position of the membrane (horizontal broken lines). The lower
diagrams show the Co trace plus the pore-lining surface [drawn
using HOLE (Smart et al. 1996)]. In all cases, just two of the four
subunits are shown (for clarity)

A B ,

radius (A)

Born energy (kcal/mol) 0
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Fig. 3 A Pore radius profiles for the closed (solid line) and open
(Open2, broken line) state structures. B Born energy profiles of the
closed (solid line) and open (Open2, broken line) state structures in
the vicinity of the intracellular gate

the closed-state model the minimum radius in the
intracellular gate region is ~1.3 A, i.e. the same as the
radius of a (dehydrated) K ¥ ion. Given the hydrophobic



nature of the pore lining in this region, this is expected to
provide an effective barrier to ion permeation. In the
open-state model the pore radius in the same region is
~3 A. This is still a little less than the radius of a K™ ion
plus its first solvation shell (~4.3 A), but taking into
account random thermal fluctuations (see below) might
be anticipated to present little if any barrier to ion per-
meation. In both models the radius in the filter region is
substantially less than that of a dehydrated K ion.

An approximate estimate of the effect of widening the
intracellular pore on the energetics of ion permeation
can be obtained by calculating the Born energy [i.e. the
potential energy of solvation based on a simple contin-
uum dielectric model of channel protein and of solvent
(Daune 1999)] profile of a monovalent cation along the
axis of the two pores (Fig. 3B). For the closed-state
model the maximum barrier height is ~4.5 kcal/mol, i.e.
>7 kT. This would be expected to prevent amy ion
permeation in the absence of some change in confor-
mation of the pore. In the open state the barrier has been
completely removed.

We note that a smaller degree of expansion of the
intracellular gate would have been sufficient to func-
tionally open the pore. For example, both the EPR-de-
rived model of Perozo and colleagues (Liu et al. 2001;
Perozo et al. 1998, 1999) and the simulation-derived
model of Biggin et al. (2001) proposed a smaller dilation
of the intracellular mouth of the pore yet effectively re-
move most if not all of the Born energy barrier to ion
permeation (data not shown).

Stability of simulations

Having established the functional difference between the
static models, we compared their conformational sta-
bility via 10 ns MD simulations in a membrane-mimetic
octane slab. Octane was used, rather than a full lipid
bilayer, as it has a lower viscosity and thus would be
expected to allow a greater degree of possible structural
relation of a protein model on a 10 ns timescale. Based
on our experience of simulations of other channels and
membrane proteins, a 10 ns simulation in octane would
be expected to be sufficient to reveal any (major) con-
formational instability of an open-state model.

A simple measure of the conformational stability of a
membrane protein model is provided by the time-
dependent root mean square deviation (RMSD) of the
Ca atoms from their positions in the initial channel
model. Comparison of Ca RMSDs for the Closed and
Open2 simulations (Fig. 4) reveals an initial conforma-
tional drift to similar plateau values (~3.2 A for Closed,
~3.4 A for Open2) during the latter half of each simu-
lation. For comparison, the Closed, lipid simulation
gave a conformational drift of ~2.5 A. Thus, we can see
that the global conformational drift is somewhat higher
in the octane slab environment than in the lipid bilayer
environment, but does not differ significantly between
the Closed and Open2 simulations.
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Fig. 4 Structural drift during the simulations. Coo RMSD relative
to the starting model as a function of time for the Closed (thick
black line), Closed, lipid (thin black line) and Open2 (grey line)
simulations

Conformational fluctuations

In addition to the conformational drift, we may examine
the magnitude of the fluctuations over the course of the
simulation as a function of residue number (data not
shown) and as a function of location of each residue
(projected onto the pore, i.e. z axis; Fig. 5). The most
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Fig. 5 Structural fluctuations as a function of residue position.
Ca RMS fluctuations (vs. initial structure) as a function of the
z position of the residue for the Closed (upper) and Open2
(lower) simulations
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substantial fluctuations are in the “turret” loop between
the M1 and P helices (for both the open and closed
channels) and in the C-terminal half of M2 in the Open2
simulation. Projected onto the pore axis, the fluctuations
can be seen to be highest in the intracellular gate region,
in both the Closed and Open2 simulations. This sup-
ports observations in previous simulations of the closed
state of KcsA (Berneche and Roux 2000; Shrivastava
and Sansom 2002) and suggests that this region may be
“primed” for gating transitions. In both simulations the
fluctuations are smallest in the filter region. There is
some suggestion that the filter region fluctuations are a
little greater in the Open2 simulation. This may reflect
the distortion of the filter that occurs in the Open2
simulation subsequent to all three K" ions exiting the
channel (see below).

K™ ion trajectories

It is informative to compare the K* ion trajectories for
the Closed and Open?2 simulations (Fig. 6). In both cases
the initial configuration of the system was with three K
ions within the channel, at sites S1 and S3 in the filter
(with a water molecule in between at site S2) and at the
site in the centre of the cavity. In the Closed simulation,
similar behaviour to that observed in previous simula-
tions of KcsA embedded in a POPC bilayer (Shrivastava

A +20
closed
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o:a—' g b1
? [ e e 4 ;‘2 _‘_84
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-20
gate
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1 filter
1S4
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Fig. 6A, B lon trajectories. Trajectories (projected onto the pore,
i.e. z, axis) of the three K™ ions (thick black lines) plus two
intervening water molecules (grey lines), for the A Closed and B
Open2 simulations. The thin horizontal lines indicate the positions
of the filter interaction sites from SO to S4. The approximate
location of the gate is also indicated

and Sansom 2000, 2002) was observed. Thus, early on in
the simulation (at ~0.3 ns) a concerted translocation of
K " -water-K © within the filter occurred, resulting in the
two ions moving to sites S2 and S4. Following this
transition, the two K ions remain at sites S2 and S4 for
the remainder of the simulation. At the same time, the
ion within the cavity (K3 in Fig. 7A) initially moves a
little deeper into the cavity and after remaining there for
~2 ns, spontaneously exits from the channel. Such exit
of K* ions during Closed state KcsA simulations has
been observed a number of times (Shrivastava and
Sansom 2002) and is associated with a transient opening
of the channel, along with transient hinge-bending
distortion of the M2 helices.

The behaviour in the Open2 simulation is strikingly
different. As in the Closed simulation there is an initial
relaxation of the system during which Kl1-water-K2
translocates along the filter, leaving ions at sites S2 and
S4. This appears to be coupled to an initial movement of
K3 deeper into the cavity, followed very soon afterwards
by its exit through the open intracellular gate. Thus it
appears that in the open state of the channel there may
be some degree of coupling between movements of ions
along the filter and out of/into the cavity. In contrast to
the closed-state simulation, in Open2 the two ions in the
filter do not remain at sites S2 and S4, but instead exit
the filter, in a semi-concerted fashion, after ~3 ns. Once
K2 has left the filter, it does not remain in the cavity but
instead exits the channel through the intracellular gate.
This leaves just K1 at site S4. After a further ~0.3 ns it
exits S4, sits just below S4 at the “top” of the cavity for
~1.5 ns, then rapidly leaves that channel through the
open intracellular gate. Note that this leaves the filter
devoid of ions from ~5 ns onwards (see below). Overall,
these simulations suggest that, in the open state of
the channel, an ion will not remain stably in the centre
of the cavity but rather will rapidly exchange between
the cavity and the intracellular solution.
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Fig. 7 Snapshots of the filter (backbone atoms, only two subunits
for clarity) plus K" ions (grey spheres) at 0.5, 3 and 5 ns during the
Closed and Open2 simulations



Conformational dynamics of the filter

Comparison of the conformational dynamics of the filter
in the two simulations (Closed versus Open2) is inter-
esting. As in previous closed-state simulations, the filter
undergoes small conformation fluctuations during the
course of the simulation. In particular, there are occa-
sional “flips” of individual peptide carbonyls such that
the oxygen atom points away from the filter (e.g. at 3 ns
and 5 ns in Fig. 7). However, the overall conformation
of the filter remains undistorted. The latter is true of the
filter in the Open?2 simulation whilst two K ions remain
within the filter. However, once both of the ions have
exited the filter it undergoes a substantial distortion so
as to considerably narrow the central section of the filter.
Such a distortion has been seen in simulations of KcsA
in the absence of any K ¥ ions, and in simulations of a
model of a mutant of Kir6.2 with altered conductance
properties (Capener et al. 2003). It yields a filter con-
formation reminiscent of that observed in crystals of
KcsA prepared in the presence of low K™ ion concen-
trations (Zhou et al. 2001). In the absence of external
K" ions in the Open2 simulation, we cannot say
whether this conformational change would have been
reversed upon entry of further ions into the filter.

Conformational dynamics of the gate

Analysis of the conformational dynamics of the gating
helix (M2) in the closed and open simulations reveals
some interesting differences. Visualization of superim-
posed snapshots from the Closed and Open?2 simulations
(Fig. 8) reveals a degree of flexibility of the M2 helix in
both simulations, such that the intracellular ends of the
M2 helices move relative to the remainder of the chan-
nel. This may be a little greater in the Open than the
Closed simulations. However, neither simulation sug-
gests a complete transition from one state to the other.
This is perhaps not surprising, as one would envisage
that such a transition would occur on a timescale longer
than ~10 ns.

The conformational dynamics of the M2 helices can
be examined rather more quantitatively in terms of the
helix kink and swivel angle (Bright et al. 2002; Cordes
et al. 2002), treating the conserved G99 as the hinge
point. The results of this analysis (Fig. 9) confirm the
difference in the conformation of M2 seen in the static
models, such that for the Closed simulation the helix
kink angle largely lies between 0° and ~20°. In contrast,
for the Open simulation the average kink angle (over the
last 2 ns of the simulation) is ~34°, but, more strikingly,
M2 undergoes significantly larger fluctuations in kink
and swivel than in the closed state. Furthermore, the
kink and swivel angles are quite anisotropic, as has been
seen in previous simulation of Kv channel S6 helices
(Bright et al. 2002). Thus, these simulations confirm that
G99 can indeed act as a molecular hinge. Interestingly,
simulations of isolated M2 helices (Holyoake et al.,
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Fig. 8 Superimposed Cu traces (saved every 2 ns, 2 subunits only)
from the Closed and Open2 simulations. The superimposition is on
the Co atoms of M1, P and the N-terminal half of M2

unpublished data) also reveal hinge-bending motions,
suggesting that this is an inherent property of the helix
per se.

Discussion

These results are of relevance to our understanding of
the gating mechanisms of K channels, and of ion
channels in general. The simulation data strongly sup-
port the suggestion, based on comparison of X-ray
structures of two different channels, that hinge bending
of M2 in KcsA can result in a stable open state of the
channel (Jiang et al. 2002b). In particular, they show
that the open state of the channel presents no intracel-
lular barrier to ion permeation, and that the M2 helices
in the open state show conformational fluctuations
about the M2 G99 residue which are consistent with the
conformational change (i.e. hinge bending) proposed to
underlie channel gating.

The hinge bending mechanism removes a substantial
intracellular barrier to ion permeation formed by the
ring of hydrophobic V115 residues. Based on the crystal
structures of a number of channels, one may ask whe-
ther such a hydrophobic gate is likely to be a general
feature of ion channels. As shown in Fig. 10, there are
hydrophobic gates evident in the structures of KcsA,
KirBac, nAChR and MscL, ranging in radius from
0.5 A (KirBac) to 3.1 A (nAChR). Simulation studies of
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Fig. 9 M2 helix distortions: Closed and Openl simulations

compared. The upper diagrams show polar plots of the kink vs.
swivel angle for M2 helix structures saved every 0.1 ns during the
final 2 ns of each simulation for all four M2 helices. The lower pair
of diagrams shows Cu traces of a single M2 helix, saved every 1 ns
and superimposed on the Co atoms of the N-terminal half of the
helix. The position of the hinge-bending glycine residues (G) is
labelled

a simple model of a hydrophobic gate in a transmem-
brane pore (Beckstein and Sansom 2003; Beckstein et al.
2001) reveal that a pore does not have to be physically
occluded to form an energetic barrier to water (and thus
by extension ion) permeation. Furthermore, channel
opening can be achieved by either an increase in gate
radius and/or an increase in polarity. Further simula-
tions, based on a wider range of channel structures and
models, should help to reveal whether such a mechanism
is a general model for channel gating.

Critical evaluation of the methodology

There are a number of potential limitations in the
methodology. The first is that of homology modelling

Fig. 10 Location of the
hydrophobic gates in: KcsA
(1k4c), KirBac (1p7b), nAChR
(loed) and MscL (1lnq). The
pore-lining surface of each
channel is indicated. The
hydrophobic gates are indicated
by the arrows and their radii
and constituent sidechains are:
KcsA, radius 1.3 A, V115;
KirBac, 0.5 A, F146; nAChR,
3.1 A, V255 and F256; and
MscL, 1.7 A, 114 and V21

the open structure of KcsA based on the structure of
MthK. The first attempt (Openl) was a ‘“‘direct”
homology model. However, this proved problematic
(and resulted in significant differences between model
and template) in terms of the loops between the M1 and
P helices, and between the filter and M2 helices. Thus, in
model Open2 a more conservative strategy was adopted
in which the closed-state structure of KcsA was used for
the P helix, filter and loop regions, with the M1 and M2
helices homology modelled on the basis of the MthK
structure. This had the advantage that the higher reso-
lution KcsA structure was used for those regions that
seemed to be unaltered in the lower resolution MthK.
However, invariably some manual intervention was re-
quired to generate this model, and underlying it is the
assumption that only the M1 and M2 helices change
conformation significantly in going from the closed
state. Of course, these issues could be resolved by a
higher resolution structure of the MthK or, even better,
KcsA open state.

The other main limitation from the modelling per-
spective is the absence of the N- and C-terminal intra-
cellular domains from the KcsA structures. In the
absence of any coordinates for these in either KcsA or
MthK, it was not possible to do otherwise. The results of
spin label studies (Cortes et al. 2001) have suggested a
model for the C-terminal intracellular domain of KcsA.
However, preliminary modelling and simulation studies
(Capener 2002) suggest that this model of the C-terminal
domain is rather unstable in 2 ns simulations of intact
KcsA, and so further structural data are probably re-
quired. Both spin label data on KcsA (Cortes et al. 2001)
and the structure of KirBac (Kuo et al. 2003) suggest
that the region immediately N-terminal to M1 may form
a short amphipathic helix that lies at the surface of the
bilayer. It therefore may be possible to include this
region in future models and simulations of KcsA.

From the simulation perspective the main possible
limitation, as discussed in previous papers (Domene and
Sansom 2003; Shrivastava et al. 2002) is the use of a
(18 A) cutoff rather than Ewald summation [which
treats long-range interactions via an infinite array of
periodic cells (Leach 2001)] to treat distant electrostatic
interactions. As we have modelled the bilayer by an
octane slab (thus omitting the charges on the lipid
headgroups), the use of a cutoff is not likely to be the
major approximation in the electrostatics. Furthermore,
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recent work of Berkowitz (Bostick and Berkowitz 2003)
has suggested that Ewald methods may result in arte-
facts (e.g. water orientational polarization) when applied
to membrane proteins with a significant molecular
dipole. For example, KcsA (which in our simulations
has a net charge of +12) has a molecular dipole of
~190 Debye about the centre of the protein molecule,
which might be anticipated to result in an interaction
between KcsA and its replicas in adjacent periodic
boxes. These issues need to be resolved and such effects
examined in more detail.

Finally, the timescale of MD simulations is always
open to question. The simulations in the current study
(10 ns) are reasonable by current standards. The use of a
(lower viscosity) octane slab rather than a full lipid bi-
layer may facilitate any likely conformation changes.
However, we cannot exclude that significantly longer
simulations might permit more substantial changes in,
for example, the conformation and orientation of the
M2 helices. Further studies are needed, on a variety of
K channel models.

The more general relevance of this study is that it
suggests how molecular modelling and simulation
may be used to combine structural data from different
sources to further explore possible gating models for
ion channels. As further structures are determined, it
will be increasingly important to use computational
methods to aid the extrapolation from crystal structure
to physiological function.
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