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The potassium channel: Structure, selectivity and diffusion
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We employ the entire experimentally determined protein structure for the KcsA potassium channel
from Streptomyces lividansin molecular dynamics calculations to observe hydrated channel protein
structure, ion solvation, selectivity, multiple ion configurations, and diffusion. Free energy
perturbation calculations display a significant ion discrimination of;9 kT in favor of the larger K1

ion. The protein forming the channel is very flexible yet is unable to fully solvate the Na1 ion
because of its smaller size and large solvation energy. There is evidence that acidic and basic
sidechains may dissociate in the presence of multiple K1 ions to explain experimental ion density
maps. K1 diffusion is found to vary from approximately 10%–90% of bulk, supporting the high
channel currents observed experimentally. ©2000 American Institute of Physics.
@S0021-9606~00!50617-5#
m
n
io
m

e
n-
n

n

pe
o

m
s

in
ei

a
n
D

-

m

he
ed
ms
y
x-
e-
ined
on

d
eri-
ost
to

,
of

el

o-
ave
tes

ter

ure
I. INTRODUCTION

In this article we examine the structure, thermodyna
ics, and diffusion of ions within the KcsA potassium cha
nel. We employ coordinates obtained by 3.2 Å resolut
x-ray diffraction studies of the potassium channel fro
Streptomyces lividans1 in molecular dynamics~MD! calcula-
tions. The aim is to further our understanding of ion perm
ation and selectivity within this complex biological ion cha
nel. Understanding the mechanisms behind the operatio
this channel is important because of the channel’s role
neuronal signaling, and its existence in all biological orga
isms.

The potassium channel has received considerable ex
mental attention recently, especially since the publication
the KcsA potassium channel structure.1 Studies of gating
mechanisms, involving structural rearrangements,2,3 pH
dependence,4 and experiments with similar potassiu
channels5–7 help us understand channel permeation and
lectivity. While much about the potassium channel is be
revealed, MD simulation of the hydrated channel prot
seems the only way to unveil microscopic details such
intrapore ion–ion interactions, ion solvation environme
and energy, and localized ion diffusion coefficients. M
studies of model cylindrical channels,8–10 small bacterial
pores such as gramicidin A11 and complex proteins like so
dium and nAChR channels12,13 and the large OmpF porin14

a!Electronic mail: Toby.Allen@anu.edu.au
8190021-9606/2000/112(18)/8191/14/$17.00
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exist. However, to date, MD investigation into the potassiu
channel is limited to a simplified model channel,15 where
only a small fraction representing the selectivity filter of t
protein is treated explicitly. This simplified model has sh
some light on ion permeation and selectivity mechanis
with a minimal computational effort. However, a MD stud
involving the entire channel protein is the only way to e
tract important microscopic details with minimal model d
pendence. The simulations reported here involve a comb
total of 63 ns requiring over 2 CPU years on a Silic
Graphics Power Challenge R10000.

The aim of this MD study is to provide an improve
channel description that reproduces and reinforces exp
mental findings in the KcsA potassium channel. The m
important property of the potassium channel is its ability
selectively conduct K1 ions with a high throughput~10
pA16! while suppressing that of Na1 by at least a factor of
104. Thus there must be a free energy barrier for the Na1 ion
relative to the K1 ion that explains this selectivity margin
yet the energy profile, lateral ion positions, and levels
diffusion coefficient should be such that a high K1 ion cur-
rent is still possible. Ion positions within the outer chann
are suggested by ion difference maps,1 and multiple ion con-
figurations from MD simulation should approximately repr
duce these regions of high ion density. Water positions h
not been resolved experimentally, therefore, MD coordina
provide a useful means for determining the ability of wa
to penetrate regions of the pore.

We first detail our model and then describe the struct
1 © 2000 American Institute of Physics

ct to AIP copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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of the equilibrated solvated protein and the influence of
plied restraining potentials. Next we report protein poten
calculations that are used to analyze the effect of char
amino acid residues. We then describe ion coordination,
tential energy profiles, and provide a free energy perturba
profile to give some measure of the extent of ion discrimi
tion within the model channel. Finally, we discuss wa
properties, multiple ion configurations, and give estimates
the ion diffusion coefficient within the channel. This com
prehensive set of results should aid our understanding of
microscopic properties and conduction mechanisms unde
ing this important biological channel.

II. MODEL SYSTEM

Figure 1~A! illustrates the model KcsA potassium cha
nel protein structure, where two subunits of the tetrame
peptide chains which form the channel are shown. Each s
unit consists of 158 signature amino acid residues, of wh
97 have been determined by x-ray diffraction.1 The entire
experimentally determined protein structure is employ
such that in total the model system consists of 396 resid
including terminal groups.17 Initial coordinates, described b
Doyle et al.,1 are taken from the Protein Data Bank1bl8 set.
The amino acid sequence is divided into segments of inte
in Table I.

The channel radius profile~accounting for atomic size!
for the initial protein coordinates, in the absence of any w
ter, is shown in Fig. 1~B!. The channel extends from approx
mately225 to 25 Å. The selectivity filter region adjacent

FIG. 1. ~A! Initial potassium channel protein structure and reservoir defi
tions. The outer helices and turrets~light gray ribbons!, pore helices~dark
gray ribbons!, selectivity filter ~narrow black ribbons!, and inner helices
~white ribbons! for two subunits of the tetramer are drawn.~B! The initial
pore radius~accounting for van der Waals radii! is shown. Indicated are the
selectivity filter, hydrophobic chamber, hydrophobic pore, and the intra
lular and extracellular reservoirs.
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the extracellular space extends fromz58 to 22 Å with a
mean radius of;1.4 Å. This region is lined with carbony
and hydroxyl oxygen atoms making it hydrophilic in natur
There is a large hydrophobic chamber region on the intr
ellular side of the selectivity filter extending fromz522 to
8 Å with an average radius of;6 Å. The field of the pore
helix dipole,18 in combination with the –COOH termina
~threonine T74 residue! and the abundance of water in th
cavity, is thought to stabilize ions and overcome the diel
tric barrier within this hydrophobic segment.19

The long thin hydrophobic pore formed by the inner h
lices leading to the intracellular space extends from220 to
22 Å with a minimum radius of 1.5 Å. Spin labeling an
electron paramagnetic resonance experiments suggest
this conformation may correspond to a closed state2,3 and
that the conducting pore may be much wider. However, si
the dimensions of the hydrophobic pore are not likely
influence ion selectivity, and the pore may be made a
trarily large by applying forces to the inner helicies, we co
sider only the experimentally determined configuration. T
channel entrances (225,z,220 and 22,z,25 Å! and
the reservoirs (25,uzu,35 Å! provide bulklike environ-
ments and useful reference points. Reservoirs are forme
a harmonic bounding cylinder of radius 8 Å20 acting only on
water oxygen atoms and ions. Periodic boundaries are
plied atuzu535 Å, enforced by a single image placed at ea
end of the 70-Å-long segment in the axial direction.

The water in the reservoirs is sampled from equilibra
bulk water in the rangeuzu.25 Å with radius less than 8 Å
such that the mean water density is approximately 1 g/c3.
The water within the channel (uzu<25 Å! is taken from
equilibrated coordinates with a simplified model of the p
tassium channel.15 This simplified model employs a
Lennard-Jones~LJ! 5-3 potential at the pore lining through
out, except for the narrow hydrophilic selectivity filter regio
where protein is treated explicitly. Any water molecule wi
an oxygen atom center closer than 2 Å to a protein atom
center is moved away or into a reservoir. Water coordina
inside and outside the channel are then combined. The n
ber of water molecules remaining after this procedure is 2

III. MOLECULAR DYNAMICS AND POTENTIAL
MODELS

MD simulations are performed using theCHARMM v.25
code.21 A time step of 1 fs is used in the simulations with th
Verlet algorithm. Velocity rescaling at 1 ps intervals leads

-

l-

TABLE I. KcsA signature amino acid sequence. The residues within e
subunit of the experimentally determined potassium channel protein s
ture are divided into segments.

Segment Residues

N-terminal 22 CH3– CO–
Outer helix 23–61 ALHWRAAGAATVLLVIVLL-

AGSYLAVLAERGAPGAQLIT
Pore helix 62–74 YPRALWWSVETAT
Selectivity filter 75–79 TVGYG
Inner helix 80–119 DLYPVTLWGRCVAVVVMVA-

GITSFGLVTAALATWFVGREQ
C terminal 120 CH3– NH–
ct to AIP copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp



p
o-
-

of
ri-

a

to
C
an

s
.

lic
n

ge
to
16
d
ing
a
t
n

e
ity

te
th
th
u-
/E
e

co
th

th

re
w

at
s

in
la
f-
m
n
f
th
g

Å

ra-

ly
ted
om
gle
d

ri-
ed

ics.
s to

8193J. Chem. Phys., Vol. 112, No. 18, 8 May 2000 The potassium channel
temperatures 29861 K. Coordinates are saved each 0.1
for trajectory analysis. A switched force cutoff for electr
static interactions and a switched potential cutoff for LJ 12
interactions are applied to atoms at 12 Å, slowly turned
from 8 Å.22 The use of a 12 Å cutoff should prevent det
mental effects on diffusion.23,24 Nonbonded interaction lists
are recorded out to 13 Å and are updated at 5–10 fs interv

The extended simple point charge~SPC/E! water
model25 is used in all simulations because of its ability
accurately reproduce bulk water and ionic properties. SP
LJ 12-6 parameters provided by Berendsen, Grigera,
Straatsma25 are combined with ion–water parameters26,27

and ion–ion parameters.28 Ion–protein LJ 12-6 interaction
are determined byCHARMM with standard combination rules

The united atom ~CHARMM19!29 and all hydrogen
~CHARMM22!30 parameter sets are compared to see if exp
simulation of hydrogen atoms have any effect on chan
protein and water structure. For example, CH3– is repre-
sented by four atoms inCHARMM22, while CHARMM19 re-
quires just one atom. After adding the necessary hydro
atoms using appropriate bond lengths and angles, the
number of protein atoms increases from 3504 to 59
Equilibrated structures in the presence of water are foun
be very similar with the SPC/E water molecules hydrat
the pore equally well in both cases. Thus the inclusion of
hydrogen atoms does not appear to be necessary for
potassium channel study, and the additional computatio
cost can be avoided.

The TIP3P model31 and its flexible version is found to b
unable to solvate the hydrophilic interior of the selectiv
filter region, even in the presence of a K1 ion. This would
result in energy barriers for a K1 ion attempting to traverse
the channel. We note that the failure of the TIP3P wa
model to hydrate the selectivity filter is observed with bo
united and all hydrogen parameter sets, despite the fact
the all hydrogenCHARMM22 parameters are designed partic
larly for use with the TIP3P model. The TIP3P and SPC
water models possess very similar atomic partial charg
dipole moments, and Lennard-Jones forces, but have
trasting geometrical parameters. We conjecture that
larger HOH angle of 109.47° for SPC/E water~in compari-
son to 104.52° for TIP3P!, and the increased OH bond leng
of 1 Å ~in comparison to 0.957 Å for TIP3P! aid the bridging
of carbonyl groups across the narrow selectivity filter po
Stable hydrogen bond networks seem to be unattainable
the TIP3P model.

IV. SHAPE OF THE HYDRATED CHANNEL

The structure of the potassium channel protein and w
after 150 ps of equilibration with a weak set of constraint32

is displayed in Fig. 2~A!. It is clear from this figure that the
water is solvating the entire pore of this channel, includ
the narrow hydrophobic region toward the intracellu
space. Figure 2~B! displays the time averaged minimum e
fective pore radius calculated from the last 100 ps of dyna
ics. The pore radius in the hydrophobic region of the chan
is highlighted in Fig. 2~C!. There has been little widening o
the long hydrophobic region of the channel compared to
original coordinates, despite the reduced constraint stren
Downloaded 18 Apr 2001 to 150.203.179.138. Redistribution subje
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Carbonyl and hydroxyl oxygen atoms reside at least 1
from the pore lining in the region225<z<8 Å. Thus this
region has maintained its hydrophobic nature after equilib
tion.

V. CONSTRAINTS

In the present study, the lipid bilayer is not explicit
simulated, instead protein–lipid interactions are represen
by some restraining potentials. We summarize results fr
our survey of restraining potential strengths here. A sin
K1 or Na1 ion is placed at key positions within the hydrate
channel, and at a reference point (z530 Å! in the extracel-
lular reservoir. The ion is held at eachz value with a har-
monic force constant of 20 kT/Å2, but is free to move in the
xy plane. To ensure thorough equilibration, simulation pe
ods of 250–650 ps are used. Simulations are perform

FIG. 2. ~A! Hydrated potassium channel structure after 150 ps of dynam
The intracellular half of one inner helix has been replaced by thin strand
reveal the water positions within the long hydrophobic pore region.~B! The
time averaged pore radius~accounting for van der Waals radii! is shown.~C!
Comparison of equilibrated~solid line! and initial ~dotted line! pore radii in
the hydrophobic regions.
ct to AIP copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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with various strength restraining potentials applied to
protein to observe their influence on ion discrimination. H
monic potentials, applied toa-carbon atoms on inner an
outer helices, range from 0 to 20 kT/Å2.

Total system energies cannot be compared betw
simulations because of large variations, even after lo
equilibration periods due to motions of sidechains away fr
the pore. For example, a tryptophan sidechain on the in
helix nearz5220 Å has been observed moving 6 Å in 3 ps
~200 m/s! resulting in a;200 kT reduction in the total sys
tem energy. The effect of this on the pore radius is less t
0.1 Å outwards motion restricted to the region223<z<
219 Å. Thus, although such a large drop in system ene
could suggest lack of equilibration, the change has little
fluence on important channel properties, and most import
no influence on the ion energy margins within the selectiv
filter.

Table II lists K1 and Na1 ion potential energies at po
sitions near the center (z516.0 Å! and extracellular end (z
520.4 Å! of the selectivity filter for various constrain
strengths. With the exception of 5 kT/Å2 where the differ-
ence is within the error range, a significant energy mar
between the Na1 and K1 ions exists atz516.0 Å, irrespec-
tive of the strength of applied constraints. We note that la
margins are also seen when constraints are only applie
the inner or outer helices. In fact, a large difference exist
the absence of any applied constraints. Large potential
ergy differences are also seen atz520.4 Å, where only for
constraint strengths 0 and 10 kT/Å2 are the differences
within the error range.

Free energy perturbations (K1→Na1) with respect to
the extracellular reservoir, described in Sec. IX, are also p
vided forz516.0 Å in Table II. The free energy perturbatio
calculations also reveal a preference for the K1 ion over
Na1. High perturbation values of 6–8 kT emerge for a
nonzero constraints. The lower value obtained in the abse
of any constraints is not significant since it is difficult
maintain the protein geometry under such conditions for lo
simulation periods~800 ps!.

TABLE II. Effect of restraining potentials on ion energies. Ion potent
energies with respect to the reservoir (DE), and free energy perturbatio
measurements for the transformation K1→Na1 with respect to the reservoi
(DDA) are given for a range of restraining potentials. Values are provi
for two test positions:z516.0 Å andz520.4 Å. The energies are liste
against the strength of constraints (K) on inner and outer helixa-carbon
atoms. Errors are61 standard error of means in potential energies, and
taken from hysteresis values for the free energy perturbations.

z K DEK1 DENa1 DDAK1→Na1

~Å! (kT/Å2) ~kT! ~kT! ~kT!

16.0 0 219.165.5 20.364.9 3.260.5
5 28.163.1 25.264.1 8.061.1

10 216.063.1 26.264.9 5.962.8
15 216.662.8 2.764.5 6.061.9
20 228.063.8 211.464.1 6.460.7

20.4 0 212.464.8 28.767.7 •••
5 210.962.8 20.564.5 •••

10 29.163.1 29.163.3 •••
15 211.363.1 22.264.5 •••
20 213.463.8 2.965.9 •••
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As further evidence of the lack of involvement of a
plied restraining potentials on ion discrimination we exam
the constraint energy contributions to the total system
ergy. The total constraint energy~excluding ion constraint!
in the presence of a Na1 ion atz516.0 Å with respect to that
for a K1 ion at the same position for constraints 5, 10, 1
and 20 kT/Å2 is 21.861.2, 3.362.2, 0.262.4, and 2.0
62.7 kT, respectively. Since there is no consistent posit
contribution of the constraint energy to the system ene
when a K1 is replaced by a Na1 ion, there should be little
contribution to ion discrimination. This information permi
us to choose any strength of constraint within the tes
range. We choose 20 kT/Å2 to maintain stability of the entire
structure over long simulation periods. Similar strength
straining potentials have been used in model nAC
studies.33

VI. EFFECT OF CHARGED AMINO ACIDS

We examine the effect of charged residues by compa
protein potential profiles obtained from MD trajectories wi
neutral and charged amino acids. In charged protein sim
tions all glutamic and aspartic acid residues carry a u
negative charge (2e) while the basic arginine residues hav
unit positive charge (1e). Atomic partial charges for neutra
acidic and basic residues have been taken from Lazaridis
Karplus.34 Equilibrated positions of charged residues in t
first subunit of the protein are listed in Table III. Near th
extracellular entrance and selectivity filter region there
three pairs of oppositely charged residues, while near
intracellular entrance there is one pair that is likely to sta
lize cations in the pore. In the narrow hydrophobic pore
gion there exists one unpaired positive charge per sub
that could destabilize cations.

Figure 3 compares electrostatic potential profiles
neutral and charged proteins along the channel axis. The
ues plotted are contributions from protein atoms only with
long-range potential truncation. Water contributions are
cluded because of the considerable noise introduced by w
atoms approaching close to profile grid points. Rather th
assign an arbitrary dielectric constant to the channel wa
we plot the potential for a relative permittivity of 1, acknow
edging that channel water will attenuate these electrost
potentials. The influence of positively charged arginine re
dues, not accompanied by any acidic residues, neaz
5214 Å is to raise the potential in the narrow hydrophob
pore region by;1.9 V ~or approximately 74 kT for a unit
charge!, despite their distance from the pore. Although mu

d

e

TABLE III. Positions of charged amino acids from equilibrated samp
coordinates. Mean positions of carboxyl oxygens on glutamic acid~E! as-
partic acid~D! residues, and of the guanidine carbon on arginine~R! resi-
dues are listed. These are centers of high excess charge concentration
dues have been collected into likely pairs.

( r̄ , z̄) ~Å!

E51
2 ~16.7, 22.9!, R52

1 ~23.4, 25.5!
D80

2 ~9.2, 21.2!, R64
1 ~10.7, 25.2!

E71
2 ~6.1, 16.6!, R89

1 ~11.2, 19.5!
R27

1 ~19.4,213.9!
E118

2 ~3.6, 222.3!, R117
1 ~11.9,222.2!
ct to AIP copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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8195J. Chem. Phys., Vol. 112, No. 18, 8 May 2000 The potassium channel
of this potential may be shielded by water, it is fairly certa
that the14e charge in this region would prevent condu
tion. Near the intracellular entrance region we observe a
matic fall in protein potential contributions~by approxi-
mately 4.2 V or 162 kT! when residues become charged.
the selectivity filter and extracellular entrance regions
potential falls by as much as 4.8 V~187 kT!. The generation
of a deep second potential well nearz517 Å within the filter
region could have considerable influence on multiple
configurations and permeation mechanisms.

In all remaining simulations only the neutral protein
considered. We comment later on the possible effect
charged residues on ion energies and multiple ion config
tions. In MD simulations an integrated switched force cut
is applied to electrostatic interactions. Figure 3 also sho
the potential profile for the neutral protein with this cuto
applied. The effect of the truncation is negligible except n
the intracellular entrance, where a;0.7 V drop in potential
is observed.

VII. ION POTENTIAL ENERGY PROFILES

A single K1 or Na1 ion is placed at one of 19 differen
positions along the channel axis and simulation is carried
for 150 ps. Ion potential energies,35 and separate water an
protein contributions, are plotted in Fig. 4 for K1 ~A! and
Na1 ~B! ions. These profiles clearly depict the remarka
ability of the protein to provide a stabilizing potential a
water molecules are stripped away from each ion in the
lectivity filter. For the K1 ion the protein accounts for nearl
all of the ion’s solvation energy within the range 10<z
<16 Å. As a result of the strong protein involvement, t
K1 ion experiences low potential energies throughout
selectivity filter.

Potential energy differences with respect to the reser
are plotted in Fig. 5 for both ion types. The K1 ion potential
energy is as low as239.162.7 kT with respect to reservoir
The potential energy margin between Na1 and K1 ions is as

FIG. 3. Protein potential profile: Time averaged electrostatic potential
to the protein along thez axis is shown. The solid curve represents t
simulations with neutral amino acids while the dashed curve represent
simulation with charged arginine, glutamic acid, and aspartic acid resid
The dotted curve shows the potential profile for the neutral protein ca
lated with a switched force long-range cutoff. The left-hand vertical a
displays the potential inV while the right-hand axis provides energy uni
corresponding to a unit chargee.
Downloaded 18 Apr 2001 to 150.203.179.138. Redistribution subje
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high as 2864.6 kT in the selectivity filter. We note that io
potential energies do not include all of the components n
essary to describe channel permeation. Changes in the
tein energy in response to the introduction of an ion co
also play a significant role. For example, the small posit
relative potential energy for Na1 nearz520 Å would not be
sufficient to explain the inability of Na1 ions to enter the
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FIG. 4. Ion interaction energies of K1 ~A! and Na1 ~B! ions: Total inter-
action energies with surroundings are drawn as solid curves~closed circles!,
interaction energies with water as dashed curves~open squares!, and the
interaction energy with the protein as dotted curves~open circles!. Error
bars are61 standard error of means and are only shown if larger than
point symbol.

FIG. 5. Total ion potential energies with respect to the reservoir values
drawn for K1 ~solid curve, closed circles! and Na1 ~dashed curve, open
circles!. Error bars are61 standard error of means.
ct to AIP copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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channel from the exterior. In Sec. IX we measure the f
energy margin between K1 and Na1 ions. The inclusion of
entropy components should provide a better measure of
ability of the channel to discriminate between these io
Nevertheless, Fig. 5 gives an indication of the relative s
bilities of the two ions at each position within the chann
and will help explain multiple ion configurations in Sec. X

Within the narrow hydrophobic segment of the chan
the Na1 ion potential energy is 10.665.1 kT above the ref-
erence value, approximately 22 kT less stable than the1

ion. This narrow hydrophobic pore will exclude Na1 ions
from the channel, but will not prevent K1 ions from passing.
Since Na1 ions are known to enter the intracellular mouth
the channel and block K1 ion permeation,36 the presence o
such a barrier suggests that the conducting channel sh
have a wider hydrophobic pore, in agreement with exp
mental gating studies.2,3

Figure 6 shows the separate contributions of segmen
the protein to the potential energy of the K1 ion. The pore
helix potential energy contribution reaches a minimum
286.561.2 kT at z'10 Å, at the intracellular side of the
selectivity filter. Although the dipole of the pore helix re
mains directed toward the origin, the contribution of the po
helix is a maximum nearz'10 Å because of the stabilizin
effect of the T74 carbonyl oxygen atom at the base of t
pore helix. Note that the contribution of the selectivity filt
protein to the stabilizing potential in the wide chamber
gion is just as significant as that of the pore helix.

In the simplified model potassium channel15 the pore
helices are represented by electric dipoles with char
60.6310219 C, leading to an energy well of;60 kT for a
K1 ion within the hydrophobic cavity. This well is seen to b
about 40 kT in the present study. This suggests the us
smaller charges of approximately60.5310219 C ~based on
the well depth study of Allen, Kuyucak, and Chung15! for the
simple model dipoles to better represent the pore helices

The inner helix provides a249.462.8 kT stabilizing
potential energy nearz5220 Å, with some influence ove
the entire hydrophobic region. A small positive, destabilizi

FIG. 6. Protein contributions to the K1 ion potential energy: The curve
labeled SF, PH, and IH represent the contributions from the selectivity fi
~solid curve, closed circles!, pore helix ~dotted curve, open circles!, and
inner helix ~dashed curve, closed squares!, respectively. Error bars are61
standard error of means and are not shown if they are too small to vie
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contribution of 112.860.8 kT is made by the inner helix
near the extracellular entrance of the selectivity filter. T
contribution is evident as a bump in the total K1 ion poten-
tial energy in Fig. 5. The contribution of the outer helix
very small throughout the channel, varying from appro
mately20.4 to 1.5 kT.

VIII. ION COORDINATION

In order to explain how the potential energy margi
arise within the channel we first examine bulk solvation. W
have determined that within the reservoir region, the to
potential energy of the K1 ion is 2216.662.0 kT, of which
2173.161.7 kT comes from the first hydration shell and th
remaining243.562.6 kT from outer hydration shells. Th
total potential energy of the Na1 ion is 2281.362.3 kT and
the first shell contribution is2232.261.0 kT, leaving
249.062.5 kT for outer shells to contribute. If both ion
were stripped to first hydration shells only, there would b
relative barrier of 5.563.6 kT for the Na1 ion in comparison
to the K1 ion. Thus, the large potential energy margins o
served~Fig. 5! must come from inadequate formation of th
first solvation shell of Na1. Because the first shell contribu
tion of Na1 is much larger than that of K1 ~by ;60 kT!,
small deviations from optimal bulklike first shell solvatio
will have a more drastic effect on Na1 stability. For ex-
ample, if one were to artificially shift the bulk first hydratio
shells of K1 and Na1 ions outwards by 0.1 Å,37 the contri-
bution of the first shell to the ions’ potential energies wou
rise by 9.962.2 and 16.361.3 kT, respectively, resulting in
a 6.462.5 kT energy margin.

Radial distribution functions~RDFs! for K1 and Na1

ions have been calculated at each position within the cha
pore. Figure 7 shows the positions of the first maxima in
ion–water oxygen and ion–protein oxygen RDFs for K1 ~A!
and Na1 ~B! ions. The bulk first shell RDF properties ar
listed in Table IV as a comparison. Both ion types expe
ence a close-packed first solvation shell throughout the ch
nel and reservoirs, except at some positions within the se
tivity filter. Averaging the difference between first ion
protein and bulk ion–water oxygen maxima over the ran
8<z<21.7 Å results in a mean gap of 0.0360.02 Å for the
K1 ion, and 0.1060.02 Å for the Na1 ion. The gap observed
for Na1 arises because protein oxygens are unable to m
in toward the ion enough to mimic water oxygens. With
bulk, the first Na1 shell ~density peaking at 2.32 Å! resides
approximately 0.44 Å closer to the ion than does that for
K1 ion ~at 2.76 Å!. The protein oxygens may be held awa
from the Na1 ion by internal protein restoring forces whic
prohibit large flexible motions, by external electrostatic a
van der Waals interactions of the filter protein with the po
helix, by repulsive Coulomb forces acting between carbon
on opposite sides of the pore, or may be pushed away f
the small ion by the larger hydrating water molecules eit
side of the ion. Because K1 has a Pauling radius 1.33 Å
approximately equal to that of a water molecule (;1.4 Å!,
little bending of the protein chain would be required to pe
mit good solvation. However, a smaller Na1 ion ~with Paul-
ing radius 0.95 Å! at the same position would require larg
inward motions of central oxygens.

r
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Figure 8 illustrates the ability of the selectivity filter t
properly solvate K1, but not Na1 ions. The left panel of Fig.
8~A! shows a side-on view of a sample of the protein a
water structure in the presence of a K1 ion held nearz

FIG. 7. Solvation radii of K1 ~A! and Na1 ~B! ions: Positions of the first
maximum in the RDFs for water oxygen~solid curves, closed circles! and
protein oxygen~dashed curves, open circles! are compared to the position o
the first maximum in the bulk ion–water RDF~horizontal dash-dot line!.
Errors are60.04 Å for all values.
Downloaded 18 Apr 2001 to 150.203.179.138. Redistribution subje
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517.3 Å. The K1 ion is solvated by two water molecule
and six protein~four glycine and two valine carbonyl! oxy-
gen atoms. Two of the four valine carbonyl groups ha
moved away from the pore, possibly due to the unfavora
interaction they have with the ion’s hydrating water mo

FIG. 8. ~A! Sample coordinates for a K1 ion held nearz517.3 Å. The
left-hand panel shows an orthogonal view of the protein and water struc
at the end of the simulation. Only the selectivity filter segment of the pro
~TVGYG where T5threonine, V5valine, G5glycine, and Y5tyrosine! is
shown, and only two of the four subunits of the tetramer are drawn.
large gray sphere is the K1 ion, small black spheres represent oxygen atom
gray spheres represent carbon and nitrogen atoms, and white spheres
sent hydrogens. The right-hand panel of~A! shows the ion-glycine carbony
oxygen configuration as viewed from along thez axis. Here the gray sphere
is the K1 ion and the white spheres are carbonyl oxygen atoms.~B! Views
of the structure in the presence of a Na1 ion are shown.
st

water
escent
water
PC/E

is used
while
TABLE IV. Bulk ion propertiesr max, r min , n, andD are the first minimum and maximum in the RDF, the fir
hydration number and the diffusion coefficient, respectively.Dself is the water self-diffusion andt21 is the
first-order inverse rotational correlation time constant of pure water. Simulations involve 528 SPC/E
molecules in a periodic box of side 25.08 Å at temperature 298 K. After 200 steps of steepest d
minimization and 50 ps of heating and equilibration, 100 ps of dynamics is used to determine pure
properties. A single ion is added, removing water molecules within 2.6 Å of the ion center, leaving 525 S
molecules. After 200 minimization steps and 50 ps of heating and equilibration, 500 ps of trajectory data
to produce bulk ion diffusion estimates. Errors in hydration results are estimated from distribution data
errors in diffusion coefficients are61 standard error of means.

Property K1 Na1

r max ~Å! 2.7660.04 @2.7a# 2.3260.04 @2.4a#
r min ~Å! 3.6560.15 3.1060.08
n 7.260.4 @5.5b# 5.5660.03 @4–6c#
D (Å 2/ps! 0.1460.01 @0.1957d# 0.0960.01 @0.133e#
Dself (Å 2/ps! 0.23160.006@0.23d#
t21 ~ps21! 0.1960.01

aReference 38. dReference 41.
bReference 39. eReference 42.
cReference 40.
ct to AIP copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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8198 J. Chem. Phys., Vol. 112, No. 18, 8 May 2000 Allen et al.
ecules, lack of space near the ion, or the hydrogen bon
interaction offered by the hydroxyl group on the tyrosi
sidechain. We note the obvious flexibility of the prote
where one of the two subunits shown has been shifted w
respect to the other, helping solvate the ion. This flexibility
in agreement with the experimental findings of Kiss, L
Turco, and Korn.5 The right-hand panel of Fig. 8~A! reveals
the close fit with neighboring glycine-carbonyl oxygens.
good fit with the two valine-carbonyl groups also occurs.

Figure 8~B! shows the structure with a Na1 ion held
nearz517.3 Å. We note that the flipping of valine-carbon
groups increases available volume for those water molecu
and is likely to reduce the repulsive electrostatic forces a
ing between opposite carbonyl groups. The hydrating wa
molecules would provide obstacles to the inward motion
valine and tyrosine carbonyl groups, and because of str
potentials maintaining the shape of the valine-glycin
tyrosine linkage, their presence could be to some degree
sponsible for the poor Na1-carbonyl fit. The right-hand
panel of Fig. 8~B! displays the Na1-glycine carbonyl oxygen
arrangement. In order to achieve the bulk coordination nu
ber of approximately 6, all four of the glycine oxygens a
required within the first shell of the ion. However, in th
sample the mean gap of approximately 0.21 Å would lead
an energy barrier. Figure 9 shows the RDFs for K1 ~A! and
Na1 ~B! for water and protein oxygens for an ion held ne
z517.3 Å. This time averaged representation reinforces
view of the poor fitting of the first solvation shell of the Na1

FIG. 9. Radial distribution functions for K1 ~A! and Na1 ~B! ions held near
z517.3 Å. Solid curves show the ion–water oxygen RDF while das
curves show the ion–protein oxygen RDF.
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ion. A similar picture emerges at each position througho
the selectivity filter.

Figure 10 displays the first shell coordination numbers
K1 ~A! and Na1 ~B! ions. Throughout the filter region both
ions appear to maintain first solvation numbers equal to
greater than bulk, with just a small loss of less than o
oxygen for the K1 ion atz523 Å. However, both ions show
consistent reductions from bulk of their solvation numbers
the narrow hydrophobic pore. The losses for the K1 ion do
not seem to have affected its potential energy adversely
this region, whereas the Na1 ion has developed a large po
tential energy barrier~see Fig. 5!, illustrating the difficulty
the smaller ion faces in attempting to achieve such a la
solvation energy. Since protein contributions to K1 and Na1

ions in this region are identical~to within errors!, they con-
tribute nothing to the observed potential energy margin. T
margin arises from poor first shell solvation of the Na1 ion.
The first shell contributions to the K1 and Na1 ions at z
5210 Å, for example, are2166.663.2 and2208.264.2
kT, or 6.563.6 and 24.064.3 kT greater than the reservo
values.

d

FIG. 10. Solvation numbers of K1 ~A! and Na1 ~B!: First water~dashed
curves, open squares!, protein~dotted curves, open circles!, and total~solid
curves, closed circles! solvation numbers taken from integrated distributio
functions are plotted. The bulk first hydration numbers are drawn as h
zontal dash-dot lines.
ct to AIP copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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The angleC a water dipole makes with the ion–wat
vector within the first hydration shell of the ion is given b

C5cos21F r IH
2 2r IO

2 2r OH
2

2r IOr OH cosa G , ~1!

wherer IO andr IH are the positions of the first maxima in th
ion–water oxygen and ion–water hydrogen RDFs, resp
tively, and r OH51 Å and a554.74° for the SPC/E wate
model. Variations of up to 45° from the reservoir valu
have been observed for both ion types near the center o
selectivity filter. Occasionally one water molecule may fl
from its natural orientation~negatively charged oxygen atom
directed towards cation! as a result of strong hydrogen bon
ing of the water with the carbonyl groups of the prote
However, the protein appears to be able to compensat
stabilizing the ion with its polar groups. Thus we can see
direct correlation between hydration water orientations a
ion potential energy margins within the filter region, a
attribute most of the discrimination to the poor fit of prote
oxygens within the Na1 solvation shell.

In summary, toward the center and extracellular side
the filter region where the influence of the pore helix field
reduced, and water contributions to the ion solvation
small, both ions rely strongly on coordination by selectiv
filter protein oxygen atoms. The close fit of protein oxyge
in the K1 shell, and the small solvation energy required
stabilize that ion, result in a deep potential energy w
However, when water contributions are limited, Na1 re-
quires a much larger stabilizing potential from the prote
atoms. The carbonyl and hydroxyl groups are unable to p
vide this amount of energy, and the Na1 ion experiences a
less favorable environment.

IX. FREE ENERGY PERTURBATION

The ability of the channel to discriminate between K1

and Na1 ions is best determined by calculation of free e
ergy differences. We employ the free energy perturbat
method43 using thePERT and WHAM facilities of CHARMM.
The quantity we calculate

DDAK1→Na1~z!5DAK1→Na1~z!2DAK1→Na1~z0!, ~2!

is the free energy change associated with the creat
annihilation transformation of a K1 ion into a Na1 ion with
respect to the reservoir reference value atz0 . EachDA is an
average of forwards and backwards transformations. If
DDA value is positive it means that more energy is requi
to transform from K1 to Na1 within the channel than is
required in a bulklike environment, thus indicating that it
less likely for a Na1 ion to exist at that point than a K1 ion.
Similar calculations have been carried out in the past for
gramicidin channel44 and a simple model potassium
channel.15 Following equilibration, with an ion constraine
at a z coordinate, potential parameters of the K1 ion are
transformed into those of the Na1 ion in six windows of 20
ps ~5 ps equilibration and 15 ps ensemble generation!. Re-
verse transformations begin after equilibration with a N1

ion. Free energy perturbation values used for examining
Downloaded 18 Apr 2001 to 150.203.179.138. Redistribution subje
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effect of constraints on selectivity~Sec. V! involve longer 50
ps windows~30 ps equilibration and 20 ps ensemble gene
tion!.

Figure 11 shows the free energy perturbation pro
throughout the channel. The free energy changes rem
positive, or near zero over the entire channel with respec
the extracellular reservoir. The difference is large through
the selectivity filter, reaching a maximum of 8.660.5 kT at
z517.3 Å. This free energy difference would correspon
via a Boltzmann factor, to a selectivity margin of 5.43103,
complying with experimental evidence of a;104 margin in
ion conductances. We note that Fig. 5 appears to suppo
large margin between Na1 and K1 ions in the range 8<z
<10.2 Å due to effective solvation of K1 by threonine resi-
dues near the chamber entrance of the selectivity filter. H
ever, Fig. 11 reveals that only a small margin exists in
free energy. Therefore the greatest ion discrimination ar
within the selectivity filter and not within the chamber r
gion, as one may be led to believe from Fig. 5. Also, t
large Na1 – K1 potential energy difference in the narrow h
drophobic pore has not been completely annulled by entro
contributions.

The free energy differences observed here are about
the values obtained with a simple selectivity filter model15

In that study, only the filter segment of the protein is e
ployed with harmonic constraints used to mimic all intera
tions with the remaining structure. The larger free ene
difference can be attributed to the reduced flexibility i
curred by applying constraints directly to the selectivity fi
ter. Although investigations showed that energies did
change much when constraints were varied, the presenc
even quite small constraints applied directly to the filter p
tein is sufficient to prevent the large deformations seen
this improved channel model. An example of this is the su
unit shifting and flipping of carbonyl groups seen in Fig.
Nevertheless, the same mechanisms found in All
Kuyucak, and Chung15 hold in this study, and it is only the
magnitude of the discrimination that has been reduced.

FIG. 11. Free energy perturbation profile: Free energy changes for the t
formation K1→Na1 with respect to the reservoir (z530 Å! value are plot-
ted. Errors bars represent the hysteresis in each measurement.
ct to AIP copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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X. WATER PROPERTIES

Water self-diffusion coefficients are calculated by av
aging the mean square displacements of water molecule
ing an overlapped data procedure.45 We consider the range
0.5–10 ps after the initial shoulder, which corresponds
inertial motion within the hydration cage. Before calculati
diffusion coefficients, the center of mass of the system
subtracted to remove any net momentum associated with
periodic boundary. We consider only axial diffusion give
by

Dz5
1

2

d

dt
^@z~ t !2z~0!#2&. ~3!

Water rotational correlation is determined by analyzing
decay of the dipole autocorrelation. The dipole autocorre
tion function is defined as the time and system average of
cosine of the anglex(Dt) a water dipole at timet01Dt
makes with its dipole at timet0 . The sampling procedure fo
this calculation is identical to that used for diffusion.
mono-exponential decay is justified by analysis of the au
correlation functions and the inverse rotational correlat
time is given by

t2152
d

dt
ln^cosx~Dt !&. ~4!

Table V includes mean water density, rotational correlati
and self-diffusion estimates for the hydrated potassium ch
nel. Only those waters within the channel pore, having ra
position less than the time averaged minimum pore rad
are included in density and diffusion estimates. This
cludes molecules embedded in the protein outside the p
Throughout the entire channel and reservoirs the water d
sity remains approximately the same as bulk. Despite
small dimensions of the long hydrophobic pore, and the
drophilic nature of the selectivity filter region, self-diffusio
remains above 1/4 of bulk self-diffusion throughout t
channel.

We compare our results to those for the simple mo
channel of Allen, Kuyucak, and Chung.15 Mean axial self-
diffusion in the selectivity filter, hydrophobic chamber, a
long pore regions of this model channel were;7%, 71%,
and 141% of bulk self-diffusion, respectively. The se
diffusion in the selectivity filter has risen in comparison
the simple model because of increased flexibility of the fil
protein. It has fallen in the chamber region because of
less spherical shape and the significant involvement of
–COOH termini of the pore helices, now treated explicit

TABLE V. Pure water properties: Water density (r), first-order inverse
rotational correlation time constant (t21), and self-diffusion coefficients
(Dz) are given for the three segments of the channel. The percent
values correspond to the axial self-diffusion where bulk values are liste
Table IV. Errors are61 standard error of means.

Segment~Å! r ~g/cm3! t21 ~ps21! Dz ~Å 2/ps! % bulk

8<z<22 Å 1.06 0.02560.009 0.0660.05 26621%
22<z<8 Å 1.01 0.06060.007 0.0960.01 3966%

220<z<22 Å 1.01 0.04860.008 0.0660.01 2665%
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The self-diffusion in the long hydrophobic pore has be
significantly reduced as a result of narrowing of the po
from minimum radius 3 to;2 Å in this model, and the
presence of wall structure. Reduced water density was al
contributing factor to the enhanced hydrophobic pore dif
sion in the simplified model.

It is seen in previous work10,15 that there is a strong
relationship between axial self-diffusion and inverse ro
tional correlation. Average first-order inverse rotational c
relation time constants from the simplified potassium ch
nel model15 in the selectivity filter, wide chamber, and lon
pore are approximately 0.005, 0.06 and 0.12 ps21, respec-
tively. The inverse time constants~Table V! have risen in the
filter region and fallen in the hydrophobic segments of t
channel in this work for the same reasons the axial s
diffusion was seen to change. The reduction of inverse ro
tional correlation in the hydrophobic regions is likely to d
crease the shielding ability of the water and thus incre
electrostatic interactions between ions and protein. In c
trast the increase int21 in the selectivity filter is likely to
cause some shielding of electrostatic forces within that
gion. We conjecture that this could lead to reduced inter
tion energies and ion–ion distances within the selectivity
ter, altering the preferred multiple ion configurations fro
those observed by Allen, Kuyucak, and Chung.15

XI. MULTIPLE ION CONFIGURATIONS

To investigate multiple ion configurations, two or thre
K1 ions are added to the channel at various positions wit
the selectivity filter and wide hydrophobic chamber, creat
configurations similar to those anticipated by experimen
data1 and simple model simulations.15 A total of 30 simula-
tions, in the absence of any external field, of length 150–2
ps are carried out. The optimum position of a single K1 ion
within the channel would be governed by its free ener
profile. Ignoring entropic contributions, the ion potential pr
file in Fig. 5 suggests that an ion inside the selectivity fil
region would prefer to reside nearz58 – 10 or 16 Å. When
initially two ions are placed within the selectivity filter, th
mean coordinates after simulation are$10.0, 16.4% Å, while
when one ion is placed in the filter and one in the cham
the mean coordinates are$5.0, 15.0% Å. These two configu-
rations are illustrated in Figs. 12~A! and 12~B!, respectively.

The potential energy profile of Fig. 5 indicates that t
ion nearz55 Å observed, in our second two ion configur
tion, would prefer to reside nearz58 – 10 Å due to the pres
ence of a deep well. However, there is evidence, based on
free energy perturbation results of Fig. 11, that the depth
this well may be considerably reduced by entropic contrib
tions. Considering ion–ion repulsion may lead to a prefer
z55 Å equilibrium position. However, we remark on th
possibility that there is some obstacle to the passage o
ion from z55 to 10 Å. Analysis of mean ion radial position
suggests that energy minima for the K1 ion are considerably
off axis in the hydrophobic chamber region~by as much as
2.3 Å!. Examination of sample coordinates where a K1 ion
resides near the mean position (z'5 andr'2.3 Å! reveals
that the distances of the ion to carbonyl oxygen atoms on74

and T75 residues are 4.68 and 5.38 Å, respectively, while
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8201J. Chem. Phys., Vol. 112, No. 18, 8 May 2000 The potassium channel
distances to hydroxyl oxygens on T74 and T75 are 8.05 and
2.76 Å. Thus, as a result of the flexibility of the protein, t
ion appears to bind to the base of the selectivity filter w
strong interactions from neighboring residues at the termi
of the pore helix. While this is the case after extended equ
bration periods, this binding may be avoided in a conduct
channel. Finally we note that a K1 ion placed beyondz
'19 Å may be easily ejected from the channel.

Now consider three unconstrained ions placed within

FIG. 12. Multiple ion configurations. Sample coordinates representativ
the two most frequently observed two ion~A and B!, and three ion~C and
D! configurations are shown. The large gray spheres are the K1 ions, small
black spheres represent oxygen atoms, gray spheres represent carbo
nitrogen atoms, and white spheres represent hydrogens.
Downloaded 18 Apr 2001 to 150.203.179.138. Redistribution subje
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selectivity filter and chamber regions in the absence of
plied electric fields. If two ions are placed too close togeth
especially with one ion near the extracellular entrance,
ion is expelled from the channel. In this case the aver
positions of the remaining two ions is$3.3, 15.4% Å, a con-
figuration seen in two ion simulations. In no instance is t
selectivity filter seen to hold three ions. One ion always
sides in the wide chamber region with meanz value 2.0 Å,
and two ions in the selectivity filter. Two discrete three io
configurations arise with mean positions$2.0, 9.6, 15.6% and
$2.0, 11.4, 19.3% Å as illustrated in Figs. 12~C! and 12~D!.
From two ion simulations the latter of these two configu
tions is thought to be fairly unstable.

Experimentally, regions of high ion probability densi
are seen near the middle of the wide chamber region~z be-
tween 0 and 5 Å!, a broad peak toward the intracellular sid
of the selectivity filter adjacent to threonine carbonyl a
hydroxyl oxygen atoms~betweenz58 and 13 Å!, and to-
ward the extracellular side of the filter between central g
cine and tyrosine carbonyl rings~betweenz518 and 20 Å!.
The occurrence of positions 2.0, 9.6, 11.4 and 19.3 Å in
multiple ion simulations is therefore in agreement with e
perimental findings. The configurations observed here
also in agreement with those seen in simplified chan
studies.15 However, the frequent occurrence of an ion ne
z515– 16 Å in two and three ion configurations is n
strongly supported by experiment. Comparison with expe
ment is made difficult by the low resolution~4.0 Å! of the Rb
difference map of Doyleet al.1 However, it is likely that the
neutral protein model used here results in a preference f
z515– 16 Å position over az518– 20 Å position. In Fig. 3
we see a deep potential energy well in the outer end of
selectivity filter when acidic and basic residues are charg
It is possible that the presence of multiple K1 ions causes
dissociation of these residues, leading to an energy well
increases the propensity for a K1 ion in the outer region of
the selectivity filter. If this were the case then any combin
tion of two or three ion states could reproduce the exp
mentally determined ion positions. It has been pointed ou
Allen, Kuyucak, and Chung15 that because of the relativ
instability of the three ion configurations, it is more like
that a combination of two ion states is responsible for exp
mental ion density maps. However, the possible increa
dielectric response of water within the selectivity filter, a
luded to in Sec. X, could help stabilize the three ion stat
Finally, the idea of having charges created by the presenc
multiple ions in the channel is preferable to perman
charges since such stabilizing fields could eliminate a N1

energy barrier to conduction in the absence of K1 ions.
To observe the effect of external fields on ion positio

in the chamber and filter regions, a total of 25 simulations
length 400 ps with a strong 7 mV/Å applied field pushin
ions outwards or inwards~intracellular–extracellular or
extracellular–intracellular! are carried out. In the presence
a strong 7 mV/Å field pushing cations out of the cell, th
only two ion configurations seen have mean coordinates$5.3,
12.4% or $5.5, 15.6% Å. With the opposite driving force the
only two ion configurations seen are$9.5, 16.0% and $9.6,
19.8% Å. Note that this driving force is not sufficient to pus
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an ion from the energy minimum nearz510 Å into the hy-
drophobic chamber within 0.4 ns. With three ions maintain
in the channel in the presence of an outwards external fi
the mean configuration is$5.1, 12.3, 18.1% Å.

XII. ION DIFFUSION COEFFICIENTS

Table VI lists mean ionic diffusion values in the thre
segments of the channel. The results given involve a tota
17 simulations of length 200–400 ps with three ions plac
in the channel in the absence of any applied field. Diffus
coefficients in the presence of a strong external electric fi
are found to be similar and are therefore not reported. C
ficients are calculated using the same procedure as use
water self-diffusion.

In the selectivity filter region 10% of bulk K1 ion diffu-
sion is observed on average. We note that analysis of
trajectories reveals that ion motion is governed by Coulo
interactions between ions rather than by diffusive proces
An illustration of this is given by Allen, Kuyucak, an
Chung.15 Brownian dynamics studies46 have shown that the
channel achieves high conductances with diffusion coe
cients at this level. We remark that the 12 Å long-ran
cutoff, although not expected to interfere with ion–ion inte
actions within the short selectivity filter region, could pos
bly prevent ions from traversing the entire channel. Thus
one were to further this current investigation to study ch
nel permeation, alternative treatment of long-range elec
static forces, such as Ewald summation,47 may be required.

In the wide hydrophobic region the K1 ion exhibits
around half of its bulk diffusion. In the same region a Na1

ion experiences only approximately 1/6 of bulk diffusio
However, because multiple ion configurations with the N1

ion have not been attempted, this measurement comes
placing a single Na1 ion in the hydrophobic cavity. Figure 5
shows that, in the absence of Coulomb repulsion by ot
ions, this ion may be locked in a local energy minimu
reducing its mean square displacement.

In a separate set of simulations, a single K1 or Na1 ion
is placed at one of several positions in the long hydropho
pore region and a series of 163200 ps simulations are per
formed for each ion so as to compute average diffusion
efficients. The operation of the long hydrophobic po
formed by the inner helix is likely to be dependent on
dimension. If the atoms are rigidly held near the initial po
tions, ions may be unable to traverse the pore. Theref
when simulating ions in this long narrow region we empl
a weaker set of constraints.32 This permits the region to ex

TABLE VI. Ion diffusion results. Estimates of axial ion diffusion are give
for each region of the potassium channel. Errors are61 standard error of
means.

Ion Segment~Å! Dz (Å 2/ps! % bulk

K1 8<z<22 0.01460.003 1063%
22<z<8 0.07060.008 5069%

220<z<22 0.1260.07 86656%

Na1 22<z<8 0.01560.002 1764%
220<z<22 0.0360.01 37616%
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pand slightly in the presence of a hydrated ion. Diffusion
the K1 ion varies depending on the position of the ion. Wh
an ion is placed near the wider pocket atz'215 Å, little ion
translation is observed, whereas an ion placed atz'210 Å
will quickly move toward the wide chamber region. In fac
diffusion ranges from near zero up to almost four times
bulk value with an average value of 86% of bulk. The fa
motion of ions is in agreement with trajectories observed
Brownian dynamics simulations.46 As a comparison the Na1

ion shows moderately low diffusion, with around 1/3 of bu
ion diffusion on average throughout the narrow long po
region. Because of the smaller size of the Na1 ion, it does
not experience such large fluctuations in diffusion.

We compare our results for K1 ions with those found by
Allen, Kuyucak, and Chung.15 In that model the K1 diffu-
sion remains close to bulk levels (.50%! throughout the
hydrophobic pore, and drops to as low as 8% of bulk dif
sion in the selectivity filter. We again note that the mod
channel is as much as 1 Å wider throughout the hydrophobi
pore, which should enhance diffusion. However, the simp
fied model appears to give a reasonable description of1

ion diffusion throughout the channel.
Ion diffusion results may also be compared to oth

model channels. A suitable comparison for the selectiv
filter region would be gramicidin A where K1 ion diffusion
ranges between 29% and 49% of experimental bulk.48 Since
the potassium channel selectivity filter is narrower th
gramicidin ~with radius;2 Å!, our estimate of;10% of
bulk diffusion is in reasonable agreement. The results
also be compared to those for narrow hydrophi
cylinders.10 A radius 2.1 Å cylinder with a regular molecula
wall has mean Na1 diffusion of around 20% of bulk. A
larger K1 ion in a smaller hydrophilic pore should lead to
smaller diffusion coefficient, and thus there is a consiste
between the models.

We make comparison of wide hydrophobic chamber
sults with a nAChR model channel created by an M2 he
bundle. The pore is as narrow as 6 Å radius and supports 2/
of bulk Na1 ion diffusion.49 This result compares well to th
50% K1 diffusion observed in the 5 Å hydrophobic cham
ber. We compare our narrow hydrophobic pore results
those within atomic periodic cylinders10 of radius 2.1 Å. Na1

diffusion in this cylindrical channel is approximately 18%
bulk diffusion. While this value is lower, it compares favo
ably to our result of;37% for the hydrophobic pore of th
potassium channel. Results for a 2 Å exponentially repulsive
cylindrical pore9 show around 15% of bulk Na1 diffusion,
also in fair agreement. Thus our ion diffusion results with
all segments of the potassium channel are consistent with
existing estimates from model pores.

Given the high levels of K1 ion diffusion throughout the
hydrophobic regions of the potassium channel, and evide
that 10% diffusion within the selectivity filter does no
greatly attenuate conductances,46 we expect a high through
put of ions within this channel. Ions are observed remain
close to the channel axis in all segments except the w
hydrophobic cavity where a mean radial position of 2.3
occurs. However, these mean positions have been gene
with a single ion held at the one position for extended pe
ct to AIP copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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ods. The presence of one or two ions in the selectivity fi
may hold the third ion away from the pore helix and sele
tivity filter –COOH termini~where the ion appears to bind!.
In fact, three ion configurations show a preference forz52
rather than 5 Å for an ion in the chamber. In this case the i
would reside closer to the axis, primed for its passage
the selectivity filter once a vacancy occurs.

XIII. SUMMARY AND CONCLUSION

Simulations with the entire experimentally determin
protein structure of the KcsA potassium channel fromStrep-
tomyces lividanshave been reported. The inclusion of th
entire protein has reduced model dependencies in com
son to previous simulations with a simplified model.15 The
model dependencies are limited to the size of constra
applied to the outer regions of the protein to mimic the lip
bilayer, the water model, and the extent of dissociation
acidic and basic sidechains within the protein, each of wh
has been investigated in this study. A survey of the effec
restraining potentials reveals that, within the regime of we
harmonic constraints on inner and outer helices, the restr
ing potentials have negligible effect on ion discriminatio
Second, comparison of water models shows that TIP3P,
its associated flexible model, are inappropriate for the st
of narrow hydrophilic regions such as the selectivity filte
The excellent description of bulk water and ion propert
makes SPC/E the obvious water model for this study.
nally, the effect of charged arginine, glutamic acid, and
partic acid residues on protein contributions to the poten
profile has been determined. It is likely that these resid
will remain mostly neutral. However there is some eviden
of the need for charged sidechains near the extracellular
trance. It is possible that experimentally determined ion d
sities may only be achieved if an additional deep energy w
near the extracellular end of the selectivity filter were crea
by some of these charged residues. The generation of t
charges by dissociation in the presence of multiple ions is
most likely occurrence as this would maintain the Na1 ion
energy barrier in the absence of K1 ions.

The inclusion of the entire protein leads to considera
flexibility of the selectivity filter, resulting in enhanced wat
diffusion and rotation. Large motions of carbonyl and h
droxyl groups on the selectivity filter protein have been o
served. While these large motions are not required to prov
K1 – Na1 ion discrimination, they do alter the ion–protein
water arrangements and affect the level of ion selectiv
The reduced ion discrimination with this flexible potassiu
channel model leads to;9 kT free energy difference be
tween K1 and Na1 ions ~in comparison to 18 kT with the
simplified model!. The corresponding selectivity margi
would be of the order 104 as seen experimentally. We rema
that measurements of selectivity found with the SPC
model may be underestimated because of the exagge
K1 ion coordination, which reduces relative ion stabili
within the channel.

The explicit inclusion of the pore helix has provided
absolute measure of the stabilization within the wide cha
ber region, whereas this was a free parameter in the ea
simplified model. The minimum of the pore helix potenti
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has shifted from near the center of the hydrophobic cham
to the bottom of the filter. This is a result of the explic
treatment of the –COOH terminus on the pore helix and
increased flexibility of the selectivity filter protein. The s
lectivity filter protein contributes as much to the stabilizati
of ions in the hydrophobic chamber as does the pore he

The shape of the narrow hydrophobic pore is seen
change little after hydration. Even when the inner helix
held by very weak constraints, it remains narrow~radius;2
Å! after extended simulation periods. There is evidence
this may correspond to a closed conduction state.2,3 Despite
the small dimensions of the pore, the K1 ion remains ener-
getically stable while the Na1 ion, because of its large sol
vation energy, is poorly coordinated in this region and ex
riences destabilization. Thus Na1 ion would be excluded
from the intracellular pore in this current model, and wou
therefore be unable to block the channel as seen experim
tally. This supports the notion of a wider open conducti
state.

Finally, ion diffusion within the channel is seen to rang
from ;10% in the selectivity filter to as high as;90% in
the narrow chamber. These results confirm earlier stud
with the simplified potassium channel model. Brownian d
namics simulations46 have demonstrated that high curren
can be achieved with a reduced ion diffusion coefficient
the filter, because the permeation mechanism is governe
the Coulomb repulsion of ions, and not by diffusive pr
cesses. The fact that ion diffusion is not reduced to neglig
levels supports the high throughputs measured experim
tally.
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