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Abstract

We have used molecular dynamics simulations, corresponding to a total simulation time of 11 ns, to investigate the
effective short-time local diffusion coefficient of potassium and chloride ions in a series of model ion channels. These
models, which include channels formed by the fungal peptide alamethicin, by a synthetic leucine]serine peptide, and
by the pore-lining M2 helix bundle of the nicotinic acetylcholine receptor, have a range of different secondary
structures, diameters and hydrophobicities. We find that the diffusion coefficients of both ions are appreciably
reduced in the narrower channels, the extent of the reduction being similar for both the anionic and cationic species.
This suggests that a difference in mobility cannot be the source of the ion selectivity exhibited by some of the

Ž .channels for example, the leucine]serine peptide . We find no evidence for a reduction in mobility of either ion in
the nAChR model. These results are broadly in line with a previous similar study of Naq ions, and may be useful in
Poisson]Nernst]Planck, Eyring rate theory or Brownian dynamics calculations of channel conductance. Q 1999
Elsevier Science B.V. All rights reserved.
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1. Introduction

Channels are integral membrane proteins that
allow ions rapidly to cross the lipid bilayer, a
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process which otherwise has a timescale of days
w x1 . They are ubiquitous in both prokaryotic and
eukaryotic cells and play vital roles in homeosta-

Ž .sis, signaling in electrically excitable tissues and
in producing and maintaining the membrane po-
tential which is coupled to many other transport
processes.

There is a great deal of functional information
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about ion channels, coming primarily from elec-
trophysiology experiments: since the development
of the patch-clamp technique, it has become pos-

Ž .sible to measure the current]voltage I]V rela-
tions of single channels as well as of whole cells,
to investigate the time course of the channels’
response to chemical and electrical stimulation,
and to study the dependence of the I]V relations
on the concentration and composition of the
bathing electrolyte solutions and on point muta-

w xtions in the channels 2 . Structural information is
comparatively scarce. There are well-known dif-
ficulties in overexpressing and crystallizing mem-
brane proteins for X-ray diffraction experiments,
and their insolubility renders them unsuitable for
solution NMR. Indeed, it is only recently that an
X-ray structure has become available for a selec-
tive ion channel from one of the major families,
the KcsA potassium channel of Streptomyces lï i-
dans, related to the voltage-gated potassium,

w xsodium and calcium channels in eukaryotes 3 .
The non-selective mechanosensitive channel
MscL from Mycobacterium tuberculosis has also

w xrecently been solved 4 . Aside from these,
atomic-resolution structural information is avail-
able only for model channels such as gramicidin

w x w xA 5]8 , porins 9,10 , and the pore-forming toxin
w xa-hemolysin 11 . For certain other channels

lower-resolution information is available, for ex-
ample for the nicotinic acetylcholine receptor
w x12,13 from cryo-EM studies, while for yet others,
indirect evidence from mutagenesis experiments
is the major source of information. Furthermore,
even when an X-ray structure is available, it is
sometimes unclear as to which functional state
Ž .e.g. open vs. closed of the channel this repre-
sents.

To understand the connection between struc-
Žture and function i.e. to predict the I]V rela-

.tion should be easier for channels than for other
membrane transport systems, because the
transport process is passive, and the permeation
pathway is relatively simple, an aqueous pore
crossing the membrane; but it is nevertheless
difficult to achieve quantitatively from first princi-
ples. If quantitative structure]function connec-
tions were possible, then the vast amount of phys-

iological information that has been amassed would
become much more valuable, because a putative
channel structure that did not yield I]V relations
in agreement with experiment could be rejected

Žwith confidence even though the physiological
data alone would probably be insufficient to de-

.termine the structure of the channel uniquely .
Why is the establishment of the structure]

function connection so difficult? The systems are
sufficiently complicated that numerical methods
must be used, either for the numerical solution of
the transport equations describing a simplified
model or for the direct simulation of an atomistic
model of the system. The two most commonly
used simplified models are based either on the

w xNernst]Planck and Poisson equations 14,15 or
the Eyring theory of kinetic transport over barri-

Ž .ers. Both these approaches the first in particular
can predict conductances in impressive agree-
ment with experiment, but both contain free
parameters which must be fitted, and which are
problematic to interpret physically, so rendering
them difficult to use predictively.

The most conceptually straightforward way of
approaching the problem is probably via molecu-

Ž .lar dynamics MD simulation, where an atomistic
model of the system is evolved in time by solving

w xNewton’s equations 16,17 . However, to extend
the simulation time beyond approximately 10 ns is
very major undertaking with presently-available
computers; this is appreciably shorter than the
typical timescale of physiological ion permeation
Ž .;100 ns]1 ms . A sensible ‘hybrid’ approach to

Ž .adopt is therefore to use relatively short MD
simulations to measure properties of the ion at a
variety of different positions in the channel, and
then to use these properties in a ‘reduced model’

w xof some kind 18]22 . The greatest success of this
approach has probably been achieved in work on

w xgramicidin 20,23]27 . In the work reported here
we shall give results for local diffusion coeffi-
cients of Kq and Cly, in various model ion chan-
nels, as part of a larger project which also in-
volves the measurement of potentials of mean
force and the development of methods to calcu-
late conductance.

We have chosen to investigate a series of mod-
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els which differ quite appreciably among them-
selves: some are helix bundles and one is a beta
barrel, some are hydrophobic and some hy-
drophilic. The motivation for this is that any
general patterns in the behavior of the ions which
may be observed are unlikely to depend on the
exact details of the channel architecture and so
may reasonably be conjectured to apply to real
channels as well. This deduction could not be
made from investigations of one channel model
alone. Local diffusion coefficients for Naq in the
same channel models have already been reported

w xelsewhere 28 .
That there is likely to be a reduction in the

effective mobility of ions in ion channels has been
established from various previous MD and experi-
mental studies. In the gramicidin channel it is
found experimentally that the mobility of Naq is
reduced 10]100 times compared to bulk and that
of Kq similarly; the result for Naq has been

waccurately reproduced theoretically 20,23]27,
x29,30 , though less success has been met with in

explaining the behavior of Kq. The reduction in
ionic diffusion coefficient D is perhaps not sur-
prising given the strong electrostatic forces that
will be felt by the ions. However, reductions in D
for ions in uncharged cylindrical hydrophobic

w xchannels have also been reported 31 and the
mobility of water in channels and channel-like

w xcavities is also found to be reduced 20,32]35 ,
especially as a result of fixed charges in the chan-

w xnel 36,37 , even though the water molecule is
Ž .neutral though highly polar . The response of

water to an external electric field may also be
w xdifferent in a channel compared to the bulk 38 .

2. Methods

2.1. Channel models

The channel models were constructed using an
in ¨acuo simulated annealing by molecular dy-

Ž .namics SArMD method similar to that de-
w xscribed in 39]41 . The model is then solvated,

and the ion is introduced by substituting it for a
water molecule at the desired initial position. In

these models, the lipid bilayer is not included
explicitly. The pore region of the channel is fully
solvated, and water ‘caps’ are included at each
end of sufficient size to increase the length of the
whole simulation system from approximately 30

˚to approximately 60 A. All the models were
aligned with the pore axis along z, and with the
origin approximately at the center of the channel.
All the protein chains in every model were
patched at the N-terminus by an acetyl group,

Žand except for alamethicin, which has a C-termi-
.nal amino alcohol at the C-terminus by an NH2

group.
Diagrams of the channel models, produced us-

w xing Molscript 42 , are shown in Fig. 1, with the
protein and waterrion components separated for
clarity. The systems studied were:

1. Cubic boxes containing only water and one
˚ion, one of side length 15.6 A containing 124

TIP3P water molecules and one of side length
˚31.1 A containing 999 TIP3P water molecules.

2. An idealized model of a b-barrel, containing
w x Ž .Alanine residues only 40 Fig. 1a . It consists

Žof eight strands separate, rather than being
.connected by loops , each 10 residues in

length, with a shear number of 8. The barrel
˚has a length of approximately 30 A, and pore

˚ Žradius of approximately 3.5 A all pore radii
w xwere calculated using the program HOLE 43 .

The system is solvated with 293 TIP3P water
Ž .molecules in total, approximately 100 "5 of

them in the pore, and 200 in the caps. This
model will be referred to as n8s8.

3. An idealized model of an a-helix bundle,
w xagain containing only Alanine residues 39

Ž .Fig. 1b . Each helix is 20 residues in length.
˚The bundle is again approximately 30 A in

length, with a pore radius of approximately
˚2.0 A, and when solvated contains 159 TIP3P

Ž .water molecules, approximately 40 "3 of
them in the pore. It will be referred to as an5.

4. A model of a real, though artificial,
leucine]serine peptide whose channel-for-
ming properties have been the subject of ex-

w x Ž .tensive investigation 44]47 Fig. 1c . The
Ž .peptide, whose sequence is LSSLLSL , was3
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Fig. 1. Diagrams of the various channel models that have
Ž .been investigated: a 8-stranded poly-Ala b-barrel model

Ž . Ž . Ž . Ž .n8s8 ; b 5-staved poly-Ala a-helix model an5 ; c 6-staved
Ž . Ž .Leucine]Serine peptide a-helix model leu]ser ; d 6-staved

Ž . Ž . Ž .alamethicin a-helix model alm ; e a7 nAChR model. The5
protein is shown in the left-hand column, with the secondary
structural elements in ribbon format, with only polar and
ionizable side chains shown explicitly. In the right-hand column
the channel and cap water, and the Kq ion at a typical
location, are shown. The water is in bonds-only format and the
ion is shown as a van der Waals sphere.

designed to form amphipathic a-helices, and
it spontaneously forms inwardly-rectifying
channels in lipid bilayers, believed to consist
of bundles of a-helices with the serine
residues lining an aqueous pore and the
leucines directed towards the lipid. Accord-

ingly, the model consists of a helix bundle
with the side chains directed as described
above. The bundle contains six helices, the
number suggested by previous modeling stud-

w xies 45,48,49 as being the most likely. It has a
˚length of approximately 30 A, with a pore

˚radius of approximately 3.5 A in the center of
˚the channel, falling to approximately 2.0 A

near the mouths. It is solvated with 250 water
Ž .molecules, of which approximately 85 "5

lie in the pore. It will be referred to here as
w xleu]ser, though it is also known as LS3 49 .

5. A model of the channel formed by the fungal
Ž .peptide alamethicin Fig. 1d , which will be

referred to as alm. The sequence of each
monomer is UPUAUAQUVUGLUPVUUE-
QPhl, where U represents the a-amino isobu-

w Ž . xtyric acid residue i.e. ]NHC CH CO] and3 2
wPhl represents the phenylalaninol residue i.e.

Ž . x]NHCH C H CH OH . The alamethicin6 5 2
w xmonomer is known to form a-helices 50 ,

and the channels are thought to be helix
bundles containing a variable number of
monomers, corresponding to the various con-

w xductance states of the channels 51]55 . The
model studied here is a hexameric bundle,
though bundles containing between four and
eight monomers have been studied previously
w x34,56 . The helices have a kink near the
central proline, and are aligned such that

Ž .their hydrophilic faces defined by Q7 face
the pore. The maximum pore radius is ap-

˚proximately 5.2 A just C-terminal of the cen-
ter of the channel, falling to approximately

˚ ˚3.0 A approximately 5 A in from the channel
mouths. It is solvated with 513 water
molecules, of which approximately 200 lie in
the pore, and it is assumed that all glutamate
residues are fully ionized.

6. A model of the pore of the nicotinic acetyl-
Ž . Ž .choline receptor nAChR Fig. 1e . The

nAChR is the most extensively studied mem-
ber of the ligand-gated ion channel super-

w xfamily 57,58 ; it forms pentameric cation-
selective channels and is found in the nerve-
muscle synapse and in the central nervous
system. Of the four transmembrane segments
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in each subunit, the M2 segments are believed
to form the majority of the lining of the pore
w x59]63 , and structural evidence studies using

w x w xcryo-EM 12,13 and CD 64,65 suggest, taken
together, that the M2 segments are in a cen-
trally-kinked a-helical conformation and form
a loose right-handed supercoil with three con-
served polar side chains pointing into the
pore. The model used here was constructed
accordingly. It is a homopentameric helix
bundle, with each helix having the sequence
EKISLGITVLLSLTVFMLLVAE; this is the
sequence of the M2 segment of the neuronal
a7 nAChR, which is known experimentally to

w xform homopentameric channels, 66]69 . This
model has already been the subject of MD

˚w xstudies 70 . It is approximately 32 A in length,
˚with a minimum pore radius of ;6 A, in-

˚creasing to 18 A near the helix C-termini. It
is solvated with a total of 1026 TIP3P water
molecules, of which approximately 430 lie in
the pore, and it is assumed that all ionizable
residues are in their fully ionized states.

As was mentioned above, the channel models
that have been produced were chosen to exhibit a
range of secondary structures and types. The an5
and n8s8 models are much simplified relative to
real channels, while the alm, leu]ser and nAChR
models are built using the sequences of real chan-

Žnels or, in the case of the nAChR, fragments of
.real channels .

3. Details of simulations

All simulations were performed using the pro-
w xgram CHARMM23 17 running on Silicon Graphics

workstations and servers. The CHARMM PARAM19
parameter set was used, under which aliphatic
groups are represented by extended carbon atoms,
but polar hydrogen atoms are included explicitly.
The water model employed was the CHARMM-
modified TIP3P model, which is a three-center
non-polarizable model. The Lennard]Jones
parameters of the ions were those for the species
MK and XCL in the file PARM.PRM of the pro-

w x Ž .gram QUANTA97 71 . They are y0.0100, 2.350
Ž .for MK and y0.2600, 2.060 for XCL, where the

first figure is the depth of the minimum in the
Ž y1 .potential in kcal mol and the second is the

˚Ž .radius where this minimum occurs in A .
The ion]water radial distribution functions

were calculated and found to be in reasonable
agreement with experimental results. The models
were minimized for 3000 steps using the
adopted-basis Newton]Raphson method, mini-
mizing first the solvent, then the protein under
first heavy and then weak constraints. The system
was then heated to 300 K over 6 ps using a
constant-energy MD scheme with periodic rescal-
ing of molecular velocities, then for the equilibra-
tion and production stages of the simulation we
switched to using the constant-temperature

w xNose]Hoover method 72 . The equilibration´
stage consisted of two parts, each 8 ps long, and
the production stage was 100 ps long. The MD
timestep was 1 fs throughout and the lengths of
bonds to hydrogen were constrained with the
SHAKE algorithm. For each model and each type
of ion, this procedure of minimization, heating,
equilibration and production was repeated for

Ž .several typically nine initial release positions of
the ion in the channel pore and water caps, the
ion being initially placed on the channel axis, i.e.

Ž . �at the point 0,0, z , for z s y20, y15, y10,i i
˚4y5, 0, 5, 10, 15, 20 A. The total simulation time

per model per ionic species was thus 1.1 ns, so the
work reported here represents a grand total of 11
ns simulation time. All the production trajectories
were sampled every 0.1 ps, so that 1000 coordi-
nate sets for the ion were available for the esti-
mation of D at each point in the channel.

The water in the caps was prevented from
escaping by using the MMFP module of CHARMM

Ž .to put cylindrical or in the case of the nAChR
hourglass-shaped restraining potentials on it. For
consistency with the channel systems, the cubic
shape of the water boxes was also maintained
with six planar MMFP restraints, rather than by
using periodic boundary conditions. The simula-
tions are all thus carried out at constant volume,
and though the waters at the surfaces of the caps
will have different behavior to bulk water, this is
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more likely to affect the behavior of an ion in the
caps than in the channel itself for reasons dis-
cussed below. Because of the absence of an ex-

Žplicit lipid bilayer and, in the case of the nAChR
.model, most of the transmembrane protein , it is

also necessary to use restraints to maintain the
geometry of the protein: harmonic restraining

Žpotentials are placed on the a-carbon atoms in
the case of the nAChR, the Ca atoms near the

.center of each helix are not restrained . The force
constant of the restraining potential was 10 kcal

y1 ˚y2mol A . Since it was found in the work on
gramicidin that the rigidity of the channel can

w xinfluence the mobility of an ion 29 , we have also
carried out simulations with weaker harmonic

y1 ˚y2restraining potentials of 0.6 kcal mol A , which
is the force constant that was applied to the
methyl spheres that were packed around the

w xgramicidin channel in 27 . The time constant
w Ž .x1r frequency of harmonic vibration of a carbon
atom with this restraining potential is 1.5 ps. We
also remark that recent simulations of water in
alamethicin with an explicit, hydrated lipid bilayer

w xand no structural restraints 73 have found a
reduction in the self-diffusion coefficient of water
which is very similar to what was observed in the
present alm model, where lipid was not included
w x34 . Finally, in the minimization, heating and first
equilibration stages of the simulation, a harmonic
MMFP restraint was also placed on the z-coordi-
nate of the ion, to keep it near its starting posi-
tion. This restraint was removed for the second
equilibration and production stages. Long-range

˚electrostatics were cut off at 13 A using the
force-shift method; given that matter distant from

Žthe channel i.e. lipid and non-pore-lining pro-
.tein was omitted, it was considered unnecessary

to include long-range electrostatic forces. We
believe that the ionic diffusion coefficient and
dwell times in the first hydration shell, being the
result mainly of local rearrangements in the fluid
involving hard-core collisions between the ion
and molecules very close to it, are unlikely to be
affected much by distant atoms outside the cut-off

Ž .range e.g. water in the caps . This would not
necessarily be the case with, for example, the
energetics of the ion, where long-range elec-

trostatic effects are known to be extremely impor-
tant.

4. Calculation of effective diffusion coefficient D

Our approach to calculating D is based on
w xmean-squared displacement, as was done in 20

q w xfor Na in gramicidin, and in 31 for ions in
hydrophobic cavities; we use the equation

2²Ž ² :. : Ž .Ds lim ry r r2 dt 1
tª`

²Ž ² :.2:where t is the time, ry r the mean
squared displacement from the mean and d the

² :spatial dimension. The r term corrects for uni-
form drift in the motion.

It is natural in the case of a homogeneous
system to consider the motion in all three spatial
dimensions and estimate

2²Ž ² :. : Ž .D'D s lim ry r r6 t 2r
tª`

with r 2 sx 2 qy2 qz 2 this equation was used in
estimating D in the two water boxes, for example.
However, for ions in the channel models we shall
consider the motions along and perpendicular to

Ž .the channel z- axis separately, as the character
of these motions is different. Therefore, we de-
fine

2²Ž ² :. : Ž .D s lim zy z r2 t 35
tª`

and

2 2²Ž ² :. : ²Ž ² :. :D s lim q xy x q yy y r4 tŽ .H
tª`

Ž .4

The formal lim corresponds in practice tot ª`

²Ž ² :.2:fitting the gradient of ry r vs. t for fairly
Žshort times we used the interval 1]6 ps for both,

chosen on the basis of inspection of the measured
²Ž ² :.2:graphs of zy z vs. t, examples of which

. ² :are shown below . The expectation value ? is
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estimated by averaging over all pairs of ion coor-
dinates in the trajectory that are separated by
time interval t. The size of the error bars is

w xestimated by jackknife blocking the trajectory 74 .
In most of the trajectories the ion did not move
an appreciable fraction of the length of the chan-
nel during the production trajectory, so that the
D measured can be considered to be a spatially

Ž . Žlocal quantity, D z the z being the average
.z-coordinate of the ion over the trajectory , in line

with the intention of the approach that we are
adopting.

² 2:It is found even in bulk solution that r vs. t
is not linear but increases rapidly initially, when
the ion moves within the shell of its nearest
neighbors, and then more slowly at longer times,
when motions involving the movement of the ion
and solvating waters, coupled with exchange of
the waters, become important. These factors de-
pend in a non-trivial way on the size and charge

w xof the ion 75 . The initial gradient of mean
Žsquared displacement vs. time divided by 2, 4 or

.6 as appropriate will be called the local, or cage,
or fluid dynamic ‘diffusion coefficient’ DŽfd.

5

Žthough the motion is not strictly diffusive on
.such a short time scale . On this short time scale,

one would not expect a large difference between
the motion in a channel and in bulk solution, as
has been confirmed by the simulations on grami-

w xcidin 20 .
We have also estimated D in an alternative

way, by using the autocorrelation function of the
Ž .velocity of the ion Green]Kubo relation

²Ž Ž . ² :.Ž Ž . ² :.:C s ¨ 0 y ¨ ¨ t y ¨¨

`
Ž .Ds C d t 5H ¨

0

w xas was done in, for example, 20,29 for grami-
w xcidin, and in 31 . The decrease in the gradient of

mean squared displacement with time corre-
sponds in the case of C to a crossing of the time¨
axis followed by a power-law long-time decay
which makes accurate numerical evaluation of

w xthe integral of C difficult 29,76]78 . In our¨
relatively short simulations, random fluctuations
quickly come to dominate, and so the upper limit

of the integral is cut off in the usual heuristic
way, after the second crossing of the time axis
Ž .from below , generally at approximately 1 ps.

5. Correlations with water and protein side chains

As was remarked above, the lifetime of water
molecules in the first solvation shell of an ion is
connected to the ion’s diffusive behavior; for ex-
ample, a longer water lifetime, which increases
the effective size of the ion, is thought to be
responsible for the low diffusion coefficients of
Naq and Liq compared to Kq, though other
effects are also important and a full treatment is

w xquite involved 75 . We have therefore measured
this lifetime, where a water is considered to be in
the first solvation shell if it is closer to the ion
than the first minimum in the ion]water radial

Ž . Ždistribution function g r taken from Ko-ion y O
w x.neshan et al. 75 . The lifetime was estimated in

a simple way using

² : Ž .ts n D trN 6w TOT

where N is the total number of differentTOT
waters that enter the first solvation shell during

² :the trajectory length D t and n is the averagew
number in the first solvation shell at any one
time. We have not, however, attempted to corre-
late the exchange of waters from the first solva-
tion shell with the motion of the ion at that
instant.

We have also investigated the nature of the
interaction between the ion and the channel in
the various channel models, by calculating the

Ž .radial distribution function g r between the ion
and the protein side chain or backbone atoms.

ŽThe usual definition number of atoms in narrow
. Žshell at r from ion r number of ideal gas atoms

.of same density in shell at r causes some prob-
lems because the ‘density’ of the protein is not
well defined. Therefore we calculated N sa
Žnumber of protein atoms in narrow shell at r

. wfrom ion and N s number of protein atoms inb
shell at r from ion after ion has undergone a

˚Ž .xrandom displacement uniform in y5 . . . q5 A .
Ž .Then we used N rN as an estimate of g r . Thea b
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random displacement decorrelates the ion from
the protein, but its size, of the same order as the
channel radius, ensures that on average approxi-
mately the same number of protein atoms will be
found in total.

6. Results

6.1. Local mobility in channels

We first analyze the motion of the Kq and Cly

ions in the channel models. In Fig. 2 the z-com-
ponents of the ion trajectories for the Kq ions in
each channel are shown as a function of time.
Generally the motion seems to be diffusive or
drift-plus-diffusive, but there are some excep-
tions; for example, the ions that start near the
ends of the narrower an5 and leu]ser channels
seem to be ‘squeezed out’, tending to move out
rapidly during the equilibration stage of the simu-
lation. More detailed investigation of this will
require free energy calculations, but it is pre-
sumably related to the narrowness of the chan-
nels at the ends, and the proximity and exposure
of the helix backbone dipoles in these regions.
There is a clear ‘drift’ of the ions in the channel
only in the case of alamethicin, where the ions

Ž .move towards the C-terminus, positive z , as
might be expected due to both the direction of
the a-helix dipoles and the presence of a ring of
negative charge produced by glutamate residues

˚at approximately zs10 A. The trajectories of
y Ž .Cl ions data not shown display several of the

same qualitative features; again, the ions are not
stable near the ends of the leu]ser model, and
drift is observed in the alm model, this time from

Ž .positive to negative z towards the N-termini , in
line with the charge reversal.

Some representative graphs of the resulting
mean squared displacements in the z-direction
are shown in Fig. 3. We show results for the

�potassium ion released at zs y20, y10, 0, 5,
˚420 A for leu]ser. It is apparent that the mean

squared displacement is sometimes convincingly
linear, but at other times not. This is probably a
consequence both of real deviations in z 2 vs. t at
longer times due to the effect of the channel

q Ž . Ž .Fig. 2. z-Component of K ion trajectories for: a n8s8; b
Ž . Ž . Ž .an5; c leu]ser; d alm; and e nAChR.
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protein and also of inadequate sampling; the en-
tire trajectory of an ion is only five times longer
than the maximum interval shown here, 20 ps. We
emphasize that the process of fitting over 1]6 ps
produces only a local mobility; it does not neces-
sarily give an indication that this effective mobil-
ity can be used alone to describe the behavior
over longer time intervals.

The corresponding trajectories in the x, y plane
are shown in Fig. 4. The restraining of the ion by
the walls of the channel is clearly apparent, as is
the fact that the ion generally remains near to the

Ž .channel axis which is at the origin . These trajec-
tories are qualitatively similar in the other narrow

Ž .channels an5 and n8s8 . In these channels, the
greater mobility in the caps compared to the pore
is apparent from the ion trajectories, Figs. 2 and

Ž .4, alone; for the wider alm and especially nAChR
models, the trajectories in the channel resemble
those in the caps more closely, being indistin-
guishable in the case of the nAChR. There is
little difference between potassium and chloride,
except that the chloride seems to prefer an off-axis
location in the narrow channels.

The local diffusion coefficients have been cal-
culated for both ionic species in all the channels.
The results are shown in Figs. 5 and 6 for Kq and
Fig. 6 for Cly. The graphs also show the effective
radius of the channel as a function of axial posi-

w xtion, as estimated by the program HOLE 43 . For
comparison, in the simulations on the ions in the
two water boxes of different sizes, it was found

q ˚ ˚2 y1Ž . Ž .that D K , Ls15.5 A s0.16 3 A ps andr
q ˚ ˚2 y1 yŽ . Ž . ŽD K , Ls31 A s0.21 4 A ps while D Cl ,r r

˚ ˚2 y1 y. Ž . ŽLs15.5 A s0.18 5 A ps and D Cl , Ls31r
˚ ˚2 y1. Ž .A s0.21 2 A ps .

The error bars on the diffusion coefficients
Ž .from channel simulations shown at 1 S.D. are

quite large, but there is generally a very clear

²Ž ² :.2: qFig. 3. Graphs of zy z vs. t for K ion in the
Ž . Ž . Ž . Ž .leu]ser model at: a zsy20; b zsy10; c zs0; d

Ž . Ž .zs5; and e zs20. Note that the labels run 10, etc. refer
to the z-coordinate of the ion at its release, not to the point to
which it moved, and that the vertical scale is different on the
different graphs.
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reduction in local mobility in the pore regions of
Ž .the an5, n8s8 leu]ser and to a lesser extent alm

models. This is more consistent and pronounced
for D than D , but is apparent for both. TheH 5

largest reductions in D are observed in the nar-5

rowest channel, an5, with the more hydrophilic
leu]ser channel showing smaller reductions and
the alamethicin channel, which is both more hy-
drophilic and wider, smaller reductions still.
Within the error bars, the mobility of Kq and
Cly seem to be reduced by similar amounts. In
the case of the nAChR, however, there is no
evidence of reduced local mobility of either ionic
species in the channel, in contrast to Naq, for

w xwhich a small reduction did appear to occur 28 .
Within a particular channel, the effective diffu-
sion coefficient tends to follow the pore radius
profile, e.g. the local maximum of mobility of both
ions in the leu]ser channel at zfy2, but this is
quite dependent on the nature of the pore lining;
e.g. D has a maximum in a narrow part of the5

alm channel at zf8.
It is notable for both ionic species that the

mobility is generally less in the caps of the an5,
n8s8 and leu]ser models than it is in the caps of
the alm model or the nAChR. This is probably
due to the larger size of the caps in the latter

˚models; they have a radius of approximately 18 A
˚compared to approximately 12 A or less than 10

˚ Ž .A n8s8, an5 . D was also found to be corre-
˚spondingly smaller in the Ls15 A water boxes.

6.2. Confirmatory tests

We now present some confirmatory and sub-
sidiary results for the dynamic behavior in the
channel. First we show the behavior of the short-
time local fluid dynamic ‘diffusion coefficient’ DŽfd.

5
q y1 ˚y2Žfor K in leu]ser with 10.0 kcal mol A

.restraints , calculated from z-displacement

q Ž .Fig. 4. The trajectory of K ion in the x, y -plane in the
Ž . Ž . Ž . Ž .leu]ser model at: a zsy20; b zsy10; c zs0; d

Ž .zs5; and e zs20.
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Fig. 5 legend o¨erleaf
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Ž .between 0 and 0.5 ps Fig. 7a . As described in
the section on the calculation of effective diffu-
sion coefficient above, this comes from the initial

²Ž ² :.2: Ž .gradient of zy z vs. t Fig. 3 , describing
motion of the ion on very short time scales, while
within the ‘cage’ of its nearest neighbor water
molecules. This initial gradient is much larger
than its subsequent values, and much less depen-
dent on position in the channel, and accordingly

Žfd. ˚ y1D ;0.40 A ps , much larger than D .5 5

The effects of varying the strength of the re-
straining potentials on the helix backbone atoms
will now be described. This test was done by
running simulations for Kq and Cly in leu]ser
with a-carbon restraining forces of 0.6 kcal moly1

˚y2 y1 ˚y2A instead of 10.0 kcal mol A . In Fig. 7b we
show the z-displacement of the potassium ions
Ž .cf. Fig. 2c and in Fig. 7c,d, the effective diffusion
coefficients of Kq and Cly, respectively, from

²Ž ² :.2:fitting zy z vs. t between 1 and 6 ps.
These should be compared with Fig. 5c and Fig.
6c, which are the corresponding results with
stronger restraining potentials. The ions are a
little more stable near the mouths of the channels
but the qualitative features of D remain the5

same, and sometimes even quantitative features
q ˚Ž .are similar, e.g. the peak in D K at zfy5 A.5

ŽThe largest differences though still within the
.error bars actually seem to be observed for the

ions in the caps, where it is very unlikely that they
are the result of the restraining potentials on the
helices. We remarked in the previous section that
the diffusion coefficient in the caps of the leu]ser
model tends not to attain its bulk solution value,
because the caps themselves are still quite small.
For the simulations with the weaker restraints, we
have also calculated the effective diffusion coef-
ficients from the velocity autocorrelation function
Ž .VACF of the same ionic trajectories, using Eq.
Ž .5 . Error bars were calculated by blocking. The
results, shown in Fig. 7e,f, are similar to those

Ž .calculated from mean square displacement c,d
within the error bars, and thus provide support
for the use of the mean square displacement
method in the rest of the simulations. In fact, it
appears from the Cly trajectory that there is
some evidence that use of the VACF discrimi-
nates the pore from the cap rather better than
the mean squared displacement does.

6.3. Interaction with the channel surface

Ž .The radial distribution functions g r between
Žion and protein are shown in Fig. 8 results for

q y . Ž .K on the left and Cl on the right . g r was
calculated for the protein side chain and back-

Ž .bone atoms separately, giving g r andion ] sch
Ž .g r , respectively. The results are averagesion ] bb

for all ion trajectories that lay completely within
the channel pore, which we took to be those for

˚ ˚² :which y10 A - z -10 A.
Ž .Considering g r first, it seems clear thation ] sch

both types of ion can approach the side chains in
Ž . Ž .leu]ser Fig. 8c and alm Fig. 8d to approxi-

˚mately 2]2.5 A, corresponding to direct contact
Žbetween ion and atoms in the side chains it is

˚approximately 1 A less than the sum of the van
.der Waals radii , whereas in the hydrophobic

channels an5 and n8s8, the ions remain slightly
further from the side chains, notwithstanding the

Ž .fact that these channels particularly an5 are
narrower. This suggests that polar atoms in the
side chains can momentarily replace water in the
first solvation shell of the ion, but hydrophobic
atoms do not do this to such a great extent. This
is confirmed by inspection of ‘snapshots’ from the
trajectories, and is in broad agreement with the

w x Ž .results of 31 . In the polar channels, g rion ] sch
for Kq lacks the small peak around rs2 that is
observable for Cly; this is a result of the coordi-
nation of Cly by polar H atoms, which of course
does not occur for Kq. In general, the ability of

q Ž . Ž . Ž . Ž . Ž .Fig. 5. Diffusion coefficients of K , as a function of average z-position of the ion for: a n8s8; b an5; c leu]ser; d alm; and e
nAChR, estimated by fitting the gradient of mean squared displacement between 1 and 6 ps for ions placed initially on the channel

²Ž ² :.2:axis, at various points along it. In the left-hand column is D from fitting zy z vs. t, in the right-hand column D from5 5

²Ž ² :.2: ²Ž ² :.2: Ž .fitting xy x q yy y vs. t. As well as the diffusion coefficients solid triangles with error bars , the figures also show
Ž .the effective radius of the channel as a function of axial position broken line , as estimated by the program HOLE. The values of

q ˚Ž . Ž . Ž .D K from the Ls31 A boxes f‘bulk solution’ are indicated with arrows ª on the left vertical axis.r
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Fig. 6. Diffusion coefficients of Cly. Other details as for Fig. 5.
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y1˚y2Ž . Ž .Fig. 7. Results of confirmatory tests: a is for the leu]ser model with 10 kcal mol A C restraints, while b]f are for thea
y1˚y2 Žfd.Ž .leu]ser model with 0.6 kcal mol A C restraints. a Short-time local or fluid dynamic ‘diffusion coefficient’ D from motiona 5

in the z-direction as a function of average z-position of the ion for Kq in leu]ser, estimated by fitting the initial gradient of
²Ž ² :.2: Ž . q Ž . q Ž .zy z vs. t between 0.1 and 0.5 ps. b z-Component of K ion trajectories. c Diffusion coefficient D of K and d D of5 5

y y1˚y2Ž . Ž .Cl for ions in leu]ser with weak 0.6 kcal mol A C restraints. e,f D calculated from velocity autocorrelation function Ca 5 ¨
q y Ž .for K and Cl in the same weakly restrained leu]ser model. In a,c]f the diffusion coefficients are solid triangles with error bars,

the broken line is the effective radius of the channel as a function of axial position as estimated by the program HOLE, and the
q ˚Ž . Ž . Ž .values of D K from the Ls 31 A boxes f‘bulk solution’ are indicated with arrows ª on the left vertical axis.r

ions to make direct contacts with polar side chains
is consistent with the role that they are believed

Ž . qto play in ionic selectivity. g r for K inion ] sch
Ž .the nAChR Fig. 8e also shows a tendency to

decrease to zero at an appreciable distance from
the channel wall, but this is probably a conse-
quence of the release point on the axis in this
channel, which has much the largest diameter. It
is not very similar to the hydrophobic channels,

Ž .for which g r increase from zero moreion ] sch
rapidly and then decrease again at larger r. The
chloride ion, however, does approach polar side
chains in the nAChR closely, as for the other

w xpolar channels; and in 70 , the same behavior
was observed for a Naq ion that was released in
an off-axis position.

Ž .The behavior of g r at larger r is alsoion ] sch
interesting. It has some structure in all the chan-
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nels, particularly the an5 and n8s8 channels, where
it has well-defined secondary minima and max-
ima, though these are less pronounced than was
previously found for Naq. These would not be
observed if the ion was diffusing freely in z; their
presence is evidence of local free energy minima
due to the protein.

Ž .There is rather less variation in g rion ] bb
between the different models than in the shape of

Ž .g r . The most important feature ofion ] sch
Ž .g r is that, within the channel proper, ition ] bb

˚generally goes to zero at approximately 5 A for
Ž .the n8s8 beta-barrel model, and at approxi-
˚mately 4 A for the other helix-bundle models.

Thus it does not appear that there is direct inter-
action between the ion and the backbone in any
channel, in contrast to the case of gramicidin,
where coordination of the ion by backbone car-
bonyl groups is of overriding importance in

w xpermeation 16,25,79 . Here, it is the side chains
that form the lining of the channels. The an5
model is an exception to this, having some very
small density between ion and backbone at rF4
Å for both ions within the channel. while the
leu]ser and alm models have some density at

˚rF4 A for chloride only. Ions can, however,
approach backbone atoms more closely at the
ends of the helices, emphasizing the exposure of
the backbone in these regions; for example, the

q ˚K released in an5 at zs10 A spends moves
˚quite rapidly to zf17 A, where it remains close

to an accessible backbone CsO, producing a
˚Ž .large peak of g r at rf3 A. This hasion ] bb

already been commented on above, in the discus-
sion of Fig. 2.

6.4. Lifetimes of water in the first sol̈ ation shell

In Fig. 9 we show both the average number
² :n and the lifetime t of water molecules in thew

w Ž .xfirst solvation shell calculated from Eq. 6 , as a
² :function of z for the ion. In the wider nAChR

and alm models there is little variation with z,

² : q ywith n f8 for K and f9 for Cl , andw
tf10 ps for both. This latter value is in reason-

w xable agreement with values in 75 of ts14.3 ps
for Kq and ts16.7 ps for Cly estimated for bulk

Ž .solvent, especially since the estimate from Eq. 6
will tend to underestimate the lifetime in compar-
ison with an analysis based on the decay of corre-
lation functions. However, it is in any case the
variation in t between models and as a function
of z that is of greater significance here.

² :Similar values of t and n to those in almw
and the nAChR are found in the caps of the
other models, but in the channel regions some
differences are observed. In n8s8 and leu]ser,
² :n is not reduced except at the narrow C-w
terminus of leu]ser for Cly, but t is increased to
approximately 30 ps in the channels for both
species. In the very narrow, and hydrophobic, an5
channel, t increases to 60]70 ps in the center of

Žthe channel, this is likely to be strongly under-
estimated as it is close to the total length of the

. ² :trajectories , while the coordination number nw
is reduced to approximately 6.

7. Discussion

7.1. Models and simulation techniques

Of the models used here, leu]ser, alm and
nAChR represent ‘real’ channels and so some
discussion of their likely accuracy is called for.
For none of these channels is there a high-resolu-
tion structure of the intact pore. For alamethicin,

w xthere is an X-ray structure of a single helix 50 ,
which guided our modeling, and it seems likely
that the hexameric structure used here exists,
given the experimentally-observed conductance
states found in channels formed of alamethicin

w xmonomers and covalently-linked dimers 54 . Fur-
thermore, unrestrained MD simulations in a fully
hydrated bilayer have revealed that the hexameric
alamethicin helix bundle is stable on at least an

Ž . Ž . Ž .Fig. 8. Radial distribution functions g r and g r between the ion and protein side chain solid lines and backboneion ] sch ion ] bb
Ž . Ž . Ž . Ž . Ž . Ž . q ydotted lines atoms for a n8s8; b an5; c leu]ser; d alm; and e nAChR. The results for K are on the left, and for the Cl

² :on the right, and are averages for all ionic trajectories with y10- z -10.
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Žapprox. 15-ns timescale Sansom and Tieleman,
.unpublished observation .

The leu]ser model is plausible given that this
peptide was designed to form amphipathic helices,
which would then associate to form channels with
a hydrophilic lining and hydrophobic exterior,
though details such as the precise nature of the
helix packing might not be correct. The nAChR
model presents the opposite problem to alm; the
degree of oligomerization is known, but not the
structure of each element. However, our model is
in reasonable agreement with most point mutage-

w xnesis and cryo-EM 12,13 data, and also with
other putative structures that have recently been

w xproposed for the M2 helix bundle 80,81 . As for
alm, the nAChR model does not take into ac-
count pK shifts of ionizable residues that mayA

w xoccur 82 . Neither does it include the other tran-
Žsmembrane protein segments M1 some of which

is thought to contribute to the lining of the pore
w x.62,63 , M3 and M4. We believe that the present
model represents almost all of the receptor that
can be modeled with confidence at the present
stage of knowledge; it will be improved as
higher-resolution structural data becomes avail-
able.

The omission of M1, M3 and M4 in the nAChR
can usefully be discussed together with the omis-
sion of explicit lipid and other ions in all five
channel models. Without the lipid and other pro-
tein elements, the protein that is included in our
models would be unstable, were it not for the use
of the restraining potentials. However, the omis-
sion of these elements is, we believe, likely to
have a much smaller effect on mobility than it
would on, for example, the ion’s average energy
or free energy in the channel. The rigidity of the
channel was found to be important in gramicidin

w xin 29 , but the simulations carried out here with
weaker positional restraints on the backbone
showed that that factor was less important for
these channel models. Such restraints would be

expected to be more influential in the case of
gramicidin, where the ion is coordinated by back-
bone CsO groups, than in the channels studied

Žhere, where it interacts instead with the unre-
.strained side chains and not directly with the

Ž .backbone. The calculations of g r andion ] sch
Ž .g r corroborate this. We remark that theion ] bb

extensive desolvation in the gramicidin channel
seems to be quite unusual, though it may occur in

Žshort segments of other channels for example
the putative selectivity filter of the KcsA potas-

w x.sium channel 3 .
The omission of other ions will have several

effects. Firstly, these simulations have been car-
ried out at ‘infinite dilution’, i.e. with only one ion
in the pore at a time. From electrophysiological

Ževidence, many ion channels such as Ca channels
.and K channels , are thought to be multi-ioni r

w xpores 2 ; their behavior is understood in terms of
barrier-hopping rate theory models where an in-
coming ion is necessary to displace another from
a ‘binding site’ in the channel, a process that,
repeated, leads to permeation. The same effect is
described in a different way by including the
time-averaged density of permeant ions in Pois-

Žson]Nernst]Planck calculations where it affects
all channels, even those described as ‘single-ion

.pores’ in the barrier-hopping picture . At the
moment, it is envisaged that these effects will be
added in a perturbative fashion in the ‘reduced
model’ stage; but simulations in full-atomistic de-
tail containing more than one ion may be neces-
sary. Secondly, it is of course the presence of
other ions that produces the membrane potential
that drives perturbation; this, however, may cer-
tainly be considered a ‘small perturbation’ and

w xadded in later. Thirdly, recent work 83 has de-
monstrated that explicit counterions are neces-
sary for the stability of certain proteins in unre-
strained simulations. Here, however, the sec-
ondary structure will be maintained by the struc-
tural restraints used. The simulation protocol

Ž . Ž . ŽFig. 9. Lifetime of waters t and number of water oxygens N in the first solvation shell of the ion defined by the position of thew
. Ž . Ž . Ž . Ž . Ž . qfirst minimum in g for a n8s8; b an5; c leu]ser; d alm; and e nAChR. The results for K are on the left, and for theion ] O

Cly on the right.
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adopted, and the likely effect of elements of the
channel that are omitted, are discussed in more

w xdetail in 28 .
We now turn from a consideration of the chan-

nel models to comment briefly on the mean-
squared displacement method used to estimate
D. In other work the use of the velocity autocor-
relation function has been preferred, but our
tests suggest that, at least on the short timescales
investigated here, the two give equivalent results.

Finally we comment on the approach of tack-
ling the problem by attempting a separation into
a ‘diffusion coefficient’ and a ‘position dependent
free energy’, i.e. to regard the ion permeation
problem as a walk over a free energy surface,
where the ‘step size’ of the walk is described by
the local mobilitiesrdiffusion coefficients that are
the subject of this paper, and the motion of the
ions is directed by the gradient of the local free
energy surface. Thus, the effective local mobility
would describe the driving forces on the ions
from the water; this mobility could then be used
in a simplified model which no longer included

Žwater explicitly its average effect, and that of the
protein, would be handled by a potential of mean

.force . This approach is very similar to that
adopted in the derivation of the Langevin equa-
tion. Any difference between D in the bulk and
in the channel would then come from the con-

Ž .finement and, perhaps, orientation of water in
the channel; the water produces a local potential
well at the ion’s present position which must relax
before the ion can move any appreciable distance.
The extent of the water’s confinement will influ-
ence this relaxation and thus the ion’s ability to
move. In this study the ion did, of course, feel the
effect of the channel protein and this will have
had some biasing effect on the measured local

Ž .mobilities tending to reduce them . It is difficult
Žto disentangle the effects of the as yet uncharac-

.terized free energy surface from those of con-
Ž .finement; on sufficiently long length or time

scales the potential due to the channel, which we
shall call F , will dominate, which is one reasonch
for our concentration on small time scales. As a
consistency check, we comment that on the 6-ps

˚2 y1timescale, with Ds0.1 A ps the r.m.s. z-dis-
˚placement of the ion is just over 1 A whereas the

pitch of a-helix, which gives the typical length
scale for variation of the local potential F , isch

˚approximately 5.4 A. For the mean squared dis-
placement to be an accurate measure of mobility,
the departures from linearity of F should bech

Ž .small i.e. at most ;RT over the length scales
studied. While the r.m.s. displacement is smaller
than the period of an a-helix, it is not very much
so, and there will probably be components to Fch
which have a still more rapid spatial variation,
particularly near charged side-chains. It is appar-
ent, then, that the ion’s motion is unlikely to be
truly unaffected by F , even on the 6-psch
timescale, so our results represent an upper limit
on the effective diffusion coefficient on this
timescale and may need to be reinterpreted when
the free energy surface has been characterized.

However this may be, we emphasize that, be-
cause we are regarding the free energy as a
quantity to be measured separately, the quantities
that we define as D, coming from fitting over 1]6
ps, are not the same as the ‘effective diffusion
coefficient’ that applies in, for example, the equa-
tion

PsDX ArLeff

where P is the channel permeability, L its length
and A its cross-sectional area. The effect of the
potential due to the channel protein F is herech
entirely subsumed into DX The same is true ofeff
DY in the equationeff

DY fkD L2
eff

where k is the barrier crossing rate over one of
the fundamental barriers which make up the
gramicidin channel, and was measured directly by
a MD technique designed to sample barrier cross-

w xing configurations 26 .

7.2. Comments on results

Before beginning a detailed discussion, we re-
mark that the results presented here should be
interpreted in terms of the difference between
channel and bulk environments, rather than as
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absolute values, although we found that in the
˚2 y1 qŽ .larger water boxes D s0.21 4 A ps for Kr

˚2 y1 yŽ .and D s0.21 2 A ps for Cl , which are inr
fact in close agreement with the experimental

˚2 y1 ˚2 y1values of 0.196 A ps and 0.203 A ps , re-
spectively. They are also close to the values of

˚2 y10.20 A ps for both species in bulk SPCrE
w xwater, from 31 .

Apart from the gramicidin simulations, the only
other measurements of D for Kq and Cly in an
ion channel by simulation, as far as we are aware,

w xare those of 31 for a cylindrical hydrophobic
˚cavity of 3 A radius; this thus bears some resem-

blance to the leu]ser, an5 and n8s8 models,
though quantitative agreement cannot be ex-

Ž q.pected. It was found that D K was reduced to5
˚2 y1 y ˚2 y1Ž . Ž . Ž .0.04 1 A ps and D Cl to 0.07 1 A ps .5

These reductions are comparable with, though
Žslightly smaller than, those found here e.g. for

q ˚2 y1Ž . Ž .K , 0.002 2 ]0.09 5 A ps in an5, typically
˚2 y1 ˚2 y1Ž . Ž . Ž .0.02 2 A ps , 0.02 1 ]0.08 5 A ps in

y ˚2 y1Ž . Ž .leu]ser; for Cl , 0.005 3 ]0.10 6 A ps in n8s8,
˚2 y1Ž . Ž . .0.02 1 ]0.11 8 A ps in leu]ser . In particular,

we generally observe similar behavior for the two
species within the error bars. The reduction in
mobility is accompanied in the narrower channels
by a slowing of the exchange of water molecules
from the first solvation shell, shown by an in-
crease in the dwell time t; however, there also
seems to be a reduction of D to approximately5

˚2 y10.10 A ps in the alm model, where no clear
increase in t is observed.

In comparison with the behavior of Naq in the
w xsame models 28 , the mobilities of potassium and

chloride are reduced to a similar or greater extent
in the narrow channels, but while there was evi-

Ž q.dence for a small reduction in D Na even in
the nAChR model, there is no suggestion of such
behavior for potassium and chloride. The fractio-
nal reduction in mobility of the ions is however
rather smaller than that of water in channels
w x20,32]35,70 .

In the large literature on simulations of grami-
cidin, less attention has been paid to potassium

Žions than sodium, and still less to chloride to
.which, of course, gramicidin is not permeable .

w xThere has been some work on large cations 84 .
The results of simulations on potassium ions have

also been rather less successful than for sodium,
predicting a relatively small reduction in mobility
in the channel, which would imply a much larger
potassium permeability than is observed experi-

w xmentally. In 26 an effective diffusion coefficient
˚2 y1of 0.097 A ps is estimated from the response

to an external field, while measurements of the
autocorrelation function of the force on a teth-

˚2 y1 qw xered ion give 0.057 A ps . In 85 D for K in
˚2 y1gramicidin is estimated to be 0.09 A ps , esti-

mated from the response to an external field, i.e.
from a measurement of the mobility.

Aside from the studies on gramicidin and the
work of Lynden]Bell and Rasaiah, other esti-
mates of effective diffusion coefficient of ions in
channels have tended to come from two sources.
One is fitting to experimental permeabilities, the
results of which are not directly comparable with
ours because they fold the effects of potential
barrier crossings and access resistance into the
mobility; the value of D estimated this way is

y3 ˚2 y11.8=10 A ps . The other is the fitting of
parameters to experimental I]V curves. For ex-

w x Žample, in 15 , ionic diffusion coefficients and
.other parameters are fitted using the Poisson]

Nernst]Planck equation to a large amount of
current]voltage data for the leu]ser peptide.
There, it is estimated that D for Kq is reduced
10-fold and for Cly 100-fold, whereas we see a
reduction of approximately 2]10-fold for both
species depending on position in the channel.
This indicates that the reason for the experimen-
tal selectivity of the leu]ser peptide channels for
potassium over chloride must reside elsewhere,
probably in the different free energies of the ions
in the channel.

Ž .With regard to the calculations of g rion ] sch
Ž .and g r and the solvent coordination num-ion ] bb

ber in the channel, we remark that the observed
direct interaction between ions and side chains in
channels with a polar lining, is what might be
expected to be necessary if polar side chains play
an important part in ion selectivity, as has been

w xsuggested for leu]ser and the nAChR 60,67,68 .
However, while the present results are consistent
with that idea, quantitative investigation will re-
quire free energy calculations. Moreover, these
interactions do not produce a clear change in
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Žcoordination number of the ion, which occurs
.only in the very narrow an5 channel , so they

must be viewed as occurring only occasionally
wconsistent with the small magnitude of

Ž .xg r .ion ] sch

8. Conclusion

It is found that the short-time effective diffu-
sion coefficients of potassium and chloride ions in
various ion channel models is reduced relative to
bulk solution. The largest reduction is observed in
the narrowest channels, so that in the an5 model
Ž .a pentameric bundle of poly-alanine a-helices
for example they are reduced at least tenfold,
while a reduction of approximately 50% is
observed in wider pores, like that of a model of
the fungal peptide alamethicin. We see no reduc-
tion, however, in the largest pore studied, that of
a model of the M2 helix bundle of the nicotinic
acetylcholine receptor. The observed reductions
in D are associated with a slowing down of the
exchange of water from the ion’s first solvation
shell and, in the narrowest channels, with a re-
duction in the extent of hydration. These results
are broadly consistent with previous studies of

w x Žsodium ions in these models 28 except that here
a small reduction occurred in the nAChR as

.well , and with a study of ions of various kinds in
w xcylindrical hydrophobic cavities 31 .

The decrease in effective diffusion coefficient
seems to occur regardless of the secondary struc-
ture of the channel, as the channel models in-
clude examples of what are thought to be the two
most common secondary structure motifs, b-bar-
rel and helix-bundle channels, and a large reduc-
tion in mobility is observed in both. However, the
strong dipole field in the helix-bundle channels,
especially when augmented by charged ionizable
groups as in the case of alamethicin, produced a
directional drift of the ions which was not
observed in the b-barrel channel. Direct interac-
tions between ion and backbone atoms do not
occur, but they may occur between ion and chan-
nel side chain atoms, especially in those channels
which have a hydrophilic lining. This observation
has implications for ionic selectivity. The rough

correlation with channel radius suggests that the
reduction is to a large extent produced by con-
finement, but it is difficult in the present treat-
ment to separate the effects of confinement on D
from those caused by the presence of free energy
barriers due to the strong electric field produced
by the protein. Further work may be necessary to
quantify and account for the effect of these free
energy barriers, and perhaps to investigate ion]
ion effects directly.
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