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Abstract

Molecular dynamics simulations are carried out to obtain estimates of diffusion coefficients of biologically
important Naq, Kq, Ca2q and Cly ions in hydrophobic cylindrical channels with varying radii and large reservoirs.
Calculations for the cylindrical channels are compared to those for the KcsA potassium channel, for which the
protein structure has recently been determined from X-ray diffraction experiments. Our results show that ion
diffusion is maintained at reasonably high levels even within narrow channels, and does not support the very small
diffusion coefficients used in some continuum models in order to fit experimental data. The present estimates of ion
diffusion coefficients are useful in the calculation of channel conductance using the Poisson]Nernst]Planck theory,
or Brownian dynamics. Q 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction

The development of the patch-clamp technique
has enabled the study of single channel currents
across biological membranes, leading to an enor-

Ž .mous amount of data on current]voltage I]V
relationships in a large variety of ion channels,
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w xobtained under various conditions 1 . Due to a
lack of detailed information on the structure of
the proteins forming the membrane channels, in-
terpretation of this wealth of data has so far
relied on rather simple models, based on reaction

w xrate or continuum theories 2 . These models
serve a useful purpose in cataloging the available
data, but because they have freely adjustable
parameters, they are not very useful in relating

Žthe structure of the channels to their function or
.vice versa , which is the ultimate goal of the
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channel models. The recent determination of the
w xstructure of the KcsA potassium 3 and the

w xmechanosensitive MscL homolog 4 channels by
X-ray diffraction has opened a new vista in chan-
nel studies by bringing this goal within reach. The
preferred method for this purpose would be

Ž .molecular dynamics MD , where all the atoms in
Ž .the channel system proteinqelectrolyte are

simulated. Unfortunately, MD calculation of con-
ductance is not computationally feasible as yet.
We need roughly a 1000-fold increase in com-
puter speed to reach the ms simulation regime
that is necessary for the determination of conduc-
tance from MD simulations. In the mean time,
one can attack the ion conductance problem by
utilizing simpler models, provided the parameters
used in these models can be determined from the
more fundamental MD calculations.

The bottleneck in MD calculations is created
by water molecules in the electrolyte. For a 150
mM NaCl solution, there are 370 water molecules
for each Naq ion. Thus, in order to study conduc-
tance with a modest 20 Naq ions in the system, it
would require the consideration of 22 200 extra
atoms in MD simulations. This suggests that the
first simplification would be to use the Brownian

Ž .Dynamics BD method, where only the motion of
ions is considered. In BD, water molecules in the
system are integrated out, and their effect on ions
is represented via random collisions, and friction
and dielectric constants. A three-dimensional BD
computer code that fully incorporates elec-
trostatic potentials and forces from the solution
of Poisson’s equation has recently been devel-
oped and applied to various model ion channels
w x5]9 . These BD simulations have been quite
successful in reproducing the observed properties
of the ion channels considered. However, before
these calculations can be accepted as relating
structure to function, one needs to confirm that
the parameters employed in BD, that is the dif-
fusion coefficients of ions and the dielectric con-
stants, are genuine features of the channel. Since
an experimental determination of these quantities
in ion channels is not possible, one can alterna-
tively attempt to estimate them from computer
experiments via MD simulations.

A further simplification of the ion conductance

problem can be achieved by representing not only
water, but also the ions in the system as a contin-
uum. This so-called Poisson]Nernst]Planck
Ž .PNP theory has been applied to a variety of ion
channels, and numerous I]V curves have been
fitted quite successfully using only a few parame-

Ž w xters see 10]15 for recent references, and the
w x .reviews 16,17 for earlier literature . To verify the

applicability of the PNP theory to ion channels,
one needs to resolve two issues. The first is to
ensure that the parameters employed in the model
are in the range predicted by MD calculations.
The other is to check whether the mean field
approximation holds in ion channels, which typi-
cally have radii smaller than the Debye length.
The latter has recently been tested by comparing
the predictions of PNP with those obtained from

w xBD simulations 18,19 . These comparisons show
that shielding effects are largely overestimated in
PNP, leading to erroneous results for concentra-
tion profiles and ionic currents in narrow chan-
nels. Therefore PNP cannot describe the physics
of ion channels. Nevertheless, the success of the
PNP theory in fitting the channel data has been
used in promoting its use in ion channels. To
understand the origin of this success, despite the
shortcomings of PNP as a physical model of ion
channels, one needs to resolve the first issue, that
is to inspect the parameters used in PNP calcula-
tions in the light of MD simulations.

The parameters in PNP essentially consist of
the diffusion coefficient of ions, and the dielectric
constants in the channel and the protein, as in
BD. In most cases, the tertiary structure of the
channels is not known and one has to include the
channel dimensions and fixed charges as addi-
tional parameters. Once the molecular structure
of a channel is determined, it can be imple-
mented in PNP calculations to relieve it from
these structural parameters, as has been recently

w xdone for the gramicidin A channel 15 . Even in
the absence of structural knowledge at the molec-
ular level, enough is known about channels to
constrain these parameters to relatively small
ranges. On the other hand, little is known about

Žthe dynamical parameters especially diffusion co-
.efficients , which are treated as completely free

parameters in PNP, to be determined from fits to
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the I]V data. Therefore, MD estimates of these
parameters are essential in order to assess the
reliability of the PNP results obtained so far.
Here, we focus on ion diffusion coefficients rather
than dielectric constants for the following rea-
sons. First, the PNP results show very little sensi-
tivity towards variations in dielectric constants
w x Ž19 , and therefore, the canonical values « swater

.80, « s2 are often employed in PNP calcu-protein
lations. Even if these values were to be modified
as a result of MD simulations, their effect on the
final PNP results are too small to make any
difference. In contrast, current is directly propor-
tional to the diffusion coefficients of ions in the
PNP theory, and thus, the results are very sensi-
tive to their choice. In fact, the diffusion coeffi-
cient of a particular type of ion is the most
important parameter in fitting the corresponding
I]V curve. Unlike dielectric constants, diffusion
coefficients obtained from PNP fits show large
variations from their bulk values, ranging from an
order of magnitude to several orders of magni-
tude reduction. One purpose of this study is to
obtain MD estimates of ion diffusion coefficients
in various channel models and demonstrate that
such low levels of ion diffusion are, in fact, unre-
alistic.

Until recently, there has been little knowledge
about the variation in ion diffusion coefficients
with channel constitution and size, and little un-
derstanding of the mechanisms underlying these
dependencies. This situation has changed with
the appearance of several MD studies of ion
diffusion, which include hydrophobic and hy-
drophilic cylindrical channels, with either periodic

w xor closed boundaries 20,21 , and model ion chan-
nels of b-barrel, a-helix bundles, leucine]serine
peptide, alamethicin fungal peptide, and the nico-

w xtinic acetylcholine receptor 22,23 . Our purpose
in this work was to present a more comprehensive
and systematic survey of ion diffusion in channels.
The effect of pore size and charge content on ion
diffusion is studied employing simple hydrophobic
channels with variable radius and of realistic
length, with reservoirs. Such model channels have
been employed in the majority of PNP calcula-
tions of ion conductance; hence the diffusion
results obtained here provide a direct test for

these PNP calculations. Besides the usual Naq,
Kq and Cly ions, we also explore the diffusion of
divalent Ca2q ion, which plays an important role
in some biological channels. In the second part of
the paper, we study ion diffusion in the KcsA
potassium channel, implementing its full molecu-
lar structure as determined from X-ray diffraction

w xexperiments 3 . Besides their intrinsic value, the
KcsA results will also serve to check the robust-
ness of the ion diffusion estimates obtained in the
first part, using simple hydrophobic channels.

2. Model systems

2.1. Cylindrical channels

A generic channel model is most conveniently
represented in MD simulations by cylindrical hy-
drophobic channels with fixed charges on them.

˚These channels, illustrated in Fig. 1, are 25 A in
length, and have effective radii R s3, 5 andmin

˚ ˚7 A. Reservoirs, each of length 15 A and radius
˚12 A, are connected to the ends of the channel,

which are large enough to provide a bulk-like
environment for the ions. Corners joining the
channel and reservoir borders are generated by a

˚5-A radius circular arc, prior to the axial rotation
to generate the pore. Periodic boundaries act at

˚the zs"27.5 A planes.
In a previous study, we have shown that a

hydrophobic wall lining need not be treated in
atomic detail in MD simulations of narrow pores

Fig. 1. Finite cylindrical channels with reservoirs. The three
˚curves represent channels with radii 3, 5 and 7 A. A three-

dimensional channel model is generated by rotating the curves
shown about the central axis by 1808.
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w x21 . Instead, one can employ a structureless one-
dimensional potential function found by Boltz-
mann averaging the potential due to a cylindrical

Ž .array of Lennard]Jones LJ 12]6 potential cen-
ters. Results have shown that there is very little
impact on water structure, self and ion diffusion
for this range of channel radii. A similar conclu-
sion has been reached in a MD study of Naq ion
diffusion in hydrophobic channels where the

w xchannel structure is explicitly included 22 . The
potential function that best represents a cylindri-
cal hydrophobic wall is found to be a LJ 5]3

w xpotential of the form 21 :

5 33 s 5 sLJ Ž . Ž .V D s « y 1ž / ž /2 D 3 D

Ž .where Dsa z y r is the radial distance from the
w Ž .xpoint of infinite repulsion at rsa z . Assuming

˚a van der Waals atomic radius of 1.4 A, we place
Ž . Ž .the point of infinite repulsion at a z sR z q

˚ Ž .1.4 A. Eq. 1 is designed such that s and «
correspond to the position and depth of the po-
tential minimum, respectively. The parameters s

˚and « are given the values 1.1 kT and 3.45 A,
respectively, which adequately represent the po-
tential over the entire channel length and reser-

w xvoirs 21 .
An ion entering a narrow hydrophobic pore

experiences an energy barrier associated with de-
hydration and image repulsion. Charged or polar
amino acids in the channel protein usually pro-
vide a stabilizing potential such that the ion may
be permitted to traverse the pore. In one series of
simulations, we mimic this effect by placing a ring
of eight oxygen-like atoms, each with the charge

Fig. 2. Hydrated potassium channel structure after 150 ps of
Ž .dynamics. The outer helices and turrets light gray ribbons ,

Ž . Žpore helices dark gray ribbons , selectivity filter narrow black
. Ž .ribbons , and inner helices white ribbons for two subunits of

the tetramer are drawn. The intracellular half of one inner
helix has been replaced by thin strands to reveal the water
positions within the long hydrophobic pore region.

˚ ˚yer8, at zs0 A, 1.4 A behind the effective pore
radius. Charges with similar strength have been
employed in PNP studies of cylindrical channels
w x10,14 .

2.2. The KcsA potassium channel

Fig. 2 shows two of the four subunits of the
tetramer of peptide chains which form the KcsA
potassium channel protein structure. The initial
coordinates for all 388 experimentally determined
amino acid residues have been taken from the
Protein Data Bank set 1bl8, described by Doyle

w xet al. 3 . The amino acid sequence is divided into
segments of interest in Table 1. The van der

Table 1
aKcsA signature amino acid sequence

Segment Residues

N-terminal 22 ]CH ]CO3
Outer helix 23]61 ALHWRAAGAATVLLVIVLLAGSYLAVLAERGAPGAQLIT
Pore helix 62]74 YPRALWWSVETAT
Selectivity filter 75]79 TVGYG
Inner helix 80]119 DLYPVTLWGRCVVVAVVVMVAGITSFGLVTAALATWFVGREQ
C-terminal 120 ]CH ]NH3

a The residues within each subunit of the experimentally determined potassium channel protein structure are divided into
segments.
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Ž . ŽFig. 3. The initial dotted curve and time averaged solid
. Ž .curve pore radii accounting for van der Waals radii are

shown. Indicated are the selectivity filter, hydrophobic cham-
ber, hydrophobic pore and the intracellular and extracellular
reservoirs.

Waals corrected channel radius profile for the
initial protein coordinates, in the absence of any
water, is shown in Fig. 3 as a dotted curve. The

˚channel extends from zfy25 to 25 A. The
selectivity filter region adjacent to the extracellu-

˚lar space extends from zf8 to 22 A, with a mean
˚radius of ;1.4 A for the empty channel. This

region is hydrophilic in nature, being lined with
carbonyl and hydroxyl oxygen atoms. There is a
large hydrophobic chamber region on the intra-
cellular side of the selectivity filter with an aver-

˚ ˚age radius of 6 A extending from zfy2 to 8 A.
A strong stabilizing potential is provided by the
pore helices, which are directed at the center of
this region. The long thin hydrophobic chamber
formed by the inner helices leading to the intra-

˚cellular space extends from zfy20 to y2 A,
˚with a minimum radius of ;1.5 A. Reservoirs

˚Ž .25-NzN-35 A are formed by a bounding cylin-
˚der of radius 8 A. A harmonic potential, with a

˚2force constant of 100 kTrA , acts only on water
oxygen atoms and ions outside this cylinder.

A survey of constraints emulating interactions
with a lipid bilayer has been carried out for these
simulations. The shape of the protein in the se-
lectivity filter and hydrophobic chamber regions
are found to be relatively insensitive to con-
straints applied to the inner and outer helices. In

w xa related article 24 , we demonstrate that these
constraints have little bearing on channel func-
tion, and in particular ion discrimination. We

˚2apply 20 kTrA force constants to all inner and
outer helix a carbons. Similar strength restrain-

ing potentials have been used in model acetyl-
w xcholine receptor studies 22 . Gating studies of

the KcsA potassium channel have indicated that
the crystallographic structure, with a narrow hy-
drophobic pore, may in fact correspond to a closed
state in which conduction does not take place
w x25 . Therefore, in separate simulations with ions
in this long narrow region, we reduce the con-
straints on the a carbons of the outer helix and

Žthe extracellular half of the inner helix residues
˚2.80]99 to 10 kTrA and those on the intracellu-

Ž .lar half of the inner helix residues 100]119 to
˚2just 1 kTrA , thus permitting this region to ex-

pand in the presence of a hydrated ion.

3. Simulations

MD simulations are performed using the
w xCHARMM v. 25 code 26 with the CHARMM19 united

atom parameter set. By comparing electrostatic
profiles with neutral and charged side-chains on

w xacidic residues 24 , it was determined that most
acidic and basic groups are likely to be neutral in
order to make this channel conduct. Neutral
residues for arginine, aspartic acid and glutamic

w xacid 27 are used with the CHARMM19 set. We
w xemploy the SPCrE water model 28 for all simu-

lations, because of its ability to accurately repro-
duce bulk water and ion properties. When the

w xTIP3P water model 29 , and its flexible version
w x30 are used, water molecules fail to solvate the
hydrophilic interior of the selectivity filter. This
would lead to an artificial ion solvation environ-
ment and erroneous ion diffusion values. The

w xion]water parameters of Pettit and Rossky 31 ,
w xas tested with SPCrE 32 , are employed. Poten-

tial parameters for the Ca2q ion are taken from
w xLynden]Bell and Rasaiah 20 . Ion]ion LJ

w xparameters are taken from Heinzinger 33 , and
ion]protein interactions are determined with the
use of standard combination rules.

A time step of 1 fs is used in the simulations
with the Verlet MD algorithm. Velocity rescaling
at 1-ps intervals leads to temperatures of
298"1 K. Coordinates are saved every 0.1 ps for
trajectory analysis. Periodic boundaries are en-
forced with a single image placed at each end of
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the channel in the axial direction. The treatment
of long-range forces can influence self and ion

w xdiffusion 34,35 . A noticeable reduction in both
self and ion diffusion in bulk simulations is
observed when the long-range cut-off is reduced

˚ w xfrom 12 to 8 A 34 . Therefore, a minimum trun-
˚cation distance of 12 A is maintained in the

present simulations. A switched force cut-off for
electrostatic interactions and a switched potential
cut-off for LJ 12]6 interactions are applied to

˚ ˚ w xatoms at 12 A, slowly turned off from 8 A 26 .
Non-bonded interaction lists are recorded up to

˚13 A and are updated at 5]10-fs intervals.
The water in the cylindrical channels is sam-

pled from pre-equilibrated bulk SPCrE coordi-
nates, using the procedure outlined in Allen et al.
w x21 . The number of water molecules inside the

˚3-, 5- and 7-A channels is 336, 409 and 513,
respectively, leading to average densities of 1.000
"0.001 grcm3. An initial molding of the system,

w xinvolving a slow turn-on of the wall potential 21 ,
is performed. Prior to the introduction of ions
into the channel, equilibration of the water-filled
system consists of 100 steepest descent minimiza-
tion steps, 50 ps of equilibration, and 100 ps of
dynamics for analysis. A single Naq, Kq, Ca2q or
Cly ion is then included, without removing any
water molecules. Not removing water molecules
when introducing an ion has a negligible effect on
mean water density in the system. After a further
100 minimization steps and 50 ps of equilibration,
0.5]1 ns of dynamics is carried out for each ion in
each system. When an ion leaves the channel
region it is replaced at the center, and the simula-
tion is restarted.

The sampling procedure for the potassium
channel simulation is more involved owing to the
complex shape of the protein. The water in the
reservoirs is handled separately by sampling from
the equilibrated bulk water in the range

˚ ˚NzN)25 A with radius less than 8 A. The water
˚Ž .within the channel NzNF25 A is taken from

150-ps simulations with a simplified model of the
w xpotassium channel 36 . This simplified model em-

ploys a LJ 5]3 pore lining throughout, except for
the narrow hydrophilic selectivity filter region
where protein is treated explicitly. Water coordi-
nates inside and outside the channel are then

combined, and any water molecule with an oxy-
˚gen atom center closer than 2 A to a protein

atom center is moved away or into a reservoir.
The number of water molecules remaining after
this procedure is 210. Equilibration with the en-
tire protein for 150 ps is carried out prior to the
addition of ions.

Three Kq ions are added to the potassium
channel at various positions, creating multiple ion
configurations similar to those anticipated by ex-

w xperimental data 3 and simple model simulations
w x36 . In each simulation one ion always resides
in the wide hydrophobic chamber region

˚Ž .y2FzF8 A . A total of 3.6 ns of simulation is
carried out in 17 separate tests in the absence of
any external field. In a separate set of simula-
tions, a single Kq ion is placed at one of several
positions in the long hydrophobic pore region,
and a series of 16=200-ps simulations are car-
ried out in order to compute the average diffu-
sion coefficients in this narrow region. For a
comparison, several simulations, each of 200 ps in
length, are carried out with a single Naq or Cly

ion at various positions within the hydrophobic
chamber and long pore regions of the potassium
channel. Due to the large size of the Cly ion

˚Ž .Pauling radius ;1.8 A , and the small size of
the long pore, dynamics simulations are
not successful with this ion in the region

˚y20FzFy2 A.
Water self-diffusion and ion diffusion coeffi-

cients are calculated by averaging the mean square
fluctuations of the oxygen and ion position vec-
tors. Statistical uncertainty is minimized by using

w xan overlapped data procedure 37 , where a win-
dow of 0.5]10 ps is slid through the sample data.
Here windows of 0.5 ps or less are ignored as they
correspond to the inertial motion within the hy-
dration cage. Before calculating diffusion coeffi-
cients, the center of mass of the system is sub-
tracted to remove any net momentum associated
with the periodic boundary. We consider only
axial diffusion given by the formula:

1 d 2²w Ž . Ž .x : Ž .D s z t yz 0 2z 2 d t

At the completion of pure water simulations,



( )T.W. Allen et al. r Biophysical Chemistry 86 2000 1]14 7

100 ps of production is divided into five samples
of 20 ps each, from which a self-diffusion coeffi-
cient is calculated. Ion diffusion coefficients in-
volve breaking MD production into several
100]300-ps samples.

4. Results and discussion

4.1. Cylindrical channels

We begin with a summary of channel water
properties, since the structure and dynamics of
channel water is likely to have some influence on
ion mobility. We observe that within the finite
length of the cylindrical channels, the water ra-
dial density profiles are very similar to those seen

w xwithin periodic cylinders 21,30 . Water molecules
are ordered in cylindrical shells and may exhibit
some degree of layering in the axial direction.

w xPrevious results 21 have shown that only a mod-
erate degree of ordering is observed in hy-
drophobic channels with effective radii of 3, 5 and

˚7 A, and thus self-diffusion levels are not ex-
pected to be greatly attenuated. The hydrophobic
nature of the pore lining leads to an exclusion

˚zone of approximately 0.7]0.8 A, with the first
peak in the radial density profile sitting at approx-

˚imately 1.2 A from the effective pore lining. In-

spection of the average water densities in Table 2
˚shows that the 5 and 7-A channels maintain near

˚bulk density, but the density in the 3-A channel is
reduced to 80% of bulk. This reduction in the
narrow channel is presumably due to the overesti-
mation of the repulsive wall potential, which has
been determined from the potential of an atomic
wall at water density. It is possible that the actual
density of atoms forming the protein wall is lower
than that of water. In the presence of a ring of
partial charges, the density is raised to 87% of

˚bulk in the 3-A channel and to 98% of bulk in the
larger ones.

Also listed in Table 2 are axial self-diffusion
estimates and their percentages with respect to
the bulk estimates given in Table 3. Self-diffusion
coefficients are seen to be of the same order as
the bulk value. The higher level of self-diffusion

˚in the narrow 3-A channel can be associated with
decreased water density. For example, in a peri-

˚odic cylinder of radius 3.1 A, where the bulk
w xdensity is maintained 21 , self-diffusion drops to

;2r3 of the bulk value. The presence of a ring
of charges diminishes self-diffusion by roughly
half in each channel size. The larger drop in the
narrow channel is again associated with the in-
crease in density. We note that the mean values
of water self-diffusion within the range

˚ Ž .NzNF12.5 A i.e. inside the channel , and the
˚smaller range NzNF5 A, are indistinguishable to

within the uncertainties of each measurement.

Table 2
aPure water self-diffusion coefficients within cylindrical channels

3˚ ˚Ž . Ž . Ž .R A r grcm D Arps % Bulkmin z

No charges
3 0.50 0.26"0.02 112"12%
5 0.96 0.17"0.02 74"11%
7 0.95 0.20"0.02 86"11%

With charges
3 0.87 0.10"0.02 39"10%
5 0.98 0.09"0.02 39"10%
7 0.98 0.09"0.02 39"10%

a ˚Estimates of axial self-diffusion are given for channel radius R s3, 5 and 7 A, with and without a ring of negative partialmin
˚charges. Only water molecules within the range y12.5FzF12.5 A are included in diffusion calculations. Errors are one standard

error of means.
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Table 3
Bulk reference values for water and ions: bulk properties r , r , n, and D are the first minima and maxima in the RDF, the firstmax min

ahydration number and the diffusion coefficient respectively

q q 2q yProperty Water Na K Ca Cl

˚Ž .r A 2.76"0.04 2.32"0.04 2.76"0.04 3.32"0.04max

˚Ž .r A 3.36"0.04 3.10"0.08 3.65"0.15 3.2"0.2 3.92"0.14min
n 4.10"0.06 5.56"0.03 7.2"0.4 7.90"0.02 7.9"0.4

2˚Ž .D A rps 0.23"0.01 0.09"0.01 0.14"0.01 0.053"0.006 0.13"0.03

Experiment
˚Ž . w x w x w x w x w xr A 2.84 39 2.4 40 2.7 41 2.46 42 3.2 43max

w x w x w x w x w xn 4.4 39 4]6 40 5]6 41 10.0 42 5.5 43
2˚Ž . w xD A rps 38 0.23 0.133 0.196 0.079 0.203

a ˚Simulations are performed with 528 SPCrE water molecules in a periodic box of side 25.08 A at temperature 298 K. After
50 ps of heating and equilibration, 100 ps of MD is used to determine the self-diffusion coefficient. A single Naq, Kq, Ca2q or Cly

ion is added, leaving 525 SPCrE molecules. After 100 steps of steepest descent minimization and 50 ps of equilibration, 500 ps of
trajectory data is used to produce the ion diffusion estimates. References for experimental results are quoted in the table.

Table 4
aIon diffusion results within cylindrical channels

2˚ ˚Ž . Ž .Ion R A n D A rps % Bulkmin z

No charges
qNa 3 4.96"0.01 0.11"0.01 122"25%

5 5.39"0.03 0.11"0.03 122"47%
7 5.88"0.05 0.07"0.01 78"20%

qK 3 4.83"0.08 0.13"0.04 93"35%
5 8.5"1.2 0.11"0.02 79"20%
7 7.9"0.5 0.10"0.01 71"12%

2qCa 3 7.36"0.02 0.18"0.06 340"150%
5 7.96"0.02 0.027"0.004 51"13%
7 7.96"0.01 0.028"0.004 53"14%

yCl 3 5.80"0.03 0.14"0.04 108"55%
5 8.1"0.4 0.07"0.04 54"43%
7 9.0"1.0 0.12"0.02 92"37%

With charges
qNa 3 5.21"0.02 0.040"0.009 12"7%

5 5.82"0.12 0.048"0.009 53"16%
7 5.85"0.08 0.048"0.008 53"15%

qK 3 4.06"0.08 0.017"0.009 12"7%
5 8.5"0.8 0.008"0.02 56"21%
7 8.1"0.6 0.11"0.02 81"18%

2qCa 3 7.00"0.01 0.0092"0.0006 17"3%
5 7.99"0.01 0.019"0.01 36"10%
7 8.02"0.01 0.028"0.02 53"12%

yCl 3 5.3"0.3 0.82"0.32 631"392%
5 7.7" .07 0.12"0.02 85"22%
7 8.4"1.5 0.22"0.03 169"62%

a ˚ ˚Ž .Estimates of axial ion diffusion are given for R s3, 5 and 7 A with ion in the range y12.5FzF12.5 A , with and withoutmin
Ž .charge rings. Errors are one standard error of means. Also listed are the first hydration numbers of the ions n calculated from

radial distribution functions.
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This indicates that the ring of charge is polarizing
all of the water in the pore to a similar extent,
and that this increased ordering of molecules is
not restricted to the vicinity of the ring.

The hydration waters of an ion can, to some
degree, determine the ability of an ion to diffuse
within channel environments. Except for special
situations where a bare ion may diffuse through
well organized zones of water molecules and re-

Ž w xmain hydrated as suggested by Allen et al. 21 ,
the ion will generally translate with its first hydra-
tion shell intact. This is a consequence of the long
residence times of first-shell hydration water

Ž qmolecules e.g. Na has a residence time of
w x.;10]40 ps 32,44 . In general, the more coordi-

nating molecules an ion has, the greater the resis-
tance to its diffusion. We have calculated radial
distribution functions for each ion in each chan-
nel to see if the pore size has any effect on them.
The bounds of the first hydration shell of each
ion type are fairly independent of the channel
situation, with the positions of the first maximum
and minimum residing near their bulk values,
quoted in Table 3. The first hydration number,
however, varies depending on the pore size and
the local water density. A list of first hydration
numbers within cylindrical channel segments is
given in Table 4, which can be compared to the
bulk values provided in Table 3.

Because the first minima in the bulk radial
distribution functions of Naq, Kq Ca2q and Cly

ions reside at approximately 3.1, 3.65, 3.2 and 3.92
Å, respectively, the first hydration shells are not
expected to fit inside spheres of radii less than

˚4.5, 5.05, 4.6 and 5.32 A, respectively. Naively, one
˚could predict that the 3-A cylindrical pore would

reduce the first hydration number of all four ions,
˚the 5-A pore would reduce the first hydration

number of Kq and Cly ions slightly, while Naq

and Ca2q would remain unaltered, and that the
˚7-A channel would have little effect on the first

hydration shells of any of these ions. However,
because the intrapore water is not bulk-like, this
simple geometrical argument does not apply so
straightforwardly. In reality, the pore water forms
well organized shells of high density. If the ion
resides near a band of high density water, then it
could have a large number of coordinating

˚molecules in a reduced volume. In the 3-A chan-
nel, reduced coordination numbers were observed
for all ions. The Naq, Kq, Ca2q and Cly ions
suffered hydration losses of 0.6, 2.4, 0.5 and 2.1
respectively. One would expect the axial diffusion
of ions to be enhanced by these reduced hydra-

˚tion numbers. In the 5-A channel, all ions have
roughly maintained bulk coordination. Only the

q ŽNa ion remains slightly dehydrated n is 0.3
.smaller than bulk , which is presumably due to

the close packing of the Naq solvation shell, such
that it is unable to make full use of the neigh-
boring shells of high density water. In contrast,
Ca2q and the larger Kq and Cly ions exceed the

˚bulk quotas. Within the largest 7-A channel, all
ions experience greater than bulk solvation. In
each channel, the ions tend to reside in regions of
low water density, solvated by the bands of high

w xdensity water, as illustrated by Allen et al. 21 .
The inclusion of a charged ring leads to a small
decrease in the hydration numbers as they pro-
vide a competing source of polarization to the
ion. The Naq ion, with a slightly increased solva-
tion, proves to be an exception, possibly as a
result of its compact coordination shell.

Table 4 lists the ion diffusion results within our
model hydrophobic channels. Ion diffusion inside
the cylindrical segments of the model channels
remains of the same order as the bulk for all pore
sizes and for all ion types. All monovalent ions

˚have near bulk diffusion values in the narrow 3-A
channel, while that of the Ca2q ion is particularly
enhanced. This behavior can be understood in
terms of the potential barrier associated with
solvation losses and image repulsion that leads to
a large force on ions, especially on the divalent
Ca2q ion. It can be noted that the Naq diffusion

˚value in a 3.1-A radius periodic cylinder, which
does not possess an energy gradient due to image

w xrepulsion, is only ;25% of the bulk 21 . Thus,
while increased water mobility does contribute to
the enhancement of ion diffusion, the majority of
the effect comes from image repulsion. Finally, as
predicted, there is a strong correlation between
the diffusion coefficient and the hydration num-
ber. Ions tend to have greater diffusion in the
narrow channel where they are not fully solvated
and where mean water density is low.
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The presence of a charge ring in the channel
leads to the cancellation of the potential barrier
for cations, and as a result, there is a substantial

Ž .decrease in cation diffusion Table 4 . The effect
of the external charges on ion diffusion is largest
for the narrow channel, where the image repul-
sion barrier is highest and decreases with increas-
ing radius. Since a channel is unlikely to conduct
without charges, the estimates in this case provide
more realistic values for ion diffusion. The lowest
diffusion is observed for the Kq ion in the narrow

˚3-A channel at 12% of bulk, which quickly in-
creases to near bulk values in larger channels. In
the case of the Cly ion, the combined influences
of hydration losses and repulsive external poten-
tial quickly expels the ion from the pore, leading
to larger diffusion coefficients compared to the
case without charges. The effect of these external

˚charges is again largest in the 3-A channel. The
Cly ion is always ejected from the channel within
30 ps after the 50-ps equilibration period.

Since the ion diffusion results provided in Table
4 are average values over the entire channel

˚Ž .length NzNF12.5 A , they may be directly com-
pared to the mean coefficients employed in PNP
calculations. We find no evidence of greatly re-
duced ion diffusion in any of the channels, with
or without fixed charges, that would justify the
values used in PNP calculations. The PNP fits to

w xthe calcium channel 13 provide an extreme ex-
ample: the Ca2q and Naq diffusion coefficients
have been reduced by 5000-fold and 400-fold,
respectively, from their bulk values in order to fit
the data. Our results in Table 4 suggest a maxi-
mum of an order of magnitude reduction for
either ion under similar conditions. Another
anomaly in the applications of PNP appears in
the relative magnitude of the cation and anion
diffusion employed, the latter being reduced by
an order of magnitude compared to the former,
in order to suppress the anion current across the

w xchannel 10 . The results in Table 4 for neutral
Žand cation selective channels lined with negative

.charges suggest that anion diffusion coefficients
will not experience such attenuation. Although
anions will be excluded from the negatively
charged pore by the repulsive electrostatic force,

once inside, they will experience translational
freedom similar to that of cations.

4.2. The potassium channel

We compare the above findings for the cylindri-
cal channels to those for the known KcsA potas-
sium channel. The structure of the potassium
channel protein and water after 150 ps of simula-
tion is shown in Fig. 2. It is clear from this figure
that the water is solvating the entire pore of this
channel, including the narrow hydrophobic region
towards the intracellular space. Fig. 3 displays the
time averaged minimum effective pore radius cal-
culated from the last 100 ps of dynamics as a solid
curve. The pore is still quite narrow after hydra-

˚tion, especially in the segment y20FzFy15 A,
and it offers small pockets of wider pore for an
ion to reside. Thus, we anticipate some difficulty
for ions to translate in parts of this pore. There is
evidence that the structure determined by Doyle

w xet al. 3 may correspond to a closed state of the
w xKcsA channel 25 . Nevertheless, diffusion esti-

mates in the pore currently being studied will
provide interesting comparisons with our model

Žchannels. We note that oxygen atoms usually
.associated with polar or charged groups reside
˚away from the pore lining by at least 1 A in the

˚region y25FzF8 A, and thus this segment ap-
pears to have maintained its hydrophobic nature
after equilibration with water. Table 5 includes
self-diffusion estimates for the pure water-filled
potassium channel, broken into three segments:

˚Ž .the selectivity filter 8 - z F 22 A ; the hy-
˚Ž .drophobic chamber y2-zF8 A ; and the long

˚Ž .hydrophobic pore y20-zFy2 A . Only those
waters within the channel pore are included in
the density and diffusion estimates. If a water
oxygen resides within the time averaged minimum

Ž .pore radius at that axial position z , then it is
included in the sums. This excludes molecules
embedded in the protein outside the pore.
Throughout the entire channel and the reservoirs,
the water density remains roughly the same as the
bulk. Despite the small dimensions of the long
hydrophobic pore, and the hydrophilic nature of
the selectivity filter region, self-diffusion remains
above 1r4 of bulk self-diffusion throughout the
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Table 5
Pure water self-diffusion coefficients within the potassium

achannel

3 2˚Ž . Ž .Segment r grcm D A rps % Bulkz

˚8FzF22 A 1.06 0.06"0.05 26"21%
˚y2FzF8 A 1.01 0.09"0.01 39"6%

˚y20FzFy2 A 1.01 0.06"0.01 26"5%

a Errors are one standard error of means.

channel. This is an indication that ion diffusion
may not be greatly attenuated within the potas-
sium channel.

A list of first hydration numbers within hy-
drophobic regions of the potassium channel is
given in Table 6. Inside the hydrophobic regions
of the potassium channel, the Kq ion experiences
less than bulk first shell coordination throughout.
In the hydrophobic chamber the ion has approxi-
mately 0.7 less water than in the bulk, whereas in
the long narrow pore the ion can lose as many as
2.6 hydration waters due to the small dimensions
of the pore. Despite these solvation losses, the
Kq ion is not seen to experience a potential

w xenergy barrier 24 . We expect large ion mobility
in this region due to the reduced solvation envi-
ronment and absence of polar groups to restrict
ion movement. The chloride ion, on the other
hand, has exceeded its bulk quota of hydration
waters in the chamber region, possibly in an at-
tempt to shield the repulsive electrostatic interac-
tion with the pore helices and selectivity filter. A
Naq ion is seen to remain nearly fully solvated
throughout the entire wide chamber and long
hydrophobic pore regions.

Ion coordination inside the selectivity filter re-
gion is more complex than in the hydrophobic
segments of the potassium channel due to the
interplay with polar carbonyl and hydroxyl oxy-
gens. The ability of this region to cause ion dis-

w xcrimination has been studied in simplified 36 ,
w xand complete 24 potassium channel models.

Brownian dynamics simulations suggest that two
Kq ions reside in equilibrium positions in the
selectivity filter-chamber region until a third ion
enters the channel; then one of the resident ions

w xis quickly ejected from the channel 8 . An esti-
mation of ion diffusion in such a situation is not
very meaningful. Furthermore, this is a narrow
hydrophilic region that cannot be directly com-
pared to our simple model channels. Therefore,
the selectivity filter region is not analyzed any
further in the present study.

We list in Table 6 ion diffusion results within
the potassium channel. Again we observe no evi-
dence of greatly attenuated anion diffusion inside
the wide hydrophobic chamber, with 38% of bulk
diffusion on average. In this region the Kq ion
exhibits approximately half of the bulk diffusion,
which is roughly in agreement with the value for

˚the 5-A model cylindrical channel. In the long
hydrophobic pore, the diffusion of the Kq ion
varies depending on the position of the ion.
When an ion is placed near the wider pocket at

˚zsy15 A, little ion translation is observed,
˚whereas an ion placed near zsy10 A will move

quickly towards the wide chamber region. Fig. 4
shows the range of mean square displacement
curves from which diffusion coefficients are

Table 6
aIon diffusion within the potassium channel

2˚ ˚Ž . Ž .Ion Segment A n Dz A rps % Bulk

q ˚Na y2FzF8 A 5.93"0.02 0.015"0.002 17"4%
˚y20FzFy2 A 5.4]5.7 0.03"0.01 37"16%

q ˚K y2FzF8 A 3.54"0.09 0.07"0.008 50"9%
˚y20FzFy2 A 4.6]6.2 0.12"0.07 86"56%

y ˚Cl 2FzF8 A 9.0"0.4 0.05"0.02 38"24%
˚y20FzFy2 A ] ] ]

a Ž .Errors are one standard error of means. Also listed are the first hydration numbers of the ions n calculated from radial
distribution functions for water oxygen atoms only.
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Fig. 4. Kq ion diffusion in the potassium channel. The Kq

ion mean square displacements within the long hydrophobic
˚Ž .pore region y20FzFy2 A of the potassium channel for

selected 100 ps samples are shown.

determined. It can be seen that within the long
pore, the diffusion ranges from near zero up to
almost four times the bulk value. The average
value of Kq diffusion inside this region is 86% of
the bulk. The fast motion of ions in this region is
in agreement with trajectories observed in Brow-

w x qnian dynamics simulations 8 . While the Na ion
shows approximately 1r3 of bulk ion diffusion on
average throughout the narrow long pore region,
its coefficient is reduced in the wide chamber to
just 1r6 of the bulk. Whereas multiple Kq ion
configurations in the selectivity filter and cham-
ber could be created to eliminate deep energy

w x qwells 24 , this is not possible for Na because of
the discriminatory property of the selectivity fil-
ter. As a result, the single Naq ion in the cham-
ber used for this diffusion estimate is very stable
and lacks translational freedom.

Ion diffusion results within the model channels
and the potassium channel may be compared to
other biological channels. Within channels of di-

˚mensions smaller than 3 A, diffusion processes
are complicated by ion]protein interactions. The
creation of local minima in the energy profiles of

such pores leads to permeation mechanisms,
which are dependent on the channel type, and
may be controlled by ion]ion interactions as well
as diffusive processes. Thus, it is difficult to make
comparisons between channels for narrow pores,
such as the long hydrophobic pore of the potas-

˚Ž .sium channel radius ;2 A ; leucine]serine pep-
tide and helix bundles of alanine residues with

˚ w x w xradii of 2]3.5 A 22,23 ; and gramicidin 45 with a
˚radius of ;2 A. However, comparisons can be

made with wider pores, which tend to have hy-
drophobic linings and only shallow energy minima.
The M2 helix bundle with the narrowest radius,

˚6 A, supports approximately 60]70% of the bulk
Naq, Kq and Cly ion diffusion on average; while
the alamethicin fungal peptide, with a radius

˚between 3.0 and 5.2 A supports 40]50% of the
w xbulk diffusion for all three ion types 22,23 . These

results compliment the diffusion coefficients for
˚all three monovalent ions in our 3]7-A hy-

drophobic channels, and to the Kq ion coefficient
in the hydrophobic chamber of the potassium
channel.

5. Conclusions

In this article, we have performed MD simula-
tions to investigate the influence of pore size and
charge content on the diffusion of different ion
species commonly found in biological ion chan-
nels. We have employed simple channel models
of realistic length and radii, and made compar-
isons with the KcsA potassium channel, for which
an experimental structure has recently been de-
termined. All ion types maintained reasonably
high levels of diffusion within hydrophobic chan-

˚nels of radius 3]7 A, with or without the action of
external charges, as well as in the hydrophobic
segments of the potassium channel. Our esti-
mates of ion diffusion demonstrate that ion
mobility does vary from the bulk value according
to the channel size and charge content, but this
variation is never of several orders of magnitude,
as employed in some PNP fits to current]voltage
data. We hope that in future phenomenological
studies of ion permeation, the systematic ion dif-
fusion results presented here will provide a useful
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guide so that they will not be treated as free
parameters that may be arbitrarily lowered to
match experimental findings.
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