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ABSTRACT The structure of the bacterial potassium channel, KcsA, corresponds to the channel in a closed state. Two lines
of evidence suggest that the channel must widen its intracellular mouth when in an open state: 1) internal block by a series
of tetraalkylammonium ions and 2) spin labeling experiments. Thus it is known that the protein moves in this region, but it is
unclear by how much and the mechanisms that are involved. To address this issue we have applied a novel approach to
generate plausible open-state models of KcsA. The approach can be thought of as placing a balloon inside the channel and
gradually inflating it. Only the protein sees the balloon, and so water is free to move in and out of the channel. The balloon
is a van der Waals sphere whose parameters change by a small amount at each time step, an approach similar to methods
used in free energy perturbation calculations. We show that positioning of this balloon at various positions along the pore axis
generates similar open-state models, thus indicating that there may be a preferred pathway to an open state. We also show
that the resulting structures from this process are conformationally unstable and need to undergo a relaxation process for up
to 4 ns. We show that the channel can relax into a new state that has a larger pore radius at the region of the intracellular
mouth. The resulting models may be useful in exploring models of the channel in the context of ion permeation and blocking
agents.

INTRODUCTION

Ion channels are found in a wide variety of cells and have
diverse biological roles (Hille, 1992). The causes of an
increasing number of diseases are being identified as mal-
functioning ion channels (Ashcroft, 2000). The recent x-ray
structure of a bacterial potassium channel, KcsA (Doyle et
al., 1998), offers insights into how the functional properties
of such channels are related to their three-dimensional struc-
tures. The basic structure of KcsA is a tetramer of a simple
transmembrane fold made up an M1 helix spanning the
bilayer, a P-region looping back into the membrane made up
of a short P-helix, and an extended selectivity filter, fol-
lowed by a second membrane-spanning M2 helix. In this
context it is of some importance that KcsA shares structural
homologies with voltage-gated potassium (Kv) channels of
higher organisms (MacKinnon et al., 1998), although there
may be significant details in their gating mechanisms
(Camino et al., 2000).

Both experimental and computational data suggest that
the x-ray structure of KcsA may correspond to a closed state
of the channel. Three different sets of experiments support
this view. Blocking experiments with tetraalkylammonium
ions on Kv channels (Armstrong and Binstock, 1965; Arm-
strong, 1971, 1997) and more recently on KcsA (Hegin-
botham, 2001; Zhou et al., 2001) suggest that these large
organic cations can enter the central cavity of the K channel
via the intracellular mouth when the channel is open. How-
ever, simple comparison of the KcsA structure with the radii

of such blockers indicates that they could not pass through
the intracellular mouth when the channel is in its x-ray
conformation. The second set of experiments use site-di-
rected spin labeling and electron paramagnetic resonance
(EPR) spectroscopy to probe changes in the structure of
KcsA upon lowering the pH (Perozo et al., 1998, 1999), a
change in conditions known to promote the open state of the
channel (Meuser et al., 1999; Heginbotham et al., 1999).
These suggested movement of the M2 helices of KcsA so as
to open up the intracellular mouth of the channel. A third set
of experiments using cyclic nucleotide-gating channels also
lends support to the idea of movement in this region. Using
a histidine scan of the post S6 region of a cyclic nucleotide-
gating channel, Zagotta and colleagues (Flynn and Zagotta,
2001; Johnson and Zagotta, 2001) have shown that this
channel also undergoes changes in conformation in this part
of the protein during opening. Finally, a number of theoret-
ical studies (Allen et al., 2000; Roux et al., 2000; Biggin et
al., 2001) have indicated that the narrow hydrophobic in-
tracellular mouth of KcsA forms an energetic barrier to ion
permeation and that widening of this mouth could help to
remove that barrier.

Although these various studies indicate that the KcsA
channel undergoes a conformational change, they do not
provide a precise indication of the nature of the movement
of, e.g., the M2 helices. What is needed is a modeling
procedure that can generate a stable open conformation of
the channel that is guided by experimental data but that is
relatively unbiased as to the nature of the final open state.
Ideally one would like to be able to run, e.g., a molecular
dynamics (MD) simulation for long enough to observe the
gating events in real time. However, despite recent improve-
ments in simulations of membrane systems (Forrest and
Sansom, 2000) the time scale of gating events, which is on
the order of microseconds, is still beyond current computa-
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tional resources. Therefore, in this paper we use a steered
MD approach (Isralewitz et al., 2001; Grubmuller et al.,
1996) to explore possible open state(s) of KcsA.

METHODS

MD simulations

All simulations were performed with GROMACS (Berendsen et al., 1995)
using the Gromos87 force field and were for 1 ns unless otherwise stated.
The time step was 2 fs, and coordinate frames were saved to disk every 1
ps. Long-range electrostatic interactions were calculated using PME (Pro-
cacci et al., 1996). The system was coupled to an external heat bath
(Berendsen et al., 1984), at 300 K with �T � 0.1 ps, and the system was
pressure-coupled with �p � 1.0 ps and a reference pressure of 1 bar. The
LINCS (Hess et al., 1997) algorithm was used in the maintenance of bond
lengths and the simple point charge water model (Hermans et al., 1984)
was used. All calculations were performed on a Linux PC cluster con-
structed in house with eight dual Pentium III 633-Mhz CPUS. Redhat 6.2
with kernel 2.2.14–12smp was used.

Generation of open-channel models

The starting point for our simulations was a closed state of the channel,
corresponding to the structure at t � 1 ns of a simulation of KcsA in a
POPC lipid bilayer, based upon previous work from this laboratory (Shriv-
astava and Sansom, 2000). Thus, the simulation system consisted of a
KcsA tetramer, 243 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocoline lipid
molecules, 9835 simple point charge water molecules, and 3 Cl� counte-
rions. Potassium ions in the filter region and one in the cavity were present
throughout all of the simulations. The steered MD process used to generate
candidate open-state structures used the � parameter (more often associated
with free energy perturbation calculations) to progressively expand a van
der Waals sphere somewhere within the gate region of the channel. This is
reminiscent of inflating a balloon positioned within the pore. The van der
Waals sphere was defined in the standard fashion by two parameters, � and
�. As the value of � was increased from 0 to 1 during the course of a
simulation, � was increased from 1.33 Å (equivalent to a K� ion in radius)
to the final value given in Table 1, whereas � remained constant at 0.00714
kcal/mol. During the simulations the van der Waals sphere did not interact
with water molecules, only with protein atoms. Thus additional water
molecules were free to move into the expanding channel.

In the various simulations (Table 1), the expanding van der Waals
sphere was centered at various positions along the pore (z) axis from z �
�9.5 Å (corresponding to the intracellular end of the central cavity) to z �
�15.5 Å (corresponding to the limit of �-helicity on the M2 segment of the

protein) as indicated in Fig. 1. We did not place a sphere any higher up the
channel (i.e., further toward the selectivity filter) as we wanted to restrict
the perturbation to the lower part of the channel. A sphere too near the filter
would obviously cause quite drastic disruption of the integrity of the filter
region, and we were primarily interested in seeing whether the lower gate
region could move independently of the filter. In addition, in simulations
Ex1 to Ex3, the final size (i.e., final � value) of the sphere was varied.

This initial stage gave us a set of expanded open-state models. To
explore the stability of such models it was necessary to relax the protein.
To explore this, starting from the channel structures generated at the end of
simulations Ex3, Ex4, and Ex7 we performed a further 5-ns (and in the case
of Ex3, 11-ns) simulation during which the sphere was removed from the
protein. Thus in the following analysis we had three classes of models: 1)
closed, i.e., similar to the x-ray conformation; 2) expanded, i.e., as yielded
by the 1-ns simulations (Ex3 to Ex7) with the expanding sphere; and 3)
relaxed, i.e., at the end of the 5-ns (and 11-ns) Rx1–3 simulations in the
absence of the expanding sphere.

Analysis

Pore radius profiles were analyzed using HOLE (Smart et al., 1993, 1996).
Born energies were calculated using UHBD (Davis et al., 1991) as the
solvation energy of the ion within the protein compared with that within
bulk solvent. Secondary structure analysis used DSSP (Kabsch and Sander,
1983). Analysis of hinge bending used Hingefind (Wriggers and Schulten,
1997) and Dyndom (Hayward et al., 1997; Hayward and Berendsen, 1998).
Molecular structure diagrams were generated using VMD (Humphrey et
al., 1996), Molscript (Kraulis, 1991), and POV-Ray. Tetra-alkylammonium
ions were simulated in a box of water for 1 ns each and the radius of
gyration extracted as a mean over the length of the simulation.

RESULTS

Characterization of the expanded channel models

All five of the models generated by the expansion phase
using � � 9 Å (i.e., Ex3 to Ex7) showed a similar defor-

FIGURE 1 Schematic diagram of the simulation system. For clarity,
only two of the four KcsA subunits are shown, with the backbone atoms of
the TVGYG selectivity filter highlighted in ball-and-stick format. The
three large dark spheres represent potassium ions, with a water molecule
separating the two potassium ions in the filter. The light gray sphere
indicates one of the starting positions for the expanding “balloon”. The
broken horizontal lines indicate the approximate location of the bilayer/
water interfaces.

TABLE 1 Summary of simulations

Simulation Starting structure Z (Å) � (Å) Duration (ns)

Ex1 Closed �14 5 1
Ex2 Closed �14 7 1
Ex3 Closed �14 9 1
Ex4 Closed �9.5 9 1
Ex5 Closed �11.0 9 1
Ex6 Closed �12.5 9 1
Ex7 Closed �15.5 9 1
Rx1 End structure from Ex3 11
Rx2 End structure from Ex4 5
Rx3 End structure from Ex7 5

The closed structure is that at the end of 1-ns simulation in POPC, starting
from the x-ray structure of KcsA.
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mation and appeared to accommodate the expanding sphere
in a similar fashion. Furthermore, during all of the expan-
sion simulations, water was observed to enter into the chan-
nel. Ex1 and Ex2 appeared to yield incompletely expanded
structures and so were excluded from further analysis. In
Fig. 2 A we show an overlay of the final frames (one chain
only) by a least-squares fit onto the C� carbons of the
TVGYG motif in the filter region. Most of the changes
relative to the closed (i.e., t � 0) structure appear to be
localized to the intracellular half of the protein, with the
filter region remaining in the same conformation. A more
detailed analysis of the root mean square deviations

(RMSDs; Fig. 2 B) revealed that in the expansion simula-
tions, 1) the M2 helices move more than that M1 helices and
2) the M2 helices do not move away from each other in a
symmetrical fashion. Rather, we observe one or more of the
helices moving with respect to the position of the others.
Similar behavior has been seen in occasional spontaneous
openings of the channel seen in long MD simulations
(Shrivastava and Sansom, 2002).

To better characterize this movement we used Hingefind
(Wriggers and Schulten, 1997) in conjunction with VMD
(Humphrey et al., 1996) to give an indication of how the
protein accommodated the expanding sphere. This may
reveal those regions of the channel that preferentially un-
dergo conformational changes under the strain of the ex-
panding sphere. The Hingefind results (summarized in Ta-
ble 2) indicate that the channel opens via a hinge axis
located consistently around the Gly104 region of the pro-
tein. This axis runs parallel to the Gly104/Leu105 C�-C�
bond. As might be anticipated, there is a degree of error in
estimation of the hinge location for a relatively small (C�
RSMD �2.8 Å) degree of conformational change and per-
haps should only be taken as a suggestion that the channel
could bend in that region when it opens. However, it is
interesting that the region from G99 to G104 has also been
seen to be distorted from ideal �-helicity both in simulations
of isolated M2 helices (Shrivastava et al., 2000) and in long
MD simulations of KcsA that exhibit occasional spontane-
ous openings (Shrivastava and Sansom, 2002). A typical
result of this analysis is illustrated in Fig. 3, which indicates
the location of the effective hinge axis and how the protein
moves in relation to it. It is interesting to note that the
movement is best characterized by a hinge that allows the
M2 helix to move in a direction that combines both a
tangential and a radial element relative to the pore. We also
analyzed potential domain movements with the program
Dyndom (Hayward et al., 1997; Hayward and Berendsen,
1998). This gave comparable results, in terms of the loca-
tion and direction of the hinge axis. This gives us some
confidence that the description of the conformational
change is not too sensitive to the method of analysis used to
describe it.

Analysis of the �-helical content of the protein during the
expansion simulations revealed that the mean �-helical con-
tent of the protein during the simulations was 69.6% �
0.5%, compared with 65% for the crystal structure. During
all of the simulations there was little if any loss of secondary
structure as the pore was expanded. This suggests that the
helix can gently distort to accommodate the expanding
sphere by concerted small changes in backbone torsion
angles rather than form a highly localized kink with loss of
hydrogen bonding at a hinge residue in the M2 helix. This
is supported by detailed comparison of the backbone torsion
angles for the various expanded models. Indeed, if anything,
the backbone torsion angles in the latter are closer to ca-
nonical �-helical values than in the original x-ray structure.

FIGURE 2 (A) Comparison of the five final structures of simulations
Ex3 to Ex7 (see Table 1) after the expansion phase (see Table 1). One chain
of each of the five final expanded structures is least-squares fitted on the
superimposed C� atoms of the TVGYG selectivity filter (F). (B) C�
RMSDs versus time for the M1 (gray lines) and M2 (black lines) helices
during simulation Ex7.
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All of the expanded open states were also analyzed in terms
of their pore radius profiles (using the program HOLE
(Smart et al., 1997)). These profiles were similar for all five
models. HOLE was also used to analyze the changes in
volume of the central cavity region relative to the closed
model. The expanded states show an increase of volume of
the both the cavity and gate regions. The cavity is delimited
by the mean z-coordinates of the threonine C� atoms of the
filter TVGYG motif (Thr65) to the mean z-coordinates of
the more intracellular Thr107 ring. The gate region is de-
fined as being from the Thr107 C� z-coordinates to z �
�12 Å, corresponding to the location of Val115. Using
these definitions, the crystal (closed) structure has an inte-
rior cavity volume of 487 Å3 and a gate region volume of
107 Å3. The final structure from the equilibrated closed
state has an interior cavity volume of 344 Å3 and a gate
region volume of 119 Å3. For comparison, the expanded
states have a mean cavity volume of 429 � 50 Å3 and a
mean gate region volume of 719 � 127 Å3. Thus the
cavity volume does not change significantly upon expan-
sion of the channel, but the gate region volume increases
by approximately sevenfold. Thus, the gate region vol-
ume in the expanded state is more than enough to ac-

commodate a K� ion plus a first solvation shell (which
has a volume of �330 Å3).

Characterization of the relaxed open-state model

As the initial models are produced by a steered process, we
wanted to explore to what extent the conformation of the
protein would return to its closed state after removal of the
perturbing sphere. To do this we took the Ex3, Ex4, and Ex7
expanded models, removed the sphere, and ran an additional
(unsteered) simulation for 5 ns. Ex4 and Ex7 represent the
limits of successful expansion positions. An interesting
comparison can be made at this stage if one just uses the C�
carbon atoms in the program HOLE to generate a pseudo
pore radius profile corresponding to just the C� traces of the
models. Such a calculation confirms that the main chain of
the protein moves in addition to the side chains. Fig. 4 A
compares the profile from the crystal structure with the
profiles from the expanded states, revealing a number of
features. First, the radius profiles are very similar in the
filter region and the upper region of the cavity. It is only in
the lower (intracellular) section of the cavity (at z � 14 Å)

TABLE 2 Hingefind analysis

Closest C� to
pivot point* Comment on axis†

Rotation angle
(°)

Deviation‡

(°)

Ex4 (z � �9.5 Å)
Subunit A T101 (5.3) I100-T101 13 34
Subunit B A108 (2.3) I100-T101 18 7.5
Subunit C No movement
Subunit D No movement

Ex5 (z � �11.0 Å)
Subunit A A32 (4.6) G104-L105 16 11.5
Subunit B L81 (3.8) T85-L86 20 31.6
Subunit C A32 (2.0) A108-A109 16 23.4
Subunit D H25 (6.1) G104-L105 9 56.1

Ex6 (z � �12.5 Å)
Subunit A A29 (2.6) No assignment 28 0.7
Subunit B L105 (3.4) G014-L105 23 14.21
Subunit C A28 (4.5) No assignment 10 10.7
Subunit D V97 (5.5) No assignment 5 60.3

Ex3 (z � �14.0 Å)
Subunit A A28 (0.0) G104-L105 22 16.2
Subunit B L105 (5.0) G105-L105 20 0.5
Subunit C W113 (3.3) No assignment 23 4.9
Subunit D No movement

Ex7 (z � �15.5 Å)
Subunit A No movement
Subunit B �10 away No assignment 7 33.4
Subunit C A29 (2.4) R27-A28 12 28.8
Subunit D A28 (4.1) A31-A32 17 10.3

*A pivot point is defined by Hingefind in three-dimensional space. The residues in this column indicate the nearest C� atom and its distance (in angstroms)
from that point.
†To give an indication of where in space the hinge axis actually lies, we have indicated the nearest approximately parallel C�-C� bond using a backbone
trace representation of the protein.
‡The deviation is the projection angle between the least-squares fit and the hinge axis found by Hingefind. The smaller this value is, the better the validity
of the fit to that axis.
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and below that the C� carbons move. This section is situ-
ated intracellularly to the Gly104 in the M2 helix. Second,
it is notable that the different sphere positions result in
similar expansion profiles. Upon removal of the sphere (Fig.
4 B), there is some relaxation of the C� positions, but they
do not return to positions that resemble the closed state (i.e.,
crystal structure).

For brevity, the following discussion refers to the Rx1
simulation, which was extended to 11 ns in total. Examina-
tion of the C� RMSD of the protein relative to the expanded
conformation (Fig. 5) suggests that the protein has relaxed
to a stable state at �2.5 ns, after which time there is little
additional drift in the structure. A breakdown of the C�
RMSD into the various helical components revealed that the
most significant deviation was observed in the M2 helix of
chain C and chain D. The component RMSDs had stabilized
fully after 5 ns.

We thus used the last 6 ns of this simulation as the basis
for further analysis. In the remainder of the paper we refer
to this stable state as the relaxed structure. How does this
state differ from the expanded state and also from the closed
state? Visual comparison of the closed, expanded, and re-

lated (i.e., t � 11 ns) structures showed that the M2 helices
occupied a location intermediate between the expanded and
closed-state models shown in Fig. 2 A. We were most
interested in the pore radius profiles of the three states (Fig.
6 A). There are some important features to note regarding
these profiles. First, the radius profile of the filter region
does not change appreciably between these three states,

FIGURE 3 Hingefind results for expansion simulation Ex3. Chain B
(from simulation Ex3; see Table 1) viewed toward the selectivity filter
along an approximate normal to the pore (z) axis. The movement of the M2
helix about the effective hinge axis as determined by Hingefind is indicated
by the arrow. This corresponds to the channel changing from a closed
(black) to an expanded (white) state.

FIGURE 4 Pore radius profiles derived from C� carbons only. (A)
Comparison of the profile formed from the crystal structure (solid black
line) with the expanded simulations Ex7 (sphere at �15.5 Å; solid gray
line), Ex4 (sphere at �9.5 Å; black dotted line), and Ex3 (sphere at �14
Å; black dashed lines). (B) With the same lines as in A, but after an
additional 5 ns of unsteered molecular dynamics.

FIGURE 5 Structural drift during simulation Rx1. The RMSD of the C�
carbons relative to the expanded structure (Ex3 at t � 1 ns) is shown versus
time.
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other than some small changes at the extracellular mouth of
the pore. The latter are intriguing given that various authors
(Chapman et al., 2001; Lu et al., 2001) have suggested that
channel opening may be correlated with subtle changes in
the conformation of the selectivity filter. However, as noted
by Mackinnon (Morais-Cabral et al., 2001), such changes in
the filter may require changes in the K� occupancy. The

central cavity region has the same radius in all three states.
The gate region in the relaxed structure is narrower than in
the expanded state but with a minimum radius of �2.3 Å is
significantly wider than the closed state (minimum radius
�1 Å). Thus, the narrowest region of the gate in the re-
laxed-state model of KcsA is sufficiently wide to permit
exit/entry of a solvated K� ion. This is shown by analysis of
pore volumes for the relaxed state, which has a cavity
volume of 364 Å3 and a gate region volume 339 Å3, both
greater than the �330 Å3 occupied by a solvated (first
hydration shell) K� ion. The relaxed states typically have a
total of �50 water molecules that make a continuous col-
umn of water from the selectivity filter to the intracellular
water bath.

Is this enough to account for gating of the channel? A
first approximation to an answer to this question may be
obtained via evaluation of the Born energy profile for mov-
ing a single K� ion along the pore axis. Although there are
some theoretical problems in using this simple model of
ionic solvation (Rashin and Honig, 1985; Roux et al., 2000),
especially in the selectivity filter region, it provides a semi-
quantitative measure of the energetics of a K� ion as it is
moved through the gate region of KcsA in the three models.
We have compared Born energy profiles for the three mod-
els (Fig. 6 B) and for the x-ray structure (data not shown).
For all four structures the Born energy profiles show the
same minimum close to the filter and the focus of the
P-helices (Roux and MacKinnon, 1999). The profile within
the filter region is less physically meaningful as potassium
channels are known to conduct with more than one ion
within the pore at any one time (Morais-Cabral et al., 2001,
Bernèche and Roux, 2001), but the profiles do provide an
indication of the effects of the movements. The major
differences are in the region of the intracellular gate (Figs.
7 and 8). For the x-ray structure and closed-channel model
there is a barrier of �6–8 kT in this region, sufficient to
prevent ion permeation. In the expanded model there is no
barrier at all, and in the relaxed model the barrier is �1 kT.
Thus, a relatively small difference in conformation between
the closed and expanded state seems to be sufficient to
account for gating of the channel.

Comparison with experimental data

It is important to compare our model(s) of the KcsA open
state with available experimental data. The latter fall into
two classes: data on block of KcsA channels by intracellular
tetraalkylammonium ions and structural data derived from
site-directed spin labeling experiments.

Data on KcsA channel block by tetraalkylammonium
ions applied from the intracellular side indicate that tetrap-
entylammonium ions can block the channel in the open state
(Heginbotham, 2001). Are our models of the open state of
the KcsA channel able to accommodate such a molecule? If
one considers properties such as the minimum effective

FIGURE 6 Comparison of the closed, expanded, and related state mod-
els of KcsA. (A) Pore radius profiles. The light gray line with error bars (C)
represents the pore radius for a closed state of the channel, averaged (�SD)
from a 1-ns simulation based upon the crystal structure. The dashed line (E)
is the radius profile obtained from the final structure of simulation Ex3.
The black line with error bars (R) represents the pore radius of for
simulation Rx1, averaged (�SD) over the last 6 ns. The horizontal dotted
line indicates the Pauling radius of a K� ion. (B) Born energies calculated
relative to the bulk solvent value, indicated by the dotted straight line at
zero kcal/mol. The dashed line (E) is the Born energy profile obtained from
the final structure of simulation Ex3, the gray line (C) is the profile
obtained from the closed state of the channel, and the solid line (R) is that
obtained from the simulation Rx1 where structure has relaxed from the
expansion phase. The dashed line (E) does tend toward zero but not as
quickly as the M2 region of the expanded phase extends further into the
cytoplasm. The apparent smoothing out in the filter region can be explained
by the fact that toward the end of the expansion phase one of the amide
groups had flipped around thus enabling a slightly larger pore radius in this
region as can be seen in Fig. 6. The small differences at �35 Å are due to
the proximity of the E118 groups, which are closer to the center of the
channel and thus create a shallow favorable well. In the expanded state
these groups are pushed further out, and due to the helix movement, the
R117 groups have more influence on the energy here.
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radius (i.e., the smallest radius of sphere that would encom-
pass the solute), g(r), and the radius of gyration of a tet-
raalkylammonium ion, then a simple comparison can be
made by performing simulations of these ions in bulk so-
lution. Table 3 summarizes these data. These radii should be
compared with minimum radii in the intracellular gate re-
gion of �1.3, �2.3, and �3.7 Å for the closed, relaxed, and
expanded (Ex3) models, respectively. Thus, it appears that
the expanded model could allow up to tetrapropylammo-
nium (TPrA) to pass through the gate into the cavity that is
the presumed site of block (Zhou et al., 2001), whereas for
the relaxed model one might assume the cutoff to be at
tetraethylammonium (TEA). However, it must be remem-
bered that these tetraalkyl molecules are quite deformable
and are capable of nonspherical, ellipsoid conformations. It
is conceivable that some further distortion of the channel,
along with side-chain fluctuations as well as some defor-
mation of the blockers, may be needed for the larger tet-
raalkylammonium (TAA)s to access the cavity, and indeed
initial steered MD simulations results indicate this is a

possibility (unpublished). It may be possible to test this
hypothesis via detailed comparison of the strength of volt-
age dependence of block of KcsA by the different TAAs.

A structural model for an open state has been derived
from analysis of EPR spectra from KcsA subjected to site-
directed spin labeling (Perozo et al., 1998, 1999). We have
compared our relaxed-model structure with this model(Fig.
9). Two qualitative features emerge: 1) our model is less
symmetric than that of Perozo, with only three of the four
M2 helices deviating significantly from their conformation
in the closed state, and 2) for those three M2 helices in the
relaxed model that move away from their positions in the
closed state, they move in the same direction in our simu-
lations. Thus, the simulation-derived model is in broad
agreement with that derived from EPR data. In both models
the M2 helices show small distortions in the vicinity of
Gly104 and move apart in the same manner. The differences
between the simulation- and EPR-derived models may re-
flect, inter alia, spin-label-induced distortions and limita-
tions of the simulations (see below). In addition to the
comparison with the KcsA experimental data, Johnson and
Zagotta (2001) have demonstrated how a similar rotational
motion is observed in the cyclic nucleotide-gated channels.

Selectivity filter

Throughout the 11-ns relaxed structure simulation the be-
havior of the selectivity filter and the ions within it appears
to be indistinguishable from that in previous simulations
based on the closed state. The positions of the potassium
ions in the filter remained more or less fixed relative to the
carbonyl oxygens of the TVGYG motif. The third potas-
sium ion remained in the cavity.

This result is relevant in the context of the many simu-
lation studies (Aqvist and Luzhkov, 2000; Allen et al.,
2000; Bernèche and Roux, 2000; Guidoni et al., 1999;
Shrivastava and Sansom, 2000) that have addressed issues

TABLE 3 Geometric properties for
tetra-alkylammonium ions

Molecule
RGYR

(Å) g(r) peak (Å)
VDW radii

(Å)

TEA 1.7 (0.1) 2.6 4.2 (0.03)
TPrA 2.4 (0.1) 3.9 5.4 (0.07)
TBA 2.9 (0.1) 5.1 6.4 (0.08)
TPeA 3.3 (0.2) 6.4 7.6 (0.27)

Values were calculated from 1-ns simulation in a 40-Å3 box of SPC water.
VDW, van der Waals; TEA, tetraethylammonium; TPrA, tetrapropylam-
monium; TBA, tetrabutylammonium; TPeA, tetrapentylammonium. Val-
ues quoted are mean values over the 1-ns simulation. Numbers in brackets
reflect the SDs. The g(r) values are calculated as the distribution of the
terminal carbon atoms from the central nitrogen. The van der Waals
distances are the radii of the smallest sphere that would encompass the
solute. It should be remembered that the tetra-alkylammonium ions are not
spherical (rather, they are ellipsoid) and are easily deformable.

FIGURE 7 The inner surface of the pore for the three model states: closed (the final structure after 1 ns of simulation based upon the crystal structure),
expanded (the final structure after simulation Ex3), and relaxed (Rx1 after 11 ns of simulation). Inner surfaces were generated with HOLE (Smart et al.,
1997) and rendered within Molscript (Kraulis, 1991) and POV-Ray.
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of KcsA permeation and selectivity based on the closed-
state structure. Underlying such simulations is the assump-
tion that the conformational behavior of the filter region is
not significantly altered by the opening of the cytoplasmic
gate. Our data seem to support this.

DISCUSSION

Selectivity filter

In this study we have used steered MD simulations in an
attempt to develop a model of an open state of the KcsA
channel. What are the arguments for and against such an
approach? The main advantage of using steered MD to
model an open state is that the model is generated in the
presence of all of the interactions between main-chain and

side-chain atoms within the (truncated) KcsA structure.
Thus, the use of the expanding-sphere approach enables us
to combine movement of the M2 helices (as indicated by the
experimental data) with interactions of these helices with
the rest of the protein during the opening process. Further-
more, the extended (11-ns) relaxation simulation enabled
the expanded model to relieve any conformational distor-
tions that may have occurred during the relative short ex-
pansion simulation.

Our main reservations concerning this model are as fol-
lows. First, the expansion phase is quite short, leading to
questions regarding sampling of possible open states. We
have tried to address this both by running multiple expan-
sion simulations and by the relaxation simulation mentioned
above. However, it remains an issue that will merit further
exploration. Perhaps a more serious reservation is the use of
a truncated structure for KcsA, based on the x-ray structure
from which the first 22 and last 41 residues are missing. It
has been shown by Cortes et al. (2001) that to some degree
C-terminal truncation of KcsA does not lead to loss of
gating. However, it would be of interest to develop an
all-atom model of the complete KcsA tetramer (C. Capener
and M. S. P. Sansom, unpublished results) based on the
EPR-derived C� model (Research Collaboratory for Struc-

FIGURE 8 Superimposition of the M2 helices from the closed (red) and
relaxed (yellow) models. The M2 helices were superimposed on residues
before the G104 of the putative hinge (see above). (A) View looking down
the pore axis from the filter toward the intracellular mouth of the channel.
The green arrows provide a qualitative indication of the direction of motion
of the helices. (B) View down a perpendicular to the pore axis, with the
extracellular (filter) end of the helices at the top and the intracellular (gate)
end of the helices at the bottom.

FIGURE 9 Comparison of the closed (CLO; red) and relaxed (RLX;
yellow) models from this simulation study with a model of the open state
(EPR; blue) derived from site-directed spin-labeling experiments (Liu et
al., 2001) (RCSB codes 1JQ1 and 1JG2). Coordinates were kindly pro-
vided by E. Perozo. Only the M2 helices are shown, with their N-termini
at the top. One M2 helix from each of the three models is compared; the
other three M2 helices of the closed model are shown for reference (pale
pink).
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tural Bioinformatics references 1JQ1 and 1JG2) and to use
this in additional steered MD simulations.

Biological relevance

The biological relevance of this work is that it provides us
with a plausible all-atom model of the open state of KcsA
that appears to be consistent with experimental data, both
from TAA block (Zhou et al., 2001) and spin-labeling
(Perozo et al., 1998, 1999) data. This should enable us to
explore, e.g., mechanisms of gating and block in more
detail. In particular, we wish to explore the extent to which
TAA blockers and/or the channel may have to undergo
transient distortion for the blockers to access the internal
cavity where they are thought to bind. This is related to the
question of, e.g., how the inactivation particle accesses the
cavity of Kv channels (Zhou et al., 2001). Of course, the
structure of Kv channels in the gate region is likely to be
rather different from that of KcsA (Camino et al., 2000;
Sansom and Weinstein, 2000), but it may also be possible to
explore Kv and other potassium channels via steered MD
simulations.

Our model should also enable us to explore the process of
gating per se of KcsA in a little more detail. In particular,
we may be able to explore whether multiple metastable
open states of the channel are possible. This is important
given the debate as to whether (Meuser et al., 1999) or not
(LeMasurier et al., 2001) KcsA exhibits sub-conductance
levels. In this respect it may be useful to combine modeling
of the open state(s) with Brownian dynamics (Allen and
Chung, 2001) simulations of permeation and comparison
with physiological data.

Note added in proof

During the submission of this manuscript, the structure of a
related bacterial potassium channel gated by calcium ions,
MthK was solved with x-ray crystallography by MacKinnon
and colleagues (Jiang et al., 2002a). The x-ray structure
reveals that the inner, M2, helices do indeed swing out. In
fact, they have swung out substantially compared with
KcsA (Jiang et al., 2002b). The position of the inner helices
in the MthK structure resembles our expanded states rather
more closely than the relaxed states. Several features of our
simulations are in agreement with the model for gating
proposed on the two crystal structures. Although the mag-
nitude of these movements in our simulations is less than
that for the crystal structures, the overall direction and
nature of the movement are in excellent agreement. Our
suggestion that the hinge region is located between Gly99
and Gly104 seems also to be in agreement with the open-
state crystal structure where the Gly99 is proposed to be the
origin of the hinge. To help illustrate this, we have added in
the form of supplementary information a movie similar in

view to that presented by MacKinnon and colleagues (Jiang
et al., 2002b) at our website (http://sansom.biop.ox.ac.uk/
phil/kcsa_opening.html).

We gratefully acknowledge the Wellcome Trust for the funding of this
work and the Oxford Supercomputing Center for computer facilities.
Thanks to all our colleagues for their comments on this work. Thanks also
to Lise Heginbotham and to Eduardo Perozo for discussions concerning
KcsA.

REFERENCES

Allen, T. W., A. Bliznyuk, A. P. Rendell, S. Kuyucak, and S. H. Chung.
2000. The potassium channel: structure, selectivity and diffusion.
J. Chem. Phys. 112:8191–8204.

Allen, T. W., and S. H. Chung. 2001. Brownian dynamics study of an
open-state KcsA potassium channel. Biochem. Biophys. Acta. 1515:
83–91.

Aqvist, J., and V. Luzhkov. 2000. Ion permeation mechanism of the
potassium channel. Nature. 404:881–884.

Armstrong, C. M. 1971. Interaction of tetraethyl-ammonium ion deriva-
tives with the potassium channels of giant axons. J. Gen. Physiol.
58:413–437.

Armstrong, C. M. 1997. A closer picture of the K channel gate from ion
trapping experiments. J. Gen. Physiol. 109:523–524.

Armstrong, C. M., and L. Binstock. 1965. Anomalous rectification in the
squid giant axon injected with tetraethylammonium chloride. J. Gen.
Physiol. 48:859–872.

Ashcroft, F. M. 2000. Ion Channels and Disease. Academic Press, San
Diego.

Berendsen, H. J. C., J. P. M. Postma, W. F. van Gunsteren, A. DiNola, and
J. R. Haak. 1984. Molecular dynamics with coupling to an external bath.
J. Chem. Phys. 81:3684–3690.

Berendsen, H. J. C., D. van der Spoel, and R. van Drunen. 1995.
GROMACS: a message-passing parallel molecular dynamics implemen-
tation. Comput. Phys. Commun. 95:43–56.
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