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ABSTRACT The availability of structural infor-
mation about biological ion channels provides an
opportunity to gain a detailed understanding of the
control of ion selectivity by biological systems. How-
ever, accomplishing this task by computer simula-
tion approaches is very challenging. First, although
the activation barriers for ion transport can be
evaluated by microscopic simulations, it is hard to
obtain accurate results by such approaches. Second,
the selectivity is related to the actual ion current
and not directly to the individual activation barri-
ers. Thus, it is essential to simulate the ion currents
and this cannot be accomplished at present by
microscopic MD approaches. In order to address
this challenge, we developed and refined an ap-
proach capable of evaluating ion current while still
reflecting the realistic features of the given channel.
Our method involves generation of semimacro-
scopic free energy surfaces for the channel/ions
system and Brownian dynamics (BD) simulations of
the corresponding ion current. In contrast to most
alternative macroscopic models, our approach is
able to reproduce the difference between the free
energy surfaces of different ions and thus to address
the selectivity problem. Our method is used in a
study of the selectivity of the KcsA channel toward
the K� and Na� ions. The BD simulations with the
calculated free energy profiles produce an appre-
ciable selectivity. To the best of our knowledge, this
is the first time that the trend in the selectivity in
the ion current is produced by a computer simula-
tion approach. Nevertheless, the calculated selectiv-
ity is still smaller than its experimental estimate.
Recognizing that the calculated profiles are not
perfect, we examine how changes in these profiles
can account for the observed selectivity. It is found
that the origin of the selectivity is more complex
than generally assumed. The observed selectivity
can be reproduced by increasing the barrier at the
exit and the entrance of the selectivity filter, but the
necessary changes in the barrier approach the limit
of the error in the PDLD/S-LRA calculations. Other
options that can increase the selectivity are also
considered, including the difference between the
Na�. . .Na� and K�. . .K� interaction. However, this
interesting effect does not appear to lead to a major
difference in selectivity since the Na� ions at the
limit of strong interaction tend to move in a less
concerted way than the K� ions. Changes in the

relative binding energies at the different binding
sites are also not so effective in changing the selec-
tivity. Finally, it is pointed out that using the calcu-
lated profiles as a starting point and forcing the
model to satisfy different experimentally based con-
straints, should eventually provide more detailed
understanding of the different complex factors in-
volved in ion selectivity of biological channels.
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INTRODUCTION

The control of ion permeation by transmembrane chan-
nels underlies many important biological functions (e.g.,
Ref. 1). Electrophysiological studies have provided crucial
information about the overall transport process and about
some of its important details (e.g., Refs. 1–3). Recent
structural studies of the K� channel (KcsA from Sterepdo-
myces lividans4,5) coupled with other experimental infor-
mation have revolutionized the field by offering the oppor-
tunity to understand the nature of biological ion transport
on a molecular level.

Despite the above progress, there are important issues
that have not been resolved on a satisfactory microscopic
level. One of the key problems is the nature of the
selectivity of ion channels toward different ions. For
example, the KcsA channel allows K� ions to pass with an
optimal efficiency while restricting the transport of Na�

ions by a large factor (this factor is thought to be about
1,000,6 although some studies estimated this factor to be
lower7). While reasonable proposals for the origin of this
selectivity are available,5,8–11 it is still unclear what are
the exact factors that control this crucial process (see
below). Thus, it is quite clear that some form of computer-
based structure-function correlation is essential for a
quantitative resolution of the selectivity problem.

Despite the progress in modeling of ion channels
(e.g.,8–10,12–20), development of a practical and reliable
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approach is still extremely challenging. That is, although
some workers might view the present situation with
regards to selectivity calculations as a reasonable stage,17

the situation is far from satisfactory for the KcsA channel.
Computer simulation approaches that involve free energy
perturbation mutations of K� to Na� have given very
different results depending on the parameters used and
the treatment of long range effects. Allen et al.18 obtained
a difference of about 12 kcal/mol between the highest
barriers for Na� and K�. A more systematic study of this
group9 gave a difference of 5.4 kcal/mol at the outer side of
the selectivity filter. Biggin et al.21 obtained a difference of
about 20 kcal/mol between the energy profiles of Na� and
K� in the filter region and larger difference in the gate
region. Another study19 reported a difference in the free
energy of mutating K� to Na� in the first and second
loading sites of 2.8 and 6.6 kcal/mol, respectively. How-
ever, although this study evaluated the activation barrier
for the concerted motion of K� ions, it did not consider the
differences between the activation barriers of the K� and
Na� ions. At any rate, none of the above studies reported
the selectivity for a simultaneous transfer of two or more
ions, which is thought (e.g.,5) to be involved in the actual
conduction process. The study of Luzhkov and Aqvist,8

which used perhaps the most reliable computational model,
gave a relatively small free energy difference (about 2
kcal/mol) for mutating a single K� to a single Na� at the
minima of the loading states and a larger difference (up to
4 kcal/mol) for mutating two K� to two Na� at the minima
of the loading states. This study provided feasible hints for
the origin of the selectivity and an earlier study of these
workers16 evaluated the barrier for a concerted motion of
K� ions. However, the difference between the free energies
of the K� and Na� ions were not evaluated at the barriers’
regions. Furthermore, all of the above free energy calcula-
tions did not involve current calculations and thus could
not determine what selectivity would be obtained with the
calculated energetics. Another interesting attempt to ex-
plore the selectivity problem was reported by Shrivastava
et al.10 These researchers found by direct MD simulation
that the K� ion moves between neighboring sites during
the simulation time, while the Na� ion does not move
during that time (�2 ns). Unfortunately, it was not
possible to determine how long it would take for the Na�

ion to move, nor what the current will be at a given ion
concentration. Other problems might be associated with
the overall reliability of microscopic calculations of the free
energy profile of K� or Na� (see discussion in Burykin et
al.20).

It seems to us that the issue of ion selectivity cannot be
resolved quantitatively or even qualitatively without calcu-
lating the corresponding ion current, which is the actual
direct observable in the system. Such a calculation should
be able to convert the free energy profile of the system to
the corresponding time dependence of the ion permeation
process.

The present work conducts a systematic study of the
origin of the K�/Na� selectivity in the KcsA channel. Our
approach focuses on calculations of the actual ion current,

while trying to use as much as possible information from
semimicroscopic and microscopic calculations of the free
energy surfaces for a single ion and two-ions transport, as
well as on the corresponding effective friction. In other
words, we follow our recently developed approach20 where
we attempt to use state-of-the-art calculations of the
energetics and dynamics of one and two ions and then to
“map” our finding on a more simplified channel model
where we can use Langevin Dynamics (LD) simulations to
explore the ion current. Conceptually this approach is
similar to the approach used by Chung and coworkers,22

but the crucial difference is in the emphasis on a realistic
and complete treatment of the electrostatic problem, which
is very critical in the present case (see Concluding Re-
marks). In fact, the present approach is most similar
conceptually to the approach used in our simulations of
proton translocations in proteins.23

The use of a micro-macro approach helps us to reduce
the wide range of feasible options for the origin of selectiv-
ity. We are able to reproduce a part of the overall selectiv-
ity of the KcsA channel without any arbitrary parameter-
ization and then to explore in a systematic way factors that
can account for the overall selectivity.

SIMULATION METHODS

Our aim is to evaluate the ion current in a realistic
model of the KcsA channel and to try to reproduce the
observed selectivity. This challenging task cannot be accom-
plished at present by direct MD simulations. Thus, we
have to find a compromise that captures the key features of
the system while still allowing for simulations of long time
processes. Our strategy of accomplishing this task has
been described recently in great details,20 but here we
introduce several important improvements and modifica-
tions that will be considered below.

Our calculations of ion current are based on evaluating
the motion of the ions by a Langevin equation24:

mir̈i� � �mi�iṙi� � ��G/�ri� � Ai��t	 � ��Gext/�ri� (1)

where i runs over the ions, � runs over the x, y, and z
Cartesian coordinates of each ions, mi is the mass of the ith
ion, �i is the friction coefficient for the ith ion, and Ai� is a
random force, which is related to �i through the fluctuation-
dissipation theorem.25 The free energy �Gext represents
the effect of the external electric field (see below). The use
of Eq. (1) in simulation of ion current is not new (see Chung
et al.22). What is new and in some respects unique to our
approach is the insistence on obtaining an as reliable as
possible description of the free energy surface �G(r) from
semimacroscopic and/or microscopic simulations. Our treat-
ment describes the total electrostatic free energy of the
ions in the system by

�G�r	 � �
i

��Gi�ri	 � �
i � j

�Gij�rij	 � �
i,k

�Gik�ri, Rk	 (2)

where r and R represent, respectively, the coordinates of
the ions and the ionizable residues of the protein. Here
��Gi(ri) is the free energy invested in moving a single ion
from water to the specific position in the channel, ri The
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notation ��G is used because �G corresponds to the
process of moving the ion from water to its channel site,
and our calculations involve an exchange of a single water
molecule by the ion. That is, the ion penetration leads in
most cases to a displacement of a water molecule, which is
equivalent in a thermodynamic sense to a transfer of this
molecule to the bulk solvent (more dynamical aspects of
this effect are also considered). The overall ��Gi term is
expressed as

��Gi�ri	 � ��Gself�0, 0, zi	 � ��Gsteric�xi, yi, zi	 (3)

where ��Gself is the electrostatic self energy of the ion and
��Gsteric is the steric interaction between the ion and the
channel (see below).

In evaluating ��Gi for a specific ion one may try to use a
fully microscopic FEP approach26 or a semimacroscopic
approach such as the PDLD/S-LRA approach (e.g., Ref.
27). At present, we believe that for ions in the interior of
the KcsA channel one obtains more reliable results with
semimacroscopic approached (see discussion in Burykin et
al.20). However, here we also consider microscopic results
for the free energies of mutating K� to Na�. Here, we use
the fact that FEP calculations for “mutations” are quite
reliable and sometimes sufficiently stable to replace the
semimacroscopic results (note that this is not the case for
calculations of the absolute ��Gi).

The ion-ion interaction term �Gij is represented as in
our previous work20 by

�Gij � 332q� iq� j/�rijεeff �rij		 � �G
�rij	 (4)

where q� i and q� j are the charges of the corresponding ions
and �eff(r) is a dielectric function, which is given by:

εeff �r	 � 1 � ε
�1 � exp��a�r		 (5)

This type of function has been shown27–29 to provide the
consensus of experimental and theoretical studies of
charge-charge interactions in proteins. Using for a� values
between 0.1 to 0.18 tends to give good results in proteins.27

There we used a � 0.15 and examined the effect of �
. The
�G
(rij) term is an additional interaction potential that
will be discussed below. The validity of the first term in
Eq. (4) and its excellent performance has been repeatedly
illustrated (e.g., Ref. 27) and one way to clarify this point is
to emphasize that the use of this equation is physically
equivalent to the use of the highly popular Generalized
Born’s equation (see discussion in Warshel and Pa-
pazyan30). Finally, we would like to emphasize that the
validity of our assumption that �eff is large has been
demonstrated in Burykin et al.20 by explicit calculations.

Another way to look at the first term of equation (4) is to
view it as a tool for interpolating the calculated results for
ion-ion interaction to the general effective potential of Eq.
(3). In doing so, we have to keep in mind that present
microscopic calculations do not provide the full solvation
compensation for the change in ion-ion interaction in
charge separation processes.28 Thus the �eff obtained from
microscopic calculations frequently overestimates the cor-
responding �eff obtained from experimental analysis.

The second term in Eq. (4) (the �G
 term) is given by

�G
�rij	 � Ar � 8 � Kfilter�zij � zij
o	2 (6)

The first term represents a simple steric repulsive term
between the ions. This term prevents ions of opposite sign
from “collapsing” together. Using A � 1,525 kcal*mol�1*Å8

kept the K� Cl� and Na� Cl� ion pairs at an equilibrium
distance of about 3 Å in water (� � 80.0). This term has no
effect on the relevant interaction between ions of the same
sign such ion pairs do not reach a very close distance.

Since the second term has a much more complex origin.
That is, when two ions enter a narrow channel they tend to
keep the same number of water molecules between them.
Thus, if the ith ion enters the channel first and the jth ion
follows, with one water molecule between them, increasing
the separation between the ions will lead to an empty
space and the energy of the system will increase (relative
to the situation where water molecules are allowed to feel
any empty space). Since we deal with an implicit model
without explicit water molecules, we account for this effect
by the second term of Eq. (6). This term is implemented
with the following protocol. We start by setting Kfilter to
zero and leave it zero as long as one of the ions is out of the
filter. In the first time that both ions are in the filter, we set
Kfilter � 1.0 kcal/mol and take zij

o � 7.0 A. Other alternative
values of Kfilter are also examined. Note that this term is
similar in nature to the term used by Edwards et al.31

The ��Gsteric term of Eq. (3) is obtained by modifying
our previous treatment and moving from an explicit ion-
protein steric interaction to a simplified half-quadratic
potential of the form

�Gsteric
channel�xiyizi	 � �Ksteric � �
i � 
o�zi		

2,
i � 
o�zi	
0, 
i � 
o�zi	

(7)

where 
i
2 � xi

2 � yi
2 and Ksteric is a force constant. For the

interface between the boundaries of the membrane/protein
system and the bulk solution, we also used a half-
quadratic potential of the form

�Gsteric
in � �Ksteric � �z � zin	

2, z � zin

0, z � zin

(8)
�Gsteric

out � �Ksteric � �z � zout	
2, z � zout

0, z � zout

Our strategy for obtaining Ksteric(zi) and �o(zi) is based on
trying to chose those parameters that maximizes the
similarity between the BD of the implicit model and the
MD of the explicit model. In particular we optimize the
parameters in Eq. 8 by requiring the BD model should give
similar penetration time as the explicit MD simulation
(the penetration time is evaluated by applying external
forces that accelerate the penetration process and allow us
to study it by direct MD). Our optimization process starts
by choosing the “envelope” of the actual channel as a guide
for the z dependence of �o and then to fit the BD and MD of
the neutral atoms (K0 and Na0) by adjusting Ksteric and �o.
More specifically, we first create the “imprint” of the inner
part of the channel by generating a cubic grid (with 1 Å
spacing), and then delete all grid points that are within 1.5
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Å from any protein atom [the same approach is used in our
Langevin dipole (LD) model26]. The outer envelope of the
grid, 
0(zi), is described by its largest x and y values for
each z (x(zi) and y(zi) respectively). In this way we can
write:


0�zi	 � 
i�zi	 � �0 � �x�zi	
2 � y�zi	

2 � �0 (9)

where the x and y are the outer grid points for the specific
zi. Next we refine �o and Ksteric by forcing the �z(t)�
obtained by BD simulation of the neutral atom, under an
external force to reproduce the corresponding MD results.
The corresponding fitting will be described in the next
section. Note that a similar envelope can be generated by
different methods (e.g., using the program HOLE32).

Another important aspect of our model is the selection of
the optimal �z for Eq. (1). Here we note that the motion
inside the channel corresponds to a motion under the
influence of an effective potential rather than to a free
diffusion. Thus the values of friction obtained by integrat-
ing of velocity autocorrelation function24:

� � �3kbT
m � � �

0

�

�ṙ�0	ṙ�t	�dt�� 1

(10)

as was done in previous studies (e.g., Ref. 33), is not
applicable to Eq. 1. More specifically, Eq. 10 gives � for a
free Brownian particle while Eq. (1) involves a gradient of
an effective potential. With this problem in mind, we try to
use a more realistic approximation of ion friction, namely
we fit the velocity autocorrelation function C�(t) and its
power spectrum P�(�) (obtained from MD simulations) to
the analytical expression of Brownian (damped) harmonic
oscillator (see Wang and Uhlenbeck34):

C��t	 � �ṙ�0	ṙ�t	� �
kb � T

m � exp��
1
2 � � t�

� �cos ��1 � t	 �
�

2 � �1
� sin ��1 � t	�

P���	 �
� � kb � T � �2

m � ���0
2 � �2	2 � �2 � �2�

, (11)

where �0 is angular frequency of undamped harmonic
oscillator (eigenfrequency) and �1 � �(�0

2 � (�/2)2) is
the shifted angular frequency (we assume the under-
damped regime, when �1 is real ). Since the ion spends
most of the time near free energy minima, we can use the
harmonic expansion of the free energy profile at the
minima and then calculate the friction using the above
formula.

The effect of an external field (the ��Gext/�ri� term of eq.
(1)) was not included in our previous studies, which
corresponded to a zero external field. Now, however, we
would like to examine the effect of the potential across the
membrane. Here we use the simplest approach, writing

��Gext/�zi � F�V/	zin � zout	 (12)

where �V is the potential across the membrane and F is
the Faraday constant. Obviously, one can use a more
microscopic approach, placing actual charges on the two
planes outside the simulation region to induce a field that
will correspond to the macroscopic field. However, the
approximation of Eq. (12), which has been used in the
insightful studies of Chung et al.22 seems to provide a
reasonable way for estimating the effect of external poten-
tials.

The van der Waals parameters used in the microscopic
simulations are, of course, of major importance in simula-
tions of ion selectivity. In this work, we optimized and/or
varified these parameters by reproducing the selectivity in
the binding of K� and Na� to valinomycin.35 This was
done for two sets of parameters, one set for the polarizable
ENZYMIX force field36 and the other for the non-
polarizable ENZYMIX force field.36 The parameters ob-
tained for the 6–12 van der Waals potential of the polariz-
able force field were A � 150 kcal mol�1Å12, B � 4.35 kcal
mol�1 Å6 for K� and A � 35.0 kcal mol�1 Å12, B � 3.86 kcal
mol�1 Å6 for Na� for the polarizable force field. Similarly,
we obtained for the non-polarizable force field A � 522.7
kcal mol�1 Å12, B � 4.35 kcal mol�1 Å6 for K�, and A �
143.7 kcal mol�1 Å12, B � 3.89 kcal mol�1 Å6 for Na�. The
later set is identical to the set refined by Aqvist37 by
considering the solvation energy of K� and Na� in water.

It might be useful to point out that we view our
parameterization to be valid despite the fact that the
absolute solvation energies are evaluated relative to the
hydration energy of a proton, whose estimate has changed
somewhat in recent years.38 However, all of our studies
involve the deference between the solvation of ions (K�

and Na�) rather than the absolute values. Furthermore,
the penetration profile involves movement of the ion from
water (not from vacuum) to the protein. Here the most
crucial point is the requirement that the parameterization
will reproduce the difference between the protein-ion and
protein-water interaction and this was verified in part in
our valinomycine study.35

The microscopic simulations (for both the LRA and the
FEP calculations) were done by using the same surface
constraint all atom solvent (SCAAS) boundary condi-
tions39 and local reaction field (LRF) model40 used in
Burykin et al.20 as implemented in the ENZYMIX module
of the MOLARIS programs.36 The membrane region was
represented by a grid of induced dipoles as described in
Burykin et al.20 The semimacroscopic PDLD/S-LRA calcu-
lations were done with the POLARIS model of the program
MOLARIS. The details of this approach are provided
elsewhere (e.g.,36) and also in Burykin et al.20

With the single ion profiles, generated by the PDLD/S-
LRA calculations and the ion-ion potential of Eq. (4), we
moved to the actual simulation of the ion current in the
system described in Figure 1. The simulations were per-
formed by solving numerically the Langevin equation [Eq.
(1)] for a simulation system with the specific free energy
profile and with 4 K� and 4 Cl� ions in both the extracellu-
lar and intracellular sides (this corresponds to a concentra-
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tion of 200 mM in both sides) and an external potential of 200
mV. This was done using the program CHANNELIX.20

MAPPING MICROSCOPIC ENERGY AND
DYNAMICS ON A SIMPLIFIED MODEL

Free Energy Profiles

The first step in our approach involved the evaluation of
the effective free energy surface �G(r). We started by
calculating the potential for a single K� ion and a single
Na� ion by the PDLD/S-LRA method. The profile for K�

was already evaluated in our previous study.20 However,
this time we used a better calibrated set of parameters (see
Simulation Methods) to generate the protein configura-
tions for the PDLD/S semimacroscopic calculations. The
calculations were done by moving gradually from z � �35
Å to z � 25 Å in 0.3-Å increments. In each point, we
constrained the ion by a harmonic constraint of 300
kcal*mol�1*Å�2 and performed 30 of PDLD/S-LRA calcu-
lations each with 15 ps MD on the charged and uncharged
form of the given ion. The average of the ion-environment
interaction of these calculations (see Burykin et al.20) gave
the ��Gself for the given position z.

The calculated free energy profiles (Fig. 2) were obtained
by averaging the PDLD/S-LRA results, obtained with the
two parameters sets (for polarizable and nonpolarizable
force fields). This is a reasonable way to reduce the error
range of the calculations since both approaches are equally
valid, as much as the generation of structures for the

PDLD/S model are concerned. Also note that the minima of
the K� profile do not coincide exactly with the positions of
the loading states (which are given in Fig. 1). This might
reflect the fact that we are dealing with a single ion profile
while the structural studies correspond to occupation by
two ions or more (see below). At any rate, as seen from
Figure 2, the maxima of the profiles for K� and Na� do not
overlap each other (see also below) and the activation
barriers (relative to bulk water) for Na� are 2–3 kcal/mol
higher than the corresponding barriers for K�. These
results may be compared to the 5.4 kcal/mol obtained by
the FEP calculations of Allen et al.9 and the about 2.1
kcal/mol free energy difference obtained at the minima of
the second loading state by the FEP calculations of Luzh-
kov and Åqvist8 (see also below).

It might be useful to comment at this point on the nature
of the single ion calculations and on the crucial point that
these calculations (with a single ion) are used to generate
the effective potential for multi-ion trajectories. Luzhkov
and Åqvist8 found that the channel is not stable in a single
ion simulation. This seems to be consistent with experimen-
tal findings. On the other hand, our 50-ps relaxation run
with a single ion in its charged and uncharged forms did
not involve major collapses. It should be noted that our
studies were done with a 22 Å SCAAS simulation sphere
with a fixed membrane region and a fixed protein outside
the simulation region. Also it should be noted that the
protein did collapse in single-ion simulations that did not

Fig. 1. Schematic description of the system used in the BD simulations. The wide black lines designate the
actual boundaries of the simulation system.
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include the SCAAS constraint. Now, the key point is that
we do not try to reproduce or to study possible slow
unfolding processes but to explore the ion current in the
conducting form of the channel. Here the relevant model
for ion current calculation should not allow for a channel
collapse, since the single ion profile is used for calculations
of the potential of multi-ion trajectories and even when the
trajectory involves a single ion (rather than several ions) it
involves a time that is not sufficient for unfolding.

The treatment of the gate region (�30 Å � z ��10 Å) is
similar to the approach used in our previous study.20 As
discussed and demonstrated in Burykin et al.,20 the X-ray
structure corresponds most probably to the closed state of
the gate. Fortunately, there is evidence that the structure
of the filter region does not change in a drastic way during
the transition from the open to closed state.41 Further-
more, the reorganization of the filter region during an LRA
charging process is probably similar in the open and closed
forms. Thus, we consider the X-ray structure of the filter
region as a good starting point for studies of this region
and also assume that he barrier in the gate region in its
open state are smaller than the barriers in the filter
region. With this in mind, we used a barrierless solvation
potential for the gate region, while simulating the current
for the open state. This working hypothesis is identical to
the implicit assumption of most previous simulation stud-
ies (e.g., Refs. 16,19) where the gate region is not consid-
ered at all. Furthermore, this is probably the most logical
working hypothesis before one has clear structural informa-
tion on the open state of the gate region. The possible effect

of the gate region on the selectivity is discussed in Conclud-
ing Remarks.

Although our actual modeling involves only a single ion
profile and the interaction between the ions is treated by
the effective potential of Eq. 4, it is useful to explore some
selective sections along the free energy surface of a two-ion
system. The most instructive sections is the profile for a
transfer of two ions with a separation of 7Å (this corre-
sponds to a concerted transfer were the ions occupy the n
and n�2 loading sites). This type of profile has been
evaluated by the PDLD/S-LRA method and is given in
Figure 3. As seen from the figure, the profile for 2Na� ions
is shifted to higher energy than the profile of 2K� (note
that the actual simulations did not fix the ions at 7 Å
separation). The significance of this observation will be
discussed below.

As an alternative estimate of the free energy profiles, we
also tried to evaluate the free energy of mutating K� to
Na�, as well as for a sequential cycle that gives the free
energy for mutating two K� ions to two Na� where the two
ions are separated by �7 Å. This was done with different
sets of position constraints. The calculation at each point
involved a FEP simulation with 30 windows and 50 ps for
each window. The calculations with relatively weak con-
straints gave the results summarized in Table I (note that
the results reported in Table I were obtained in a very
different way than the results presented in Figs. 1 and 2).
The calculated FEP results that correspond to the minima
of the loading states are similar in many respects to the
corresponding results of Luzhkov and Aqvist,8 considering

Fig. 2. The PDLD/S-LRA profile for K� (—) and Na� (– – –) single ion transfer through the KcsA selectivity
filter.
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the fact that the calculations of Luzhkov and Aqvist8 were
done with an extra ion in the central cavity. The calcula-
tions with a 20 kcal mol�1 Å�2 constraint gave unstable
results, where the mutation free energy was positive at the
loading state and negative at the halfway between these

states. It appears that at least a part of the problem is due
to the fact that the profiles of the K� and Na� ions do not
have maxima at the same points. Apparently, our FEP
calculations cannot give a sufficiently reliable mutation
profile in the selectivity filter, although the results at the

Fig. 3. The PDLD/S-LRA profile for the transfer of two K� (—) and two Na� (– – –) ions through the KcsA
selectivity filter. The calculations were done with the second ion kept at 7 Å from the first ion (the z coordinate
corresponds to the coordinate of the first ion and the coordinate of the second ion is taken as z�7A.). Note that
this profile is only one possible section in the two-ion free energy surface and that we are not using it in our
calculations (the actual simulations used Eq. 4 and did not fix the ion-ion distance).

TABLE I. FEP Calculations of Mutations of K� to Na� in Different Sites of the KcsA Channel†

Mutation Occupation �Gp�nK � 3nNa � 	 �Gw(nK�3nNa�) ��G(nK�3nNa�)

K�3Na� (1)0000 �15.92 (�17.58) 1.66
0(1)000 �19.70 �2.12
00(1)00 �15.98 1.60
000(1)0 �17.87 �0.29

2K�3 2Na� (1)0(1)00 �29.53 (�35.16) 5.63
0(1)0(1)0 �31.44 3.72

K�3Na� (1)0001 �16.20 (�17.58) 1.38
0(1)001 �16.05 1.53
00(1)01 �13.65 3.93
000(1)1 �18.07 �0.49

2K�3 2Na� (1)0(1)01 �32.21 (�35.16) 2.95
0(1)0(1)1 �31.20 3.96

†All energies are in kcal/mol. The notation for the occupation of the loading states is based on the order a, b, c, d,
e, where 1 and 0 correspond to an occupation by an ion and by a water molecule, respectively. The ions that
were included in region I are given in parentheses. The notations p and w correspond to protein and water,
respectively. The reported results represent an average of 3 simulations (each of 30 windows and 3.0 ps in each
window) using different initial conditions. The calculation involved 3.0 kcal � mol�1 Å�2 position constraints on
the positions of the indicated ions. The free energies of the mutations in water are given in brackets.
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minima with a weak constraint (that allows the ions to
sample all the minima region) are reasonable. Our at-
tempt to evaluate all-atom PMF were also discouraging,
providing very large hysteresis and reflecting convergence
difficulties in the filter region (see also Edwards et al.31). It
seems to us that current PMF calculations are sufficiently
reliable to provide quantitative results for transfer of ions
from water to the KcsA interior (see also discussion in
Burykin et al.20), although such calculations might be
effective for studies of motion of the ions between neighbor-
ing sites.

In view of the difficulties in obtaining a stable profile
from the formally rigorous approaches, we prefer to rely on
the more stable semimacroscopic results, while keeping in
mind the mutations results from the all-atom microscopic
modeling at the minima of the loading states. Thus, we will
focus our discussion on the PDLD/S-LRA results of
Figure 2.

In order to facilitate further analysis, we also converted
the key features of the potential of Figure 2 to a simplified
analytical potential whose parameters can be changed in a
systematic way. That is, we represented the single ion
profile by an empirical valence bond (EVB)-type poten-
tial,26 where we considered n-interacting parabolic poten-
tials and look for the lowest eigenvalue of the Hamilto-
nian.

Hii � Ki�zi � zo
i 	2 � Bi

(13)Hij � �ij

where zo
i and Ki are the minimum and force constant of the

ith state. The mixing term �ij is taken as zero for non-
overlapping parabolas. The use of the EVB surface is
similar to the approach used in our studies of proton
translocation in proteins,23 although in the case of ion
channels the method simply provides a fitting tool rather
than as a way of capturing the physics of bond breaking,
bond making processes. The resulting simplified analyti-
cal potentials are given in Figure 4.

As seems obvious from Figures 2 and 4 and from other
related calculations (e.g., Ref. 9) the penetration profile of
the Na� ion is shifted up relative to the profile of the K�

ion. It is also obvious that at least at some points the
profiles do not overlap each other (see below). It is not
clear, however, how much the up-shift of the single Na�

profile contributes to the selectivity. Another interesting
feature, and in some respects an open question, is the
nature of the profile for concerted two ions motion at 7 Å
separation (again note that we do not use this potential in
our BD simulations). As indicated by the calculations of
Luzhkov and Åqvist8 and by the some of our microscopic
simulation, the free energy change upon mutating 2K�

ions to 2Na� ions (��G(2K�32Na�)) at the minima of the
loading states is significantly larger than the free energy of
mutating a single ion (��G(K�3Na�)). If these results
were also valid for the maxima of the corresponding energy
profile, we could assume that the ion-ion interaction is
larger for Na�–Na� than for K�–K� at any point in the

Fig. 4. The analytical single ion profile for K� (—) and Na� (– – –) ions. These potentials were obtained by
Eq. 13 and fitted to the corresponding profiles in Figure 1.
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selectivity filter. However, the results obtained from the
FEP calculations at the maxima of the profile are very
unstable, and the PDLD/S-LRA method accounts for al-
most all the increase in ��G(2K�3 2Na�), relative to
�G(K�3Na�), by the corresponding single ion contribu-
tion (rather than the ion-ion interaction). Furthermore,
the PDLD/S-LRA calculations do not provide an indication
of the increase of the ion-ion interaction for 2Na� at the
maxima of the corresponding free energy profiles. At any
rate, we are going to explore below the possible implica-
tions of this interesting effect.

Mapping the Friction and Steric Effects

As stated in Simulation Methods, we evaluated the
friction coefficients by fitting the analytical expression of
the velocity autocorrelation of Brownian harmonic oscilla-
tor (Eq. 11) to the velocity autocorrelation obtained from
microscopic MD simulation of the motion in the z direction
at the loading sites. Since the friction coefficients are
strongly correlated with the harmonic frequency, �, we
took � from the power spectrum of the velocity autocorrela-
tion. The resulted fitting gave �z,K � � 10 ps�1, �z,Na � �
15 � 25 ps�1 These values are somewhat tentative since
it is impossible to obtain a perfect fitting between Eq. (11)
and the microscopic C(t) without using effective frequen-
cies that do not correspond to the free energy profile.
Obviously, determining what is the best phenomenological
way to describe the microscopic autocorrelation is an
interesting topic,42 but we do not view it as the central
issue in our selectivity studies. In fact, we believe that the
best option to determine the optimal �z is to perform MD
simulations with an external force and then to force (by
adjusting �z) the corresponding BD simulations to repro-
duce the same average motion in the z direction. This
approach is left, however, to subsequent studies. At any
rate, our starting values for � are � � �z � 10 ps�1 for K�

inside the channel � � �z � 25 for Na� inside the channel
and then �K� � 33 ps�1, �Na� � 81 ps�1 in water, (the

values in water were taken as the corresponding experi-
mental values).

In order to determine the effective steric parameter for
the motion in the x, y direction, we follow the idea outlined
in Simulation Methods. That is, after determining �i(zi)
(see Simulation Methods), we started by running a series
of microscopic MD simulation of the uncharged K0 and Na0

atoms taking z � 20 Å (with different values of x and y) as
starting points and applying a force of F�4 kcal mol�1 Å�1

toward the channel interior. The same force was then
applied in the BD simulations with different values of the
Ksteric and �o(z) of Eq. 7. The best agreement between the
BD and MD permeation times were obtained with Ksteric �
5 kcal mol�1 Å�2 and �0 � 1.0 and 0.9 Å for K0and Na0,
respectively, for the selectivity filter region. We also found
that the current is proportional to the square of the
channel radius (�0 � �(zi)). With this in mind and in order
to obtain accelerated convergence, we used �0 � 2.5 Å for
both K0 and Na0. Thus, with �(zi) � 0.5 Å at the narrow
points of the channel we have to scale down our calculated
current by a factor of four.

The parameters obtained from the above considerations
as well as other parameters of the effective potential are
summarized in Table II. We would like to clarify in this
respect that this are not free parameters that were chosen
to reproduce to the observed selectivity but parameters
that are obtained from microscopic considerations (see also
discussion in Concluding Remarks).

EXAMINING THE ORIGIN OF THE SELECTIVITY
OF THE KCSA ION CHANNEL

Although the free energy profiles obtained in the previ-
ous section may give strong hints for the origin of the
selectivity, they cannot provide a conclusive answer (even
if the results were fully quantitative). That is, the K�/Na�

selectivity expresses the difference between the correspond-
ing ion currents. Thus, it is essential to convert the free
energy profiles and friction coefficients to the correspond-

TABLE II. Some Parameters Used for the Effective Potential in BD Simulation†

Type of interaction Function Equation Parameters Values

Ion-ion:electrostatic εeff(r) � 1 � ε
(1 � exp(�ar)) (5) ε
 30.0–15.0
a 0.1 A�1

Ion-ion:steric �G
�rij) � Ar�8 � Kfilter (zij � zij
0)2 (6) A 1.5 A

Kfilter 1.0 kcal mol�1 Å�2

zij
0 7.0 A

Ion-channel:steric
�Gsteric

channel �xi,yi,zi	 � �Ksteric � �
i � 
0�zi))2, 
i � 
0(zi)
0, 
i � 
0(zi)

(7) Ksteric 5.0 kcal mol�1 Å�2

zin �30.0 Å

�Gsteric
in � �Ksteric � �z � zin	

2, z � zin

0, z � zin

zout 20.0 Å

(8) �0 1.0 Å for K�; 0.9 Å for
Na�

�Gsteric
out � �Ksteric � �z � zout	

2, z � zout

0 z � zout

(see comment†)


0�zi	 � 
i�zi	 � �0 � �x�zi	
2 � y�zi	

2 � �0
(9)

†The actual simulations were accelerated by using �0 � 2.5 Å for both K� and Na� ions and then scaled down by a factor of four (for discussion, see
Mapping the Friction and Steric Effects).

420 A. BURYKIN ET AL.



ing currents, in order to see if a given model can account
for the observed selectivity.

Our ability to calculate ion currents helps not only in
evaluating the selectivity that corresponds to the calcu-
lated free energy profile, but also in examining what can
account for the selectivity within the error range of the free
energy calculations. Furthermore, the calculations can
help in examining what is the role of the different features
of the free energy profile in controlling the ion current. Of
course, this can be easily done with more phenomenologi-
cal approaches (e.g., Ref. 5), but with such models we face
the risk of going out of the range of physically feasible
parameters (see Concluding Remarks).

Our current calculations started with the PDLD/S-LRA
profile for the single-ion motion and with �
 � 30 for both
the Na� and K� ions (sets A and B). The calculations
involved external potential of 200 mV and equal concentra-
tions (C � 200 mM) on both sides of the membrane, (this
corresponds to the experimental conditions in LeMasurier
et al.6 where the observed K� current is 15 pA). The
calculated currents are given in Table III. Similar currents
and selectivity were obtained from the analytical EVB-like
potential (Fig. 3) that was fitted to the PDLD/S-LRA
potential (sets C and D). As seen from Table III, we
obtained selectivities of 40 and 20 for the numerical and
analytical potentials, respectively. This selectivity is quite
significant but still underestimates the observed selectiv-
ity (although the calculated selectivity is expected to

increase at lower external potential). With this in mind, we
used our analytical model to examine different factors that
can account for the observed selectivity. The idea is to try
to modify the analytical potential as little as possible while
trying to obtain a reasonable selectivity. The simplest way
to reproduce the selectivity is to increase the highest
barriers in the single ion profile. Increasing the exit (a-out)
barrier by 2.0 kcal/mol (set E) or increasing the entry (e-d)
barrier by 2.0 kcal/mol (set F) increases the selectivity to
200 and 250, respectively. Another effective way to in-
crease the selectivity is to push down the minima of the
Na� profile (set G).

Additional interesting effects that can be observed from
Table III include the relatively small dependence on
friction (approximately linear dependence) and the depen-
dence on the external potential.

Typical simulated trajectories and currents for K� and
Na� are shown in Figure 5. As seen from Figure 5, the Na�

ion needs much longer time than the K� ion to pass
through the channel. The ability to simulate these longer
times, which is crucial for our studies, is obviously not
provided at present by direct MD simulation (see Shrivas-
tava et al.10).

As seen from Figures 5 and 6, K�, the productive
trajectories (trajectories that leads to ion transport) tend
to be more concerted (the ions tend to move together
through the filter), while the Na� productive trajectories
tend to involve a single ion transport through the selectiv-

TABLE III. Simulated Currents for K� and Na� in Different Conditions†

Case Ion �, ps ε

Concentration:

in/out, mM � V, mV Solvation profilea I, pA Selectivity

A K� 10 30 200/200 200 Numerical 10.00 —
B Na� 25 30 200/200 200 Numerical 0.25 40
C K� 10 30 200/200 200 Analytical 5.00 —
D Na� 25 30 200/200 200 Analytical 0.25 20
E Na� 25 30 200/200 200 Analytical, �2.0 kcal/mol

at the a-out barrier
0.025 200

F Na� 25 30 200/200 200 Analytical, �2.0 kcal/mol
at the e-d barrier

0.02 250

G Na� 25 30 200/200 200 Analytical, �1.0 kcal/mol
at the minima

0.01 500

H K� 10 30 200/200 200 Analytical (equal depth
at the minima)b

6.75 —

I Na� 25 30 200/200 200 Analytical (equal depth
at the minima)b

0.15 45

J K� 10 30 200/200 400 Analytical 17.50 —
K Na� 25 30 200/200 400 Analytical 1.75 10
L Na� 10 30 200/200 200 Analytical 0.75 7
M K� 25 15 200/200 200 Analytical 8.00 —
N K� 10 30 400/200 200 Analytical 10.00 —
O Na� 25 30 400/200 200 Analytical 0.36 27
P K� 10 30 400/200 400 Analytical 29.00 —
Q Na� 25 30 400/200 400 Analytical 2.25 13
†All quantities are in the indicated units. �, ε
, and � V designate, respectively, the friction in Eq. (1), the scaling parameter in the effective
dielectric of Eq. (5), and the external potential. The calculated current is divided by four to account for the use of larger channel radius (see
Mapping the Friction and Steric Effects).
aThe solvation profiles used are either the numerical PDLD/S-LRA potentials (A and B) or the indicated modifications of the analytical potentials.
bThe analytical potentials were modified in a way that the total potential (solvation potential � interaction with the ionized groups � external
potential) will have minima of equal depth. The selectivity is obtained as the ratio between the currents of K� and Na�. Thus we give the relevant
selectivity in the corresponding entry for Na�.
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ity filter. However, the degree of concertedness appears to
depend on the concentration and the applied potential.
That is increasing the external potential and the concentra-
tion gradient tends to lead to more concerted trajectories.
Furthermore, assuming a more regular spacing for the
minima of the Na� profile leads to a partially concerted
trajectory for this ion. Apparently the deeper are the

minima of the potential, the more the ions tend to be bound
and to move in a concerted way.

An intriguing option is presented by the idea that the
difference in ion-ion interaction contributes in a major way
to the observed selectivity.8 Although this idea was not

Fig. 5. Trajectories of K� ions in the KcsA channel. (a) A long
trajectory (z as a function of time) that was used in calculating the ion
current. (b) A segment from the long trajectory taken from the dashed
rectangle of (a). The positions of the ions during the trajectory are
described by snapshots that depict only those ions which reside in the
channel at some period during the time shown.

Fig. 6. Trajectories of Na� ions in the KcsA channel. (a) A long
trajectory (z as a function of time) that was used in calculating the ion
current. (b) A segment from the long trajectory taken from the dashed
rectangle of (a). The positions of the ions during the trajectory are
described by snapshots that depict only those ions which reside in the
channel at some period during the time shown.
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reproduced by PDLD/S free energy profile, we decided to
examine it by changing the effective dielectric for the
ion-ion interaction. Since our Na� trajectories did not
follow concerted paths with our calculated free energy
profiles and simulation conditions, we decided to use the
concerted K� trajectories as a test case for the situation
expected in the case where the Na� trajectories are
concerted. Thus we decreased �
 for the K�. . .K� interac-
tion from 30 to 15 [this corresponds to a change of the
corresponding ion-ion interaction from 2.9 to 5.5 kcal/mol
(see Eq. 4) for 7 Å separation] and examined the correspond-
ing changes in the behavior of the system. Surprisingly,
the change in ion-ion interaction had only a small effect on
the selectivity (compare sets C and M). Apparently the
inability to obtain larger selectivity is due to the fact that
when the ion-ion interaction increases, the current tends
to include more contributions from single ion trajectories.

Another factor that did not appear to be so effective in
controlling the selectivity is the relative height of the
minima at the loading states. Changing the potential to
give equal height at these minima (sets H and I) had only a
small effect on the current of each ion. The sensitivity to
the parameters in Table II was found to be relatively small
in the region studied. The sensitivity to the �
 has been
considered above. The parameter A only affected the
interaction with counterions and thus has no applicable
effect. The parameters Kfilter and z0 did not lead to a
significant change in selectivity. Similarly, �o and Ksteric

have a small effect on the calculated selectivity.

CONCLUDING REMARKS

In order to evaluate ion currents in ion channels in a
reasonable computer time, it is essential to have effective
potentials that can be evaluated in a fast and efficient way.
Thus, it is tempting to combine semimacroscopic calculations
with BD simulations. However, in doing so one faces major
problems. First, the evaluation of the ion-ion interaction
term by Poisson-Boltzmann (PB) and related approaches is
at present too expensive (see discussion in Burykin et al.20),
although this problem can be overcome by adopting our
effective ion-ion potential [Eq. (5)]. Second, and more impor-
tantly from the point of view of the present work, most
current macroscopic and semimacroscopic approaches are
not expected to reproduce ion selectivity since they do not
reflect in a consistent way the change in the channel radius
upon exchange of K� by Na� (they only reflect this effect for
the ions in water). More specifically, PB calculations do not
consider the changes in the geometry of the channel loading
sites upon the binding of different ions. Consequently, they
would predict the same energy for K� and Na� inside the
channel and lead to incorrect selectivity. Attempts to use
MD-generated structures may help but will still miss the
channel reorganization energy. Thus, one of the main ad-
vances of the present work is its ability to represent ion
selectivity in a consistent way by a semimacroscopic method.
This is due to the LRA formulation of our PDLD/
S-LRA approach, which takes into account in a consistent
way the effect of the steric interaction between the ion and
the channel and the corresponding reorganization energy.

The ability to obtain the proper trend in ion selectivity by our
semimacroscopic calculations is encouraging progress.

Our computational approach allowed us to explore de-
tailed features, which are hard to examine by more
phenomenological approaches. For example, it is found
that the degree of concertedness in the productive trajecto-
ries depends on the concentration and applied voltage. In
our experience, it is hard to reproduce this result by a
one-dimensional BD model with the same effective poten-
tial or by a master equation treatment. Although this issue
will require further studies, we are quite certain that in
some limiting cases the ion motion through the selectivity
filter is less concerted than generally assumed. Most
current suggestions for the origin of the selectivity of the
KcsA channel do not involve any calculations of the
corresponding multisite kinetics. One interesting excep-
tion is the proposal that involves explicit kinetic calcula-
tions was put forward by Morals-Cabral et al.5. This
proposal assumed a reasonable kinetic mechanism and
used the corresponding master equation to account for the
difference in conduction of K� and Rb�. The main idea
that emerges from this proposal is that in an optimal
concerted ion movement, the free energy change �Go is
zero, while in a non-optimal transport �Go � 0. The
present simulations indicate that the situation may be
more complicated. More specifically, in our opinion it is
extremely hard to construct a unique kinetic scheme based
only on experimental and structural information. Thus, for
example, the scheme of Morals-Cabral et al.5 involves a
step where two K� move to a closer distance (steps F3 B)
so that the energy of the system is expected to increase due
to ion-ion interaction. However, according to the kinetic
scheme of Morals-Cabral et al.5, the actual energy of the
system decreases by 0.8 kcal/mol. While this situation is
possible (with proper changes in the binding energy), it is
not consistent with our free energy calculations, where the
energy increases when two positive ions move to a closer
distance in the selectivity filter. Thus, we believe that at
present the optimal approach should involve a combina-
tion of structure-based energy calculation and experimen-
tal information.

One of the key points in our modeling approach is the
attempt to insist (as much as possible) on a realistic and
physically consistent treatment of the channel. In our
view, and as argued in our previous study,20 other re-
ported macroscopic and semimacroscopic models have not
used a sufficiently realistic treatment. One of the main
problems is the selection of proper dielectric constants.
Here it is not sufficient to argue that a model with some
assumed protein dielectric constant reproduce the ob-
served current, since this can be done with different
models (which might be unable to account for the selectiv-
ity). It is essential to have a model that reproduces
observed facts about binding, mutations, and pKas. Such
validation studies have not been reported in the KcsA case
but have been done by us and others for a long time on
other proteins (e.g.,27). Our studies demonstrated that one
cannot use a low �p for charge-charge interactions and that
models that do not involve the LRA treatment must use
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�p � 6 to correctly account for the self energy of the charged
groups.

One of possible confusion about the realistic features of
our model is the common view that “with many parame-
ters one can fit anything.” Such a view would be relevant if
the parameters used were adjusted arbitrarily and could
thus determine the results. As should be now clear from
studies with force field and other related approaches,26 it
is entirely legitimate and useful to have potentials with
many adjustable parameters as long as these parameters
are fitted to properties that are not included in the specific
modeling studies (e.g., studying the difference between
enzymes to water reactions by a model that is not param-
eterized to reproduce these differences43). The same is true
with respect to ionic radii in solvation models. Now the
situation is similar with regards to our effective potential.
Here the single-ion barrier and other features were deter-
mined from microscopic and semimacroscopic simulations
that could not by themselves lead to arbitrary reproduc-
tion of the observed selectivity. Thus, the relevant ques-
tion with regards to the parameters in the model is
whether or not the changes that we allowed for some
parameters were the reason for our apparent successes.
The answer is no, since the sensitivity to changes in the
parameters presented in Table II is relatively small in the
range considered by us as a realistic range. Finally, we
would like to clearly distinguish between the first step of
our study (sets A–D in Table III), which involved no
adjustment of parameter, and the second step, which
examined the sensitivity to the nature of the free energy
profile. Now, while the changes of the calculated profile in
the second stage could reproduce any desirable result, it is
very encouraging that the first step produced significant
selectivity without adjusting the calculated profile.

Our studies pointed towards a strong sensitivity of the
calculated profile to the dielectric constants used (in
particular upon moving from a large value of �eff to a small
value, and in using small �p without employing the LRA
approach). Other workers and in particular Chung and
Kuyucak17 have reached a different conclusion. A part of
the difference between the two views is due to the fact that
very different models are being used. That is, Chung and
Kuyucak17 studied the energetics of ion channels by
models that assume that the ion must be surrounded from
all directions by water. Such models, which are perfectly
valid for wide channels like porine, are not applicable to
the narrow selectivity filters when the ion is practically
inside the protein. This problem can be reduced by assum-
ing artificially that the ion is surrounded by water, al-
though in reality the water molecules cannot access the ion
from the x and y direction. Now, with such an artificial
salvation, the role of �p is replaced by �w and the results
may be insensitive to �p. At any rate, more consistent
models that reflect experience from other proteins and can
account for ion selectivity depend very strongly on the
assumed �p.

The importance of using a proper dielectric has been
emphasized repeatedly in studies of globular proteins,27

including membrane proteins,29 but less so in the contest

of ion channels. A case in point is the so-called helix dipole
effect. A careful study44 has demonstrated that the effect
of the helix-macrodipole is much smaller than what has
been estimated using low dielectric models and that most
of the effect is due to the localized dipoles at the last turn of
the helix. Yet, a recent study45 concluded that the effect of
the main chain dipoles of distant helix residues is substan-
tial. This study, however, used � � 2 in a PB continuum
model that does not reflect explicitly the protein reorgani-
zation. As explained elsewhere (e.g. Ref. 27) one has to use
relatively large �p models that do not involve an LRA
reorganization procedure. Using a proper LRA procedure
in the PDLD/S-LRA approach gave a much smaller effect
of the helix macrodipole and distant residues. The differ-
ence between our approach to those that use low � in PB
models is that we allow correctly for the protein reorgani-
zation. This reorganization, that was already considered
in Åqvist et al.44, is one of the reasons why the effect of the
helix dipole is small. Now a preliminary study in our lab
established that the use of � � 2 overestimates the effect of
the helix dipole by a factor of 3 and that the effect is rather
localized.

The present study examines the molecular origin of the
selectivity of the KcsA channel. Taking the calculated free
energy profiles at their face value underestimates the
experimentally estimated selectivity. However, modest
changes of these potentials (or the equivalent analytical
potentials) lead to significant selectivity. In particular,
about 2.0 kcal/mol increase in the entry and exit barriers
for the Na� ion can increase the selectivity to about
200–250. Similarly, increasing the binding energy of the
Na� ion (in the lowest energy site) by 1–2 kcal/mol can
lead to the observed selectivity. It seems to us that these
changes are at the limit of the error range of the calcula-
tions. Thus, studies that would focus on further quantifica-
tion of the relative binding free energies of K� and Na� are
clearly needed (see below).

It might be useful to comment at this point about the
currently accepted model of concerted motion in the KcsA
channel.5,16,46 Such a motion is indeed observed in some of
the K� trajectories (Fig. 5). However, the degree of concert-
edness depends on the external potential and concentra-
tion. Apparently, even free energy profiles that would
reproduce the observed population5 might not lead to a
completely concerted motion. It is clear that this issue
requires further studies.

After considering the changes of the single ion profiles
that lead to the observed selectivity, we examined other
factors that can play an important role in discriminating
between the K� and Na� channels. An interesting and
potentially important factor is the difference in ion-ion
interaction of the correlated motion of ion pairs (see also
below). However, although this seems to be a real effect,
regardless of its possible variation along the filter, the
present study indicates that it is unlikely to be the major
factor in controlling the KcsA selectivity. That is, even if
the Na�. . .Na� interaction at the transition states of the
concerted motion is larger than the K�. . .K� interaction,
the difference in selectivity is not expected to increase by
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more than a factor of 5. The reason is that the Na� current
will involve larger separation and more single ion trajecto-
ries, which will compensate for the larger interaction. Note
in this respect that while our simulation conditions did not
lead to concerted Na� trajectories, the conclusions drawn
from the K� simulations with different �eff should be
applicable to cases where the Na� trajectories are con-
certed. The issue of ion-ion interaction will be discussed
further below.

It is still possible that a significant part of the selectivity
might be due to the gate region. In the absence of definitive
structural information on the open state of the gate (see
discussion in Free Energy Profiles), we assumed here no
barrier for both K� and Na� in this region. However, it is
quite likely that the barrier for transfer through the gate
region is somewhat different for Na� than for K�.

Although our free energy profiles do not account for the
full observed selectivity, the calculated difference in the
details of the K� and Na� profiles and the corresponding
ion-ion interactions are quite instructive. These differ-
ences emerge from both the microscopic and semimacro-
scopic simulations and most probably reflect the reality in
the KcsA channel. Although it is quite difficult to repre-
sent the complex difference between the K�™K� and
Na�™Na� interaction by changing the corresponding �eff,
we clearly have here an effect that can be described as a
change in the position dependent dielectric constant. At
the loading states, the Na� ion interacts more strongly
with the channel dipoles (e.g., the carbonyls) and this
makes it harder for these dipoles to compensate for the
interaction with another ion and thus leads to a lower
dielectric constant for ion-ion interaction. Unfortunately,
this situation changes when the ions move to the transi-
tion states where it is harder to quantify it. Thus, at
present we can only point out that it is essential to
consider the change in ion-ion interaction in studies of ion
selectivity. Of course, we also can (as was done here)
examine the consequences of changes in the ion-ion inter-
action by changing the effective dielectric constant.

As should be obvious from the above discussion, we do
not claim that we provided the final word about the origin
of the selectivity of the KcsA channel. However, we pro-
vided a scheme that can be gradually refined by using
directly and indirectly experimental information. First, we
can gradually refine our free energy profiles and parame-
ters. For example, we can try to reproduce the important
information about the binding of K� to Ba2� blocked
high-conductance Ca2� activated K� channel.47 Reproduc-
ing this information and interpreting the corresponding
experimental findings should help greatly in refining our
approach. Second, even with the current uncertainty about
the free energy profiles we are in a range that allows us to
reproduce experimental information about current and
selectivity while still satisfying the physical constraints on
the system. We can, for example, find what modifications
of the surfaces can lead to the observed selectivity and to
other observed properties. This philosophy is similar in
some respects to the current philosophy of Chung and
coworkers31 but with one significant difference. We strongly

believe that properly evaluated semimacroscopic free en-
ergy profiles should provide major constraints on the range
of feasible phenomenological models.

In conclusion, we believe that further modeling studies
along the line of the present work, coupled with an
additional effort of obtaining more meaningful and stable
results from microscopic simulations, should lead eventu-
ally to detailed understanding of the selectivity of the
KcsA channel and related systems.
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