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ABSTRACT KcsA is a bacterial K� channel that is gated by pH. Continuum dielectric calculations on the crystal structure
of the channel protein embedded in a low dielectric slab suggest that side chains E71 and D80 of each subunit, which lie
adjacent to the selectivity filter region of the channel, form a proton-sharing pair in which E71 is neutral (protonated) and D80
is negatively charged at pH 7. When K� ions are introduced into the system at their crystallographic positions the pattern of
proton sharing is altered. The largest perturbation is for a K� ion at site S3, i.e., interacting with the carbonyls of T75 and V76.
The presence of multiple K� ions in the filter increases the probability of E71 being ionized and of D80 remaining neutral (i.e.,
protonated). The ionization states of the protein side chains influence the potential energy profile experienced by a K� ion as
it is translated along the pore axis. In particular, the ionization state of the E71-D80 proton-sharing pair modulates the shape
of the potential profile in the vicinity of the selectivity filter. Such reciprocal effects of ion occupancy on side-chain ionization
states, and of side-chain ionization states on ion potential energy profiles will complicate molecular dynamics simulations and
related studies designed to calculate ion permeation energetics.

INTRODUCTION

Ion channels are a major class of integral transmembrane
proteins classically involved in the control of cell excitabil-
ity. They provide gated, aqueous pores through which se-
lected ions diffuse passively down their electrochemical
gradient (Hille, 1992). Mutations in channels may result in
disease (Ashcroft, 2000). It is therefore of some interest to
relate the molecular structure of ion channels to their phys-
iological function. X-ray crystallographic studies have re-
vealed the structures of a bacterial K� channel KcsA (Doyle
et al., 1998) and of a mechanosensitive channel (Chang et
al., 1998). At the same time, spectroscopic studies have
revealed aspects of channel gating (Perozo et al., 1999; Cha
et al., 1999; Glauner et al., 1999; Patlak, 1999). However,
the microscopic basis of their ability to effectively select
ions and allow them to permeate at diffusion-like rates
remains an intriguing question (Meuser et al., 1999).
Potassium channels are selective for K� ions over other

ions and act physiologically to dampen cell excitation and to
maintain the membrane potential at its resting value (Hille,
1992). Site-directed mutagenesis studies combined with
electrophysiology identified residues that confer selectivity
(MacKinnon and Yellen, 1990). The recent elucidation of
the structure of KcsA (Doyle et al., 1998) provided the first
view of a potassium channel at the molecular level. Several
ions were shown to be present in the channel, supporting the
view of K� channels as single-file, multi-ion pores (Hille,
1992). Electrophysiological characterization has shown it to
be a K�-selective channel with a conductance of 83 pS

(Heginbotham et al., 1999), although the existence of mul-
tiple conductance levels has also been suggested (Meuser et
al., 1999). It is gated by pH such that channel opening is
favored at pH � 4 (Cuello et al., 1998). EPR studies show
that the opening of the spin-labeled channel involves struc-
tural changes that increase the pore radius at the intracellu-
lar mouth of the channel (Perozo et al., 1999). Although its
physiological function is as yet unknown, its strong se-
quence homology to other K� channels, particularly within
the filter region, suggest that all K� channels share a similar
structure (Yellen, 1999), although it seems likely that in Kv
channels one of the two pore-lining transmembrane helices
may be kinked (Kerr et al., 1996; Shrivastava et al., 2000;
Camino et al., 2000; Sansom and Weinstein, 2000). Thus,
KcsA provides a useful structural model with which to
investigate the molecular basis of ion channel function.
The crystal structure of KcsA reveals a membrane-span-

ning tetramer with a narrow selectivity filter at the extra-
cellular side and a large, hydrophobic, water-filled cavity
near the center of the membrane (Fig. 1 A). Continuum
electrostatic studies suggest that dipole moments of the
short pore (P) helices, which surround the filter, are able to
focus an ion within this aqueous cavity (Roux and Mac-
Kinnon, 1999). Difference electron density maps, calculated
from crystals soaked in Rb�-containing solutions, reveal the
existence of multiple ion binding sites. These were included
in the crystal structure (Doyle et al., 1998) as three ions within
the selectivity filter and one ion in the cavity (Fig. 1 B).
Computational simulations enable one to explore the

functional implications of molecular structures of ion chan-
nels (Sansom et al., 2000). For example, molecular dynam-
ics (MD) simulations have been used to calculate free
energy profiles along the pore of gramicidin (Roux and
Karplus, 1991) and more recently to estimate the relative
free energies of possible configurations of ions in the filter
of KcsA (Åqvist and Luzhkov, 2000; Allen et al., 2000).
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Unrestrained MD simulations of KcsA in a lipid bilayer
have revealed concerted single-file motion of ions and water
molecules in the filter (Shrivastava and Sansom, 2000;
Bernèche and Roux, 2000). MD simulations have also been
used to explore aspects of KcsA electrostatics (Guidoni et
al., 1999). However, as has been shown by studies of porins
(Karshikoff et al., 1994) and of simple models of ion chan-
nels (Adcock et al., 1998, 2000), the ionization states of side
chains in an ion channel may differ from their default states.
Such differences can have a significant effect on the ener-
getics of ion permeation.
In this paper we present calculations of the likely ioniza-

tion states of side chains of Kcs, and of how these ionization
states may be modulated by the presence of K� ions in the
filter. The protonation state of an E71-D80 pair near the
selectivity filter modulates the strength of interaction of a
K� ion with the selectivity filter.

MATERIALS AND METHODS

KcsA model

The molecular model used in this study is the x-ray crystal structure of
KcsA (Protein Data Bank (PDB) file 1bl8) with the missing side chains
(R27, I60, R64, E71, R117) modeled as stereochemically preferred con-
formers. The model omits 22 residues from the N-terminus and an addi-
tional 42 residues from the C-terminus. Each subunit of the truncated
tetramer consists of two transmembrane helices (M1 and M2) connected by
a �30-amino-acid pore region consisting of a turret, a pore (P) helix, and
a selectivity filter. The filter contains the highly conserved K� channel
signature sequence TVGYG (Fig. 1).

Electrostatics calculations

The procedure for calculating pKA values for ionizable groups in situ uses
established methods (Bashford and Karplus, 1990; Yang et al., 1993), and
its application to ion channel models has already been described in some
detail (Adcock et al., 1998; Ranatunga et al., 1999). Similar methods have
proved useful in explaining the difference in selectivity between two
bacterial porins (Karshikoff et al., 1994) and yield good agreement with
experimental data for bacteriorhodopsin (Bashford and Gerwert, 1992).
In brief, the calculation is based upon evaluating the change in electro-

static free energy associated with moving an isolated amino acid from an
aqueous environment (in which it is characterized by an experimental
model pKA) to a protein/bilayer environment. Free energies are estimated
by numerical solution of the linearized Poisson-Boltzmann equation. The
energy difference in going from bulk solvent to protein/bilayer is made up
of three electrostatic contributions: 1) the interaction of a side chain with
the surrounding dielectric environment (i.e., the Born energy), 2) the
interaction of a side chain with the background of nontitrating charges (i.e.,
the back energy), and 3) the interactions between the various ionizable side
chains. Factors 1 and 2 combine to perturb the behavior of a side chain
away from the model pKA value to give an intrinsic pKA. The interaction
between each pair of ionizable residues when combined with the intrinsic
pKA values enables the protonation state of each individual ionizable
residue to be calculated from the thermodynamic average over all possible
protonation states of the protein, using

p�x� � exp��ln10 �
i

�i�pKA,INTRINSIC,i � pH�

� � �
i
�
k�i

	Gi,k�,
where p(x) is the probability of a residue existing in its ionized state and x
is an N-element state vector whose elements are 0 or 1 depending on
whether the residue is un-ionized or ionized, respectively, where � 
 �1
for a basic residue, � 
 �1 for an acidic residue, � 
 1/RT and where
	Gi,k is the screened Coulombic interaction energy between pairs of
ionizable residues i and k (Bashford and Karplus, 1991; Lim et al., 1991).
This procedure is carried out using a Monte-Carlo routine to minimize the
computational time taken by reducing the sampling space (Smith, unpub-
lished work; Adcock et al., 2000).
The system is represented as a mixed model of continuum solvent and

microscopic protein. The lipid bilayer in which KcsA is embedded was
represented by a slab of overlapping methane-sized spheres. The slab was
of thickness 30 Å and centered on the channel protein. The interiors of the
protein and the slab were assigned a dielectric of 4. The solvent region,
both outside the channel and within its pore, was assigned a dielectric of 78
and a Debye length corresponding to an ionic strength of 100 mM. The
protein atomic partial charges and radii were from the CHARMm22 set
(Momany and Rone, 1992). A solvent-accessible surface of 1.4 Å and a

FIGURE 1 (A) Two subunits of the KcsA channel, viewed perpendicular
to the pore axis with the extracellular mouth of the pore at the top of the
diagram. Key ionizable residues are shown in space-filling format, with
acidic residues in dark gray and basic residues in pale gray. (B) The
selectivity filter region, showing two copies of the TVGYG motif and two
P helices. The crystallographic locations of K� ions (at S1, S3, S4, and in
the cavity, C) and a water molecule (at S2) are shown. Thus, S1 is at the
center of the carbonyl oxygens of G77 and Y78, S2 is at the center of the
carbonyl oxygens of V76 and G77, S3 is at the center of the carbonyl
oxygens of T75 and V76, and S4 is formed by the carbonyl oxygens and
side-chain (O�) oxygens of T75.
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Stern radius of 2 Å were employed. Where ions were explicitly present, no
ionic strength was included.

Molecular dynamics

Ion/protein interaction energies were evaluated via MD simulations on an
ion/protein/water system using methods described in detail elsewhere
(Smith and Sansom, 1997; Ranatunga et al., 1998). The system consisted
of KcsA plus 2296 water molecules, the latter present within the pore and
as caps at either end of the channel. This system was relaxed by a 100-ps
MD simulation before analysis of ion/pore interactions. The ion was placed
at successive 1-Å positions along the pore, and the nearest water molecule
to the ion was removed. Harmonic restraints (force constant of 10 kcal
mol�1 Å�2) were applied to the z-position of the ion and the system
minimized (3000 steps ABNR), heated (to 300 K for 6 ps), and equilibrated
(9 ps). Shift functions acting between 13 and 14 Å were employed to
truncate long-range interactions. Harmonic restraints were applied to the
C� atoms (see below) and an MMFP cylindrical restraint was applied to
the water molecules in the caps. The potential energies of ion/protein and
ion/water interactions were averaged over the 9-ps period.

Restraints

In the reduced system, which includes only protein and water and omits the
bilayer, restraints are required to preserve the structural integrity of the
protein. However, using a constant arbitrary restraint for all protein atoms
may result in errors in estimation of protein/ion interactions (Allen et al.,
1999, 2000). To mimic the motions of a channel protein in unrestrained
simulations, restraints were designed to reproduce the magnitude of fluc-
tuations observed in a 1-ns simulation of KcsA embedded in a POPC lipid
bilayer (Shrivastava and Sansom, 2000). It should be noted, however, that
the use of such restraints may preclude certain rare conformations that are
insufficiently sampled in the original simulation.
Restraints were applied only to C� atoms of the protein, treated as

independent harmonic oscillators. The mean square value of the maximum
amplitude, A, of a harmonic oscillator can be expressed in terms of the
spring constant, kS:

�A2� �

0

�A2p�A�dA

0

�p�A�dA �

0

�A2exp��kSA2/2kBT�dA

0

�exp��kSA2/2kBT�dA �
kBT
kS
,

where kB is Boltzmann’s constant, T is the temperature, and p(A) is the
probability distribution function of A. This was equated with the mean
square fluctuation (MSF) from the average position of the C� atoms as
calculated from a full bilayer MD trajectory of KcsA (Shrivastava and
Sansom, 2000) to yield a unique value for the spring constant for each C�
atom. These values were incorporated as harmonic restraints using
CHARMm24, and the restrained (i.e., reduced) system was simulated for
100 ps.
The resulting restraints yield C� MSF values closer to those from the

full bilayer trajectory than did a simulation run in the absence of restraints
(results not presented). To improve the quality of the restraints the spring
constants were scaled by the ratio of the target MSFs (i.e., those from the
full bilayer simulation) to the observed MSFs (i.e., those observed in the
reduced simulation), and the restrained simulation was repeated. This
procedure was iterated until a reasonable convergence was observed be-
tween the target and observed MSFs. This occurred after two consecutive
scalings. These spring constants were used for all MD simulations pre-
sented in this paper.

General

All calculations were performed on either Silicon Graphics O2 worksta-
tions or a Silicon Graphics Origin2000. All electrostatic calculations were

performed using the finite-difference method with a two-step focusing
protocol in UHBD5.1 (Davis et al., 1991). MD simulations used
CHARMm24 (Brooks et al., 1983). Structure diagrams were drawn using
Molscript (Kraulis, 1991) and Raster3D (Merritt and Bacon, 1997).

RESULTS

pKA values of ionizable side chains

Absolute pKA values were calculated for all 60 ionizable
residues in the crystal structure of KcsA. Most of the
residues remained in their default ionization states at neutral
pH although their pKA values were shifted somewhat from
the corresponding model values (Table 1). However, some
residues are perturbed into nonstandard ionization states,
including R64 and E71.
The R64 residues have unusually low pKA values (4.4 �

0.3) such that they would remain neutral at pH 7. Their side
chains are directed out from the top of the pore helix toward
the N-termini of the neighboring M2 helices, thus forming
inter-subunit interactions. Their proximity to the low dielec-
tric of the membrane as well as unfavorable interactions
with both the N-terminus of the helix dipole of M2 and the
nearby R89 residues combine to lower their pKA values
(Table 1) relative to the model value of 12.0 (Nozaki and
Tanford, 1967).
The intracellular mouth E118 residues form a ring in

which the side chains point into the pore. They are neutral
at pH 7 (Table 1) due to their close proximity to each other
(�4 Å), combined with unfavorable interactions with the
surrounding protein (for example, they are at the C-terminus
of the M2 helix dipole). Of course, cytoplasmic regions of
KcsA not present in the crystal structure may influence
these residues in vivo, although we note that the channel
still retains its functional properties in the absence of the
C-terminal cytoplasmic region, and both regions are sug-
gested to project away from the transmembrane domain of
the protein (Perozo et al., 2000).

TABLE 1 Results of pKA calculations

Side
chain

Model
pKA

Born energy
(kcal mol�1)

Back energy
(kcal mol�1)

Intrinsic
pKA

Absolute
pKA

H25 6.3 3.4 � 0.1 �0.4 � 0.1 4.1 � 0.1 1.9 � 0.2
R27 12.0 0.5 � 0.0 0.7 � 0.0 11.1 � 0.0 11.1 � 0.0
E51 4.4 �6.9 � 0.1 12.3 � 1.0 0.5� 0.7 �0.0
R52 12.0 3.1 � 0.1 �1.4 � 0.3 10.8 � 0.2 14.5 � 0.0
R64 12.0 2.2 � 0.1 5.5 � 0.3 6.4� 0.2 4.4 � 0.3
E71 4.4 �6.6 � 0.1 6.7 � 1.1 4.4� 0.8 �14.5
D80 4.0 �4.1 � 0.0 1.6 � 1.0 5.8� 0.8 3.7 � 2.2
R89 12.0 5.8 � 0.1 1.8 � 0.6 6.5� 0.4 14.5
R117 12.0 1.0 � 0.0 �0.6 � 0.0 11.7 � 0.0 12.0 � 0.0
E118 4.4 �1.8 � 0.0 �1.7 � 0.4 6.9 � 0.3 10.8 � 2.8

The pKA calculations were performed in the absence of K� ions. Values
given are averages (�SD) for the four copies of each residue in the
channel.
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E71 and D80 lie near the selectivity filter and have been
suggested to interact to form a proton-sharing pair within
each subunit (Bernèche and Roux, 2000). This is supported
by more recent crystallographic data (Mackinnon, 2000).
The side chains of E71 point upward from the bottom of the
P helix near the selectivity filter (Fig. 1 A). The conforma-
tions of these side chains have been modeled. Their absence
from the 3.2-Å-resolution crystal structure coordinates
might be indicative of significant conformational flexibility.
The D80 residues lie at the extracellular end of the selec-
tivity filter and their side chains are directed away from the
pore and toward the E71 side chains (Fig. 1 A). Both
residues are in a predominantly low dielectric environment,
favoring their neutral (i.e., protonated) state. However, the
background charges compensate for this almost perfectly.
Strong interactions between E71 and D80 residues in the
same subunit (8.0 kcal mol�1) and of E71 with Y78 (5.0
kcal mol�1) dominate and elevate the pKA of the E71 side
chains such that they are likely to be neutral at pH 7. The
pKA values of the D80 side chains are reduced somewhat,
and so these residues are ionized at pH 7. The titration
curves of both groups of residues (E71 and D80; Fig. 2 A)
are complex and markedly nonsigmoidal. In particular, as
the pH is increased, the increased ionization of the D80 side
chains appears to suppress ionization of the E71 side chains.
However, summation of the probability of ionization of

each E71-D80 pair (Fig. 2 B) yields sigmoidal titration
curves, suggesting that each pair shares one proton rather
than acting as two independent sites.

Effects of K� ions

K� channels have long been thought to be multi-ion pores
(Hille, 1992). For KcsA this is supported by x-ray crystal-
lographic results (Doyle et al., 1998) and by simulation
studies (Shrivastava and Sansom, 2000; Allen et al., 2000;
Åqvist and Luzhkov, 2000; Bernèche and Roux, 2000). To
investigate how the presence of ions may influence the
ionization state of KcsA, the absolute pKA values were
recalculated in the presence of different configurations of
K� ions within the channel. As might be anticipated, adding
K� ions to the channel increases the probability of ioniza-
tion of acidic residues while suppressing the ionization of
basic residues, and such effects are more pronounced if
multiple ions are present and/or an ion is close to an ioniz-
able side chain. The maximum pKA shifts observed were of
the order of two pH units.
The E71-D80 proton-sharing site showed very strong ion

dependence (Fig. 3). Both single and multiple K� ions in
the filter had significant effects on ionization of this region
of the channel protein. To discuss these effects we will use

FIGURE 2 (A) Calculated titration curves (shown as probability of ion-
ization versus pH) for E71 (solid lines) and D80 (broken lines) for the x-ray
conformation of KcsA. (B) Probability of ionization of each of the four
(E71, D80) pairs as a function of pH.

FIGURE 3 Calculated titration curves for a single E71 (A) and D80 (B)
residue (from the same subunit) in the presence of different combinations
of ions in the pore. The configuration of ions is indicated as follows. For
sites S1, S3, S4, and the cavity C the presence/absence of an ion is
indicated by a 1/0. Thus, 110–1 indicates a K� ion at S1, a K� ion at S3,
and a K� ion in the cavity.
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a nomenclature similar to that of Åqvist and Luzhkov
(2000) to describe ion occupancy of the channel (see cap-
tion to Fig. 3 for details). For example, 101–1 indicates a
configuration with K� ions at sites S1 and S4 and in the
cavity (see Fig. 1 B for nomenclature of the K� ion binding
sites). For a single K� ion present, the biggest effect on the
E71-D80 pairs is obtained for configuration 010–0 (i.e.,
with the K� ion at site S3 in the middle of the filter). In
contrast, if the single ion is in the cavity (configuration
000–1) the E71-D80 titration curves are not significantly
different from those obtained in the absence of K� (i.e.,
000–0). Multiple ions in the filter all have similar effects,
regardless of the exact configuration. In more detail, al-
though in the absence of ions the predominant state is E71H,
D80�, in the presence of multiple ions, this switches to
E71�, D80H. If a single ion is present in the filter (e.g.,
configuration 010–0), then the proton is shared equally
between the two side chains. Furthermore, in the presence
of multiple ions, pH has little or no effect on the ionization
state of E71, D80. This suggests that the ionization state of
the E71, D80 pair is unlikely to form the basis of pH gating
of the channel.

Sensitivity to changes in conformation

In the context of the limited resolution of the crystallo-
graphic structure of KcsA, for which exact fourfold rota-
tional symmetry is imposed, it is of interest to investigate
the sensitivity of our pKA calculations to small perturba-
tions in structure. Thus, pKA calculations were repeated for
snapshots from MD simulations of KcsA in a POPC bilayer
(as described in Shrivastava and Sansom, 2000). A notice-
able effect of the MD simulations on this system is the loss
of exact fourfold symmetry and changes in some of the
networks of interactions between ionizable residues existing
in the crystal structure to form new networks (Fig. 4). Note
that these MD simulations were run under the assumption
that all residues were all in their default ionization states.
Thus, rearrangements of side chains have been driven by
certain side chains moving to accommodate their fixed
default charges.
Absolute pKA values were calculated for snapshots of

KcsA in a POPC bilayer simulated with no ions at 500 and
1000 ps (simulation MDK0 of Shrivastava and Sansom,
2000) and 320 ps into a simulation with three K� ions
(simulation MDK3). The pKA values for the structures after
MD simulation (data not shown) differ from those calcu-
lated from the x-ray structure in that all of the pKA values
became consistent with the default ionization states used in
the MD simulations. In effect, the unrestrained MD simu-
lations allow residues to move to accommodate their as-
sumed charge states. For example, the E71-D80 interaction
(see above) is disrupted. The D80 side chain, instead of
interacting with E71, forms intra-subunit interactions with
R64 and inter-subunit interactions with R89. This is similar

to the conformation in MD simulations of KcsA embedded
in an octane slab (Guidoni et al., 1999)). Meanwhile, E71
interacts with the NH backbone atoms of D80 (Fig. 4 A).
These MD simulations also generated changes in the

E118 ring, the side chains of which no longer pointed in
toward the pore. Instead the E118 side chains pointed away
from the pore interacting with the positive ionizable groups
around the intracellular mouth. This allows all the E118
residues to be ionized, but their exact pKA values vary
according to which segment the residue is in; i.e., a degree of
asymmetry is seen. Furthermore, for each E118 residue, its
exact pKA varies with time. Thus, although this is perhaps a
somewhat extreme example, it can be seen that the magnitude
of conformational changes observed in a �500-ps MD simu-
lation may lead to changes in pKA values.

Effect of ionization state on electrostatic
potential profiles

Having established that ionizable side chains of KcsA ex-
hibit complex titration properties, it is useful to examine

FIGURE 4 Changes in conformation of an E71, D80 pair during a
bilayer MD simulation (Shrivastava and Sansom, 2000). E71, D80 pair
before (A) and after (B) 0.5 ns of simulation. Note the change in the closest
approach of the two side chains.
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possible functional consequences of changes in side-chain
ionization states. A first approximation to this may be
obtained via calculation of the electrostatic potential profile
along the pore axis, using the same Poisson-Boltzmann
approximation as was used in calculation of pKA values.
This was performed on KcsA with the ionizable residues 1)
in their default ionization states, 2) in their neutral states
(i.e., acidic residues protonated and basic residues deproto-
nated), and 3) in their calculated ionization states at pH 7 (as
specified in Table 1).
In all three cases the profiles (Fig. 5) show clear potential

wells in agreement with the cation selectivity of the channel.
The electrostatic potential profiles show some difference
between ionization states particularly in the vicinity of the
intracellular mouth. A deep intracellular well (��45 kcal
mol�1) is a feature of the profile when default ionization
states are assumed but is absent from the other two states.
This is due to the E118 ring, which helps to constrict the
intracellular mouth of the pore.
The overall shapes of the profiles are similar to each other

in the aqueous cavity and filter regions but show significant
quantitative differences. However, the potential well gener-
ated by the filter is lower for the default than that for the
other two ionization states. The shape of the profiles in this
region shows that the backbone carbonyls do indeed provide
a cation-attractive environment within the pore, but these
continuum calculations do not allow resolution of discrete
ion binding sites. The extent of ionization of the E71 ring,
which we have shown to proton share with the D80 ring,
strongly influences the depth of the well in the selectivity
filter region. In the extracellular mouth the profiles are very
similar for the different ionization sates as they approach 0

kcal mol�1. The profile does not show any strong cation-
attractive features in this region.

Effect of ionization state on potential energy of
interaction with a K� ion

Although a continuum calculation provides an estimate of
the effect of side-chain ionization on the strength of inter-
actions of a K� ion with the channel, it cannot take into
account, e.g., small changes in channel conformation in
response to the presence of the ion or allow estimation of
the relative strengths of ion/protein and ion/water interac-
tions. To explore such aspects in a little more detail, a K�

ion was placed at 1-Å steps along the pore axis and the
potential energy of interaction was averaged during a short
MD simulation. It should be noted that this provides an
estimate of the effect of different ionization states on po-
tential energies of interaction. However, the simulation
times are too short to enable estimation of free energy
profiles (Åqvist and Luzhkov, 2000).
First, let us examine the overall shape of the interaction

profile, calculated as the interaction energy of the K� ion
with the pore plus water (Fig. 6 A). A large barrier is seen
at the intracellular mouth due to the narrowness of the
channel here (reflected in the ion-water interaction), sug-
gesting that the channel is in a closed conformation. This

FIGURE 5 Electrostatic potential energy profiles (calculated via numer-
ical solution of the Poisson-Boltzmann equation) along the pore axis for
three different ionization states of the protein: default indicates the fully
ionized state; pH 7 indicates the ionization state at pH 7 based on calcu-
lated pKA values (Table 1); and neutral indicates that all ionizable side
chains are in their uncharged state. The gray arrows above the graph
indicate the approximate locations of the intracellular (IC), cavity (C), filter
(F), and extracellular (EC) regions.

FIGURE 6 Interaction potential energy profiles for a K� ion as a func-
tion of position along the pore axis. (A) The ion-(protein � water) inter-
action energies; (B) The ion-water (upper half) and ion-protein (lower half)
interaction energy profiles.
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barrier is independent of the ionization state of the protein
side chains. The shape of the profile in the region of cavity
and filter differs markedly between different ionization
states. If one assumes all side chains to be ionized (the
default assumption) then there is a broad potential well, of
depth ��40 kcal mol�1 in the center of the filter. If one
assumes all side chains to be in their neutral state, this well
is transformed to a barrier of height ��50 kcal mol�1. If
one takes the ionization states predicted at pH 7 using the
pKA values in Table 1, then the potential profile is much
flatter, with a small well close to the cavity and a small
barrier in the middle of the filter.
These profiles can be analyzed in more detail by breaking

them down into ion/water and ion/protein profiles (Fig. 6
B). This clearly reveals that the intracellular barrier is due to
an unfavorable ion/water term; i.e., the ion is desolvated as
it is moved through the intracellular mouth of the (closed)
channel, and even in the fully ionized system (with a ring of
anionic E118 side chains), the ion/protein interactions are
insufficient to compensate for this desolvation. The size and
shape of this intracellular barrier vary little with ionization
state except at the furthest extreme of the channel (�32 Å).
This is roughly the position of the E118 ring and its posi-
tively charged neighbors (H25, R27, and R117). The prin-
cipal barrier (at z� �20 Å) is due to the hydrophobic A111
and V115 rings.
Within the filter it can be seen that the ion-protein inter-

actions are highly favorable whereas the ion-water interac-
tions are unfavorable (relative to a fully solvated K� ion).
The depth of the ion-protein potential well is dependent on
the ionization state, �2.5 times for the fully ionized model
to ��100 kcal mol�1 for the neutral model. The latter
figure is dominated by the interactions of the K� ion with
the carbonyl oxygens that line the filter. Even in the pH 7
model, this potential well is deepened to ��200 kcal
mol�1. Thus, the state of ionization of the side chains has a
strong influence on the ion-protein interaction energy pro-
file. In particular, D80 contributes ��150 kcal mol�1 to
the depth of the ion-protein well. The E71 ring, which forms
a proton-sharing site with D80, is ionized only in the default
state contributing��120 kcal mol�1 to the well depth. D80
does not have a significant contribution in the pH 7 and all
neutral states. Thus, even though the backbone carbonyls of
the selectivity filter residues stabilize ions, the ionizable
residues in the vicinity have a considerable effect on the
energetics of an ion within the filter.
Of course, the final effect of these changes is seen in the

ion-(protein � water) profiles. An expanded view of these
within the selectivity filter is given in Fig. 7, highlighting
the influence of the ionizable residues nearby (i.e., E71 and
D80). The profile for the model with all neutral side chains
presents a barrier of height ��50 kcal mol�1 in the filter,
whereas both the fully ionized and pH 7 model profiles have
shallow potential wells. It is informative to compare these
wells with the locations of K� ions in the x-ray structure (at

sites S1, S3, and S4, although the latter two sites cannot be
occupied simultaneously) and with the results of simulation
studies (Shrivastava and Sansom, 2000; Åqvist and Luzh-
kov, 2000) that indicate that ions prefer to occupy sites S2
and S4. The default profile is perhaps a little more consis-
tent with the ion occupancy in the crystal (as it has a well
close to S1) whereas the pH 7 profile is perhaps closer to the
simulation results. However, it should be remembered that
1) these profiles correspond to single ion occupancy and 2)
simulation studies indicate that transitions between S1/S3
and S2/S4 occupancy are facile. The latter is consistent with
the relatively flat profiles observed, especially for the pH 7
model.

DISCUSSION

Biological implications

The main result from this study is to demonstrate quantita-
tively that the most likely ionization state for several side
chains in KcsA is not the default (i.e., bulk solution) ion-
ization state for the corresponding amino acid. Although
perhaps it is unsurprising in itself that pKA values are
perturbed, the degree of shifts and final pattern of protona-
tion, due to the opposing electrostatic interactions that un-
derlie them, can be approached only by explicit calculation.
In particular, the E71-D80 pairs and the E118 ring have
considerably perturbed pKA values. It has previously been
suggested, by visual examination of the structure, that the
E71-D80 pair might share a single proton (Bernèche and
Roux, 2000), and this suggestion is supported by the current
studies. To the best of our knowledge, protonation of the
E118 ring has not been suggested. These changes in ioniza-
tion states of side chains from the default states are consis-
tent with our earlier studies of models of ion channels
(Adcock et al., 1998; Ranatunga et al., 1998; Adcock et al.,

FIGURE 7 Expanded view of the K�-(protein� water) potential energy
profiles for the selectivity filter region. Profiles are shown for the same
three ionization states as in Fig. 6. The vertical gray arrows show the
approximate locations of the three K� ions and the water molecule seen in
the filter in the x-ray structure.
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2000) and add details to our picture of the molecular struc-
ture of KcsA that cannot be arrived at by x-ray diffraction.
Similar shifts in pKA values have been seen in homology
models of Kv and Kir channels (based on the KcsA struc-
ture) (Capener et al., 2000; Ranatunga et al., 2001). It thus
seems reasonable to conclude that such effects may be
widespread in ion channels and need to be taken into ac-
count in simulations and theoretical studies.
However, there is clearly a complication in that pKA

values, if sensitive to the local protein environment, are also
likely to be sensitive to changes in that local environment.
For those side chains in the vicinity of the central pore
running through an ion channel, a significant perturbation is
likely to be the presence/absence of ions within the pore.
We have explicitly shown that, in the case of KcsA, the
pattern of protonation of the E71-D80 pair is sensitive to the
presence/absence of K� ions within the selectivity filter. If
no ions are present, then the degree of protonation shows
some pH dependence. At pH 7 each pair shares one proton
that is more likely to be on E71. If multiple K� ions are
present within the filter, then the degree of protonation is
more or less independent of pH, and the proton is more
likely to be on D80. Thus, for future simulations of KcsA in
the presence of ions, it is reasonable to assume that E71-
D80 share a proton and that this proton is predominantly on
D80.
It is important to establish the possible effects of such

changes in ionization states on the function of KcsA. Pre-
vious studies of an early model of a K� channel pore
(Ranatunga et al., 1998) suggested that changes in ioniza-
tion state could alter potential energy profiles for an ion
translated along the pore axis. Furthermore, it has been
shown that use of predicted ionization states results in
smaller drift, during an MD simulation, of a Kir channel
model than was observed if default ionization states were
assumed (Capener et al., 2000). In the current study we have
demonstrated, by two different approaches, that changes in
ionization state may have a significant effect on K� poten-
tial energy profiles. Although open to criticism on theoret-
ical grounds (Moy et al., 2000), Poisson-Boltzmann calcu-
lations provide a first approximation to the electrostatic
potential energy profile. Even from such approximate cal-
culations, it is evident that changes in ionization state have
an effect. These effects have been characterized in more
detail by estimation of the potential energy profile for a
single K� ion. Although absolute energy values represented
must be treated with caution, it is evident that the major
changes are in the shape of the profile in the selectivity
filter. It will be important to estimate the effects of changes
in ionization state on the relative free energies of different
configurations of multiple ions within the filter (Åqvist and
Luzhkov, 2000). However, even on the basis of the current
calculations, it is evident that ionizable side chains that do
not actually line the pore can have an effect on the energet-
ics of ion permeation and hence on channel conductance.

We have also demonstrated that, in an unrestrained MD
simulation, the side-chain conformations of KcsA seem to
adjust themselves to accommodate the initial ionization
states assumed. This is to be expected, but does introduce a
complication into attempts to rigorously simulate ion per-
meation while taking into account possible changes in ion-
ization state. Our results suggest that, even if one were to
repeatedly update pKA calculations and ionization states
during a simulation, the ionization state trajectory would be
somewhat sensitive to the initial ionization state of the
system. This would seem to be a topic that merits further
investigation.

Limitations

What are the limitations of the current study? It is evident
that the pKA results are sensitive to side-chain conforma-
tions, and so one must be cautious in over-interpreting these
results. They derive from a snapshot of the channel as seen
in the crystal. For example, the high temperature factors of
E71 and D80 in the crystallographic model might suggest
that the presence/absence of proton sharing may fluctuate
with respect to time and/or between different subunits of the
channel tetramer.
Furthermore, it is known that pKA estimates are subject to

errors (Antosiewicz et al., 1996; Wlodek et al., 1997; You
and Bashford, 1995) associated with assuming fixed side-
chain conformations during such calculations. The use of
the linearized Poisson-Boltzmann equation embodies the
assumption that the electrostatic energy is much less than
the thermal energy of the system and has been shown to lead
to errors (Jordan et al., 1989), although Weetman et al.
(1997) suggest that the form of the results is unaffected by
the exact method of calculation. Arguably, this assumption
has already been made in approximating the potential en-
ergy of mean force with a purely electrostatic term that
ignores ion-ion interactions (Daune, 1999). The Poisson-
Boltzmann equation is an equilibrium treatment and has
been applied to these systems in the absence of a trans-
bilayer electrochemical gradient. Clearly, in vivo, the situ-
ation is far more complex and away from equilibrium (Chen
et al., 1997). However, the very fact that ions are observed
in the x-ray study would suggest that they have preferred
configurations, and so an equilibrium theory may be accept-
able as a first approximation. Whether these configurations
can be considered as a starting point from which to consider
the non-equilibrium case remains an open question and
needs to be addressed in the future.
An additional possible source of error lies in the channel

structure used in the calculations. It is likely that the crystal
structure is closer to that of the channel in its closed state
than in its open state. EPR studies (Perozo et al., 1998,
1999) suggest that the channel widens at its cytoplasmic end
on opening but that little structural rearrangement occurs
within the filter region of the channel. This would be
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expected to change the preferred ionization state of the
E118 ring but not of the E71-D80 pairs. However, it should
be remembered that there are suggestions that the structure
of the filter region in the open channel might differ from
that in the x-ray structure (Meuser et al., 1999). Other
factors to consider are that the channel structure is trun-
cated, in that the N- and C-terminal tails of the polypeptide
are absent from the x-ray structure, and that lipid head-
groups have been omitted from our pKA calculations.
Overall, these considerations indicate that further studies

should be undertaken to refine our picture of the ionization
states of KcsA. However, the overall conclusion remains
that the true ionization state is likely to differ from the
default and that this will have an effect on calculations of
the energetics of ion transport. Although it might seem
obvious that the presence/absence of ions and the ionization
state of the channel protein will be coupled, one can only
really approach an understanding of such effects via ex-
plicit, albeit approximate, calculations.
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