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ABSTRACT Molecular dynamics (MD) simulations of an atomic model of the KcsA K1 channel embedded in an explicit
dipalmitoylphosphatidylcholine (DPPC) phospholipid bilayer solvated by a 150 mM KCl aqueous salt solution are performed
and analyzed. The model includes the KcsA K1 channel, based on the recent crystallographic structure of Doyle et al. (1998,
Science. 280:69–77), 112 DPPC, K1 and Cl2 ions, as well as over 6500 water molecules for a total of more than 40,000 atoms.
Three K1 ions are explicitly included in the pore. Two are positioned in the selectivity filter on the extracellular side and one
in the large water-filled cavity. Different starting configurations of the ions and water molecules in the selectivity filter are
considered, and MD trajectories are generated for more than 4 ns. The conformation of KcsA is very stable in all of the
trajectories, with a global backbone root mean square (RMS) deviation of less than 1.9 Å with respect to the crystallographic
structure. The RMS atomic fluctuations of the residues surrounding the selectivity filter on the extracellular side of the channel
are significantly lower than those on the intracellular side. The motion of the residues with aromatic side chains surrounding
the selectivity filter (Trp67, Trp68, Tyr78, and Tyr82) is anisotropic with the smallest RMS fluctuations in the direction parallel to
the membrane plane. A concerted dynamic transition of the three K1 ions in the pore is observed, during which the K1 ion
located initially in the cavity moves into the narrow part of the selectivity filter, while the other two K1 ions move toward the
extracellular side. A single water molecule is stabilized between each pair of ions during the transition, suggesting that each
K1 cation translocating through the narrow pore is accompanied by exactly one water molecule, in accord with streaming
potential measurements (Alcayaga et al., 1989, Biophys. J. 55:367–371). The displacement of the ions is coupled with the
structural fluctuations of Val76 and Gly77, in the selectivity filter, as well as the side chains of Glu71, Asp80, and Arg89, near the
extracellular side. Thus the mechanical response of the channel structure at distances as large as 10–20 Å from the ions in
the selectivity filter appears to play an important role in the concerted transition.

INTRODUCTION

The determination of the three-dimensional structure of the
KcsA K1 channel ofStreptomyces lividansat an atomic
resolution of 3.2 Å, using x-ray crystallography (Doyle et
al., 1998), represents an extraordinary opportunity for un-
derstanding ion permeation in biological membrane chan-
nels at the molecular level. The KcsA K1 channel shows
sequence similarity to all known K1 channels (Doyle et al.,
1998; Schrempf et al., 1995; Cortes and Perozo, 1997). In
particular, the amino acid sequence of the central domain is
very similar to the segment S5, H5, and S6, which is
conserved in eukaryotic voltage-activated channels such as
theShakerof Drosophila melanogaster(Doyle et al., 1998).
In the pore region, the channel exhibit the typical “signature
sequence,” TVGYG, common to all K1 channels (Hegin-
botham et al., 1992, 1994). Its permeation properties are
remarkably similar to those of standard K1 channels (Schre-
mpf et al., 1995; Cuello et al., 1998; Heginbotham et al.,
1998, 1999). Furthermore, based on a combination of struc-
tural and functional data on scorpion neurotoxin, it can be
concluded that the KcsA K1 channel is structurally very

similar to eukaryotic K1 channels (MacKinnon et al.,
1998). Thus investigations of KcsA are expected to help in
the understanding of a large class of biologically important
channels.

The general architecture of KcsA, shown in Fig. 1, re-
veals the basic mode of operation of K1 channels. The
structure is made of four identical subunits of threea-heli-
ces dispersed symmetrically around a common axis corre-
sponding to the pore. The narrowest part of the pore, formed
by the backbone carbonyl oxygens of Thr75-Val76-Gly77-
Tyr78, acts as a selectivity filter for K1 ions. It is only 12 Å
long and is located near the extracellular side. Two ion
binding sites separated by;7.5 Å are observed in the
selectivity filter, the outer site, on the extracellular side and
the inner site, on the intracellular side. At the level of the
bilayer center, the radius of the pore increases to form a
5-Å-radius water-filled cavity lined by nonpolar residues.
The widening of the pore contributes to the maintenance of
a high throughput rate of ions by minimizing the distance
over which the ions interact strongly with the channel. Four
a-helices of 13 residues, the “pore helices,” are positioned
at an angle of;45° with respect to the pore axis, so that
their COO2 terminus points toward the center of the cavity.
Detailed calculations based on the Poisson-Boltzmann
equation show that the pore helices electrostatically stabi-
lize a monovalent cation in the cavity center (Roux and
MacKinnon, 1999). The cavity and pore helices thus help to
overcome the high electrostatic energy barrier presented by
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the low dielectric membrane (Parsegian, 1969) to achieve a
large throughput rate.

Although the crystallographic structure does provide es-
sential information about the KcsA channel as well as the
ions and water in the pore, further considerations are nec-
essary to understand the mechanism governing ion perme-
ation at the microscopic level. Because proteins are very
complex dynamic macromolecular systems, a static picture
of the three-dimensional spatial arrangement of the atoms is
not sufficient to understand how they function (Brooks et
al., 1988). The difficulties are particularly acute in the case
of a membrane transport protein such as an ion channel,
because the underlying microscopic processes involve en-
ergetic and dynamic factors that are not directly accessible
to experiment (Hille, 1992). In particular, little or no infor-
mation is available about the transient configurations of the
channel, ions, and water molecules occurring during the
permeation process. Furthermore, some details of the
present three-dimensional structure remain uncertain be-
cause of the moderate resolution of the x-ray data. In
particular, the side chain of Glu71, an important residue in
the vicinity of the selectivity filter, could not be completely
resolved in the electron density (Doyle et al., 1998). Its
atomic coordinates are undetermined and its protonation

state is not known. Last, alternative configurations of the
K1 ions and water molecules in the selectivity filter, de-
duced experimentally by analyzing difference Fourier maps
of crystals containing Rb1 and Cs1 relative to those with
K1, are possible on the basis of the current data (Doyle et
al., 1998).

The goal of this paper is to begin to explore the structure
and dynamics of the KcsA K1 channel with molecular
dynamics (MD) simulations based on detailed atomic mod-
els. Our aim with these calculations is to complement the
information that is currently available from experiments
and, ultimately, to refine in our understanding of K1 chan-
nels. In particular, the simulations are used to examine the
configuration of the side chain of Glu71 and of the K1 ions
and water molecules in the pore, for which the information
is limited because of the moderate resolution of the x-ray
data. In addition, the microscopic fluctuations of the chan-
nel as well as other factors that cannot easily be accessed
experimentally (but are important for an understanding of
the function of KcsA) are characterized.

Current MD methodology has reached the point where
one can generate trajectories of realistic atomic models of
complex biological systems. In recent years, the approach
has provided a great wealth of information about transmem-
brane ion channels, such as gramicidin (Woolf and Roux,
1996; Chiu et al., 1999), LS3 (Zhong et al., 1998), OmpF
Escherichia coliporin (Tieleman and Berendsen, 1998),
alamethicin (Tieleman et al., 1999), and KcsA (Guidoni et
al., 1999; Shrivastava and Sansom, 1999). In the present
paper, we have generated dynamical trajectories of detailed
atomic models of the KcsA K1 channel embedded in a fully
solvated bilayer membrane with explicit lipids and aqueous
salt solution.

In the next section, the atomic model and the computa-
tional methodology are described in detail. The results are
then analyzed and discussed. The paper concludes with a
brief summary of the main results.

THEORY AND METHODS

Microscopic system, potential function, and
simulation procedure

The simulation system represents an atomic model of the
KcsA channel embedded in dipalmitoylphosphatidylcholine
(DPPC) surrounded by a 150 mM KCl aqueous salt solu-
tion. The model comprises KcsA (four submits of 97 amino
acids for a total of 5292 atoms), 112 DPPC (46 and 66 in the
top and bottom layers, respectively), 6532 water molecules,
3 K1 in the pore (two in the selectivity filter and one at the
cavity center), and 12 K1 and 23 Cl2 in the bulk solution.
The total number of atoms in the system is slightly above
40,000. The entire system is electrically neutral. The mem-
brane normal is oriented along theZ axis, and the center of
the bilayer is atZ 5 0. KcsA was oriented with the pore

FIGURE 1 Schematic view of the KcsA K1 channel. The extracellular
side is at the top and the intracellular side is at the bottom. The main
structural elements are the outer helix (residues 27–51, inred), the pore
helix (residues 62–74, inyellow), the selectivity filter (residues 75–79, in
green), and the inner helix (residues 86–112, inblue). Three K1 ions,
located at the outer and inner sites of the selectivity filter and at the center
of the central cavity, are also shown (purple).

Molecular Dynamics of the KcsA K1 Channel in a Bilayer Membrane 2901

Biophysical Journal 78(6) 2900–2917



along theZ axis and the selectivity filter located near the
upper layer of the membrane.

The calculations were performed using the academic ver-
sion c27a1 of the biomolecular simulation program
CHARMM (Brooks et al., 1983). The all-atom potential
energy function PARAM-22 for protein (MacKerell et al.,
1998) and phospholipids (Schlenkrich et al., 1996) was
used. The TIP3P potential was used for the water molecules
(Jorgensen et al., 1983). The Lennard-Jones (LJ) parameters
for K1 and Cl2 were adjusted to yield the experimental
solvation free energy in bulk water (Roux, 1996). Periodic
rectangular boundary conditions were applied in all direc-
tions to simulate a multilayer system of membranes extend-
ing in theXYplane. TheZ dimension of the unitary cell was
allowed to vary according to the constant pressure and
temperature thermodynamic ensemble with fixed surface
area (CPTA) (Feller et al., 1995, 1997). The dimensions of
the periodic system are 723 72 3 78 Å3. The electrostatic
interactions were computed with no truncation, using the
particle mesh Ewald (PME) algorithm with a B-spline order
of 4 and a FFT grid of one point per Å (723 72 3 80)
(Essmann et al., 1995); a real-space Gaussian-width kappa
of 0.3 Å21 was used. The list of nonbonded interactions was
truncated at 11 Å, using an atom-based cutoff. The non-
bonded van der Waals and real-space electrostatic interac-
tions were smoothly switched off at 8–10 Å. Such a treat-
ment of electrostatic interactions was essential for
investigating a molecular system conducting ions. The tra-
jectory was generated in the constant pressure and temper-
ature ensemble (CPT) with extra degrees of freedom for a
Langevin thermostat and piston (Feller et al., 1995). The
SHAKE algorithm (Rychaert et al., 1977) was used to fix
the length of all bonds involving hydrogen atoms, and the
equations of motion were integrated with a time step of 2 fs.
The coordinates were saved every 0.1 ps.

Construction of the atomic system

KcsA structure

The three-dimensional atomic coordinates of KcsA were
taken from the x-ray crystallographic structure determined
at 3.2-Å resolution by Doyle et al. (1998). The x-ray struc-
ture is file 1BL8 in the Protein Data Base (PDB) (Sussman
et al., 1998) (the address of the web site is http://www.rcsb.
org/index.html). The protein comprises four subunits of 97
amino acids (residues 23–119). The atomic coordinates of
residues 1–22 at the NH3

1 terminus and 121–160 at the
COO2 terminus, which were not determined experimen-
tally, were not included in the current calculations. A zwit-
terionic form with charged termini was assumed for resi-
dues Ala23 and Gln119. The coordinates of the side chains
with missing atoms (Arg27, Ile60, Arg64, Glu71, and Arg117)
were built from ideal internal coordinates. The arginine side
chains were constructed using values of thex1 and x2

dihedral angles of 180° to point toward the bulk solvent.
The common values of (260, 1180) (Dunbrack and Kar-
plus, 1993) were rejected because they oriented the arginine
side chains toward the interior of the protein or the hydro-
carbon core of the membrane. The sidechain of Glu71 was
constructed in a protonated state to form a diacid hydrogen
bond with the carboxylate group of Asp80 near the extra-
cellular surface (see Fig. 2). This conformation was adopted
after discussions with R. MacKinnon and co-workers (pri-
vate communication). The coordinates of the protein hydro-
gens were constructed using HBUILD (Brunger and Kar-
plus, 1988). The protein was oriented to align the pore along
the Z axis. It was then translated alongZ to bring the
aromatic residues near the interface of a membrane extend-
ing in theXY plane (atZ 5 615 Å), i.e., Trp87, Tyr45, and
Tyr62 at the upper interface and Trp26 and Trp113 at the
lower interface. In the oriented KcsA structure, the outer
site is atZ 5 17.2 Å, the two inner sites are atZ 5 9.9 Å
(upper) andZ 5 6.6 Å (lower), and the oxygen of the
crystallographic water molecule is atZ 5 13.8 Å. The
center of the water-filled cavity is atZ 5 0.0 Å, precisely in
the middle of the bilayer (Roux and MacKinnon, 1999). The
narrow hydrophobic region of the pore at the inner end of
the teepee is located betweenZ 5 210.0 andZ 5 220.0 Å.

Ions and water molecules in the pore region

Three ions were explicitly included in the pore for the
simulations. The first ion was placed in the outer site (17.2
Å). The second ion was alternatively located in the upper
(9.9 Å) or lower (6.9 Å) inner site. The third ion was placed
at the cavity center. Different numbers of water molecules

FIGURE 2 Detail of the selectivity filter from a single monomer of
KcsA. The side chain of Glu71 was modeled to form a strong hydrogen
bond with the carboxylate group of Asp80 near the extracellular surface
after discussions with R. MacKinnon and co-workers (private communi-
cation). The hydrogen bonds that were restrained during the early stage of
the equilibration are marked by thick lines (no restraints were applied to the
salt bridge between Asp80 and Arg89 during the equilibration).
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(from one to three) were included in the selectivity filter
between the ions in the outer and inner sites. A total of four
initial configurations, C1 (outer/upper-inner with one wa-
ter), C2 (outer/upper-inner with two waters), C3 (outer/
lower-inner with two waters), and C4 (outer/lower-inner
with three waters) were considered. The positions of the
ions (K) and water molecules (W) along theZ axis in the
channel are given in Table 1 (see also Fig. 3). The large
cavity region in the lower part of the channel was filled with
water molecules, using successive overlays with an equili-
brated cylindrical system 8 Å in diameter and 82 Å in length
containing 231 water molecules. The molecules that were in
close contact with atoms of the protein were progressively
removed by the use of a four-dimensional MD algorithm
that allows the relaxation of atoms in a fourth dimension
(Van Shaike et al., 1993). Water molecules were then pro-
gressively relaxed while the protein and ions in the pore
were kept fixed in place. After equilibration, 93 water
molecules were kept, with;38 water molecules in the
cavity and the others in the lower part of the intracellular
channel mouth.

DPPC membrane

A general protocol was used to construct the initial config-
urations of KcsA embedded in a DPPC membrane (Woolf
and Roux, 1994, 1996; Berne`che et al., 1998). DPPC was
chosen because the thickness of a bilayer (Gennis, 1989)
best matches the length of the hydrophobic region of KcsA
(Doyle et al., 1998). The strategy for constructing the mem-
brane consists of assembling a representative starting con-
figuration, using randomly selected lipids from a preequili-
brated and prehydrated set. The lipids are disposed around
the protein, and the configuration is then optimized by
reducing the number of core-core overlaps between heavy

atoms through systematic rigid-body rotations (around the
Z-axis) and translations (in theXY plane). Because the
construction protocol has been discussed in detail previ-
ously (Woolf and Roux, 1994, 1996; Berne`che et al., 1998),
only the main steps are described briefly. First, 112 large
Lennard-Jones spheres were equilibrated on two layers (Z 5
619 Å) to simulate the effective packing of the lipid head-
groups in the membrane. The spheres, distributed around
the KcsA, were harmonically restrained to two planar layers
(Z 5 619 Å). The different number of lipids between the
top and bottom layers reflects the marked asymmetrical
conical shape of KcsA. The difference in the cross-sectional
area of KcsA between the extracellular side (2250 Å2) and
the intracellular side (990 Å2) corresponds to 20 DPPC
molecules, assuming a cross-sectional area of;64 Å2 per
DPPC molecule (Nagle, 1993). After equilibration, the
spheres were replaced by explicit DPPC molecules that
were randomly taken from a library of 2000 preequilibrated
and prehydrated DPPC (Pastor et al., 1991; Venable et
al., 1993). The initial configurations were then refined by
rigid body rotation and translation, followed by energy
minimization.

Aqueous salt solution

The number of K1 (12) and Cl2 (23) in the aqueous salt
solution was obtained by integrating the ion density over the
volume of the simulation box calculated from a Poisson-
Boltzmann (PB) continuum electrostatic calculation. The
electrostatic potential and the ion densities were calculated
on a 0.5-Å cubic grid of 1453 1453 155 points by solving
the PB equation numerically with a finite-difference algo-
rithm. The PBEQ module (Im, Beglov, and Roux, unpub-
lished) implemented in the biomolecular simulation pro-
gram CHARMM (Brooks et al., 1983) was used. Periodic
boundary conditions corresponding to the dimension of the
atomic simulation system were applied to the cubic grid.
The KcsA channel and the content of the pore (i.e., the three
K1 and the water molecules) as well as the membrane
phospholipids were represented explicitly, and optimized
atomic radii for amino acids were used (Nina et al., 1997).
The 12 K1 and 23 Cl2 ions were then inserted explicitly
into the microscopic system, and their positions were equil-
ibrated using a Metropolis Monte Carlo (MC) simulation
(Allen & Tildesley, 1989) during which the protein and
membrane were kept fixed. A temperature of 300 K with a
uniform dielectric constant of 80 was assumed for the MC
simulation. Once the position of the counterions was ther-
malized, the system was fully hydrated by overlaying a
preequilibrated water box of the appropriate dimensions in
X andY over the entire system (protein, lipids, and counte-
rions). The resulting configuration was then further refined
by energy minimization before the equilibration with MD
simulations.

TABLE 1 Initial configurations of ions (K) and water
molecules (W) in the selectivity filter

Configuration Species Z (Å)

C1 (outer/upper-inner, one water) K1 17.2
W1 13.8
K2 9.9

C2 (outer/upper-inner, two waters) K1 17.2
W1 14.6
W2 11.8
K2 9.9

C3 (outer/lower-inner, two waters) K1 17.2
W1 13.1
W2 11.0
K2 6.9

C2 (outer/lower-inner, three
waters)

K1 17.2

W1 14.6
W2 11.8
W3 9.2
K2 6.6
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Equilibration protocol

The construction and equilibration of the simulation sys-
tems are described in Fig. 4. A first system was initially
assembled in configuration C1 (see Table 1). The total
length of the equilibration period is 600 ps. The system was
first thermalized with Langevin dynamics at constant vol-
ume. A friction of 3.0 ps21 was used for the nonhydrogen
atoms. The last 200 ps of equilibration was performed with
a constant area-isothermal isobaric algorithm with a pres-
sure of 1.0 atm and a temperature of 315 K (Feller et al.,
1997).

The purpose of the initial stage of equilibration is to relax
the membrane lipids and the aqueous salt solution. For the
first 200 ps of equilibration the temperature was 330 K,
which is above the gel-liquid phase transition temperature

of DPPC (Gennis, 1989). In the remainder of the equilibra-
tion, the average temperature of the system was set at 315
K, which is near the gel-liquid phase transition of pure
DPPC membrane. Progressively decreasing structural en-
ergy restraints were applied to ensure a smooth equilibration
of the system (see Fig. 4 for details). As in previous work
(Woolf and Roux, 1994, 1996; Berne`che et al., 1998), the
displacement of the center of mass of the lipid headgroups
away fromZ 5 6 19 Å was restricted with planar harmonic
restraints, and penetration of water molecules in the hydro-
carbon region of the bilayer (uZu , 11 Å) was prevented by
using a half-harmonic repulsive planar potential. In addi-
tion, harmonic restraining potentials were used to stabilize
the hydrogen bonds involving the residues forming the
selectivity filter and to limit the displacements of the chan-

FIGURE 3 The four initial configurations of ions and water molecules in the selectivity filter (C1, C2, C3, and C4) that were considered. The inner ion
is in the upper site in configurations C1 and C2 and in the lower site in C3 and C4.

FIGURE 4 Equilibration and simulation protocol for the current calculations. The first 400 ps of equilibration was at constant volume dynamics (NVE),
while the remainder of the equilibration and the production was at constant pressure and temperature (NPT). In the first part of the equilibration, harmonic
restraints (applied to the center of mass of the polar headgroups, the protein backbone, and the ions) were gradually decreased to allow a smooth relaxation
of the system. In the second part of the equilibration the different initial configurations of ions and water molecules in the selectivity filter wereconstructed
and refined. Hydrogen bond restraints were applied to the selectivity filter (see Fig. 2) and gradually decreased.
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nel and ions in the pore (see Fig. 2). All of the restraints
were gradually reduced to zero at the end of the equilibra-
tion period. During the production dynamics, a planar har-
monic restraint of 5.0 kcal/mol/Å2 was applied to the center
of mass of DPPC molecules in theZ direction to prevent any
global drift.

A first trajectory of 1 ns at 315 K was generated from the
equilibrated C1 (C1/MD-315K). Starting from the same
configuration of equilibrated C1, the system was heated to
330 K over a period of 10 ps, and a second trajectory
(C1/MD-330K) of 1.5 ns was generated. To examine alter-
native configurations of the ions and water molecules in the

selectivity filter, three additional systems in configurations
C2, C3, and C4 (see Table 1 and Fig. 4) were also con-
structed. Two trajectories of 0.5 ns were generated from C3
at 315 K and 330 K, respectively, using the same procedure
(C3/MD-315K and C3/MD-330K). The configurations C2
and C4 were found to be unstable and were not simulated.

RESULTS AND DISCUSSION

The current atomic systems were extensively equilibrated
for 600 ps in the presence of progressively decreasing

FIGURE 5 Molecular graphics view of the KcsA K1 channel embedded in a DPPC membrane solvated by a 150 mM KCl aqueous salt solution (the
K1 ions arepurple and the Cl2 ions aregreen). This snapshot was taken near the beginning of the trajectory C1/MD-330K.
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structural energy restraints applied to the ions and the chan-
nel. At the end of the equilibration, the systems were com-
pletely free of restraints and production trajectories were
generated. This extensive equilibration procedure was
found to be necessary to obtain meaningful results. Tests
simulations with a shorter equilibration exhibited significant
distortions relative to the x-ray structure and large displace-
ments of the ions in the selectivity filter. No such large
deviations were observed with the extensive equilibration
procedure. It is likely that the significant electrostatic forces
arising from the 16 carbonyl oxygens pointing toward the
two K1 ions in the pore are responsible for this behavior.

A total of four trajectories were generated using the initial
configurations C1 and C3. During the 1-ns trajectory C1/
MD-315K, the system remained roughly near its initial
configuration C1, with two K1 ions and one water molecule
occupying the narrow selectivity filter and one K1 ion
located in the water-filled cavity. In contrast, a concerted
dynamic transition occurred in the pore during the 1.5-ns
trajectory C1/MD-330K at 250 ps, after which three K1

ions and two water molecules occupied the selectivity filter.
A snapshot of C1/MD-330K is shown in Fig. 5.

In the next section, we first analyze the average structural
properties of the system based on the trajectories C1/MD-
315K and C1/MD-330K. We then analyze the concerted
transition in the pore observed in trajectory C1/MD-330K.
Finally, alternative configurations of ions and water mole-
cules in the pore are discussed on the basis of trajectories
C3/MD-315 and C3/MD-330K.

Average structural properties

During the dynamic trajectories, the structure of KcsA and
the DPPC membrane remained very stable. The average
root mean square (RMS) deviations of the channel from the
crystallographic structure given in Table 2 are relatively
modest: the overall RMS deviation of the backbone is 1.9 Å
for the whole tetrameric channel, and less than 0.9 Å for the
backbone of the main secondary structural elements. The
conical shape of the channel is stable. As shown in Table 3,
thea-helices (outer, pore, and inner) conserve their original
orientation with respect to the channel axis. The tilt angle of
the pore helix appears to be the most stable, with fluctua-
tions on the order of only 3–5°.

On the intracellular side the inner helices are joined
together, and the pore, lined by the hydrophobic residues
Thr107, Ala111, and Val115, narrows down to less than 5 Å in
diameter. The packing of the inner helices is very stable,
and the fluctuations in the diameter of the hydrophobic pore
are on the order of 0.6 Å. The central cavity stays filled with
;38 water molecules during the course of the trajectories.
No stable contiguous hydrogen-bonded chain of water mol-
ecules going from the cavity to the bulk region through the
hydrophobic pore is observed. The passage of a cation in
this narrow hydrophobic region would require a nearly

complete dehydration, which should be highly unfavorable.
Nonetheless, such a process has been observed previously in
the simulation of Shrivastava and Sansom (1999). Differ-
ences in potential function or in simulation methodologies
with the current work may be responsible for the different
behavior. Shrivastava and Sansom (1999) used the extended
atom force field GROMOS (van Giensteron et al., 1999), in
which hydrogen atoms are represented as part of the heavy
atoms to which they are attached, whereas we used the
all-atom PARAM-22 for protein (MacKerell et al., 1998)
and phospholipids (Schlenkrich et al., 1996). They trun-
cated the nonbonded electrostatics, whereas we used parti-
cle mesh Ewald with no cutoff (Essmann et al., 1995).
Truncation of electrostatic interactions, even at a very large
cutoff distance, leaves out important ion-ion interactions
that could result in simulation artifacts. For example, the
distance between the ion at the center of the central cavity
and the ion in the outer site is on the order of 17 Å.

Although there are residues with both positively and
negatively charged side chains near the mouths of the chan-
nel, their spatial configuration results in a weak attraction
for the K1 ions in the bulk solution. The calculated local
concentration of K1 (not shown) indicates that it is more
probable to find K1 ions near the entrance and exit to the
pore despite the fact that the channel carries a net positive
charge. The repulsive influence of Arg89 is counterbalanced
by Asp80 on the outer side, whereas the influence of Arg117

is counterbalanced by Glu118 on the inner side.
It is of interest to compare the calculated dynamical

fluctuations with the information available from experimen-
tal data. In the absence of static disorder, the RMS fluctu-
ations of theith protein atom can be extracted from the
crystallographic Debye-WallerB-factors (Brooks et al.,
1988; Drenth, 1994; Willis and Pryor, 1975),

^Dr i
2& 5 S 3

8p2DBi (1)

TABLE 3 Average angle of helices relative to Z axis

Helix C1/MD-315K C1/MD-330K

Outer 21.76 6.8 20.36 6.5
Inner 35.16 4.9 33.76 3.1
Pore 47.16 4.8 48.86 2.9

TABLE 2 RMS deviation relative to the x-ray structure in Å

Structural elements

C1/MD-315K C1/MD-330K

Backbone All Backbone All

Full tetramer 1.88 2.38 1.85 2.36
Outer helix 0.92 1.30 0.80 1.40
Inner helix 0.78 1.28 0.79 1.22
Pore helix 0.61 1.20 0.65 1.27
Filter 0.86 0.98 0.81 0.97
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In Fig. 6, the RMS fluctuations calculated from the trajec-
tory C1/MD-315K are compared with the x-ray data (R.
MacKinnon, private communication). The statistical equiv-
alence of the four subunits was exploited to improve the
convergence of the calculated values. The quadratic fluctu-
ations of atomi are written as a sum of two terms,

^Dr i
2& 5 ^Dr i

2& ~sym! 1 ^Dr i
2&~fluct! . (2)

The first term, ^Dr i
2&(fluct), is the standard mean square

atomic fluctuations averaged over the four monomers,

~Dr i
2&~fluct! 5

1

4 O
m51

4

~ ^r i,m
2 & 2 ^r i,m&2! . (3)

The second term,̂Dr i
2&(sym), represents the mean square devi-

ation of the monomers away from the tetrameric symmetry,

^Dr i
2&~sym! 5 S14 O

m51

4

^Smr i,m&2D 2 S14 O
m51

4

^Smr i,m& D 2 ,

(4)

where^Smr i,m& is the symmetrized average position of atom
i in monomer m (Sm is a matrix operation, applied to
monomers A, B, C, and D, corresponding, respectively, to
rotations of 0, 90, 180, and 270° around the pore axis). The
calculated fluctuations were averaged over the residues for
consistency with the crystallographic structure refinement,
which was performed with restrainedB-factors (R. Mac-
Kinnon, private communication). A uniform offset constant
of 0.6 Å was subtracted from the data to account for the
presence of static disorder.

Although there are some important differences, the gen-
eral form of the calculated fluctuations is in qualitative
accord with the experimental data. The calculations show
that the regions with the largest fluctuations are the NH3

1

and COO2 termini, the turrets (residues 50–60), and the
short loop connecting the selectivity filter to the inner helix
(residues 80–85). The main structural elements (outer,
pore, and inner helices) have the smallest fluctuations.

The difference between the calculations and the data may
be due to various factors. For example, it is likely that the
fluctuations of the turrets are smaller in the x-ray data than
in the calculations because this region of the channel is
involved in protein-protein crystal contacts. On the other
hand, the difference in the fluctuations of the protein chain
near the NH3

1 terminus between the MD and the x-ray data
could be due to the missing residues in the simulations. The
simulated atomic system included only residues 23–119.
However, the missing residues 1–22 and 120–126, which
are present in the crystal even though they were not resolved
in the crystallographic structure, can have an influence on
the structure and dynamics of the rest of the protein. Last,
alternative conformations of the unresolved residues at the
NH3

1 terminus could give rise to inhomogeneous static
disorder in the crystal.

Interestingly, a closer analysis reveals that the structure is
systematically less flexible on the extracellular side than on
the intracellular side. In Fig. 7, the RMS fluctuations are
shown for all of the nonhydrogen atoms of KcsA as a
function of their averageZ position along the pore axis. A
remarkable trend is observed. The value of the lowest RMS
fluctuations is decreasing systematically in going from the
intracellular side (Z , 0) to the extracellular side (Z . 0) of
the structure. The trend involves both the backbone (black)

FIGURE 6 RMS fluctuations of the backbone atoms calculated from the
trajectory at 315 K and from the experimentalB-factors. All of the values
are averaged over the individual amino acids. Equation 2 was used to
exploit the tetrameric symmetry of KcsA in calculating the RMS fluctua-
tions.

FIGURE 7 Calculated RMS fluctuations of all of the nonhydrogen at-
oms of KcsA as a function of their averageZ position along the channel
axis. The backbone (black) and the side-chain (red) atoms are shown.
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as well as the side chain (red) atoms, although the backbone
atoms usually have lower RMS. The selectivity filter is thus
embedded in the most rigid part of the protein. The func-
tional consequences of this dynamic feature of the channel
are clear. The structure of KcsA is designed to have the less
flexibility on the extracellular side on the membrane, where
the channel must maintain the ability to discriminate be-
tween Na1 and K1 ions.

Fluctuations of the selectivity filter

The selectivity filter, formed by the backbone carbonyl
groups of residues Thr75-Val76-Gly77-Tyr78, is the key
structural element responsible for the very high specificity
of the K1 channel for K1 over Na1 ions. Its structure is
both remarkable and simple: the main chain of each mono-
mer runs almost vertically over a distance of 12 Å, with four
carbonyl groups pointing in the same direction toward the
center of a narrow pore (see Fig. 2). The structural stability
of this functionally important region is significant. The
calculated RMS fluctuations on the backbone atoms are on
the order of 1.0 Å for this region of the channel. Examina-
tion of the crystallographic structure shows that a delicate
lacework of hydrogen bonds plays an important role in
maintaining the backbone of the residues forming the se-
lectivity filter in a specific configuration. The most impor-
tant hydrogen bonding pairs are given in Table 4 (see also
Fig. 2).

At the bottom of the selectivity filter, the orientation of
the carbonyl groups of Thr74 and Thr75 is stabilized by
hydrogen bonds of the amide N-H group with the backbone
carbonyl CAO of Thr72 and Glu71, respectively. Those
hydrogen bonds appear to be stable on average, although
they exhibit considerable fluctuations according to the cur-
rent calculations.

Near the top of the selectivity filter on the extracellular
side, the backbone amide group of Tyr78 and Gly79 and the
carboxylate groups of Glu71 and Asp80 are involved in a
complex hydrogen-bonded network. The details of these
hydrogen bonding interactions are somewhat uncertain be-
cause the side chain of Glu71 could not be completely
resolved in the electron density, and its conformation is
undetermined (Doyle et al., 1998). Its atomic coordinates
are not included in the PDB file of the crystallographic
structure. Furthermore, the ionization states of the carbox-
ylate groups of Glu71 and Asp80 are unknown. Previous MD
simulations of the KcsA channel have assumed that those
side chains are unprotonated (Guidoni et al., 1999; Shriv-
astava and Sansom, 1999). In the current calculations, Glu71

was modeled in a protonated (neutral) state to form a diacid
hydrogen bond with the carboxylate group of Asp80 near the
extracellular surface, according to discussions with R.
MacKinnon and co-workers (private communication). This
choice is supported by a variety of evidence. In particular, a
strong peak in the electron density map, observed near

Asp80, suggests that the side chain of Glu71 runs parallel to
the pore axis toward the extracellular surface (R. MacKin-
non, private communication). The peak of electron density,
which remained unassigned in the refinement of the crys-
tallographic structure, could correspond to the carboxylate
group of Glu71; the peak can clearly be seen in the upper
corner of figure 8A of Doyle et al. (1998). A protonated
state for Glu71 was chosen because the side chain is buried
under the protein surface and is partly shielded from the
bulk solvent. Its environment corresponds effectively to that
of a low dielectric medium, and its pKa should be higher
than normal. In support of the present decision, a valine at
the corresponding position inShaker (Val438) results in
normal channel function, thus suggesting that substitution
by a nonpolar side chain does not represent a significant
disturbance on the structure. As shown in Table 4, the
dicarboxylate Glu71 and Asp80 form a strong hydrogen bond
that remained very stable during all of the trajectories. The
side chain of Glu71 is effectively shielded from the bulk
solvent; there is only 0.5 water molecule on average within
3.4 Å of the protonated carboxylate group. Simultaneously,
Asp80 also forms a strong salt bridge with Arg89 from a

TABLE 4 Average distances in the selectivity filter

Pair PDB
C1/MD-

315K
C1/MD-

330K

Tyr78-OH/Trp68-NE1 2.71 3.596 0.46 3.306 0.39
2.74 3.526 0.41 3.216 0.26
2.63 3.816 0.55 4.746 1.50
2.69 5.136 1.10 3.306 0.37

Asp80-OD*/Arg89-NH* 4.23 2.836 0.31 2.936 0.56
4.26 3.656 1.13 3.346 0.88
4.08 5.256 0.85 4.616 1.27
4.19 4.496 0.77 2.986 0.61

Asp80-OD*/Glu71-HE2 — 1.756 0.19 1.766 0.14
— 2.686 1.02 1.786 0.20
— 1.836 0.24 2.076 0.56
— 1.736 0.12 1.756 0.14

Thr72-O/Thr75-HN 1.91 2.646 0.57 3.416 0.89
1.91 4.036 0.88 2.546 0.38
1.90 3.316 1.10 2.316 0.27
1.91 2.306 0.24 4.326 0.81

Glu71-O/Val76-HN 2.22 2.506 0.58 2.886 0.90
2.23 3.326 0.56 2.166 0.32
2.23 2.136 0.31 2.016 0.18
2.23 1.956 0.16 2.776 0.53

Glu71-O/Gly77-HN 3.25 3.406 0.52 3.036 0.53
3.25 4.986 0.53 3.306 0.52
3.25 3.436 0.57 3.376 1.00
3.25 3.416 0.40 2.986 0.54

Glu71-OE1/Tyr78-HN 1.72 1.986 0.20 2.116 0.27
1.70 2.926 0.81 2.376 0.86
1.72 2.396 0.76 2.456 0.67
1.70 2.036 0.19 2.206 0.30

Asp80-OD*/Gly79-HN 3.93 3.026 0.33 3.346 0.38
3.93 3.756 0.74 3.206 0.37
3.93 3.306 0.52 3.146 0.65
3.94 2.696 0.27 3.226 0.36

* Nearest pair.
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neighboring monomer. The salt bridge that was already
present in the x-ray structure (although the distance between
the charged side chains was initially larger; see Table 4) was
rapidly strengthened and stabilized during all of the dy-
namic trajectories. A similar salt bridge was also observed
in previous MD simulations of KcsA (Guidoni et al., 1999;
Shrivastava and Sansom, 1999). A superposition of instan-
taneous conformations of the side chain of Glu71 is shown
in Fig. 8. It is observed that alternative conformations occur,
which may be one reason why the side chain could not be
resolved in the electron density.

Although the present model of Glu71 is reasonable, alter-
native solutions cannot be ruled out. For example, it is
possible that the side chain is unprotonated and that the
unassigned peak in the electron density corresponds to a
water molecule (R. MacKinnon, private communication).
Further calculations will be needed to fully resolve ques-
tions about the conformation and protonation state of Glu71.

The configuration of the selectivity filter near the bottom
(Thr74) and the top (Tyr78) is stabilized by backbone amide
N-H group hydrogen bonds. The situation is different for the
carbonyl oxygen of Val76, which is located in the center of
the selectivity filter. Examination of the crystallographic
structure shows that the orientation of the Val76-Gly77 pep-

tide linkage is maintained only through a relatively weak
hydrogen bond of the N-H group of Gly77 with the back-
bone CAO group of Glu71 (see Fig. 2 and Table 4). The
donor-acceptor distance is 3.25 Å in the x-ray structure, and
the average calculated from the trajectories is around 3.0 Å.
Interestingly, the residues Val76 and Gly77 have RMS fluc-
tuations that are larger than those of their neighboring
residues, according to both the simulation and the crystal-
lographic data (see Fig. 6). Doyle et al. (1998) suggested
that the larger fluctuations of Val76 and Gly77 might be due
to multiple conformations of the backbone in response to
alternative positions of the ions in the selectivity filter (see
their note 19). Analysis of the simulations reveals that the
amide plane formed by the peptide linkage Val76-Gly77 can
undergo isomerization transitions, pointing alternatively
into and away from the pore. The backbone dihedral (F,C)-
map of the Val76-Gly77 amide plane is shown in Fig. 9a.
The backbone can adopt a configuration that corresponds
alternatively to a right-handeda-helix or a b-sheet for
Val76, and a left-handeda-helix or a b-sheet for Gly77.
Snapshots of the two possible configurations are shown in
Fig. 9b. It is observed that the N-H group of Gly77 can form
a hydrogen bond with the water molecule located between
the ions in the selectivity filter when the carbonyl of Val76

points away from the pore. Because of the asymmetry of the
water molecule, it is not possible to form favorable hydro-
gen bonds simultaneously with the carbonyl group of Val76

of the four monomers. Further analysis shows that the
transient isomerizations are also correlated with the move-
ments of the K1 ions (see below).

Several residues with aromatic side chains (Trp67, Trp68,
Tyr78, and Tyr82) are disposed around the selectivity filter at
the top of the KcsA structure on the extracellular side. They
are well conserved in the sequence of other selective K1

channels, suggesting that they are functionally important.
The packing of the aromatic side chains in KcsA is unusual.
They lie parallel to the membrane plane, whereas aromatic
side chains are generally packed in a perpendicular orien-
tation in soluble proteins (Burley and Petsko, 1985). Doyle
et al. (1998) suggested that the aromatic side chains con-
tribute to stabilization of the channel structure around the
selectivity filter, which is important for the high selectivity
for K1 ions. To examine this hypothesis, the atomic fluc-
tuations of the aromatic side chains in the directions parallel
and perpendicular to the channel axis were calculated. An
anisotropy factorh was defined for the atomi as the ratio of
the fluctuations in the direction parallel to the channel axis,
over the average fluctuations in the membrane plane,

hi 5
2^DZi

2&

^DXi
2 1 DYi

2&
. (5)

The values were averaged over the four monomers of KcsA.
The results, which are shown in Table 5, indicate that the
atomic fluctuations are anisotropic. The structure of KcsA is

FIGURE 8 Superposition of alternative conformations of the side chain
of Glu71 taken from simulation C1/MD-315K every 50 ps starting fromt 5
50 ps. The three populations of conformations correspond to differentx1

angles separated by 120°.
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thus significantly less flexible in the direction parallel to the
membrane plane (i.e., perpendicular to the channel axis).
Therefore, it seems likely that the role of the aromatic side
chain of the residues Trp67, Trp68, Tyr78, and Tyr82 is to
strengthen the structure around the selectivity filter. This
may be one of the factors responsible for the variations in
the RMS fluctuations as a function ofZ, which is observed
in Fig. 7.

Dynamic transitions of ions

The high conductance of K1 channels is traditionally inter-
preted as an indication that they function as multiion pores
(Hodgkin and Keynes, 1955; Hille and Schwarz, 1978).
From a microscopic point of view, this implies that ion

translocation is governed by concerted dynamic transitions
involving several K1 ions simultaneously. It is thus of great
interest to gain more information about such processes on
the basis of atomic simulations. During the course of the
first trajectory generated from configuration C1 at a tem-
perature of 315 K (C1/MD-315K), the ions in the pore
remained roughly near their initial position. To enhance the
motion of the ions and water molecules inside the pore and
increase the likelihood of observing dynamic transitions, a
second, “hot” trajectory of 1.5 ns was generated at a tem-
perature of 330 K. The initial configuration C1 was used
again.

A concerted transition of the ions in the pore occurred
after 250 ps during the C1/MD-330K trajectory. Observa-
tion of such rare events in a simulation, even though they
may not be statistically significant, can give useful infor-
mation. The time series of theZ coordinates of the ions and
water molecules relative to the center of mass of the selec-
tivity filter is shown in Fig. 10. The initial and final con-

A

B

FIGURE 9 (a) Phi-psi map of the Val76-Gly77 amide plane. Two con-
figurations are illustrated. The backbone can adopt a configuration that
corresponds alternately to a right-handeda-helix (F 5 260,C 5 260),
and ab-sheet (F 5 290,C 5 1120), for Val76, and a left-handeda-helix
(F 5 160,C 5 160) and ab-sheet (F 5 290,C 5 1120) for Gly77

(Schulz and Schirmer, 1979). (b) Snapshots of the two configurations of
the carbonyl group of the Val76-Gly77 amide plane in the selectivity filter
with the carbonyl pointing inward (left) or outward (right).

TABLE 5 Anisotropic fluctuations of aromatic side chains

Residue Atom h RMS-xy (Å) RMS-z (Å)

Trp67 CB 1.62 0.31 0.39
CD1 1.52 0.37 0.46
CD2 2.09 0.31 0.45
NE1 2.34 0.37 0.58
CE2 2.77 0.34 0.58
CE3 1.25 0.41 0.45
CZ2 2.58 0.43 0.70
CZ3 1.09 0.52 0.55
CH2 1.66 0.52 0.68

Trp68 CB 0.70 0.37 0.29
CD1 0.92 0.50 0.50
CD2 0.92 0.40 0.36
NE1 1.14 0.55 0.60
CE2 1.08 0.48 0.50
CE3 1.28 0.37 0.40
CZ2 1.33 0.52 0.59
CZ3 1.43 0.41 0.47
CH2 1.39 0.47 0.54

Tyr78 CB 1.03 0.35 0.35
CG 1.25 0.31 0.35
CD1 1.55 0.33 0.41
CD2 1.44 0.33 0.39
CE1 1.62 0.34 0.43
CE2 1.49 0.32 0.39
CZ 1.41 0.32 0.37
OH 1.41 0.36 0.42

Tyr82 CB 1.44 0.36 0.43
CG 1.69 0.36 0.47
CD1 1.33 0.43 0.50
CD2 1.62 0.45 0.57
CE1 0.93 0.56 0.54
CE2 1.23 0.57 0.64
CZ 0.90 0.62 0.59
OH 0.67 0.81 0.67

The values were calculated using the C1/MD-330K trajectory on the basis
of Eq. 5 and averaged over the four monomers of KcsA.
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figurations of the ions and nearest water molecules in the
selectivity filter are shown in Fig. 11. It is observed that the
K1 ion that was initially in the cavity moves up into the
narrow part of the selectivity filter at 250 ps, while the two
other K1 ions move simultaneously toward the extracellular
side. The final configuration, with three ions and two water
molecules in the selectivity filter, remained stable for the
rest of the trajectory. The entire transition took place over a
period of ;400 ps. Although this is relatively short com-
pared to physiological time scales, it is very long from the
point of view of atomic motions in dense liquids. Thus the
dynamic transition is not “ballistic” in character, but rather
diffusive and overdamped, with many collisions between
the ions, the water molecules, and the atoms forming the
selectivity filter.

The most stable configurations (i.e., before and after the
transition) correspond to a single file of ions separated by a
single water molecule, with two or three K1 occupying the
selectivity filter, with one (K-W-K) or two (K-W-K-W-K)
water molecules, respectively. A water molecule is also
strongly bound to the ion located at the inner site on the
cavity side. On a speculative note, it is conceivable that the
configurations with two and three K1 ions correspond to the
discrete states postulated in kinetic rate models of multiion
channels (Hodgkin and Keynes, 1955; Hille and Schwarz,
1978).

The number of nearest neighbors (water and carbonyl
oxygens), shown in Fig. 12, varies in a complex nonmono-

tonic way during the dynamic transition. Before the transi-
tion, the K1 ion in the outer site is coordinated by the eight
carbonyl oxygens of Gly77 and Tyr78 of the four monomers
and makes contact with no water molecules, the K1 ion in
the inner site is coordinated by the carbonyl oxygens of
Thr75 and Val76 and makes contact with two water mole-
cules, and the K1 ion in the cavity is solvated by six to eight
water molecules. After the transition, the coordination shell
of the K1 ions is significantly transformed. All three ions
are now in contact on average with two water molecules.
The ion in the outer site has moved up along the channel
axis and is now surrounded by the carbonyl oxygen of
Tyr78, while the ion in the inner site is surrounded by the
carbonyl oxygens of Val76 and Gly77. The ion that was in
the cavity has entered the selectivity filter and is surrounded
by the carbonyl oxygens of Thr75. This ion also makes some
transient contacts with the OH group of the side chain of
Thr75 of one of the monomers.

The dynamic fluctuations of the channel structure and the
movements of the ions appear to be coupled. The orientation
of the Val76-Gly77 peptide linkage is affected by the posi-
tion of the ions in the selectivity filter. When there are two
ions in the selectivity filter, it is observed that the carbonyl
group of Val76-Gly77 of one of the four subunits of the
KcsA tetramer undergoes transient isomerization transi-
tions, sometimes pointing away from the center of the pore
(see Fig. 9), while no such isomerizations are observed once
the selectivity filter is occupied by three ions. Last, it is
observed that several microscopic events are correlated with
the dynamic transition of the ions. Those involve the reori-
entation of the carbonyl group of Val76 (see Fig. 9 and
caption of Fig. 10) as well as the fluctuations in the hydro-
gen bond of Gly77 N-H with the backbone CAO of Glu71,
the dicarboxylate hydrogen bond between the side chains of
Glu71 and Asp80, the hydrogen bond between the aromatic
residues Trp68 and Tyr78, and the salt bridge between Asp80

and Arg89 (see Fig. 2). The distance between these molec-
ular moieties is on the order of 10–15 Å. Therefore, ion
translocation in the pore appears to be coupled to structural
fluctuations of the channel occurring at very large distances
from the ions.

K1 ions and water molecules in the
selectivity filter

So far, we have examined the trajectories generated from
the initial configuration C1 with one K1 ion in the outer
site, one K1 ion in the upper-inner site, and a single water
molecule in the selectivity filter (see Table 1). This initial
configuration is based on the atomic coordinates of the ions
and water molecule of the crystallographic structure. Al-
though this configuration is certainly expected to play an
important role in the conduction of K1 ions through the
KcsA channel, it is also of interest to examine other con-

FIGURE 10 Concerted dynamical transition in the KcsA pore. TheZ
positions of the three K1 ions (green), a few selected water molecules
(blue), and the oxygens of residues 75, 76, 77, and 78 (red) are shown as
a function of time. All of theZ coordinates are given relative to the center
of mass of the backbone of the residues forming the selectivity filter. The
positions of the carbonyls were averaged over the four subunits. The
transition occurs over a period of;400 ps, fromt 5 250 ps tot 5 650 ps.
At t 5 250 ps the Val76-Gly77 amide plane of one subunit undergoes an
isomerization transition from the outward to an inward configuration (see
Fig. 9).
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figurations of the ions and water molecules in the selectivity
filter.

Ion conduction is intrinsically a dynamic process in
which a number of different configurations may play an
important role. In addition, the possibility of alternative
configurations of the ions and water molecules in the selec-
tivity filter, which would be consistent with the available
experimental data, has been suggested by Doyle et al.
(1998). The positions of the K1 ions reported in the crys-
tallographic structure were determined experimentally by
analyzing difference Fourier maps of crystals containing
Rb1 and Cs1 relative to those with K1. Excess positive
electron density revealed the position of K1 ions replaced
by the more electron-dense Rb1 or Cs1 ions in the outer and
inner sites. Two peaks of excess density observed in the
difference Fourier map obtained at 4.0-Å resolution with
Rb1 ions were interpreted as alternative positions for the
inner site (the “upper” and “lower” inner site; see Fig. 2).
Diffuse electronic density was also detected in the center of
the cavity, although no ion was explicitly included at this
position in the crystallographic structure. Difference Fourier
analysis of ion-substituted crystals indicated that a hydrated
monovalent cation is present in the cavity (Roux and Mac-
Kinnon, 1999). A strong peak of electron density located
between the inner and outer sites in the selectivity filter did

not vary in the difference Fourier maps and was attributed to
a single water molecule. Nonetheless, the exact number of
water molecules between the ions in the selectivity filter is
uncertain. The distance between the ions in the outer and the
upper inner sites is 7.3 Å, and the water molecule is at a
distance of 3.4 Å and 3.9 Å from the ions. Such distances
appear to be slightly large compared to the optimal distance
between a K1 and a water molecule. Such a distance is
;2.6 Å according to ab initio calculations (Roux and Kar-
plus, 1995). Although a single water molecule was included
in the crystallographic structure, additional water molecules
located between the ions in the selectivity filter could have
remained undetected experimentally at the current resolu-
tion. Accurate determination of solvent molecule positions
in a protein crystallographic structure often requires a res-
olution on the order of 2.0 Å (Drenth, 1994; Burling et al.,
1996).

Three alternative configurations of the ions and water
molecules in the selectivity filter were considered. The three
configurations (C2, C3, and C4) were constructed from the
atomic coordinates taken from C1 after 300 ps of equilibra-
tion (see Fig. 4). Those configurations were then refined
using the following procedure: the ions in the narrow part of
the selectivity filter were held fixed in place using strong
harmonic energy restraints, and all of the atoms within a

FIGURE 11 Initial (left) and final (right) states of the ions and water molecules in the pore from simulation C1/MD-330K att 5 0 ps andt 5 1.5 ns,
respectively.
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distance of 6 Å were relaxed and optimized using energy
minimization and MD. Details of the ions and water mole-
cules in all of the initial configurations are given in Table 1.
Each of the configurations is consistent with the available
experimental data (Doyle et al., 1998) and is possible on
structural grounds. For example, in C2 the ion-water dis-
tances are 2.6 Å and the water-water distance is 2.7 Å. In C4
the ion-water distances are 2.6 and 2.7 Å and the water-
water distances are around 2.8 to 2.9 Å. Nonetheless, further
refinement of the three additional configurations shows that
only C3 is stable. During the structural refinement of C2 and
C4, one of the water molecules in the selectivity filter was
rapidly expelled through the wall of the channel. Although
the extra water molecule does not make any obvious bad
contact with another atom, it is unstable because it cannot
achieve favorable electrostatic interactions with the two
ions in the narrow filter. The unrealistic pathway followed
by the extra water molecule, which is probably caused by
the excessive repulsive forces, clearly indicate that config-
urations C2 and C4 are not possible. In contrast, the con-
figuration C3 (outer/lower-inner with two waters) could be
relaxed without large distortions of the channel and dis-
placements of ions and water molecules. To further examine
its stability, two trajectories of 0.5 ns at 315 K (C3/MD-
315K) and 330 K (C3/MD-330K) were generated following
the same procedure as that used for the trajectories C1/MD-
315K and C1/MD-330K. The C3 configuration converted
rapidly into a C1-like configuration in less than 300 ps
during the equilibration with progressively decreasing re-

straints. Fig. 13 shows the initial and final states of the ions
and water molecules in the selectivity filter during trajectory
C3/MD-330K. This computer experiment, therefore, shows
that the configuration C3, with two ions separated by two
water molecules, is not a stable state of the system.

On the basis of the trajectories C1/MD-330K, C3/MD-
315K, and C3/MD-330K, we conclude that there are only
two stable states for the K1 ions and water molecules in the
selectivity filter (even though their relative free energies and
populations cannot be determined by the current calcula-
tions). A first state corresponds to two ions (K) located in
the selectivity filter separated by a single water (W) mole-
cule, K-W-K. A second state corresponds to three ions in
the selectivity filter with one water molecule separating the
ions, K-W-K-W-K. In both states, a single water molecule
is stabilized between the two ions of each pair, suggesting
that the K1 cation translocating though the narrow pore is
accompanied by exactly one water molecule. This observa-
tion is in qualitative accord with streaming potential mea-
surements, which suggest that one or two water molecules
per ion flow through the channel (Alcayaga et al., 1989).

In fact, the two stable states are structurally related to the
cation binding sites and crystallographic water molecule
that were detected experimentally. As shown schematically
in Fig. 14, there are five stable positions or “sites” in the
selectivity filter that can be occupied by a water molecule or
a K1 ion. The first (K-W-K) and second (K-W-K-W-K)
states are observed in the course of the trajectories C1/MD-
330K, C3/MD-315K, and C3/MD-330K. On a speculative

FIGURE 12 Variation of the number of water and carbonyl nearest neighbors during the transition for each of the ions. Throughout the trajectory all three
ions are coordinated by a total of six to eight water molecules or carbonyls. After the transition, the lowest ion also makes some contacts with the OH group
of the side chain of Thr75 of one of the monomers (not shown).
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note, it is possible that the two states with two and three ions
are superimposed in the KcsA crystals with K1 ions. One
implication of this hypothesis is that the positions of the
maxima observed in the difference Fourier maps result from
the combined influence of slight variations in the position of
the substituted ions and differences in the populations of the
two stable states relative to K1. One may expect slight

variations in the relative free energies of the two- and
three-ion states with Rb1, K1, and Cs1 because of ion-ion
interactions (Roux et al., 1995). Further computational stud-
ies of the KcsA channel with Rb1 and Cs1 may lead to
better interpretation of the experimental data for substituted
ions.

The observed configuration with three K1 and water
molecules in single file seems to challenge our view of
ion-ion repulsion. Can three K1 ions be so close in space
without repelling one another? Or perhaps, one may more
soberly ask whether a configuration with three K1 in the
selectivity filter is plausible at all or is an artifact of the
calculations. Clearly, further calculations will be required to
quantitatively characterize the configurations of the K1 ions
inside the KcsA channel. Nonetheless, in support of the
current observations one may note that the TIP3P water
potential (Jorgensen et al., 1983)), which does not account
for induced electronic polarization, was used for simula-
tions. Because of the lack of induced polarization, the
ion-ion repulsion is undershielded in the present simula-
tions. Therefore, the configuration with three K1 ions in the
selectivity filter that was observed, despite an underesti-
mated shielding of the ion-ion repulsion, might be even
more stabilized if a potential function allowing for induced
polarization had been used for the simulations.

CONCLUSION

In this paper we described the results from MD simulations
of an atomic model of the KcsA K1 channel embedded in

FIGURE 13 Initial (left) and final (right) states of the trajectory C3/MD-300K, which was generated from the configuration C3 (see Table 1). The initial
configuration was taken at the beginning of the equilibration of configuration C3; the final one was taken from simulation C3/MD-330K att 5 500 ps.

FIGURE 14 Schematic representation of the two stable states of the K1

and water molecules in the selectivity filter. There are five local sites. In
the first state (left), the two K1 ions occupy the crystallographic upper
inner (4) and outer (2) site, respectively. One water molecule occupies the
position assigned to the crystallographic K1 ion in the lower inner site (5),
and one water molecule occupies the position assigned to the crystallo-
graphic water molecule (3). No water molecule is located above the K1 in
the outer site (i.e., site 1 is empty in this state). In the second stable state
(right), one K1 ion occupies the crystallographic lower inner outer site (5),
one K1 ion occupies the position assigned to the crystallographic water
molecule (3), and one K1 ion is located above the crystallographic outer
site (1). One water molecule occupies the position assigned to the crystal-
lographic K1 ion upper inner site (4), and one water molecule occupies the
position assigned to the crystallographic K1 ion outer site (2).
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an explicit membrane bathed by a 150 mM KCl aqueous salt
solution. In all of the simulations, the three-dimensional
structure of KcsA in the membrane system was very stable.
In particular, the overall RMS deviation of the whole tet-
ramer is on the order of 1.9 Å relative to the crystallographic
structure, while the deviation of all of the main secondary
elements is less than 0.9 Å. Such a stability is a strong
indication that the fold and packing of KcsA are accurate
despite the moderate resolution of the x-ray data.

Although the current calculations show that the atomic
fluctuations are relatively small in the functionally impor-
tant regions of the structure, their magnitude is significantly
larger than the difference in radius between a Na1 ion and
a K1 ion. The RMS fluctuations are on the order of 1.0 Å
for the residues forming the selectivity filter. The hydrogen
bonds, which play an important role in maintaining the
selectivity filter in its configuration, are stable on average,
although they exhibit considerable fluctuations. Residues
with aromatic side chains (Trp67, Trp68, Tyr78, and Tyr82)
help to strengthen and stabilize the channel structure around
the selectivity filter. Their atomic fluctuations are anisotro-
pic, indicating that the structure of KcsA is significantly less
flexible in the direction perpendicular to the channel axis.
The fluctuations of Val76 and Gly77 are slightly larger, in
agreement with the experimentalB-factors, because the
amide plane can undergo isomerization transitions. How-
ever, the radii of K1 and Na1 differ by less than 0.5 Å
(Hille, 1992; Roux and Karplus, 1995). Therefore, the
present simulations suggest that the high specificity of
KcsA for K1 over Na1 ions does not arise only from a
discrimination based on ion size by a rigid pore. Such a
picture is probably too simple. More likely, specificity for
K1 over Na1 must arise through a subtle balance of energy
contributions, including ion-protein and ion-water, as well
as water-water, water-protein, and protein-protein interac-
tions. Further work will be needed to quantify the influence
of the channel flexibility on its selectivity for K1 ions
against Na1.

A transition of the K1 ions in the channel was observed
during one simulation. Although it is not possible to draw
definitive conclusions from a single event, some features of
the transition are likely to be characteristic of such a pro-
cess. During the transition, the K1 ion that was initially in
the cavity moves up into the narrow part of the selectivity
filter, while the two other K1 ions move simultaneously
toward the extracellular side. The entire transition takes
place over more than 300 ps, with many collisions between
the ions, the water molecules, and the atoms forming the
selectivity filter, indicating that the motion is diffusive in
character rather than ballistic. Analysis shows that the dis-
placement of the ions in the selectivity filter is coupled to
the structural fluctuations of Val76 and Gly77 as well as the
side chains of Glu71, Asp80, and Arg89, near the extracellu-
lar side. Thus the mechanical response of the channel struc-
ture at distances as large as 10–20 Å from the ions in the

selectivity filter appears to play an important role in the
concerted transition.

Examination of four alternative configurations of the ions
and water molecules in the selectivity filter indicates that
the most stable configuration corresponds to a single file
formed by two or three K1 ions in the selectivity filter. Such
configurations with two and three K1 ions in the selectivity
filter are reminiscent of the discrete states postulated in
kinetic rate models of multiion channels (Schwarz). Inter-
estingly, a single water molecule is stabilized between the
ions of each ion pair in the narrowest part of the pore during
an observed concerted transition, suggesting that each trans-
locating K1 cation is accompanied by one water molecule.
This observation is in qualitative accord with streaming
potential measurements (Alcayaga et al., 1989).

Undoubtedly, much remains to be done to fully charac-
terize the function of the KcsA channel at the atomic level.
Future computations will attempt to address detailed ques-
tions about the conformation and protonation state of Glu71

and to help better interpret the results of the experimental
data with substituted ions. In addition, multiion potential of
mean force (PMF) free energy simulations (Roux and Kar-
plus, 1991a; Roux and Karplus, 1993) and activated dynam-
ical trajectories (Roux and Karplus, 1991b) will be calcu-
lated to fully quantify the concerted transitions governing
the translocation of K1 ions in the KcsA channel. Last,
information about the pH-dependent gating of KcsA should
also be used (Cortes and Perozo, 1997; Cuello et al., 1998;
Heginbotham et al., 1999; Perozo et al., 1998, 1999; Tatu-
lian et al., 1998; Meuser et al., 1999), in combination with
computational methods, to obtain an atomic model of the
channel in its conducting open state.

Numerous discussions with R. MacKinnon and the members of his labo-
ratory contributed significantly to this work. BR is particularly grateful to
R. MacKinnon for his generous hospitality from January to August 1999
during a sabbatical leave.
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