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Abstract The gating mechanism of a bacterial potassi-
um channel, KcsA, has been investigated via multi-
nanosecond molecular dynamic simulations of the
channel molecules embedded in a fully solvated palmi-
toyloleoylphosphatidylcholine bilayer. Four events are
seen in which a cation (K+ or, in one case, Na+) ini-
tially present in the central cavity exits through the
intracellular mouth (the presumed gate) of the channel.
Whilst in the cavity a cation interacts with the sidechain
T107 Oc atom of one of the subunits prior to its exit
from the channel. Secondary structure analysis as a
function of time reveals a break in the helicity of one of
the M2 helices. This break is expected to lend flexibility
to the helices, enabling them to ‘‘open’’ (minimum pore
radius >0.13 nm) and ‘‘close’’ (minimum pore radius
<0.13 nm) the channel. Fluctuations in the pore radius
at the intracellular gate region are of the order of
0.05 nm, with an average radius in the region of the gate
of ca. 0.1 nm. However, around the time of exit of a
cation, the pore widens to about 0.15 nm. The distances
between the Ca atoms of the inner helices M2 reveal a
coupled increase and decrease between the opposite pair
of helices at about the time of exit of the ion. This
suggests a breathing motion of the M2 helices that may
form the basis for a gating mechanism.
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Introduction

Ion channels are integral membrane proteins that play
an important role in membrane permeability, enabling
rapid (ca. 107 ions s–1 channel–1) passive movements of
selected ions across membranes. Excitation and electri-
cal signalling in the nervous system is due to movement
of ions through the ionic channels (Hille 1992). These
proteins play an essential role in physiology and pa-
thology of a wide variety of cells. Malfunctioning of the
ion channels, due to mutations, have been shown to lead
to neurological diseases sometimes referred to as
‘‘channelopathies’’ (Ashcroft 2000). Although consider-
able electrophysiological and related data are available,
the molecular mechanisms underlying channel function
remain elusive. In particular, we would like to under-
stand the physical bases of ion permeation and selec-
tivity, and of channel gating. The latter topic is the
subject of this paper.

The determination of the 0.32 nm resolution X-ray
crystal structure of KcsA (Doyle et al. 1998), a bacterial
channel from Streptomyces lividans (Schrempf et al.
1995), provides an excellent opportunity to understand
key aspects of channel functions at a molecular level.
This bacterial K+ channel, which shows sequence sim-
ilarity to other K channels (Doyle et al. 1998; Schrempf
et al. 1995), has been studied from both a structural
(Cortes et al. 2001; Jiang and MacKinnon 2000; Perozo
et al. 1998, 1999, 2000; Zhou et al. 2001) and functional
(Cuello et al. 1998; Heginbotham et al. 1999; Meuser
et al. 1999, 2001; Splitt et al. 2000) perspective via a
variety of techniques. In particular, studies using a K
channel-specific scorpion neurotoxin suggest that KcsA
shares many structural features with the pore forming
domain of voltage gated (Kv) potassium channels, at
least at its extracellular mouth (MacKinnon et al. 1998).
Hence investigations on KcsA are expected to help us
understand structure/function relations in K channels in
general (Biggin et al. 2000). However, one must remain
aware of possible differences in some aspects of channel
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structure between KcsA and Kv channels (Camino et al.
2000; Minor 2001).

The KcsA molecule is tetrameric, with four-fold
symmetry about a central pore axis. Each subunit con-
sists of an outer helix (M1) that is exposed to the
membrane and an inner pore-lining helix (M2). M1 and
M2 are linked by a 30 amino acid pore (P) region, made
up of a turret, which is exposed to the extracellular
solvent, a pore helix and the selectivity filter (F) region
(Fig. 1A). There is a large (volume ca. 0.8 nm3, i.e. big
enough to hold ca. 27 water molecules) hydrophobic
cavity in the centre of the channel, which in the crystal
appears to be filled with water molecules plus a single
K+ ion. The four P helices are inclined at an angle of
�45� with respect to the pore axis such that their C-
termini point towards the centre of the cavity. This has
been suggested to help provide electrostatic stability to a
monovalent cation within the cavity (Roux and
MacKinnon 1999).

A channel may be regarded as an allosteric protein
that responds to a stimulus (e.g. membrane potential
change, chemical stimulus or mechanical deformation)
by switching its conformation (Hille 1992). This con-

formational transition of the channel, known as
‘‘gating’’, controls opening and closing of the pore.
Early studies on the kinetics of Kv channel blockade by
quaternary ions (Armstrong 1971) suggested that both
open-channel block and ion-trapping effects are associ-
ated with changes at the intracellular end of the protein.
More recently, structural (Perozo et al. 1998, 1999, 2000;
Zhou et al. 2001) and functional (Cortes et al. 2001;
Cuello et al. 1998; Heginbotham et al. 1999) studies of
KcsA place the gate at the intracellular mouth of this
channel. Functional analysis of C-terminal deletion
constructs suggests that the C-terminal domain (absent
from the X-ray structure) has a modulatory role in pH-
dependent gating of KcsA (Cortes et al. 2001). Energetic
considerations (Biggin et al. 2001b; Roux et al. 2000)
suggest that the narrow intracellular mouth of the KcsA
pore forms a hydrophobic barrier to ion permeation that
may correspond to the gate. Significantly, a narrow
hydrophobic barrier has been suggested to form the gate
in bacterial mechanosensitive channels (Sukharev et al.
2001). In voltage gated channels the gate also appears to
be at the intracellular mouth of the channel (Camino
et al. 2000), although the detailed architecture of this
region is likely to differ from that of KcsA owing to the
presence of a proline-induced kink in the S6 helix
(Shrivastava et al. 2000; Tieleman et al. 2001b), i.e. in
the equivalent helix to M2 in KcsA.

In this paper we employ molecular dynamics (MD)
simulations to study possible gating mechanisms of
KcsA. Simulation studies have already been employed
to investigate ion permeation and selectivity mechanisms
of KcsA and related K channels (Allen et al. 1999, 2000;
Åqvist and Luzhkov 2000; Bernèche and Roux 2000;
Biggin et al. 2001b; Capener et al. 2000; Guidoni et al.
1999, 2000; Luzhkov and Åqvist 2000; Ranatunga et al.
2001a, 2001b; Shrivastava and Sansom 2000; reviewed
by, for example, Roux et al. 2000; Sansom et al. 2000;
Tieleman et al. 2001a). Simulations have also been used
to explore the inherent flexibility of certain transmem-
brane (TM) a-helices in membrane proteins such as
channels and receptors (Sansom and Weinstein 2000). In
this paper we explore in more detail an event first
reported in an earlier paper (Shrivastava and Sansom
2000), namely the structural changes occurring in the
KcsA protein prior to the exit of the ion through
the intracellular mouth (i.e. the presumed gate region) of
the pore.

Methods

Simulation systems

The starting protein structure for the simulations was that as in PDB
file 1bl8, modified by addition of ‘‘missing’’ atoms for sidechains not
present in the crystal structure, which were added by building in
stereochemically preferred conformers. The N- and C-terminal
extramembraneous regions (residues 1–22 and 120–160), which are
absent in the X-ray structure, were not included in the simulation
model. A fully equilibrated palmitoyloleoylphosphatidylcholine
(POPC) lipid bilayer (kindly provided by Dr Peter Tieleman) was

Fig. 1 A Diagram of KcsA showing, for clarity, only two of the
four subunits. Selected water molecules and K+ ions are shown. S1
and S3 indicate K+ ions at these two sites within the selectivity
filter (F), with a water molecule (at S2) in between. There is a
further cluster of water molecules surrounding a K+ ion in the
cavity (C) and a water molecule close to the intracellular gate (G).
The broken horizontal lines indicate the approximate location of the
water/bilayer interface, and EC and IC indicate the extracellular
and intracellular surfaces, respectively. Diagram generated using
Molscript (Kraulis 1991) and Raster3D (Merritt and Bacon 1997).
B Diagram of the simulations discussed in this paper. In simulation
MDK3 the initial locations of the three K+ ions were at S1, S3 and
in the cavity (as shown in A). The starting configuration of
simulation MDK3B derived from a snapshot of MDK3 at 1 ns,
with the three K+ ions at the extracellular mouth of the channel, at
S2 and in the cavity, respectively. In simulation MDNa3 the
starting configuration was similar to that for MDK3, but with Na+

ions replacing K+ ions

208



used as starting point in which the KcsA protein was inserted. The
final simulation system consisted of 243 POPC molecules, 9821 SPC
water molecules and 7 Cl– counter ions, to set the net charge of the
system to zero.

The setup of the simulation system was as described elsewhere
(Shrivastava and Sansom 2000; Shrivastava et al. 2000). In this
paper we will focus on those simulations in which ion exit through
the intracellular (IC) ‘‘gate’’ was observed, as summarized in
Fig. 1B. Simulation MDK3 is an extension (from ca. 1 ns to ca.
7 ns) of MDK3 in Shrivastava and Sansom (2000). This simulation
started from a configuration with two K+ ions (K1 and K2) in the
selectivity filter (at sites S1 and S3) plus a third K+ ion (K3) located
close to the centre of the cavity. Simulation MDK3B originated
from the 1 ns ‘‘snapshot’’ of MDK3 [i.e. the end of simulation
MDK3 in Shrivastava and Sansom (2000)], at which time K3 had
exited the channel and was close to the IC mouth in the ‘‘bulk’’
water. At the same time, K1 had moved to S2 of the filter and K2 to
the cavity. At the start of MDK3B this configuration was modified
by moving K3 to the extracellular (EC) mouth of the channel. The
simulation was run for 2.5 ns. For comparison, we include a third
simulation in which ion exit has been observed, namely MDNa3. In
the initial configuration of this simulation, three Na+ ions occu-
pied the same positions similar to the K+ ions in MDK3. MDNa3
was run for 2 ns. Again, here we focus on the ion exit event. Dif-
ferences in the behaviour of K+ and Na+ ions in the filter of KcsA
are described in Shrivastava et al. (2002).

Simulation protocol

The simulation protocol was similar to that used in our previous
simulations (Capener et al. 2000; Shrivastava and Sansom 2000).
The MD simulation package used was GROMACS v1.6 (http://
rugmd0.chem.rug.nl/-gmx/gmx.html). Lipid parameters were based
on Berger et al. (1997) and Marrink (1998). The lipid-protein in-
teractions used GROMOS parameters and the water model used
was SPC (Berendsen et al. 1981), which has been shown to be a
reasonable choice for lipid bilayer simulations (Tieleman and
Berendsen 1996). A twin range cut-off was used for electrostatic
calculations: 1.0 nm for van der Waals and 1.7 nm for electrostatic
calculations. Note that the distances between, for example, K1 and
K2, or K2 and K3, at the start of the simulation (0.7 nm and
1.0 nm) do not exceed this cutoff. The time step was 2 fs, with the
neighbour list updated every 10 steps. The LINCS algorithm (Hess
et al. 1997) was used to constrain bond lengths and the simulations
were all done under NPT conditions, with a constant pressure of
1 bar in all three directions and a coupling constant of sp=1.0 ps.
Water, lipid and proteins were coupled separately to a temperature
bath at 300 K with a coupling constant of st=0.1 ps. The K+ and
Na+ parameters were as in Straatsma and Berendsen (1988). All
the simulations were performed on an 86-node SGI Origin2000.
The program DSSP (Kabsch and Sander 1983) was used for
analysis of secondary structure. The HOLE program (Smart et al.
1993, 1997) was used to calculate the pore radius profiles and the
other analyses was done using GROMACS routines or our own
code. Structural diagrams were prepared using Molscript (Kraulis
1991) and Raster3D (Merritt and Bacon 1997).

Results

Cavity ion exit events

In the present work, we are going to focus on ions in the
central cavity and their exit from the channel via the IC
gate. This can be readily visualized by plotting the co-
ordinate trajectories of the ions, projected onto the pore
(z) axis, with z=0 corresponding to the centre of the
filter, z=ca. –1.3 nm at the centre of the cavity and
z=ca. –2.5 nm at the IC gate. Thus, in simulation

MDK3, two ion exit events are seen: one in the first part
of the simulation (not shown) at ca. 0.95 ns, when K3
moves from the cavity (C) to the IC region, and one at
ca. 6 ns when K2 moves C to IC (Fig. 2A). In MDK3B,
ion K2 moves from C to IC at ca. 2.2 ns (Fig. 2B). In
MDNa3, Na3 moves from C to IC at ca. 1.3 ns
(Fig. 2C). Note that, in both MDK3 and MDK3B, K2
does not exit from the cavity until K3 has (re)entered the
selectivity filter. It appears that the presence of two K+

ions in the filter is correlated with the cavity ion moving
‘‘down’’ the cavity and eventually exiting. The exit of an
ion is thus a rare event in these simulations: we only see
four exit events in a total of ca. 12 ns of simulation time.

Fig. 2 Trajectories (along the pore z axis) of K+ or Na+ ions for
simulations: A MDK3 (second section, i.e. ‘‘6.5 ns’’ in Fig. 1); B
MDK3B; and C MDNa3. The locations on z of the four filter
binding sites (S1–S4) are indicated by thin horizontal lines. The
intracellular gate of the channel is at z=ca. –2 nm; the centre of the
filter is at z=ca. 0 nm. The arrows labelled ‘‘exit’’ indicate the time
at which the ion exits from the cavity through the intracellular gate.
The dotted vertical line for ion K3 in MDK3 corresponds to the
movement of this ion across a periodic boundary at t=ca. 4 ns (see
text)
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Of course, this small number of events does not permit
statistical analysis. However, we note in passing that in a
simulation of 7.6 ns duration (MDK3) we do not see a
single ion move all the way through the channel. This
puts a lower bound of ca. 10 ns on the mean passage
time of an ion, which would correspond to a single
channel conductance of ca. 160 pS at 100 mV, com-
pared with estimates of ca. 100 pS for the conductance
of KcsA (Heginbotham et al. 1999; Meuser et al. 1999;
Schrempf et al. 1995). This reassures us that the time-
scale of motions in our simulations is comparable to that
observed experimentally. Of course, we do not have an
external applied voltage in our simulations.

Protein dynamics

We will now examine how the structural dynamics of the
protein may be related to the IC ‘‘gate’’ through which the
exiting K+ ion moves. Experimentally, the temperature
factors of the atoms in the crystal structure provide a
measure of the dynamic mobility and/or static disorder of
the different regions of the protein. From the temperature
factors of the Ca atoms of KcsA crystal structure, it seems
that the IC ends of the helices and the ‘‘turret’’ region (i.e.
the EC loop between the M1 helix and the P helix) are
more flexible than the transmembrane core of the protein
(Doyle et al. 1998), although the modest resolution of the
structure warns against over-interpretation of these data.
A similar overall pattern is seen in the simulation if one
plots the root mean square fluctuation (RMSF) from its
time-averaged position of each Ca atoms versus the resi-
due number (data not shown). This overall pattern is
conserved between the different simulations. Perhaps a
more informative way of displaying the results of this
analysis is to plot the RMSF of each Ca atom versus its
mean z coordinate (Fig. 3). Within the transmembrane
(TM) region of KcsA this reveals a ‘‘gradient’’ in overall
protein mobility from the EC (lower mobility, Ca RMSF
ca. 0.05 nm) to the IC (higher mobility, Ca RMSF
ca. 0.1 nm) end of the molecule. A similar pattern was
observed by Bernèche and Roux (2000) in their simula-
tions of KcsA.

A more detailed analysis of structural fluctuations in
the protein may be obtained via analysis of time-depen-
dent changes in local secondary structure. As expected,
there are considerable fluctuations in local secondary
structure in the turret loop region and at the IC ends of the
TM helices in all the simulations. The M1 and P helices
retain their secondary structure undistorted throughout
the simulations. The helicity of all but one of the M2s is
also maintained throughout all the simulations. However,
a break in the helicity of one of the M2s is seen in all of the
simulations, close to residue T107 (Fig. 4). This break is
seen fairly early on in the simulation for MDK3 (at
around 0.6 ns of the first segment of the simulation) in M2
of subunit A and is then maintained throughout this
simulation, as well as MDK3B (which is essentially an
extension of the first 1 ns of MDK3). In MDNA3, the

break in helicity occurs at about 0.6 ps in the M2 helix of
subunit B. It is interesting to note that the break in helicity
is associated with residue T107, which seems to be
involved in interactions with the ion in the cavity (see
below). The increase in flexibility resulting from the local
loss of secondary structure may be associated with the
opening of the IC gate.

Site-directed spin labelling and electron paramagnetic
resonance (EPR) spectroscopy experiments on the gat-
ing in KcsA (Perozo et al. 1998, 1999) suggest that a
widening of the pore associated with the gating mecha-
nism is brought about via movement of the M2 helices.
From the analysis of secondary structure, we might
suspect that this is associated with re-packing of the
C-terminal (IC) segments of the M2 helices. To explore
this further, the distance between the Ca atoms of the
M1 and M2 helices as a function of time was analysed.
The inter-M1 helix distances were more or less constant

Fig. 3 Root mean square fluctuations (RMSF) versus the z
coordinate of the Ca atoms for the three simulations: A MDK3;
B MDK3B; and C MDNa3. The gate (G) and filter (F) regions are
denoted in the figure
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throughout the simulation. The M2 helix was split into
three segments, each consisting of 10 Ca atoms: an N-
terminal segment (R89 to A98), a middle segment (G99
to A108) and a C-terminal segment (A109 to G118). The
N-terminal segment, close to the selectivity filter, did not
show any significant changes in the distances between
the opposite pair of helices as a function of time. In
contrast, the C-terminal segments, exposed to the IC
‘‘bulk’’ water, showed considerable fluctuations in inter-
segment distances. However, these motions do not
appear to be correlated with the exit of an ion. The
middle segment showed a synchronous change in the
distances between the two opposite pairs of helices at
around the time of exit of an ion from the channel. Two
diagonally opposite helices move closer together (albeit
by a small distance, ca. 0.15 nm) whilst the other pair
move apart by roughly the same distance simulta-
neously. The changes in the interhelix distances are of
the same magnitude as changes in the pore radius pro-
files (see below) at around the same time.

Changes in pore dimensions

The ionic radius of K+ is 0.133 nm (Hille 1992). Thus,
in order for a K+ ion to exit from the channel pore, the
radius of the channel pore should be greater than
0.133 nm. If one examines the pore-radius profile of the
X-ray structure of KcsA, then in the vicinity of the IC
gate the radius is ca. 1 nm (Fig. 5A). Furthermore, the
sidechains lining the pore in this region (e.g. V115) are
mainly hydrophobic, thus presenting an energetic bar-
rier to a K+ ion leaving (or entering) the channel.
However, this calculation is based upon a single (crystal)
conformation of the protein. One may also calculate
pore-radius profiles averaged over the entire duration of
a simulation, providing an overall measure of the pore
radius but taking into account dynamic fluctuations in
structure. Doing this for simulations MDK3 (Fig. 5B)
and MDK3B (Fig. 5C) reveals that although the pore
radius in the gate region fluctuates (SD ca. 0.04 nm), the

average value is still ca. 0.1 nm. Thus, on average during
each simulation as a whole the gate is closed.

However, transient changes in the pore-radius pro-
files are seen during the simulations, associated with ion
exit from the cavity. This is evident if one calculates
pore-radius profiles just for the period of the simulation
around the time of a cation exit event (Fig. 6A, B). In
simulation MDK3, the first opening of the pore is seen
at around 0.9 ns in the first segment of the simulation,
and is maintained for about 0.1 ns, after which it again
closes (Shrivastava and Sansom 2000). Similar transient
openings are also seen in simulations MDK3B and
MDNa3. The pore radius increases from 0.1 nm to ca.
0.2 nm. In the later stages of the MDK3 simulation (ca.
6 ns) the pore radius is ca. 0.15 to 0.25 nm, suggesting
that the channel is truly open. When the ion exits from
the channel at ca. 6 ns, the radius increases to ca. 0.3 nm
(Fig. 6C). Thus there seems to be ‘‘opening’’ and
‘‘closing’’ of the IC gate associated with the exit of a
cation. The minimum pore radius in the IC gate region
was monitored versus time, and compared with the
minimum radius in the filter region. In all three simu-
lations the minimum radius in the filter region did not
show large fluctuations with respect to time, staying
constant at ca. 0.1 nm in the two K+ simulations and
ca. 0.05 nm in simulation MDNa3 [the difference
between K+ and Na+ corresponds to constriction of the
filter in the presence of the smaller ion; see Shrivastava
et al. (2002) for a detailed analysis]. In contrast, the
minimum in the pore radius in the IC gate region varied
from ca. 0.07 nm and ca. 0.2 nm as a function of time.
Visualization of the internal surface of the pore
(Fig. 6C) shows a considerable widening of the pore
(almost 0.3 nm) at the intracellular gate, and a degree of
distortion of the central cavity from approximate
spherical symmetry. A similar widening of the pore is
seen in the MDNa3 simulation, with the pore radius
increasing to ca 0.25 nm. Thus, it is evident that the
structural fluctuations observed during these simulations
can induce a functional opening of the IC gate of the
channel.

Fig. 4 A Snapshot (at t=ca.
1 ns) from simulation MDK3
showing local distortion (arrow)
of one of the four M2 helices.
B Secondary structure versus
time (for the latter 6.5 ns) of the
distorted subunit from simula-
tion MDK3. a-Helical regions
are indicated by dark grey; the
local loss of a-helicity in M2 is
indicated by an arrow
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Ion-protein and ion-water interactions

Having established that the protein conformation
changes to permit exit of an ion from the cavity, it is of
interest to examine the interactions of that ion with the
protein and/or with water molecules before, during and
after the exit event. Whilst in the cavity, the ion interacts
with mainly a first solvation shell of water molecules (see
below), and also with one or more sidechains of the only
polar residue lining the cavity, namely T107. This was
first reported in the preliminary MDK3 simulation
(Shrivastava and Sansom 2000), and here is seen in all
three simulations (Fig. 7). During the early stages of

MDK3 (0–1 ns), ion K3 interacts with the Oc atoms of
two T107 sidechains until the ion starts to exit. At a later
stage in MDK3 (5–6 ns) the interaction of K2 (just prior
to its exit through the IC gate) alternates between
interactions with three of the four T107 sidechains,
though the interaction is somewhat ‘‘looser’’ here owing
to the widening of the pore. In MDK3B the interaction
alternates between two of the four T107 sidechains. In
MDNa3 the ion is initially closely associated with one
T107 Oc for about 0.7 ps, then it seems to sit in the
centre of the ring of the four T107 Oc atoms, before it
finally exits from the pore channel at ca. 1.5 ns. Thus, in
all of these simulations the T107 residue seems to pro-
vide an interaction site for the cation within the largely
hydrophobic cavity.

While the ion is exiting from the channel, it cannot
interact favourably with any of the protein siechains
lining the intracellular gate, since these are all hydro-
phobic. Instead, all of the interactions of the ion are with
water molecules in the cavity water or the ‘‘bulk’’ water
outside the channel. One can gain some comparative
insights into the nature of cation/water interactions by
examining the radial distribution function, gOM(r), of
the water oxygen atoms with an ion before and after exit

Fig. 5 A Pore radius profile [evaluated using HOLE (Smart et al.
1993, 1997)] of the X-ray crystal structure of KcsA, showing the
pore radius as a function of position along the z axis. The
horizontal broken line indicates the radius (0.133 nm) of a K+ ion,
and the grey bar indicates the location of the intracellular gate (G)
region. B, C Average (±SD) pore radius profiles for the gate region
for simulations MDK3 (B) and MDK3 (C). The averages were
calculated from snapshots saved every 50 ps throughout the whole
simulation, and the horizontal broken lines indicate the radius
(0.133 nm) of a K+ ion

Fig. 6 A Average (±SD) pore radius profiles for the gate region
for simulation MDK3 calculated from snapshots saved every 50 ps
during the period 5.1–6.1 ns (i.e. around the exit of K2; see
Fig. 2A). B Average (±SD) pore radius profiles for the gate region
for simulation MDK3B calculated from snapshots saved every
50 ps during the period 1.75–2.25 ns (i.e. around the exit of K2; see
Fig. 2B). C Solid surface representation of the pore lining
(calculated using HOLE) for simulation MDK3 at 6.1 ns, just
after the ion has exited from the pore. The surface is colour coded:
radius <0.06 nm, mid-grey; radius 0.06–0.115 nm, pale grey;
radius >0.115 nm, dark grey. The pore expansion in the gate
region (G) is indicated by the arrow. For clarity, only two of the
four subunits are shown
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(Fig. 8). In general, this shows two peaks at r=ca.
0.33 nm and r=ca. 0.55 nm for K+ (compared with
0.28 and 0.50 nm for Na+). However, there is a clear
time evolution of the gOM(r) as an ion exits. Thus, whilst
an ion is within the cavity, both a first and second peak
are evident, whereas when an ion is leaving the cavity,
and after it has exited, the second peak is less clear and
the gOM(r) is significantly >0 out to at least 1 nm. This
suggests that even when the ion is exiting through the
narrow (radius <0.3 nm) hydrophobic pore it continues
to interact with water molecules and can start to ‘‘feel’’
waters beyond its first hydration shell.

Examination of ‘‘snapshots’’ of an ion before, during
and after exiting from the channel reveals two sets of
water molecules around the ion. One set, consisting of
4–5 water molecules, is within a distance of ca. 0.3 nm of
the K+ ion; the other set, consisting of ca. 5–6 water
molecules, is at a distance of greater than 0.5 nm,

consistent with the quantitative analysis just presented.
Thus it seems that the K+ ion is incompletely hydrated
as it exits from the channel. The water molecules that
interact with the ion during its exit are mainly the water
molecules that have entered the pore from the intracel-
lular end.

Discussion

Possible biological implications

In this study we see that relatively small fluctuations in
the conformation of one of the M2 helices of KcsA may
result in transient expansion of the intracellular mouth
of the channel, enabling a cation to exit from the central
cavity. Given the experimental evidence (Cortes et al.
2001; Perozo et al. 1998, 1999, 2000) that suggests the
gate of the KcsA channel is primarily located at the
intracellular mouth, it is tempting to identify the ion exit
events we observe in our simulations with true, physi-
ological gating of the channel. However, the question
remains whether the transient openings we observe in
our simulation correspond to the same degree of con-
formational change needed for ‘‘full’’ gating of the
channel. One must remember that multiple conductance
levels have been reported for KcsA channels (Meuser
et al. 1999; Schrempf et al. 1995) and so it is possible
that the ‘‘open’’ conformations of KcsA seen in our
simulations may correspond to incomplete openings (i.e.
sub-conductance levels) of the channel. We note that a
correspondence between sub-conductance levels and

Fig. 8 Radial distribution functions of water around the ‘‘cavity’’
cation before and after its exit from the pore for simulations
A MKD3 and B MDNa3

Fig. 7 The distance of the sidechain oxygen, Oc, of the cavity
lining residue, T107, and the cation in the cavity as a function of
time for simulations A MDK3 from 5 to 6 ns; B MDK3B from 1 to
2 ns; and C MDNa3 from 0.0 to 0.8 ns. The distances are given for
just two of the four T107 residues shown (for clarity)
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incomplete conformational transitions has been sug-
gested for the bacterial mechanosensitive channel MscL
(Biggin and Sansom 2001; Sukharev et al. 2001). How-
ever, regardless of these considerations, our simulations
offer proof of principle that a modest (ca. 0.05 nm)
increase in the radius of the hydrophobic intracellular
mouth region of KcsA is sufficient to at least partially
open the channel gate. This is in agreement with recent
theoretical studies of channel gating by control of the
radius and hydrophobicity of a narrow pore (Beckstein
et al. 2001).

Methodological limitations

It is important to consider the possible limitations of our
simulation methodology. Perhaps the main limitation is
the relatively short duration of the simulations. Al-
though the current simulations (7.5 ns in one case) are
nearly an order of magnitude longer than those previ-
ously reported (Shrivastava and Sansom 2000), they still
fall well short of even the fastest events (ca. 10 ls) that
may be observed via electrophysiology. Thus, it will be
necessary to employ a hierarchy of simulation ap-
proaches (Sansom et al. 2000), possibly involving
Brownian dynamics simulations (Bek and Jakobsson
1994; Chung et al. 1999; Im et al. 2000; Schirmer and
Phale 1999; Schnitzer et al. 2000), in order to fully span
the gap between structure and physiology.

Other limitations concern the way in which the long-
range properties of the simulation system are treated.
We have used (relatively long) cutoffs rather than, for
example, PME methods (Darden et al. 1993) to ap-
proximate long-range electostatic interactions. This is
open to some criticism. However, PME methods are not
without artefacts (Hunenberger and McCammon 1999;
Weber et al. 2000). Furthermore, comparisons of PME
and cutoff methods for a related channel model do not
suggest any major differences in simulation behaviour
(Capener and Sansom 2002). This aspect merits further
investigation. Treatment of long-range properties may
also explain why we observe exit of ions through the gate
but not entry. A single cation in a cavity volume of ca.
1 nm3 corresponds to a local ‘‘concentration’’ of ca.
1.5 M K+. The ‘‘bulk’’ solution contains seven Cl–

counterions in a volume of ca. 300 nm3, corresponding
to a local ‘‘concentration’’ of ca. 40 mM Cl–. Thus one
might expect to see a net exit of cations from the cavity
when the gate is open. This could be explored more fully
by having more ions in the system, plus trying to include
a representation of the TM electrochemical potential in
the simulations, although the latter is non-trivial (Roux
1999). A further limitation is the relatively small size of
bilayer used in the simulation (<250 POPC molecules).
Simulations of large bilayers (Lindahl and Edholm
2000) have revealed mesoscopic undulations in bilayer
structure that could conceivably be coupled to channel
gating conformational transitions.

Future directions

In summary, our simulations reveal a transient gating
motion of KcsA channels that is sufficient to permit exit
of ions from the central cavity. This suggests that
channel gating may not necessarily involve large con-
certed motions of the channel subunits in order to lower
the energetic barrier to ion entry/exit. However, in order
to form a more stable (i.e. longer lived) open state, more
substantial conformational changes may be needed. The
challenge for the future is to develop simulation and
modelling methodologies, possibly involving non-equi-
librium simulation methods (Biggin et al. 2001a), that
enable us to explore such conformations in more detail.
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