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Our current understanding of ion permeation through the selectivity filter of the KcsA potassium
channel is based on the concept of a multi-ion transport mechanism. The details of this concerted
movement, however, are not well understood. In the present paper we report on molecular dynamics
simulations which provides new insights. It is shown that ion translocation is based on the collective
hopping of ions and water molecules which is mediated by the flexible charged carbonyl groups
lining the backbone of the pore. In particular, there is strong evidence for pairwise translocations
where one ion and one water molecule form a bound state. We suggest a physical explanation of the
observed phenomena employing a simple lattice model. It is argued that the water molecules can act
as rectifiers during the hopping of ion-water pairs. © 2007 American Institute of Physics.
�DOI: 10.1063/1.2756531�

I. INTRODUCTION

The presence of multiple potassium ions within the pore
of K+ channels seems to be a universal property among po-
tassium channels.1 In particular, experimental results2,3 indi-
cated that when the concentration of K+ in solution is higher
than about 20 mM, there are two ions in the pore, which
serves as an “ion selectivity filter,” at a given time, and that
the two ions are expected to move in a concerted fashion
between two “conductive states:” a K+-water-K+-water occu-
pancy of the four binding sites S1, S2, S3, and S4, in which
ions bind at positions S1 and S3, and a water-K+-water-K+

configuration in which ions bind at positions S2 and S4.
When the K+ concentration in solution is much less than
20 mM, ion occupancy in the filter decreases, and the filter
switches to a different conformation.4 These experimental
findings form the basis of our current understanding of the
high conduction rates in K+ channels. The details of the
molecular mechanism of the concerted movements of ions
and water in the conductive state, however, are not well
understood.

The ability of potassium channels to conduct K+ ions at
high levels near the limit of diffusion is usually described in
terms of concerted mechanisms where several K+ ions move
simultaneously in a single file5 through the narrow pore. The
translocations of the ions in the pore are thought to be initi-
ated by a third ion which hops from the inner vestibule of the
channel into site S4 at the entrance of the pore where it
collides with the ion at S3 �“knock-on” mechanism6�. This
induces a concerted transition to a state in which the three
ions occupy sites S4, S2, and S0. This is then followed by
departure of the outermost ions in S0 to the extracellular side.

Employing molecular dynamics �MD� simulations on the
basis of the x-ray structure of the KcsA channel, several
computer simulations have provided useful insights into the
structure-conductivity relationship. Ion mobilities and ion
fluxes have been measured by Brownian dynamics
simulations,7–10 and the potential profiles and free energy

surface of ions inside the pore have been calculated employ-
ing molecular dynamics11–14 and Monte Carlo simulations.15

Comparing many classical transport theories in soft and
solid state matter based on microscopic-mechanistic con-
cepts with our present understanding of ion transport in po-
tassium channels, the situation is not satisfactory, at least
from a theoretical point of view. Several authors have pro-
posed theories by employing the stochastic approach which
intends to capture fluctuational characters of ionic transport.
Theories have been developed where the ion transport
through open channels takes place on the basis of the theory
of reaction rates,16–18 where the pore is considered as a se-
quence of energy barriers over which the ion has to jump.
The reaction-rate theory approach, however, was reported to
be somewhat empirical in dealing with ionic permeation
through channels.17 Other theories have been proposed by
Lee and Sung19,20 where the effect of nonequilibrium fluc-
tuations on ionic transport is included by the concept of lo-
calized ratchet,19 or where the coupling between ion trans-
port and channel conformation under an applied
transmembrane potential have been considered.20 Further-
more, the collective movements of the essential constituents
of the pore of an ion channel, i.e., the backbone atoms, ions,
and water molecules, have been described by employing the
quasiparticle concept of “permions,”21 inspired by methods
in solid state physics.

Unfortunately, most of the stochastic theories are unspe-
cific in the sense that the underlying assumptions of the
model cannot be directly related to the real situation. There-
fore, the present study reports on an attempt to reconcile
experimental facts with some microscopic concepts for the
ion transport. Our approach is based on a common strategy
in physics: the development of a theoretical model based on
computer simulations. In our “computer experiment,” we
employed a technique, which is not new,22,23 and which is
borrowed from the experimental technique of atomic force
microscopy. By pulling out the outermost ion from the exit
of the pore, we observed subsequent collective cooperative
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movements of ions, water, and carbonyl groups lining the
backbone of the pore. A detailed analysis of these move-
ments leads to the development of a simple two-dimensional
model of ion-water transport. The observations from our
computer experiment seem to justify the permion concept21

in the fact that the transport is performed by pairwise hop-
ping of ion-water pairs mediated by the potential of the back-
bone atoms of the pore. This observation is also in accord
with previous simulations of an artificial long channel.24 One
important implication, which follows from the analysis of
our computer experiment, is the fact that the water molecules
located between the ions probably serve as rectifiers during
the ion-water movements. This conjecture could explain the
experimentally observed high transport rate in potassium ion
channels.

II. MATERIALS AND METHODS

A. Molecular model

An atomic model of the KcsA channel �Fig. 1� embed-
ded in the lipid bilayer was constructed for the molecular
dynamics simulations. The atomic coordinates of the KcsA
channel were taken from the crystallographic structures at
3.2 Å �Ref. 25� �protein data bank �PDB� 1BL8� and 2.0 Å
�Ref. 4� �PDB 1K4C� resolutions. The channel protein is a
tetramer composed of four identical monomers, M1, M2,
M3, and M4, and each monomer contains 160 amino acid
residues. Only the membrane part of the channel �residues
22–124� �Refs. 4 and 25� was resolved by experiments. The
four monomers are denoted by M1, M2, M3, and M4. The
pH environment of our simulations was set to 7. It has been
suggested by both experimental and theoretical studies that
Glu71, which is buried inside the protein, should be in a
protonated �neutral� state.10,26–28 Other amino residues with
ionizable side chains are located mostly at a solvent exposed
area and were assigned to their ionized state. Other atomic
charges of the selectivity filter have been proposed,29 which
indicates the need of electronically polarizable force fields.

The selectivity filter is the most important structural

component for the function of the KcsA channel. It is com-
posed of the backbone atoms of the K+-channel signature
sequence “TVGYG” with the carbonyl groups pointing to-
wards the pore axis and the amide groups pointing away
from the pore axis. The backbone carbonyl oxygens of the
filter residues form five binding sites, denoted by S0–S4, as
illustrated in Fig. 1. An extra site Sext located outside the
extracellular mouth was identified in the KcsA crystallo-
graphic structure of higher resolution.4 When a K+ ion is
placed at a binding site in the filter, it is coordinated by eight
carbonyl oxygens above and below it.

In the crystallographic data,4 which provide information
of average ion configurations, three K+ ions, which we de-
noted by K1, K2, and K3, were found in the selectivity filter
at sites S1, S3, and S4, respectively.4 One water molecule,
denoted by W1, was found at site S2 between K1 and K2.
More recently, at concentrations of K+ in solution higher
than about 20 mM it was found that the occupancy of the
filter can have two “conductive” configurations:3 a K+-water-
K+-water configuration in which ions bind at positions S1

and S3, and a water-K+-water-K+ configuration in which ions
bind at positions S2 and S4. Since in the present work we are
interested in the conductive properties of the selectivity filter,
we have chosen the K+-water-K+-water configuration as the
initial configuration of ouf KcsA model �Fig. 2�. The pore of
the KcsA channel forms a cavity of 10 Å in diameter situated
in the middle of the membrane. The empty space in the cav-
ity and the 18 Å long intravestibule of the channel were
filled with TIP3P water molecules by a computer program
and subsequently equilibrated with constrained protein coor-
dinates. The pore of the channel contained 50 water mol-
ecules, approximately 40 of them were located in the cavity.
The channel protein was then inserted into a phosphatidyl-
choline �POPC� lipid bilayer30,31 at a position where the C�

of Asp80 was located around the average position of the
phosphate groups of the upper lipid layer. Because of the
asymmetric shape of KcsA, the upper and lower parts of the
bilayer contained different numbers of lipids, 45 and 59, re-
spectively. The membrane-protein system was then solvated
by TIP3P model waters. Eleven Cl− were added to keep the
system neutral. The final channel-membrane model con-

FIG. 1. The structure of the KcsA channel in ribbon representation, and the
definition of the binding sites S j in the selectivity filter.

FIG. 2. Initial configuration of the selectivity filter including ions and water
molecules. A symbolic spring is attached to the last ion.
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tained 388 amino residues �97 residues in each monomer,
5908 atoms in total� and 104 lipid molecules, in total of
28 928 atoms. Before production runs, the total system was
equilibrated for 370 ps.

B. Simulation methods

Under physiological conditions the potassium channel
provides a very efficient and ion selective valve, which al-
lows the equilibration of the different potassium concentra-
tions in the intracellular �high� and extracellular �low� space
across the plasma membrane. Entering and exiting the selec-
tivity filter of an ion channel is a probabilistic process de-
pending on the different ion concentrations on each side of
the membrane. According to the experimentally known
throughput rate of the KcsA channel of about 108 ions per
second, the event of one exiting ion takes place on the aver-
age of every 10 ns, which is a very rare event as compared to
the typical time scale of MD simulations. Since we are not
primarily interested in the event as such, but rather in the
mechanism of ion movements, we imposed a weak perturba-
tion on the system. The perturbation is achieved by displac-
ing the last ion in the channel �Fig. 2� from its binding site S1

to Sext. This method is the “steered” MD simulation
method22,23,32 used for studies on the dissociation processes
of ligand-protein complexes. A harmonic force F was applied
to the ion K1 by attaching it to a symbolic spring. The pore
axis of the channel was considered as a natural reaction co-
ordinate of the ion translocation process. The spring was
shifted towards the extracellular mouth with a constant ve-
locity v=0.015 Å/ps along the pore axis, as illustrated in
Fig. 2. The mechanical �harmonic� force,

F = k0�zK1�t� − z0�t�� , �2.1�

was exerted on K1, where k0=140 pN/Å is the spring con-
stant, zK1 is the position of K1, and z0 is the position of the
end of the spring.

The simulation was carried out using the AMBER5.0

programs33 on the supercomputer at the Forschungszentrum
Jülich. The carbon atom together with its covalently bonded
hydrogen atoms of the hydrocarbon chain of the lipid mol-
ecules were modeled as united atoms.31 The equation of mo-
tion was integrated using the Verlet leapfrog algorithm. Pe-
riodic boundary condition were applied to all three
dimensions of the system. The simulation was done under
the NPT condition. The temperature was kept at 300 K by
applying the Berendsen coupling algorithm on the tempera-
ture scaling.34 The atoms of solute and solvent were coupled
to separate heat bath to prevent the “cold solute/hot solvent”
problem.35 The pressure was kept at 1.0 bar by using the
anisotropic scaling with the coupling constant equal to 0.1.
The SHAKE constraint algorithm was employed to remove the
stretching freedom of all bonds involving hydrogens. The
particle mesh Ewald �PME� summation method36 with
B-spline interpolation and fast Fourier transforms were used
for the calculations of the electrostatic and Lennard-Jones
interactions. The order of the B-spline interpolation was set
to 4, which is a cubic spline approximation, and the size of
the charge grid was �1 Å in each dimension. The direct sum

tolerance of PME was 0.000 01. The 1–4 van der Waals and
the 1–4 electrostatic interactions �van der Waals/electrostatic
interactions separated by only three covalent bonds� were
both scaled37 by the factor 2.0. The equations of motion were
integrated with a time step of 2 fs. The atomic coordinates
were saved every 1 ps and the velocity every 10 ps.

We have conducted three different MD simulations, de-
noted by SMD1, SMD2, and SMD3, each of them with dif-
ferent initial conformations of the whole system. The three
different start configurations were taken from the trajectory
of a 1 ns MD simulation of the system performed after the
equilibration process as described above. In all three simula-
tions the initial ion occupancy states of the selectivity filter
were the same.

III. RESULTS

In order to support the reliability of our MD simulations,
the next two subsections contain reports on the structural
stability and fluctuations of the KcsA structure and, in par-
ticular, of its selectivity filter.

A. Stability of channel structure

The integral structural variation of the KcsA channel
during the simulation can be described by the root-mean-
square deviation �rmsd� of its structure. The rmsd of the
structure was calculated by employing the “orthogonal trans-
formation method.”38 By using this method, a rotation ma-
trix, which optimizes the superposition between a given
structure and a referenced one, is obtained, and the rmsd is
equal to the minimum eigenvalue of this rotation matrix. The
crystallographic structure in PDB file 1K4C is taken as the
reference structure in the rmsd analysis. We have calculated
the time average rmsd of C� atoms from the full structure
and from the selectivity filter �from residue Glu71 to Asp80�.
The rmsd of C� atoms of the full structure and the filter
region in two simulations, where K1 was pulled out of the
filter, were almost of the same values, 1.73±0.09 and
0.64±0.06 Å, respectively, as in a regular MD simulation,
1.71±0.13 and 0.66±0.06 Å. This indicates that pulling K1
slowly out of the filter did not induce significant structural
perturbations.

The stability of the structure of the selectivity filter is
essential for the function of the KcsA channel.2,4 The struc-
ture of the selectivity filter is sustained by a delicate
hydrogen-bonded network along the backbone of the
filter.25,39 From our simulation we found that the average
bond pair distances remain close to the crystallographic data4

with fluctuations less than 1.0 Å. In particular, the
Glu71HE1-Asp80OD pair distance are very stable in all MD
simulations, except in monomer M4 of SMD2. The bonding
of the carboxyl carboxylate stabilizes other surrounded intra-
chain bonds. Note that the pair distances of Gly79HN-
Asp80OD are long but the fluctuations are relatively small in
the MD simulations.

In the crystallographic structure of high-salt concentra-
tion, a water molecule was observed buried in the filter area.4

It mediates the binding between the amide hydrogen of
Gly79 and the carboxylate oxygen of Asp80. In our simula-
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tions, a water molecule located at the predicted position is
observed. The water molecule, denoted by WG79, had leaked
into the channel protein during the simulation. In some of the
channel structures of our simulations, more than one water
molecules were observed leaking into the core part of the
selectivity filter. The extra leaking waters induced the side
chains of Glu71 to alter their orientations, which perturbed
the selectivity filter structure, as shown in Fig. 3.

Although our simulation system is actually in the “low-
salt” condition, the filter structure in most of the simulations
shows good agreement with the high-salt structure, except
during the event of the malfunction of the filter as observed
in simulation SMD2 �see below�.

B. Dynamics of K+ and water in the selectivity filter

Among the three MD simulations, the dynamics of ions
and water molecules in simulation SMD1 and SMD3 have
similar features, which are based on the preserved structural
integrity of the selectivity filter, in particular, with regard to
the correct orientation of the carbonyl groups. We present
here the data of SMD1 only. The upper part of Fig. 4 shows
the z trajectories of the potassium ions K1, K2, and K3 �red�
and the water molecules W1, W2 �cyan�, W3 �blue�, and W4
�green� inside the filter. The figure shows also the trajectories
of the carbonyl oxygens of the selectivity filter residues T-T-
V-G-Y-G �black lines� as marked at the right margin. The
results show that at time 139±3 ps a translocation of K1
from binding site S1 to site S0 started to take place, which
was induced by the harmonic pulling force acting on K1.
This transition was completed within less then 6 ps. Almost
simultaneously, the neighboring water molecule W1 fol-
lowed the preceding K1 from S2 to S1. At �145±3 ps the
next ion K2 followed from S3 to S2. On a time scale of about
6 ps, the whole complex of K1-W1-K2 had performed a
“concerted movement” by one binding site. The ion K2 and
the water W1 remained at their new sites until the end of the
simulation in both SMD1 and SMD3. K1 exited the channel
to the external binding site Sext at about 350 ps. During the
translocations of the water molecules, their orientations with
respect to the symmetry axis of the filter changed signifi-
cantly and seemed to be correlated not only with the neigh-
boring ions, but also with the carbonyl groups lining the

selectivity filter. The orientation of a water molecule with
respect to the z axis is described by the angle �W of its water
dipole according to �W�cos �W=zO−zHH/rO–HH, where zO

is the z coordinate of the water oxygen, zHH is the z coordi-
nate of the center of the two hydrogen atoms, and rO–HH is
the distance between water oxygen and the center of the two
hydrogens. The time variations of �W for W1 and W3 �Fig.
4� indicate a strong correlation between ion-water transloca-
tion and water orientation. While moving from S2 to S1, W1
became oriented by K1 and switched from 0 to +1 at the first
translocation at 140 ps. Since W3 was bound to the K3 when
it entered the selectivity filter from the cavity at 110 ps, its
orientation switched from a fluctuating value to �W=−1
which remained stable until 430 ps. Then it became reori-
ented oppositely due to the K2 during its translocation to S3

A similar pattern of transition as compared to SMD1 was
also observed in the simulation SMD3. A concerted move-
ment of K1-W1-K2 occurred at about 160 ps and the time
delay between the translocations of K1 and W1-K2 was less
than 1 ps. In simulations SMD1 and SMD3, the site S3 be-
came occupied by a water molecule after 250 and 200 ps,
respectively. Similar coupled translocation has been ob-
served in other simulations.39,40

C. Coupling of carbonyl groups with water and K+

Previous MD simulations studies39,40 have shown that
during the motions of the ions subtle changes in the back-
bone conformation of the selectivity filter can appear, which
indicates towards a coupling between ion permeation and

FIG. 3. The location of water molecule WG79. It mediates the bonding
between Glu71-O-E1 and Tyr78-H-N. Two alternative conformations of the
side chain of Glu71 are presented here. The switching motion of the side
chain is induced by a water molecule leaking into the core part of the
protein.

FIG. 4. �Color� Upper part. Ion, water, and carbonyl trajectories in SMD1.
The z trajectories of ions K1, K2, and K3 �red�; water molecules W1, W2
�cyan�, W3 �blue�, and W4 �green�; and the carbonyl oxygens of the selec-
tivity filter residues T-T-V-G-Y-G �black� are shown. Lower part: Orienta-
tional angle �W with respect to the pore axis for waters W1 and W3. The
times of the translocation events are 137±3 and 145±3 ps for W1 and K2,
respectively.
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positional changes of the carbonyl groups. Similar findings
can be reported from our simulations. It is observed that the
concerted movement of K+ and water is accompanied by a
correlated motion of the carbonyl groups lining the selectiv-
ity filter, which is analyzed in the following.

The trajectories of the carbonyl oxygens of the sequence
T-V-G-Y, which are shown in Fig. 4, exhibit a slight dis-
placement downwards the channel axis during the concerted
movements of the potassium ions and the water molecules.
This is basically due to a reorientation of the C–O dipole of
the carbonyls. The orientation can be defined by

�CO � sin �CO = zO − zC/rO–C, �3.1�

where zO is the z-coordinate of the carbonyl oxygen, zC is the
z-coordinate of the carbonyl carbon, and rO–C is the distance
between them. The simulation data of �CO, averaged in par-
cels of 5 ps, are shown Fig. 5 for each of the carbonyls of the
sequence T-V-G-Y. In variance with the observed transloca-
tions in Fig. 4, the orientations of the carbonyls changed at
these transitions as well �Fig. 5�. This observation indicates
that the translocation of ions requires not only a subtle co-
operation between K+ and water, but also between the back-
bone atoms of the selectivity filter and K+ and water. This
will be discussed in more detail in Sec. IV.

D. Malfunction of the selectivity filter

The simulations SMD1 and SMD3 are examples of suc-
cessful ion-water translocations through the selectivity filter.
However, from the point of view of statistical mechanics, it
must be expected that with a certain probability, a transloca-
tion event cannot be completed successfully. One of these
events had been observed during the simulation SMD2.
Since it is very instructive to understand which molecular
events may prohibit or at least retard translocation, the mo-
lecular features of an uncomplete translocation are presented
in the following subsection. The z trajectories of the three K+

ions and water molecules W1–W5 in simulation SMD2 are
shown in Fig. 6.

The first translocation of K1 from site S1 to S0 occurred
at 200 ps. Although starting from the same initial conductive
state configuration K1-W1-K2-W2 as in SMD1 and SMD3,

the trajectories of SMD2 differ such that no concerted move-
ment was observed in this simulation, and W1 and K2 re-
mained in their initial locations at sites S2 and S3. The reason
for the absence of successful translocation was the deforma-
tion of the structure of the selectivity filter during the simu-
lation. As shown in Fig. 7, the Val76-Gly77 backbone of
monomer M4 twisted such that the CvO of Val76 of M4
pointed away from the pore axis and the N–H group of
Gly77 turned inwards pointing towards the pore axis. Similar
observations have been reported recently from other MD
simulations of KcsA in its conductive state.39 The twist of the

FIG. 5. �Color� Time variation of the orientation, �CO, of the carbonyl
groups of TVGY.

FIG. 6. �Color� The z trajectories of ions K1, K2, and K3 �red�; water
molecules W1, W2 �cyan�, W3 �blue�, W4 �green�, and W5 �cyan�; and the
carbonyl oxygens of the selectivity filter residues T-T-V-G-Y-G �black� are
shown. Lower part: Orientational angle �W with respect to the pore axis for
water W1 and W3.

FIG. 7. The alternative conformations of the selectivity filter in SMD2. �a�
The initial conformation of the selectivity filter. Only monomers M2 and M4
are shown here. �b� The alteration of the selectivity filter conformation. The
amide hydrogen of Gly77 in M4 turns towards the pore axis and bound with
a water molecule. The side chain of Asp80 changes its orientation and the
binding between Glu71 and Asp80 is broken up.
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Val76-Gly77 backbone was induced by the tumbling motion
of W1. Because of the displacement of K1, W1 had to adjust
itself to a different conformation to minimize the energy. As
shown in Fig. 6, the �W of W1 fluctuated between 0 and +1
during the time interval of 125–130 ps. This leads the Val76-
Gly77 backbone of M2 to twist for a short time and then
turned back to the original orientation. Later it caused the
same segment of M4 to twist. The oxygen atom of W1 and
the amide hydrogen of Gly77 of M4 formed a stable hydro-
gen bond and they remained like this for the rest of the
simulation. The binding of W1 and the amide hydrogen of
Gly77 blocked the selectivity filter and thus W1 and K2 re-
mained at the same binding sites until the end of the simu-
lation. The observed distortion of the selectivity filter is very
similar to experimentally observed deformations of the KcsA
channel at low-salt concentration.4 The structure of the dis-
torted filter may return to its correct one, if a K+ would enter
the selectivity filter from the extracellular mouth. This ion
may activate W1 again in such a way that W1 unbinds from
the amide hydrogen of Gly77. Since at low-salt concentra-
tion, the occurrence of such an event is less probable, the
system must be expected to remain in a malfunctional con-
formation for a long time.

E. Energetics of the translocation process

The interaction energies between the K+ ions, the water
molecules, and the residues, which are involved in the con-
certed movement, are shown in Fig. 8. The interaction en-
ergy is the sum of the contributions from electrostatic and

van der Waals potentials. As expected, during the transloca-
tion of ions and water within the time interval 140–150 ps,
as shown in Fig. 4, the concomitant changes of interaction
energies are significant and rather sharp. Most importantly,
the total change is at almost no cost of energy. During the
translocation of K2 from S3 �between Thr75 and Val76� to S2

�between Val76 and Gly77� the changes are both approxi-
mately 40 kcal mol−1 �Fig. 8�: from −40 to 0 kcal mol−1 for
the K2-Thr75 interaction, and from −20 to −60 kcal mol−1

for the K2-G77 interaction. The interaction between K2 and
Val76 remains approximately constant.

A similar scenario of transitions is observed for the in-
teraction between W1 and the filter residues. Since the dipole
orientation of W1 is most of the time such that its oxygen
points upward, �W�0 �Fig. 4�, the interactions between W1
and the residues and the K+ below are attractive, while be-
tween W1 and the residues and the K+ above are repulsive.
After the translocation, when W1 had moved to S1 and were
surrounded by the carbonyl groups of Gly77 and Tyr78, its
water dipole oriented entirely upward ��W=1� and bound to
K1. The interaction energy between W1 and K1 became
−18 kcal mol−1, and between W1 and K2, +10 kcal mol−1.
The interaction energy between a water and residues away
from it is zero �e.g., between W1 and Val76 in Fig. 8�.

From the analysis of the interaction energies, we con-
clude that rather than the long-range electrostatic ion-ion re-
pulsion, the concerted movement is more dominated by the
shorter-range dipolar interaction involving the two types of
polar groups, namely, the water molecule and the carbonyl
group. When a potassium ion is far from a carbonyl group,
the electrostatic interaction between them is slightly
repulsive33 almost independent of the carbonyls’ orientation,
whereas at nearest-neighbor positions the interaction can be
repulsive or attractive depending on the orientations of the
carbonyl groups. This indicates the importance of nearest-
neighbor coupling among ions, water, and carbonyls.

IV. DISCUSSIONS

The ability of potassium channels to conduct several K+

ions simultaneously through the narrow pore is usually de-
scribed in terms of concerted mechanisms.5,6 In the follow-
ing we discuss the dynamics of the pore potential and how
this correlates with the interaction between ions and water
molecules inside the pore. Collective motions of ions, water
molecules, and carbonyls lining the pore are explained em-
ploying a simple two-dimensional model.

A. Dynamics of the pore potential

We define two types of pore potentials, UK�z� and
UW�z�, which are the interactions between the whole channel
protein and a single K+ ion and a single water molecule,
respectively. The pore potentials along the pore axis at dif-
ferent times t are shown in Fig. 9. The pore potentials were
calculated for times t which are close to the translocation
events of K1, W1, and K2, as reported in the previous sec-
tion �Fig. 4�. The onset of the translocations of K1 and W1
was approximately at 139±3 ps, the translocation of K2
started around 145±3 ps. The pore potential at each position

FIG. 8. The variation of the interaction energy before and after the first
translocation in SMD1. The interaction energy between K2 and the carbonyl
groups of Thr75, Val76, and Gly77 �top�, between W1 and the carbonyl
groups of Val76, Gly77, and Tyr78 �middle�, and between W1 and K1 and
K2 �bottom�, are shown. The energy calculation includes the whole residue.
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z was determined by calculating the electrostatic and van der
Waals interactions between the particle �water or ion� and the
ion channel. The energy minimum in the x-y plane of the
pore at fixed z was estimated by Monte Carlo methods. Fig-
ure 9�a� shows the development of the pore potential UK of a
potassium ion before the translocation of K2 at t=145 ps.
The figure shows that the temporal change of the pore po-
tential is correlated with the translocation of the exiting K1
from S1 to S0 at t=139 ps. Initially �t=13 ps�, K1 is located
at the potential minimum at site S1. Due to the applied force
on K1 in the positive z direction, the ion exhibits biased
positional fluctuations towards the exit �Fig. 4�. This influ-

ences the orientation of the neighboring carbonyl groups, in
particular, Y78, which changes its orientation such that its
oxygen atom follows the movement of K1, and hence the
orientation �CO becomes positive, as shown in Fig. 5. This
leads to a deformation of the pore potential, as shown in Fig.
9�a�. At t=139 ps, K1 translocates to its new site at S0;
where K1 resides there until t=350 ps when it exits the pore.

Figure 9�b� shows the development of the pore potential
for a single water molecule, UW, in the time interval
136 ps� t�142 ps while K1 performs its translocation from
S1 to S0. Since the water molecule W1 follows the preceding
K1 from S2 to S1, it is of interest to examine whether the
concomitant K1-induced change of the water’s pore potential
favors the translocation of W1. Indeed, before its transition
at 139 ps, W1 is located at the minimum of S2. Presumably
due to the translocation of K1, the pretransitional minimum
of UW at S2 gradually becomes shallower at the expense of
the minimum at S1 which becomes deeper with increasing
time. At about t=139 ps, the potential barrier between S2 and
S1 is only a few kcal/mol, which is small compared to the
K1-W1 interaction energy of the order of −15 kcal/mol �Fig.
8�. Hence the K1-induced change of the pore potential to-
gether with the high binding energy of K1-W1 causes the
pairwise translocation of K1-W1 at t=139 ps.

Figure 9�c� shows the development of UK after the trans-
location of K1 and W1. Within the time interval of 144 ps
� t�150 ps the translocation of K2 takes place. Before its
translocation �t=13 ps�, K2 is located in its potential mini-
mum at S3. With increasing time the potential barrier be-
tween S3 and S2 gradually disappears. At about t=145 ps,
K2 moves to the binding site S2. The new position of K2 at
S2 is stabilized by the subsequent decrease of the pore po-
tential at this site relative to the potentials at the neighboring
binding sites. The bistability of the local double-well poten-
tial at sites S3 and S2 is presumably caused by the preceding
translocation event of the pair K1-W1. This kind of bistable
switching from S3 to S2 is at least locally at no cost of en-
ergy, which is also consistent with the data in Fig. 8, where
only the nearest-neighbor interactions during the transloca-
tion are considered.

B. A two-dimensional model

In order to develop a physical explanation for the ob-
served concerted movements of ions and water it is useful to
consider the following simple two-dimensional model. The
pore potentials UK�z� and UW�z� are described approximately
by the corresponding two-dimensional periodic “lattice po-

tentials” ŨK and ŨW. The geometry of such a “lattice”
model, which approximates the geometry of the selectivity
filter, is depicted in Fig. 10. The model consists of two par-
allel rods at a distance of 7.1 Å. One rod represents one
peptide backbone of the selectivity filter. At each rod six thin
sticks of length 1.24 Å, representing the carbonyl groups of
the sequence T-V-G-Y-G, are attached at a distance of 3 Å
from each other. This is the distance between the carbonyl
groups lining the selectivity filter and defines the periodicity
of the pore potential. Each stick carries a charge of −0.5 e.u.
at its tip and +0.62 e.u. at its junction with the backbone.

FIG. 9. �Color� The pore potentials U�z� at different times t: ��a� and �c��
UK�z� for one K+ ion and �b� UW�z� for one water molecule. The open and
full circles illustrate the average positions of the particles before and after
their translocation, respectively.
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Each carbonyl group is flexible at its junction and may ex-
hibit a tilt angle � with respect to the normal of the back-
bone. The lattice potentials for a single ion and for a single
water molecule at certain tilt angles � of a single cabonyl
group are shown in Figs. 11�a� and 11�b�, respectively. The
potential contains electrostatic and van der Waals interac-
tions. The numerical calculations show that the lattice poten-
tials for an ion and a water molecule differ significantly. At

�=0, the energy barrier for the ion is �ŨK�15 kcal/mol

�24.38kBT�, whereas for the water molecule ��=1� �ŨW

�24 kcal/mol �39kBT�. At equilibrium the barrier heights
are sufficient to keep both ions and water trapped at their
binding sites.

One important fact for the understanding of the effi-
ciency of the collective movements in the pore, in particular,
the translocation of ion-water pairs �Fig. 4�, is the commen-
surability of the periodicity of the pore potential, �3 Å, with
the distance of potential minimum of ion-water interaction,
�2.7 Å. The classical potential energy UKW��z� between a
single ion and the three atoms of a single TIP3P water mol-
ecule, including Coulomb and van der Waals interactions, as
function of the relative position between the centers of ion

and oxygen, �z=zwater−zion, is shown in Fig. 12. Electronic
polarizabilities of ion and water molecules are not included.
For �W=0, the potential is symmetric with respect to �z
�0 and �z	0 �Fig. 12, broken line�, whereas for �W=1
�Fig. 12, full line� the interaction is attractive for �z	0 and
repulsive for �z�0. The absolute minimum �“polarized
bound state”� of UKW=−18.4 kcal/mol �30kBT� is for �W

=1 at �z=−2.65 Å. The attractive part of the ion-water di-
pole interaction is given approximately41 by UKW�z�
= �−69
�W� /�z2D �kcal/mol�, where 
 is the dipole mo-
ment of water in debyes, z is the distance in angstroms from
the dipole center to the ion, and D is the dielectric constant.
For example, for �W=1, D=1, 
=2.34, and �z=2.65, the
energy is UKW=18.08. These simple calculations show that
at equilibrium the potassium ions and the water molecules
are located at the minima of the pore potential �“binding
sites”� forming pairwise “bound states” due to ion-water at-
traction.

Consider now the situation where the ion K1 at S1

moves to site S0, towards right �Fig. 11�. The moving ion
induces a tilt � at its left and right carbonyl groups due to the
Coulomb attraction between K+ and CO−, which was ob-

served in our MD simulations �Fig. 5�. The potential ŨK�z�
changes, becomes locally bistable, and facilitates the move-
ment of the ion.

One important consequence of the ion-induced local tilt-

ing of the carbonyls is the fact that the pore potential ŨW�z�
of the neighboring water molecule W1 at site S2 is changed
as well. This is illustrated in Fig. 11�b� for �W=1. Due to the
ion-induced tilt of the carbonyls, the potential for the water
molecule becomes bistable and the energy barrier towards S1

is reduced from �ŨW�39kBT to 10kBT at �=30°. Since the
ion-water attraction is about UKW=28kBT �for �W=1�, the
water molecule W1 prefers to maintain its bound state with
K1 and follows the preceding ion K1 towards the site S1.
This type of movement was also observed during our MD
simulations �Fig. 4�. The translocations of K1 and W1 create
a vacancy at the binding site S2 which is used in the next
hopping event by the ion K2 from S3 to S2. A backward
motion of W1 to S2 is almost prohibited by the high energy
barrier imposed by the pore potential on W1. Indeed, the

FIG. 10. Illustration of the geometry of a simple two-dimensional model of
the KcsA selectivity filter.

FIG. 11. �Color� The lattice potentials: �a� ŨK�z� for a single ion and �b�
ŨW�z� for a single water molecule.

FIG. 12. The interaction energy between a K+ ion and a water molecule
with different orientations �W as a function of their relative position �z
=zwater−zion. The “polarized bound state” at 2.65 Å has an energy of
−18.08 kcal/mol �30kBT�.
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present MD simulations �and unpublished data� did not pro-
vide any significant evidence for a retrograde translocation
of W1. Similar observations have been reported recently
from studies of long artificial nanochannels which are occu-
pied by an alternating sequence of ions and water.24

C. Is there a ratchet effect by permions?

In the following paragraph, we want to address two spe-
cific aspects of our MD simulations and the lattice model.

First, it is of interest to note that our observations of
coupled ion-water movements could eventually be described
by the recently proposed concept of permions,21 where the
latter is a quasiparticle which should describe the collective
cooperative movements of the constituents of the pore, i.e.,
the backbone atoms, ions, and water molecules. Similar as in
solid state theory, the permion should take into account the
many body character of the transport process. It would
be a challenging task to develop a mathematical theory of
permions.

Second, if the observed absence of retrograde move-
ments of ions and water molecules in the pore could be at-
tributed to a significant difference in the energy barriers of
the pore potential with respect to ions and water molecules,
then a hypothetical permion, where one ion and one water
molecule are in a bound state, would be an asymmetric qua-
siparticle. In this case the water molecule would effectively
act as a rectifier. It is known that a single particle confined in
an asymmetric potential exhibits an anticipated ratchet effect
by drifting along the “easy” ratchet direction when subjected
to nonequilibrium fluctuations.42–45 In the present case, how-
ever, this concept has to be modified since the asymmetry is
not due to the potential, but due to the asymmetry of the
quasiparticle. The concept of localized ratchet has been em-
ployed in a recent theory by Lee and Sung19 in order to take
into account effects of nonequilibrium fluctuations on ionic
transport through ion channels. Whether this theoretical an-
satz could be used to explain the transport specifically in
potassium ion channels is still to be demonstrated.

In this context it may be of interest to point out the
important role of the water molecules intercalated between
the ions inside the pore. Without water, the ion transport
would correspond approximately to the case of superionic
conductors, which is described by the Frenkel-Kontorova
model.46–49

Therefore, the ion conduction in potassium ion channels
seems to be indeed a water-mediated transport process.

V. CONCLUSIONS

The present study reports on an attempt to provide a
microscopic concept of transport in potassium ion channels.
Therefore, we have performed molecular dynamics simula-
tions of the KcsA potassium channel. Employing a simula-
tion technique similar to atomic force microscopy, we have
observed collective and cooperative movements of ions, wa-
ter molecules, and the backbone atoms of the pore. A de-
tailed analysis of these movements leads to the development
of a simple theoretical model of ion-water transport. The
transport can be described by pairwise hopping of ion-water

pairs mediated by the potential of the backbone atoms of the
pore. It is suggested that the function of the water molecules
is probably to serve as rectifiers during the ion-water move-
ments.

In order to corroborate our results and interpretations, it
would be useful to investigate other types of potassium chan-
nels as well. Our results are based on a single pulling veloc-
ity and on three MD trajectories only, which cannot be con-
sidered as a statistical ensemble. However, we assume that
more simulations would increase the accuracy of our results,
but would not change essentially our conclusions.
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