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Abstract Determination of the crystal structure of the
KcsA potassium channel and its subsequent refinement

at 2 Å resolution have stimulated much interest in
modelling of ion channels. Here we review the recent
developments in ion channels research, focusing espe-
cially on the question of structure-function relation-
ships, and discuss how permeation models based on
Brownian and molecular dynamics simulations can be
used fruitfully in this endeavour.
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Introduction

Research in ion channels, as in other areas of biology,
has long had a strong experimental tradition with rela-
tively little input from theory. The reason for this im-
balance between theory and experiment is usually
attributed to the complexity of both the biological pro-
cesses and the underlying molecular structure involved
in their execution. Rapid advances in two frontiers,
namely determination of the tertiary structures of mac-
romolecules from X-ray diffraction and NMR, and an
exponential increase in computational power allowing
large-scale simulations of biological processes, give hope
that these obstacles will be surmounted in the near fu-
ture. In this regard, modelling of ion channels has an
advantage over other biological processes because their
function is rather simple: to allow passive diffusion of
selected ions down their electrochemical gradient when

the channel is open. There are a host of theories in the
physical chemistry of electrolyte solutions that one can
use to describe such a process (e.g. Berry et al. 2000).
However, lack of structural information on channel
forming proteins has hampered efforts for realistic
modelling of biological ion channels until recently. Here
we stress ‘‘biological’’ because the tertiary structure of
the channel forming antibiotic gramicidin A (GA) has
been known for a long time (Urry 1971), and much ef-
fort has gone into its modelling (see Partenskii and
Jordan 1992; Roux and Karplus 1994 for reviews).
Unfortunately, the structural and permeation properties
of GA appear to be quite different from those of bio-
logical channels, and therefore GA is not likely to fulfil
the role of a useful stepping stone for them, contrary to
earlier expectations.

For these reasons, the appearance of the crystal
structure of the KcsA potassium channel at 3.2 Å reso-
lution (Doyle et al. 1998) has been greeted with much
enthusiasm in the field. Very recently, MacKinnon’s
group increased the resolution of the KcsA structure to

2.0 Å, which allowed direct observation of the binding
sites of K+ ions in and near the selectivity filter (Morais-
Cabral et al. 2001), as well as the water molecules that are
coordinated with these K+ ions (Zhou et al. 2001). On the
physiological front, doubts about the relevance of the
bacterial KcsA structure to potassium channels in ani-
mals (Meuser et al. 1999) have been largely lifted by
careful measurements of its conductance properties
(LeMasurier et al. 2001), and by direct substitution of the
KcsA filter in Shaker and inward rectifier potassium
channels (Lu et al. 2001). A remaining problem for
modelling purposes is that the crystal structure of KcsA
corresponds to a closed state of the channel and one needs
the open-state conformation to calculate its conductance.
The conformational changes that occur during the
opening of the channel have been investigated using site-
directed spin labelling and electron paramagnetic reso-
nance spectroscopy (Perozo et al. 1999; Liu et al. 2001).
These studies indicate that during gating the transmem-
brane helices lining the pore move away from the central
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axis on the intracellular side, but the residues forming the
selectivity filter and cavity on the extracellular side remain
intact. Taken together, these results provide an unprece-
dented amount of structural and functional information
for modelling of a biological ion channel, and will
doubtless inspire many studies of the KcsA channel in
years to come. Looking beyond the ion channels, the
high-resolution structure of Zhou et al. (2001) has the
potential to turn the KcsA protein into a microscopic
laboratory for testing models used in description of
electrolyte solutions, with far-reaching implications for
physical chemistry and molecular biology.

Here we review the recent progress in modelling of
ion channels. The focus is naturally on potassium
channels – specifically the impact of the new structural
information on the KcsA protein on functional studies
of potassium channels. The tools available from physical
chemistry for this purpose are: continuum theories of
electrodiffusion, Brownian dynamics (BD) and molecu-
lar dynamics (MD) simulations. At present, no single
computational method can describe all the functional
properties of an ion channel. For example, continuum
theories or BD do not distinguish between the mono-
valent ions. Thus, to understand the selectivity of po-
tassium channels against the sodium ions, one has to
appeal to MD simulations. On the other hand, MD is
too slow to estimate the conductance of a channel, which
is not a problem for the other, more coarse-grained
simulation methods. Thus, for a detailed study of the
structure-function relationships in ion channels, it is
necessary to adapt a multi-pronged or a hierarchical
approach to modelling. Below we first discuss the basic
tenets of the MD and BD simulation methods that are
most appropriate for this purpose. These methods are
then applied to modelling of ion channels with a view to
predicting their functional properties from the underly-
ing channel structure. Besides the potassium channels we
also discuss the calcium channels because of their bio-
logical significance and also as a role model for studies
of structure-function relationships in other ion channels.

Permeation models

Invention of the patch-clamp technique (Neher and
Sakmann 1976) has enabled accurate measurement of
I-V curves in numerous ion channels during the last two
decades. In the absence of structural information on
membrane proteins, these results were mostly interpret-
ed using barrier models, where the permeation process is
viewed as ions hopping over barriers in the channel
(Hille 2001). Because the model parameters in barrier
models are determined from fits to physiological data
with no direct input from the channel structure, they are
not suitable for studying structure-function relation-
ships. The simplest method that allows such a structural
input (i.e. calculates the electric forces that drive ions
across a channel from its structure) is the continuum
theories of electrodiffusion commonly known as the

Poisson-Nernst-Planck equations (Eisenberg 1999).
Unfortunately, the mean field approximation that forms
the basis of the continuum theories was shown to break
down in narrow pores with a radius of less than 2 Debye
lengths (Corry et al. 2000; Graf et al. 2000; Moy et al.
2000). At the physiological concentration of �150 mM,
this length scale corresponds to 16 Å, which is much
larger than typical radii of ion channels. Therefore, de-
spite its attractiveness as a simple method requiring
minimal computational effort, continuum theories can-
not be used in modelling of ion channels, and one has to
resort to alternative methods that represent ions as dis-
crete particles. Here the two options are MD and BD
simulations that we discuss briefly below.

Molecular dynamics

Conceptually, MD is quite simple; one follows the tra-
jectories of N particles interacting via a many-body
potential (r1, ..., rN) using Newton’s equation of motion:

mi
d2ri
dt2

¼ �riU r1; . . . ; rNð Þ i ¼ 1; . . . ; N ð1Þ

where mi and ri denote the mass and position of the ith
particle. From statistical analysis of the trajectory data
generated during simulations, one can determine the
structural and dynamic properties of a system. The po-
tential functions (or force fields) are clearly the crucial
inputs in MD, and the success of MD simulations in
representing reality hinges critically on their correct
choice. A tremendous amount of work has gone into the
development of force fields for biomolecular applica-
tions since the early 1980s (see Wang et al. 2001 for a
recent review), resulting in some popular simulation
packages such as AMBER (Weiner et al. 1984),
CHARMM (Brooks et al. 1983) and GROMOS
(Hermans et al. 1984). In these programs, the non-
bonded interactions between atoms are typically repre-
sented by two-body Coulomb and 12-6 Lennard-Jones
(LJ) potentials:

Uij ¼
qiqj
rij

þ 4eij rij=rij
� �12� rij=rij

� �6h i
ð2Þ

where qi denotes the partial charges on atoms, �ij is the
depth of the LJ potential at the minimum and rij is
where the repulsive and attractive terms cancel each
other. This pairwise interaction is used for all atoms in
the system, including freely moving water molecules and
ions in an electrolyte, as well as protein and lipid atoms
that are bound to each other by chemical bonds. In
order to preserve the bond lengths and angles between
atoms in proteins and lipids, harmonic potentials are
employed in addition to Eq. (2). The potential parame-
ters are determined empirically from spectroscopic data
and by fits to bulk properties. There are also a host of
technical problems associated with mimicking a bulk
situation with a small system and handling of the
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long-range Coulomb interactions. For a discussion of
these problems, as well as how physical quantities are
determined from statistical analysis of trajectory data,
we refer to the textbooks by Allen and Tildesley (1987)
and Frenkel and Smit (1996).

Considering the simplicity of the potential functions
in current use, MD techniques have been remarkably
successful in studies of lipid-protein systems. This sug-
gests that neglected terms in the potential – most notably
induced polarization – are incorporated in the two-body
terms such that their average effects are represented
quite well. To give an example, the dipole moment of a
single water molecule is 1.85 D, but in widely used water
models such as SPC (Berendsen et al. 1981) and TIP3P
(Jorgensen et al. 1983) an inflated moment of �2.3 D is
employed to take into account the induced polarization
effects in bulk water. This average treatment of polar-
ization appears to work well as long as one retains the
bulk-like environment for water (Tieleman et al. 1997;
Wallqvist and Mountain 1999). In application of MD to
ion channels, however, there is likely to be problems in
this regard because ions move from bulk water into a
narrow pore formed by protein molecules with very
different polarization characteristics. Firm evidence sig-
nalling the failure of the non-polarizable force fields
comes from past MD calculations of the potential of
mean force in the GA channel: the calculated translo-
cation barriers for monovalent cations are found to be
too steep to allow their permeation at the experimentally
observed rates (Roux and Karplus 1994). While the
importance of polarization has been recognized in some
earlier work on GA-like channels (Jordan 1990; Duca
and Jordan 1998), polarizable force fields have not been
applied to realistic channel models so far. Thus, whether
inclusion of the polarization effects in MD simulations
of channels will lead to quantitative agreement with the
physiological data still remains to be seen.

A second problem in practical applications of MD to
ion channels is to do with the simulation time. The ro-
tational motion of water molecules is quite fast, and in
order to maintain accuracy, one has to use a very small
time step (�1 fs) in the numerical integration of Eq. (1).
Thus an MD simulation lasting a million time steps
covers only 1 ns, which is too short to study the con-
duction of ions in biological channels (a typical channel
current of 5 pA corresponds to an average transit time
of 32 ns for a single ion). With the doubling of computer
speeds every two years, this time limitation will be
eventually surmounted. In the mean time, however, one
has to use the coarse-grained but much faster BD sim-
ulations to calculate the conductance of biological ion
channels.

If one identifies the free-energy profiles and conduc-
tance of ions as two significant descriptors of ion
channels, the foregoing discussion suggests that current
applications of MD fail in both respects, and more work
needs to be done to turn it into a more reliable and
useful method in the study of structure-function rela-
tionships. As pointed out above, construction of polar-

izable force fields for applications of MD to ion channels
is one of the first priorities in this regard. A longer-term
goal would be to use ab initio MD methods to derive the
force field parameters directly from the electronic
structure calculations rather than determining them
empirically from fits to data (Kuyucak et al. 2001).
There has been a great deal of progress in the applica-
tion of ab initio MD methods since the adaptation of
density functional theory (Kohn 1999) to calculate the
potentials between atoms on the fly (Car and Parrinello
1985). Initial applications of ab initio MD were in
condensed matter physics, though in recent years it has
also been used in studies of water, electrolytes and bio-
logical molecules. Modelling of ion channels is a natural
step in this progression that presents a challenging
problem for ab initio MD. As for the time constraint
problem, short of waiting for faster computers, one
needs to devise methods that will permit faster simula-
tion of the atoms in regions of marginal interest without
loss of accuracy for those in regions of focus, which
should be a small fraction of the total system for ion
permeation.

Notwithstanding the above problems, there are
aspects of ion permeation that can still be studied
profitably using the currently available MD methods.
For example, the selectivity sequences among monova-
lent cations can be predicted from free-energy pertur-
bation calculations. Because this quantity involves the
energy difference for transformation of an ion of one
type into another at the same location, inaccuracies in
force fields are likely to cancel out, making such pre-
dictions more robust compared to the calculation of the
free-energy profile of an ion along the permeation
pathway. Moreover, since ions with the same valence
cannot be distinguished in BD, MD offers the only
method for understanding their selectivity sequences.
Diffusion coefficients of ions and the dielectric constant
of water in the channel are two other local properties
that could be estimated from MD. These quantities are
required as input parameters in BD simulations that
would have to be determined from fits to experimental
data otherwise. Thus MD plays a complementary role to
BD in many respects, reducing the arbitrariness in the
choice of free parameters that so often plagues appli-
cation of phenomenological models to realistic systems.

Brownian dynamics

Water molecules are ubiquitous in biological systems
and their explicit modelling is usually very costly. In a
150 mM salt solution there are 370 water molecules for
each ion pair. Thus, an implicit treatment of water
would reduce the simulation time of an electrolyte
solution by a factor of 103 (H2O is represented by three
charge sites in MD). Further, as noted above, the rota-
tional motion of water molecules is very fast, requiring a
time step of �1 fs, whereas one could use a much larger
time step of �100 fs for spherical ions that move only by
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overdamped translational diffusion. Together these two
factors provide a gain of 105 in simulation time, which is
sufficient improvement on MD time scales to enable
calculation of conductance of an ion channel.

An implicit treatment of water is provided by BD,
where one follows the trajectories of N ions in an elec-
trolyte solution using the Langevin equation:

mi
dvi
dt

¼ �micivi þ Ri þ Fi i ¼ 1; :::; N ð3Þ

where mi, vi and ci are the mass, velocity and the friction
coefficient of the ith ion. The three force terms on the
right-hand side of Eq. (3) correspond to the frictional,
random and the systematic forces acting on the ion. The
frictional and random forces represent the continual
collisions of the ion with the surrounding water mole-
cules in an average way. Because they arise from the
same source, the two forces are not independent but
related through the fluctuation-dissipation theorem
(Reif 1965). Thus the knowledge of the friction coeffi-
cient (or the diffusion coefficient D, since D=kT/mc
from the Einstein relation) is sufficient to determine
these two forces. The random force is sampled from a
Gaussian probability distribution with a zero mean, and
it is assumed to be Markovian. The systematic forces
basically arise from the electric field acting on the ion,
and the magnitude of this force is calculated by solving
Poisson’s equation. In addition, short-range repulsive
and hydration forces are added to the right-hand side of
Eq. (3) in more refined BD simulations (Corry et al.
2001).

Implementation of the electric forces is trivial in a
bulk electrolyte, e.g. maintaining a constant potential
difference between two conducting planes leads to a
uniform electric field in the system. The situation in ion
channels is much more complicated because one has to
take into account the effect of the dielectric boundary
created by the water-protein interface by solving the
Poisson equation with Dirichlet boundary conditions.
Because the interaction of ions with the induced charges
on the channel wall (self-energy or reaction field) plays a
major role in determining their permeation characteris-
tics, an accurate solution of this problem is essential.
The channel boundaries have mostly irregular shapes,
which rules out analytical approaches using a simplified
geometry such as a cylinder. Numerical solution of the
Poisson equation can be readily achieved using either the
boundary element method (Levitt 1978; Hoyles et al.
1998a) or the finite difference method (Davis and
McCammon 1990; Sharp and Honig 1990). However,
repeating this procedure at every step of a BD simula-
tion that lasts millions of time steps is not feasible even
on a supercomputer. Until recently, this computational
bottleneck has prevented application of BD simulations
to realistic 3D channel geometries, limiting such studies
to schematic 1D channels (Cooper et al. 1985; Jakobsson
and Chiu 1987; Bek and Jakobsson 1994). This problem
was finally overcome by storing the precalculated values
of the electric field and potential in a system of lookup

tables, and interpolating the required values from these
tables during simulations (Hoyles et al. 1998b). Since
then, the lookup-table method has been employed in BD
studies of the nicotinic acetylcholine receptor (Chung
et al. 1998) and KcsA potassium (Chung et al. 1999,
2002a), calcium (Corry et al. 2001) and GA channels
(Edwards et al. 2002). There are also some recent three-
dimensional BD simulations of porin channels (Schirmer
and Phale 1999; Im et al. 2000). However, the effect of
the dielectric boundary on the ions (i.e. the reaction
field) is either ignored or grossly simplified in these
studies, thereby avoiding the computational bottleneck
mentioned above.

Because the Langevin equation (3) is more compli-
cated than that of Newton’s, its numerical integration is
also more involved. A third-order algorithm that can
handle both diffusive and kinetic regimes (van Gunst-
eren and Berendsen 1982) is most appropriate for
application of BD to ion channels as it allows use of
short-time steps for tracking the motion of ions inside
the channel and longer ones for those in the reservoirs
(Chung et al. 1999). Because the forces acting on ions
change rapidly in narrow pores, it is important to use
short-time steps for correct modelling of ion dynamics in
such regions. This is not a problem for the majority of
ions in the reservoirs, and use of long-time steps there
saves valuable time, enabling longer simulations. For a
detailed discussion of BD algorithms and their imple-
mentation, we refer to the review articles by Cooper et al.
(1985) and Kuyucak et al. (2001).

Another issue is the treatment of the boundary con-
ditions in BD simulations of ion channels, which is al-
most trivial in comparison to MD. This is because the
electric field of an ion in an electrolyte solution is se-
verely dampened compared to the vacuum: dielectric
screening due to water reduces it by a factor of 80 and
Debye shielding due to counter-ions further attenuates
the remaining field. From the Debye-Hückel theory, an
ion’s field is totally screened out beyond 4 Debye lengths
(Berry et al. 2000), and one need not worry about their
effects beyond this length scale. For physiological con-
centrations (�150 mM), this corresponds to about 30 Å.
Thus a simple method is to attach electrolyte-filled res-
ervoirs with dimensions of 30 Å to either side of the
channel-lipid complex, and confine the ions in these
reservoirs by elastically scattering them off the walls.
The electrolyte is assumed to continue beyond the res-
ervoir walls, and the scattering of ions can be construed
as simultaneous exit and entry of ions, thereby main-
taining their average concentration in the system at all
times. The membrane potential can be implemented in a
similarly simple manner by applying a uniform electric
field across the system. After equilibration, charge sep-
aration occurs in the reservoirs, cancelling the applied
field there, and the potential drop takes place mainly
across the channel. Alternatively, one can use the grand
canonical Monte Carlo method that allows fluctuations
in ion concentrations and a more realistic implementa-
tion of the membrane potential (Im et al. 2000).
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Comparison of this more sophisticated method with the
simple one shows that, as far as predicting the channel
properties is concerned, there is no discernible difference
between the two methods (Corry et al. 2002). Thus the
simple method with less computational overhead would
be preferable in practical applications of BD to ion
channels.

Comparisons of BD simulations with the conduc-
tance properties of biological ion channels have, so far,
not led to any major discrepancies that would signal the
failure of the approach. Nevertheless, there are several
issues of validation that need to be addressed using a
more fundamental theory such as MD. These arise from
the treatment of water and protein as continuous di-
electric media with a rigid boundary between them.
Success of the Born model suggests that use of contin-
uum electrostatics in channels may be justified if the
hydration shell of a permeating ion remains intact. This
criterion is generally satisfied in biological ion channels,
including the narrow selectivity filter regions where
protein atoms substitute for water completing the sol-
vation shell. A rigorous justification of this idea and
extraction of an effective dielectric constant for channel
water require MD simulations, and remain as future
problems. A second problem is whether there are any
correlations between permeating ions and the motion of
protein residues forming the channel. For example, local
motions such as flipping of a side-chain may play a role
in ion permeation. Again this problem needs to be
explored further from MD simulations.

Applications to ion channels

The determination of the crystal structure of the KcsA
potassium channel (Doyle et al. 1998) has been a turning
point in modelling of biological ion channels. Until then,
serious modelling work was carried out only on the GA
channel using the MD method, and the results of the
modest contact between theory and experiments were
not very encouraging. With the appearance of the KcsA
structure, most of the theoretical interest has been
shifted to the modelling of the KcsA channel. The recent
refinement of the KcsA structure at 2 Å resolution
(Morais-Cabral et al. 2001; Zhou et al. 2001) will no
doubt reinforce this interest. While acknowledging the
importance of the KcsA structure, here we would like to
advocate a broader approach to the modelling problem
that emphasizes structure-function relationships in a
variety of channels, not just one with a known structure.
The fact remains that there are very diverse ranges of ion
channels in nature – even within the potassium channel
family – and their modelling will require more ingenuity
than solely performing MD simulations using the
available crystal structure. In this regard, the coarse-
grained BD approach has certain advantages over the
microscopic MD method because it is not as sensitive to
the details in atomic structure of membrane proteins,
and therefore more forgiving against errors one is likely

to commit when modelling an ion channel in the absence
of its tertiary structure. BD modelling of calcium
channels provides a nice illustration of this point and
will be discussed in some detail below.

Potassium channels

The crystal structure of the KcsA protein revealed
three distinct regions in the pore of a potassium
channel (Doyle et al. 1998): a narrow selectivity filter
facing the extracellular side followed by a water-filled
cavity and a hydrophobic pore that extends to the
intracellular side. The selectivity filter is �12 Å long
with a �1.4 Å radius, and is lined up with the carbonyl
oxygens of the TVGYG amino acid sequence. Because
the channel protein has a four-fold symmetry around
the pore axis, these residues form a ring around the
pore and each ring contributes four oxygen atoms. The
filter is designed to select K+ ions against Na+ ions,
which have a much higher extracellular concentration
(crystal radius of K+ is 1.33 Å and that of Na+ is
0.95 Å). The high-resolution structure (Morais-Cabral
et al. 2001; Zhou et al. 2001) provides a more clear
view of how the potassium channels achieve a high rate
of conductance for K+ ions while retaining their ex-
quisite selectivity. In the crystal structure, K+ ions are
observed to occupy four sites in the filter region with
approximately equal probability (see Fig. 1). The first
three sites (S1, S2, S3) are located in between the
planes defined by the carbonyl oxygens of the Y78, G77,
V76 and T75 residues, whereas S4 lies in between the
carbonyl and hydroxyl oxygens of T75. When a K+ ion
is in one these sites, it is solvated by eight oxygens from
the neighbouring residues. Another significant obser-
vation is the eight-fold coordination of K+ ions with
water molecules in the cavity and the extracellular
mouth of the channel (Zhou et al. 2001). These results
are interpreted as two K+ ions permanently occupying
either the S1–S3 sites or S2–S4 and oscillating between
these two configurations without any significant free

Fig. 1. Structure of the selectivity filter depicting the TVGYG
sequence from two of the subunits in the KcsA protein and the ion
binding sites S1–S4
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energy barriers. The two ions are sandwiched between
water molecules, forming a W-K+-W-K+-W complex.
When a third K+ ion appears at either end of the filter,
this equilibrium configuration is disrupted and the ion-
water column moves rapidly until the extra ion is
ejected from the filter. The fact that K+ ions are eight-
fold coordinated with oxygen atoms at all sites from
entry to exit makes the permeation process energeti-
cally very smooth, especially during the critical dehy-
dration and rehydration steps. The carbonyl oxygens of
the G79 residues point towards the extracellular solu-
tion and are too far to contribute directly to the sol-
vation of K+ ions. Instead, they are likely to be
involved in the dehydration step by stripping the water
molecules off a K+ ion that is about to enter the filter
from outside (and vice versa for an exiting ion).

The second region in the KcsA structure is the water-
filled cavity with a radius of �5 Å, and four sets of helix
dipoles pointing towards its centre. This creates a
favourable environment for the presence of a K+ ion
(Roux andMacKinnon 1999), as clearly seen in the crystal
structure of KcsA. The cavity is connected to the intra-
cellular side via a long hydrophobic pore formed by four
transmembrane helices (TM2) that appears to be designed
to minimize the interactions with ions. The radius of this
intrapore region is smaller than that of an K+ ion at
places; therefore the crystal structure corresponds to the
closed state of the channel. Electron paramagnetic reso-
nance studieswith site-directed spin labelling (Perozo et al.
1999; Liu et al. 2001) have shedmore light on this region of
theKcsA structure by showing that the TM2 helices move
away from the channel axis during gating. Thus, in the
open state the intrapore radius becomes larger to allow the
permeation of K+ ions.

What are the implications of the KcsA results for
other potassium channels? First and foremost, the
TVGYG sequence that forms the selectivity filter in the
KcsA structure is conserved in all potassium channels
(Heginbotham et al. 1992; MacKinnon et al. 1998; Lu
et al. 2001). Hence lessons learned about the selective
conductance of K+ ions across the filter from studies of
the KcsA structure will be equally applicable to other
potassium channels. The intrapore region that controls
the gating, on the other hand, appears to exhibit wide
variations both in the primary sequence and at the ter-
tiary level. Thus the large variations observed in con-
ductance levels of potassium channels (up to two orders
of magnitude), and their saturation properties, must
result from differences in the intrapore structure. This
suggests a two-pronged approach to modelling of po-
tassium channels. Firstly, by performing MD simula-
tions on the KcsA structure, one can study selective
permeation of K+ ions across the filter region. Secondly,
one can model diverse range of potassium channels
using BD simulations, by modifying the intrapore region
of the KcsA structure as required by various physio-
logical and mutation data. An important requisite in this
modelling process is that the BD results for ion
dynamics in the selectivity filter should be consistent

with the experimental observations and MD results.
Below we review the work carried out on these two
fronts since the appearance of the KcsA structure in
1998 (see also Roux et al. 2000; Tieleman et al. 2001).

Molecular dynamics studies

Several groups have been involved in MD studies of the
KcsA channel so far, and their focus has been mostly on
the permeation properties of K+ ions in the selectivity
filter, with varying degrees of complexity in their treat-
ment of the membrane bilayer. In the most sophisticated
ones (Berneche and Roux 2000, 2001), the KcsA protein
is embedded in a DPPC bilayer and solvated with a
150 mM KCl solution. In a similar study, Shrivastava
and Sansom (2000) employed a POPC bilayer with a
varying number of K+ ions. Because explicit simulation
of bilayers is computationally expensive, in most MD
studies they are represented with octanes (Guidoni et al.
1999, 2000) and nonpolar atoms (Åqvist and Luzhkov
2000; Luzhkov and Åqvist 2000, 2001), or more simply
by harmonic constraints applied to the protein atoms
(Allen et al. 1999, 2000a; Biggin et al. 2001; Ranatunga
et al. 2001). Simplified representations of bilayers enable
longer simulations necessary for a detailed study of ion
dynamics in the channel. Therefore, it would be worth-
while to find appropriate sets of constraints that can
mimic the embedding of the KcsA protein in a lipid
bilayer.

The MD simulations performed so far agree with the
stable occupation of the channel with three K+ ions,
two in the filter and one in the cavity, as observed in
experiments. There is also some evidence that the ap-
proach of the K+ ion in the cavity to the selectivity filter
triggers a conduction event, and permeation across the
filter occurs through the recycling of ions as
2K+fi 3K+fi 2K+ (Åqvist and Luzhkov 2000;
Berneche and Roux 2000, 2001). The question of selec-
tivity against Na+ ions has been addressed in several
studies through free-energy perturbation calculations,
where a K+ ion in one of the binding sites is alchemi-
cally transformed into a Na+ ion. The calculated free-
energy barriers range from 11 kT (Berneche and Roux
2001) to 8 kT (Allen et al. 2000a) and 5 kT (Luzhkov
and Åqvist 2001), which are in rough agreement with the
experimental value of �9 kT extracted from the K+/
Na+ selectivity ratio of �104. As stressed before, energy
differences are less sensitive to inaccuracies arising from
the use of nonpolarizable force fields, making these
predictions more reliable.

Diffusion of ions and water in the KcsA channel has
been studied by Allen et al. (1999, 2000a, 2000b) and
Biggin et al. (2001). The main finding from these studies
is that the diffusion coefficient of K+ ions is suppressed
down to about 10% of the bulk value in the filter region
but remains relatively high (>50% of the bulk value) in
the rest of the channel. These results provide inputs for
the BD simulations as discussed below. Motions of
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individual ions in the channel have also been discussed in
some MD studies of KcsA. However, such single-event
studies have little meaning statistically, and cannot be
used to draw conclusions about permeation dynamics.

Brownian dynamics studies

BD simulations of the KcsA channel have been carried
out by Chung et al. (1999, 2002a, 2002b) and Allen and
Chung (2001) in three dimensions and by Mashl et al.
(2001) in one dimension. The restriction of the ions’
motion to the pore axis saves a great deal of computa-
tional time but the effect of this approximation on the
permeation properties of ions has not been studied so
far. In the first BD study, Chung et al. (1999) employed
a simplified pore shape and represented the charge res-
idues on carbonyl groups in the selectivity filter and in
the inner and outer mouths with dipoles, whose
strengths were optimized for maximum conductance.
The selectivity filter was occupied by two K+ ions on
average and a third K+ ion was required to initiate
conductance, consistent with experiments and MD re-
sults. The results for I-V curves and saturation of con-
ductance were in reasonable agreement with the
physiological data. This was followed by a more
sophisticated study that included all the experimentally
determined channel protein in the model structure
(Chung et al. 2002a). Several open-state configurations
of the KcsA channel were constructed from the (closed)
crystal structure via MD simulations. The refined study
yielded similar results and confirmed the permeation
mechanism found in the earlier study.

An intuitive illustration of the permeation mechanism
is provided by the multi-ion potential profiles obtained
by minimizing the energies of ions resident in the
channel while a test ion is brought in the channel in
small steps (Fig. 2). This corresponds to the electrostatic
work done on the test ion, and since there are no counter
ions in the pore region, it should give a fairly good ac-
count of the dynamic behaviour of the ions in the
channel during BD simulations. For a single K+ ion
there is a very deep well (67 kT) that will permanently
bind it to the selectivity filter (Fig. 2A). The potential
profile of a second ion in the presence of the first one is
again attractive, although the well depth is reduced by
about half (Fig. 2B). A third K+ ion is still attracted to
the channel from the intracellular side but now it faces a
barrier of several kT high. Once it goes over this barrier
through thermal fluctuations, it moves rapidly under the
potential gradient towards the selectivity filter and de-
stabilizes the equilibrium of the two resident ions there.
From this point on, the three ions move more or less in
tandem to the right until the right-most one is expelled
from the channel, leaving again two K+ ions in the filter.
Analysis of the BD simulations indicate that permeation
dynamics in the filter region is dominated by Coulomb
repulsion during a conduction event, and despite the
large suppression of the diffusion coefficient as found in

MD simulations, this is actually the fastest step in per-
meation.

This result is very significant because it shows that the
selectivity property is decoupled from the other physi-
ological properties of the channel, in that the filter
rapidly recycles K+ ions and therefore it is not the main
rate-limiting step in the overall permeation process. As
stressed above, the selectivity filter is conserved in all
potassium channels, and had it played an important role
in their conductance and saturation properties, one
would not be able to explain the diversity of these
quantities. In the present situation, one can start mod-
elling other potassium channels using the KcsA

Fig. 2. Potential energy profiles of a K+ ion traversing the KcsA
channel under an applied field of 107 V/m when there are 0 (A), 1
(B) and 2 (C) resident ions in the channel. The dielectric constants
used in the solution of Poisson’s equation are 60 for channel water
and 2 for the protein. The electric field is in the z direction, driving
ions from inside the cell (left) to outside (right). The upward arrows
indicate the location of the resident ions when the test ion is at the
centre of the channel. The schematic channel in the inset shows the
positions of the ions in case C
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structure as a template. A first step in this direction was
taken by Chung et al. (2002b), who constructed a sim-
plified model of KcsA that reproduced the calculated
properties of the atomic-detail model. They found that
changing the radius of the intrapore region from 2 to
5 Å in the simplified model increased the channel con-
ductance by two orders of magnitude, sufficient to ex-
plain the range observed in nature. This gives hope that
individual potassium channels can be modelled using
BD by taking into account available structural and
physiological data. In this respect, homology and MD
modelling of different potassium channels based on the
KcsA structure could provide valuable clues (Capener
et al. 2000; Shrivastava et al. 2000). Another important
source of information is site-directed mutagenesis, which
can help to identify the charge residues that influence the
permeation characteristics of a channel (e.g. Thompson
et al. 2000; Kubo and Murata 2001). The recent mod-
elling of calcium channels provides an apt illustration of
this point, that we next discuss.

Calcium channels

Calcium channels are as common as potassium channels
and have many similar properties, e.g. they are ex-
tremely selective against Na+ ions and exploit a multi-
ion Coulomb repulsion mechanism to achieve a high
throughput of Ca2+ ions. The fact that Ca2+ and Na+

ions have similar radii but different charges indicates
that, unlike potassium channels, selectivity must be
based on the latter. Another difference of the selectivity
property from the potassium channels is that it is con-
tingent upon the presence of Ca2+ ions in the channel; in
their absence, Na+ ions conduct at an even faster rate
than Ca2+. These observations suggest that one may be
able to explain the selectivity of calcium channels within
the BD framework without having to appeal to MD.
Since the tertiary structure of the calcium channels are
not known, this indeed appears to be the only way to
study the structure-function relationships in this
important class of channels.

A first attempt to model L-type calcium channels
using BD was made by Corry et al. (2001), who used the
available information on the structure and conductance
properties to construct a model channel consisting of
inner and outer vestibules and a selectivity filter (see the
inset in Fig. 3). The selectivity filter is the most impor-
tant part of the model and requires a careful design in
order to reproduce the observed properties of calcium
channels. Two critical elements, namely its size and
charges on its walls, are determined from the experi-
mental data. The radius is set to 2.8 Å from the size of
tetramethylammonium – the largest permeable ion
(McCleskey and Almers 1985) – and the mutation data
indicate the presence of four negatively charged gluta-
mate residues in the filter region (Yang et al. 1993). BD
simulations performed with this model have been very
successful in replicating many physiological properties

of L-type calcium channels. These include current-volt-
age curves, saturation of conductance with concentra-
tion, selectivity against Na+ ions, the anomalous mole
fraction effect, attenuation of calcium current by exter-
nal sodium ions, and the effect of mutating glutamate
residues on blocking the sodium current (Corry et al.
2001).

In Fig. 3 we present multi-ion potential profiles for
Ca2+ and mixed Ca2+ and Na+ ions in the channel that
illustrate the modus operandi of calcium channels. As
shown in Fig. 3A, a single Ca2+ ion is deeply bound
(58 kT) in the selectivity filter, and a second Ca2+ ion is
easily attracted to the channel from the right (extracel-
lular side). The two ions can coexist in the filter region in
a semi-stable equilibrium, until the resident ion on the
left climbs over the barrier of 5 kT via thermal fluctua-
tions and exits the channel. Thus a single Ca2+ ion is in
a waiting state and entry of a second Ca2+ ion triggers a
conduction event. Profiles for Na+ ions are similar
except permeation involves three Na+ ions just as in the
case of potassium channels. The mechanism of selectivity

Fig. 3A, B. Shape of a model calcium channel and locations of
charge residues (inset). Potential energy profiles for one and
two Ca2+ ions are shown in A, and the profile for the mixed system
is shown in B. The parameters are as in Fig. 2 except that the
electric field is reversed to the inward direction (right to left)
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is explained in Fig. 3B. When a Na+ ion is resident in
the filter, a Ca2+ ion is attracted to the filter and expels
the Na+ ion from the channel upon entry. A similar
result is obtained when there are two Na+ ions in the
filter. In the reverse case of a Ca2+ ion in the filter,
although a Na+ ion is still attracted, it is unable to push
the Ca2+ ion over the large barrier of 16 kT. Thus, once
a Ca2+ ion enters the channel, Na+ ions cannot push it
out, and only another Ca2+ ion can achieve that feat.
This gives a simple explanation of the selectivity mech-
anism in calcium channels in terms of the electrostatic
interactions of ions.

Of the many properties of the calcium channels, the
most interesting one is no doubt the anomalous mole
fraction effect, so-called because the channel current
vanishes at a certain range of Ca2+ concentrations in the
presence of a fixed 150 mM Na+, as shown in the inset
of Fig. 4. The BD results shown in Fig. 4 indicate that
the rapid drop and subsequent vanishing of the channel
current is due to blocking of the Na+ current by Ca2+

ions. Once the Ca2+ concentration is high enough to
allow two Ca2+ ions in the filter, the channel starts
conducting again but now Ca2+ ions instead of Na+.
The level of agreement between theory and experiment
obtained from BD studies of calcium channels is sub-
stantial and should encourage further applications of the
BD method to modelling of other ion channels.

Conclusions and outlook

The field of ion channels has entered into a phase of rapid
development in the last few years, fuelled by the recent
progress in determination of the crystal structure of the
KcsA potassium channel and computational methods
that can relate the function of a channel to its structure.
Here we gave a brief review of the two computer
simulation methods – molecular and Brownian dynamics
– which will play a prominent role in future studies of ion

channels. It is pointed out that the force fields used in
current applications of MD are derived under bulk
conditions, that is, for globular proteins embedded in an
electrolyte solution. An ion channel, on the other hand,
can be construed as a small volume of electrolyte solution
embedded in a pore formed by the channel protein. Thus,
the force fields currently employed in MD studies are not
expected to give reliable results when applied to ion
channels. This is underscored by the inability of these
force fields to account for the potential of mean force in
the gramicidin A channel. Before investing heavily in
MD studies of the KcsA channel, it is desirable that new,
polarizable force fields are developed for applications of
MD to ion channels. Because of its simple structure,
gramicidin A presumably offers the best channel model
for this purpose.

Success of the BD simulations in explaining the
physiological properties of the potassium and calcium
channels indicates that this method is eminently suit-
able for studying the structure-function relationships
in biological ion channels. As the modelling of calcium
channel shows, a detailed tertiary structure is not es-
sential for this purpose: knowledge of the gross shape
of the channel and the approximate locations of the
charged residues in the channel wall are sufficient.
This confers an additional advantage to BD over MD
because atomic-detail structural information, necessary
for the latter method, is lacking for most channels at
present. The difficulty of crystallizing the membrane
proteins suggests that this situation is not likely to
change in the foreseeable future. Thus, deducing the
structural information on a channel from the available
functional data using BD simulations is likely to be
the main approach in channel studies for some time.
While this method is not as straightforward as ap-
plying MD to a given structure, and will require more
ingenuity, the payoff, in terms of understanding the
operation of a multitude of channels, is certainly
worth the effort.
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