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Dynamic Properties of Na™ lons in Models of lon Channels: A Molecular
Dynamics Study

G. R. Smith and M. S. P. Sansom
Laboratory of Molecular Biophysics, University of Oxford, Oxford OX1 3QU, United Kingdom

ABSTRACT We present simulation results for the effective diffusion coefficients of a sodium ion in a series of model ion
channels of different diameters and hydrophobicities, including models of alamethicin, a leucine-serine peptide, and the M2
helix bundle of the nicotinic acetylcholine receptor. The diffusion coefficient, which in the simulations has a value of 0.15(2)
A2ps~ in bulk water, is found to be reduced to as little as 0.02(1) A2ps~" in the narrower channels, and to about 0.10(5)
Azpsﬁ1 in wider channels such as the nicotinic acetylcholine receptor. It is anticipated that this work will be useful in
connection with calculations of channel conductivity using such techniques as the Poisson-Nernst-Planck equation, Eyring
rate theory, or Brownian dynamics.

INTRODUCTION

lon channels are membrane proteins that allow chargeddu/amber/amber.html), which permit simulation of complex
particles to cross the lipid bilayer, which is normally im- atomistic biological systems; they use molecular dynamics
permeable to them. lon channels are ubiquitous in botlfMD) to evolve the structure in time, modeling the bonded and
prokaryotic and eukaryotic cells, playing important roles innonbonded interactions between atoms using simple classical
homeostasis, signaling (in excitable cells), and producingotentials. In the case of ion permeation, where no chemical
and maintaining the membrane potential that is coupled t®onds are made or re-formed, it is an acceptable approximation
many other transport processes. Because of the relativety use classical, rather than quantum, mechanics in all parts of
simple passive nature of the ion flux through them, ionthe simulation.
channels form an ideal field of study for attempting to gain  Nevertheless, the task is still far from easy. Full atomistic
an understanding of a simple membrane transport procesgimulations, even of incomplete models of ion channels,
The main source Of funCtiona| information about ion Contain thousands Of atoms and the t|me Sca|e Of the per-
channels is electrophysiology experiments from which theneation of even a single ion is sufficiently long-{ us)
current-voltage¢V) relations of the channels can be mea-hat it is inaccessible to simulations of such models using
sured and their dependence on the concentration and Che@)‘(isting computers; moreover, the passage of many ions,

ical nature of current-carrying ions investigated (Hille, not jyst one, would have to be observed in practice before a
1992). The effect of point mutations on channel conduCygjiaple estimate of as a function ol could be made. For

tance has also been the subject of an enormous amount gfis reason, the connection of structure to function is not

work. However, it isicurrgntly very difficult to interpret the fully understood even for channels whose structure is
mass of electrophysiological data that comes from mutagennown. Of course, at the present time atomic-resolution

esis at a structural level other than in a qualitative way. structural information is available for only a few channels,

Perhaps the fundamental goal of simulation studies of ionsuch as gramicidin A (Urry, 1971; Wallace, 1986: Nichol-
channels is, therefore, to understand the structure—functiogOn et al. 1991 Dovle and’WaIIa,ce 1997)’ porin,s (Cowan
relationship of the channels, i.e., how the structure (assum- N » 0¥ X ’

. o t al., 1992; Kreusch et al., 1994), pore-forming toxins
ing, for the moment, that it is known) leads to the observe Song et al., 1996) and ti&treptomyces lividansotassium
electrophysiological characteristics of the channeV 9 ” btomy o

) channel (Doyle et al., 1998); the best guesses for the struc-
curves, reversal potentials, etc. One of the best tools fo{ures of the majority of channels are usually derived from
making this connection is the use of computer simulation of jorty y

model of the structure. Several programs have been developjayver'resowtion strgctural data and indirect evidence from
e.g. Charmm (Brookes et al., 1983), GROMACS (http:// mutagene5|§ experiments. i .
rugmdo0.chem.rug.nligmx/index.html), GROMOS  (http:// To reach timescales of physiological interest (and also to

igc.ethz.ch/gromos/), and AMBER  (http:/iwww.amber.ucsf.98in real understanding), it is necessary to simplify the
model by averaging some of the degrees of freedom that

would not be expected to have a direct bearing on the ion
permeation, such as those relating to the dynamics of the

Ej;elved forpubllcatlon Feblrjuazs,klzgia;d|nf|naI[oLm June 12f";9?8'solvent or to certain parts of the protein. However, the
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(also known as the potential of mean force) or the diffusion1997b). Thus, it would become possible to use experiments

coefficient of the ion in the channel (the focus of investi- as an input to the modeling process in a much more precise

gation in this paper). These parametesn be estimated and qualitative way than is now possible.

from MD simulations which do not themselves reach the

timescales of physiological ion permeation. Thus, a fairly

clear program for estimating channel conductance emergeMETHODS

use MD simulation of short-tlmesc.ale processes to' prowd%ystemS studied

the parameters needed by longer-timescale simulation meth-

ods. Such hierarchies of simulation techniques have beefye have investigated various channel models, so that it will be more

envisaged by other workers in this field (see, e.g., Cooper éatpparerjt which features of the_ results a}re partlculqr to a particular model
| 1985 Chiu et al.. 1993 Berne 1985) and in the case ztlnd which are general. Molscript (Kraulis, 1991) diagrams of the models

al, e " ! ! Qhat were studied are shown in Fig. 1. These models display a range of

gramicidin implemented to some extent (Jakobsson angatures: they have a range of pore diameters; foureahelix bundles

Chiu, 1987; Chiu and Jakobsson, 1989; Chiu et al., 1993)whereas one is $-barrel; some are much simplified relative to the

(Roux and Karplus, 1991b; Roux and Karplus, 1991a; Rouyehannels that occur in biological systems, whereas others use the sequences

and Karplus, 1993)_ The work reported here is Concemeg: (frqgments of) real .channels. All the models.were generated following
ith the fi fth . id . f e simulated annealing by molecular dynamics (SA/MD) protocol de-

with the Irst pgrt O't e pl’Og.rallm' to provi 'e an.estlmate Olscribed in previous papers (Kerr et al., 1994; Sansom et al., 1995; San-

the effective diffusion coefficienD of sodium ions in @  kararamakrishnan et al., 1996). In this procedure, templates for the initial

series of model channels. Use of the estimated diffusiomositions of Gt atoms are generated according to the geometry of an ideal

coefficients to calculate theoreticaV curves that may be a-helix or B-strand, modified as necessary by available structural data, and

compared with experiment will not be undertaken here he system is slowly allowed to relain(vacug from an initial high

h hin the Di . . briefly di emperature state in which the secondary structure is maintained by con-
though In the Discussion section we briefly discuss one o traints but the side-chains are extremely flexible to a much less heavily

the methods by which conductance calculations may b@onstrained final state at300 K. The procedure is repeated to generate an
carried out, the Poisson-Nernst-Planck equation (Chen etsemble of candidate structures, one of which is selected for further
al., 1997a). This will also make clear that knowledgeDof investigation. Water is then added from a pre-equilibrated box and an Na

of the ion (and other properties of the ion and channel) aréon is also introduced (with the deletion of a water molecule at its initial

. . . position). This system is then minimized, heated and equilibrated before
of great importance I.n such CaICUIatlonS'_ L . . each of a series of production runs from which the properties of the ion are
It may not be obvious that a change in ionic diffusion caiculated. Further details of the simulation protocol, in particular the

coefficient in the channel environment is to be expectedrestraints used, are given in the next subsection. All of the models were
However, there is already substantial evidence indicatingligned with the pore axis along with the origin approximately at the
that this is the case. In the extensive simulation work orfente" of the channel. The models studied were:

gramicidin (Jakobsson and Chiu, 1987; Chiu and Jakobsson,

1989; Chiu et al., 1991; Roux and Karplus, 1991b; RO“XControl

and Karplus, 1991a; Chiu et al., 1993; Roux and Karplus,

1993; Roux et al., 1995), reductions of at least one order O_TWO cubic boxes, one containing 124 TIP3P water molecules and ohe Na

. . ion and having dimensions 15.6 X 15.6 A X 15.6 A, and the other
magthde (and pOSSIny tWO) for Naand at least a factor containing 999 TIP3P water molecules and one"Nan, and having

of two for K*, have been widely reported. The various dimensions 31.1 A< 31.1 A x 31.1 A. These systems acted as controls,
estimates that have been made are reviewed in Roux angtting the scale for any alteration of diffusion coefficient observed in the
Karplus (1991a) and are discussed below. The gramicidinhannels themselves.
channel is perhaps slightly unusual because of the extremely
intimate association that occurs between ion and peptide
throughout its length, but a reduction in ionic mobility has nésé
also been observed in work on mobility of ions in channel-aAn eight-stranded poly-Alg-barrel model, which will be referred to as
like hydrophobic cavities (Lynden-Bell and Rasaiah, 1996),18s8 (Fig. 1A). This model served as a simple paradigm gtlarrel. Each
in which the channel acts by confinement only. Moreover, its;raénd_rvr\]/as 10 a(ljanine residues in Iengrt]h an: thib_arrel had a shdeir nlumber
. . . . of 8. The strands were separate, rather than being connecte oops,
is alrgady knolvv'n from S|mu'lat|on and experiment that theforming a barrel of length o? about 30 A and pore ra?dius of about 5.5 AP
diffusion coefficient ofwaterin many channels is reduced aj pore radii were calculated using the HOLE program (Smart et al.,
by its confinement (Gutman et al., 1992; Chiu et al., 1993;1993). The solvated system contained 293 TIP3P water molecules in total,
Sancho et al., 1995; Breed et al., 1996); given that thebout 100 £5) of them in the pore and 200 in the caps. Properties of water,
motion of a hydrated ion is coupled (though not in a SimpleSUCh asits diffu;ion coef_“ficient_and_its response to an external electric field,
Way) to the motions of Surrounding waters, it is to be have been studied previously in this model (Breed et al., 1996; Sansom et
, , ) al., 1997).

expected that its motion will also be affected.

If it did become possible to predict reliable theoretica
curves starting from atomistic models, a state of affairsans
towar.d which this work is a step, th.en their agreem.ent WIthA five-staved poly-Alaa-helix bundle model, which will be referred to as
experimentall-V curves would validate the model; con- ans, serving as a simple paradigm of a helix bundle (Fig8)1 The
versely, a lack of agreement would show that the modelequence of each helix was () The bundle was again about 30 A in
required modification (Kienker and Lear, 1995; Chen et al. length, with a pore radius about 2.0 A, and when solvated contained 159
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FIGURE 1 Diagrams of the various channel models investigat#&g. (
8-stranded poly-Alg-barrel model (n8s8);B) 5-staved poly-Alax-helix
model (an5); C) 6-staved Leucine-Serine peptidehelix model (leu-ser);
(D) 6-staved alamethicim-helix model (alm); E) («7)s NAChR model.

was the same as that of a real, artificially synthesized leucine-serine peptide
whose channel-forming properties have been extensively studied (Lear et
al., 1988; Lear et al., 1994; Kienker et al., 1994; Kienker and Lear, 1995).
This sequence forms amphipathiehelices with the leucine residues on
one side and the serines on the other. This peptide spontaneously forms
inwardly rectifying channels in lipid bilayers, thought to consistefie-

lical bundles with the serine residues lining the pore and the leucines
directed toward the lipid. The number of subunits per channel has not been
measured experimentally but previous modeling studies (Lear et al., 1994;
Mitton and Sansom, 1996) suggest that a molecularity of six may be the
most likely. The model has a length of about 30 A, with a pore radius of
about 3.5 A in the center of the channel that falls to about 2.0 A near the
mouths. It is solvated with 250 water molecules, of which about85)(

lie in the pore.

alm

A six-staveda-helix model of the channel formed by the fungal peptide
alamethicin, which will be referred to as alm (FigD). The sequence of
each monomer is UPUAUAQUVUGLUPVUUEQ Phl, where U represents
the a-amino isobutyric acid residue (i.esNHC(CH;),CO—) and Phl
represents the phenylalaninol residue (i-eNHCH(CsHs)CH,OH). The
crystal structure of the alamethicin monomer is known to atomic resolution
(Fox and Richards, 1982), and there is good evidence that channels are
formed from bundles containing a variable number of monomers (includ-
ing six) (Woolley and Wallace, 1992; Sansom, 1993; You et al., 1996;
Woolley et al., 1997), corresponding to the various conductance states of
alamethicin channels (Cafiso, 1994). The hexameric bundle investigated
here is one from a series of such bundles containing between 4 and 8
monomers that have been studied previously (Breed et al., 1996, 1997).
The helices are kinked near the central proline residue and arranged with
their hydrophilic faces (defined by Q7) facing the pore. Once again, the
model has a length of about 30 A, with a largest pore radius of about 5.2
A just C-terminal of the center of the channel, falling to about 3.0 A about
5 A in from the channel mouths at each end. It is solvated with 513 water
molecules, of which about 200 lie in the pore.

nAChR

A model of the putative pore-lining M2 helix bundle of the nicotinic
acetylcholine receptor (nNAChR) (Fig. E). The nAChR is the best-
characterized member of the superfamily of ligand-gated ion channels
(Karlin and Akabas, 1995; Hucho et al., 1996); 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 in each
subunit, the M2 segments are believed to form the majority of the lining of
the pore (Hucho et al., 1986; Villarroel et al., 1991; Cohen et al., 1992;
Akabas et al., 1992; Akabas et al., 1994). The model used here, which
incorporates structural information deduced from cryo-EM (Unwin, 1993;
Unwin, 1995) and mutagenesis (Akabas et al., 1992; Akabas et al., 1994)
data, has already been the subject of MD studies (Smith and Sansom,
1997). It consists of a homopentameric bundle of centrally-kinked helices
that form a loose right-handed supercoil. Each helix has the sequence
EKISLGITVLLSLTVFMLLVAE; this is the sequence of the M2 segment

The secondary structural elements are shown in ribbon format, with only¢ e neuronala? NACHhR. which is known experimentally to form
polar and ionizable side chains shown explicitly, and water is shown inhomopentameric channels, at lefmstitro (Changeux et al., 1992; Galzi et

bonds-only format.

TIP3P water molecules, about 4838) of them in the pore. This model was
also studied by Breed et al. (1996) and Sansom et al. (1997).

leu-ser

al., 1992; Bertrand et al., 1992). The bundle is about 32 A in length, with
a minimum pore radius of~6 A, increasing to 18 A near the helix
C-termini. It is solvated with a total of 1026 TIP3P water molecules, of
which about 430 lie in the pore, and it is assumed that all ionizable residues
are in their fully ionized states.

Details of simulations

A six-staved a-helix model of a leucine-serine peptide, which will be All simulations were performed using the program Charmm?23 (Brooks et

referred to as leu-ser (Fig.@). The sequence of each helix, (LSSLLSL)

al., 1983) running on Silicon Graphics workstations and servers and DEC
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alpha AXP workstations. The param19 parameter set was used. Aliphatithroughout all stages of the simulation, rather than being restrained until

groups were represented by extended carbon atoms; polar hydrogen atorie end of equilibration. The results of these tests are reported in appendix
were, however, included explicitly. The water model employed was theB; generally the protocol does not seem to affect the results, within the

TIP3P model, which is a three-center nonpolarizable model. Everyerror bars.

polypeptide chain in every model was patched at Khgerminus by an

acetyl group, and (except for alamethicin, which has a C-terminal amino

alcohol) at the C-terminus by an NHyroup, to mimic the effect of the ~Calculation of effective diffusion coefficient D

preceding and following amino acid.

The models were minimized for 3000 steps using the adopted-basiQ“r approach to calculating is similar to that used in Chiu et al. (1993)

Newton-Raphson method before starting MD. MD was performed with a'®f gramicidin; we use the equation

1-fs timestep and the lengths of bonds to hydrogen constrained with the i N 2
SHAKE algorithm. The system was heated to 300K over 6 ps using a D = lim((r — {r))"/2dt @)
constant-energy scheme with periodic rescaling of molecular velocities. o

Then for the equilibration and production stages of the simulation we

. ) 2 .

switched to the constant-temperature Nek®ver method (Nosel984). wheret is the t|me,§(r . ) > the mean squ_ared dlsplla_cement‘ from the

The equilibration stage was 19 ps long for the nAChR models, 18 ps lon mean andl the spatial dimension. This is a slightly modified version of the
' 9étandard approach, wheie = lim,__.(r?/2dt is used. Ther) correction

for the others. All production t‘raljectorles were 100 ps long ar]d Werewas introduced because it was thought that there might be an appreciable
sampled every 0.1 ps, thereby giving 1000 coordinate sets for thedda L . e . ; .
c1deV|at|on from simple diffusive motion even at fairly short times, from a

For each model, this procedure of minimization, heating, equilibration, and ~. ) ) . - . T )
roduction was repeated for several (typically 11) initial release position uniform drift motion due to interaction with the helix dipoles; Eq. 1 reduces
P %o the usual form if there is no net drift, but also gives an unbiased estimate

of the sodium ion in the channel pore and water caps, of D in the case of a uniform drift (where usigf)/2dt overestimate®).

The water was prevented from escaping from the channels by using tmIa‘his was confirmed by tests on simple random-walk trajectories with and
MMFP module of Charmm to put cylindrical or (in the case of the nAChR) without drift generated by a Monte Carlo procedure in whiziwas an

hourglass-shaped restraining potentials on it. Given that there is no explicit . .
. . . . . S |[1put parameter. In fact, in the ion channel models themselves, the correc-
bilayer in these simulations, and in the case of the nicotinic receptor mode

L . .. fionm negligible difference in all few . The formalJim
most of the protein is also absent, it is also necessary to use addltlon:sll0 ade a negligible difference in all but a few cases. The fo

. ) . . PN 3
restraints to maintain the geometry of the models; these take the form o(forreSponds in practice to fitting the gradient(@f - (r))°) vs. t for fairly

. - ; shorttimes (we used the interval 1-6 ps, chosen on the basis of inspection
harmonic positional restraints put on the &oms only, to keep them close ( P P

— ()2 i
to their positions in the initial SA/MD structures. (In the case of the ;flt:?e r;g?s_?;idegraepcggi vaifiéii\;sét, ?’)(;i?nlz?: dog V\:E:Z\,aerfaszc:)v\\gr
nAChR, the @ atoms near the center of each helix are not restrained). The g ) P PP y g

force constant of the restraining potential was 10 kcal Thél 2. This is all the pairs of points in the trajectory that are separated by tiffike size

. . ; . of the error bars was estimated from a jackknife blocking technique (Grey
a stronger potential than was generally used in the simulations on grami- ) ) ; -

L 1 R—2 : . ; e g and Schucany, 1972), in which the trajectory was divided Mjdlocks
cidin, e.g. 0.6 kcal mol* A~2, in conjunction with dissipative Langevin

: ) and D estimatedN, times, theith estimatorD; coming from all the data
forces, was use_d by Roux and Karplus (199?7)'. In Chiu et al, (1991? .'t Wasexcepitheith block. The error (the standard error of the mean) is then given
found that holding the channel completely rigid reduced the mobility of by V(N, — Lvar(Dy})

. o ) b 3.
water and ions very substgntlally, n .Iater WOFK (Chiu et aI.,. 1993) the;e The trajectories used were sufficiently short that in most cases the ion
authors used a nonharmonic restraining potential (though this was applleéild not move very far from its starting point, so that themeasured is a
to all protein atoms rather than just thec @oms) with relaxation times of '

; ST patially local quantityD(r), where ther is defined as the average coor-
2?—?(()) ES’ Iwhe;’(lezsitzhe t;m(i.clo_nsga;; (1/(f|:equency_of_ha:_:(r_10r1t!c V|bfrat|on) inate of the ion. At least with respect to the narrow channels, it is natural
ora d caimo kptohetn & |st._ DIS-t_ owe\;er, |tnju_s : |Ica |otnh9_our_t to consider this as a function af only, D(z), where z is the average
proce u.re., we remar ) ? re.cen simulations ot water in alame _'C'n wi rE—coordinate of the ion). In a few cases, the ion was seen to move in such
an explicit, hydrated lipid bilayer (Sansom, Berendsen and Tieleman

S h o - . _away that it seemed to be in different diffusion regimes in different parts
manuscript in preparation) have found a reduction in the self-diffusion

Hicient ofwaterthat i imilar to what b dinth tof the trajectory. In these cases, the trajectory was subdivided and only the
cloe 'C'Zn IO V‘;]a er I'a'dls very simi aIr :;V(\j’ anaZ 0 STergglg &presen segments lying in a particular region of space were used when calculating
alm model, where lipid was not included (Breed et al., ). Oreover,y " ostimate oD(r) there.

simulations of water in the restrained leu-ser model used here (Breed et al., Itis natural in the case of a homogeneous system to consider the motion
1996) yielded dynamic properties of pore water similar to those recentlyin all three spatial dimensions and estimate

observed in multinanosecond MD of a similar leu-ser model in membrane

mimetic (octane/water) (Zhong et al., 1998). Taken together, these results D=D,= Iim((r - <r>)2>/6t (2)

give us confidence that useful dynamic information on the ionic diffusion

coefficient may be estimated from simple simulations. In the minimization,

heating, and equilibration stages of the simulation, a harmonic MMFPii r2 = x2 + y? + 7% this equation was used in estimatibgn the two
restraint was also placed on tzeoordinate of the ion to keep it near its \yater boxes, for example. However, for ions in the channel models we
starting position. This restraint was removed at the start of the productioyha| consider the motions along the chanmpbis and perpendicular to

stage. In the case of the two water boxes, the cubic geometry was maify separately, as the character of these motions is likely to be different.
tained with six planar MMFP restraints for consistency with the channeltherefore, we define

models; periodic boundaries were not used.

In all stages of the simulations, long-range electrostatics were cut off at D, = lim{(z— (2)*/2t 3)
13 A using the force-shift method; given that lipid and distant protein were
omitted in these models, it was felt that little extra accuracy would be
gained to outweigh the extra computational cost of including long-rangeand
interactions.

The above simulation procedure was chosen only after the investigation D, = lim({(x — (x))? + {(y — (y)?)/4t. ()]
of several alternatives; simulations of the n8s8 and an5 models and the (31
A)® water box were performed with normal constant-energy MD and with
extended (Stote et al., 1991) as well as cut-off electrostatics. In the case of An additional consideration in analyzing the diffusion is the fact that
water boxes, the effect of using periodic boundary conditions was als@even in bulk solution or molecular liquid§?) vst has a shoulder between
investigated. Simulations were also done in which the ion was free to movean initial steep rate of increase, where the ion can be thought of as moving

t—

t—w

t—o0
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FIGURE 2 Representative ion trajectories and graph§zf (2))?) vs.
t for the n8s8 model A) the & — y) trajectory of the ion az = 5 (near the

within the (dynamic) cage formed by its first solvation shell, and a slower
long-time increase, which is the normal diffusion coefficient as defined
above, and which corresponds to the ion escaping from this dynamic cage.
If the initial rate of increase of mean squared displacement with time is
fitted (i.e. 0.1-0.5 ps rather than 1-6 ps), the result is the local, or cage, or
fluid dynamic “diffusion coefficient’® (we place the words “diffusion
coefficient” in quotes because, on such a short time scale, the motion is
strongly inertial rather than properly diffusive).

The justification for using the mean squared displacement approach
depends on a separation of length (or time) scales in the motion of the ion
in the channel. On very short length scales, where the motion corresponds
to 9, one would not expect a large difference between the motion in a
channel and in bulk solution, and this has been confirmed by the simula-
tions on gramicidin (Chiu et al., 1993). Conversely, on sufficiently large
length scales, the motion will be heavily influenced by the energy gradients
produced by the channel protein, which would tend to reduce the rate of
increase of (r — (r))® with t by creating potential wells and barriers that
must be crossed. Let us denote the gradient of the electrostatic energy of
the ion due to the channel protein By, Our hope, then, is that there is
an lengthy intermediate regime, of length scale up say, whereV®,,, is
relatively constant and the deviation Bfof the ion from its bulk-solution
value is due mainly to the fact that it and its surrounding waters are
physically constrained. Thi® would then be the effective diffusion
coefficient that it would be appropriate to use, in combination with a
knowledge ofb,, or the position-dependent free energy (potential of mean
force), in conductance calculations. We shall return the method of estima-
tion of D and compare it with some of the others that have been adopted
in the Discussion section.

Finally, we remark that, in the case of the an5 channel, the ion trajectory
seemed to show a different kind of diffusion to that seen in the other
channels; the ion was almost stationaryziffior long periods, but made
occasional large jumps of roughly constant size, approximately 2 A. The
number of such jumps during a particular trajectory was usually small.
Though Eq. 1 should still be appropriate to analyze this motion, we have
in this case compared the results of Eq. 1 with those of a Bayesian
approach, described in appendix A. The estimate® aferived by this
method agree with those from Eg. 1 within the error bars.

RESULTS
Diffusion near the center of the channel

We first describe the diffusive motion that was observed
when the ion was initially placed on the channel axis, i.e., at
the point (0, 0z) for z = {—20, —15, -10, -5, 0, 5, 10,

15, 20} A. For most models, extra runs were done with the
ion starting at other points, e.g., at= {—25, —13, -8,
—3,2,7,12, 25} A for an5. In Fig. 2A andB, we show the

ion trajectories in thex y)-plane, i.e., perpendicular to the
channel axis, for representative points in the cap and in the
channel pore for the n8s8 model. Fig. @ shows the
z-coordinate of the ion as a function of time for all the
release points in this model. The greater mobility in the caps
compared to the pore is qualitatively apparent from exam-
ination of these trajectories alone, and is reflected in the
corresponding graphs dfz — (2))?) vst (Fig. 2 D), from

center of the channel)B] the ( — y) trajectory of the ion at = 20 (in the
water cap); C) z-coordinates of the ion vs. time (D) {(z — (2))?) vs.t for
various positions of the ionH) local or fluid dynamic diffusion coefficient
9 from motion in thez-direction as a function of averageposition of the
ion, estimated by fitting the gradient ¢z — () vs.t between 0.1 and
0.5 ps.
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which D is calculated. As anticipated there is an initial rapid pronounced reduction i, should be seen only near the
increase in(z — (2))%), largely independent of position in center of the channel, where there are several surrounding
the channel and corresponding to diffusion within a cage oghells of water that are also in the channel proper. If the ion
solvating water molecules, followed by a rather sloweris near the mouths of the pore, water on one side of it will
increase corresponding to the desired intermediate regimee in the caps and will not itself be restricted in its move-
of diffusion; the gradient of this part of the graph is clearly ments. There is some indication of similar behavior near the
much lower in the channel proper than in the water caps. Wenouths of some of the other channels, though not, for
have also calculated the short-time local fluid dynamicexample, in alm; but here the channel is narrowest near the
diffusion coefficients from z-displacement between 0 and mouths and it may be that the pronounced confinement
0.5 ps (Fig. 2E). 9% is much larger £0.20 A ps !,  outweighs competing effects.

approximately equal te-0.18 A% ps* reported in Chiu et As well as usingzdisplacement only, we have also
al. (1991)) than the long-time effectiv@, and although it calculatedD from the displacement in the,(y)-plane, i.e.,
does decrease slightly in the channel pore, the decreasels, (Eq. 4). The results are shown in Fig. 4. For the n8s8,
proportionately much smaller than for the correspondindeu-ser, alm, and nAChR models, this is comparable Wjth
effective diffusion coefficientD; (Fig. 3 A), which we in the channel proper, thoudh, is more clearly reduced in
discuss next. the channel and tends to decrease more rapidly as soon as

The estimates 0D, were calculated frorz-displacement  the channel is entered. Only in the case of anb jsmuch
only, according to Eqg. 3, fitted between 1 and 6 ps. They aresmaller thanD; for the timescales studied, as might be
shown for the various channels in Fig. 3. For comparison, irexpected for this very narrow channdd., is generally
the simulations on the ions in the two water boxes oflarger thanD, in the caps, where the latter may well be
different sizes, it was found th&@ = 0.11(3) & ps ! for  reduced by the effects of the restraining potentials put on the
L =155A andD = 0.152) B ps *for L = 31 A. The water.
error bars on the channel simulations are quite large, but In the case of the channel of the an5 model, as we have
there is a very clear reduction inin the pore regions of the said, the trajectory af vs.t was qualitatively different from
an5 and n8s8 models, to only abddt~ 0.02—0.04 A  that seen in other models; changeg tended to occur only
ps %, compared witlD ~ 0.08 A% ps ! in the caps. as occasional large jumps of approximately constant size.

In the leu-ser model, there is a similarly pronouncedWe have analyzed these trajectories using a Bayesian ap-
reduction in the C-terminal{ve 2) half of the channel but proach (Egs. 8 and 9 in appendix A) and find that, for the
a smaller reduction in the N-terminal half, wheDgseems  trajectories started with-10 = z =< 15, D, is found to be
to be about two-thirds of its value in the caps. In the almbetween 0.01(1) and 0.06(4)*As *, with an average of
model, the reduction seems to follow the radius profile 0f0.035 & ps *. This is in reasonable agreement with the
the channel quite closely; it is largest near the mouthsesults from{(z — (2))?).

(whereD is reduced by 50%), whereas nea+ 5, where It is notable thatD does not generally attain the same
not only is the channel quite wide but the charged ring ofvalue in the caps of the an5, n8s8 and leu-ser models as it
glutamate sidechains is within a few A of the iddy is as  does in the caps of alm model or the nAChR (this is more
large as it is in the caps. The ion tends to move quickly ouapparent fronD , thanD,). This is attributable to the larger

of the narrowest region of the channel, aroud —5, so  size of the caps in the nAChR model; their radius is about
no estimate oD is obtained there. Even in the relatively 18 A for the nAChR, 12 A for leu-ser, and less than 10 A for
wide nAChR, D, falls to about 0.06 A pstin the N- the others. Thus, it is entirely consistent tRashould have
terminal half of the channel, aboi of its value in the caps about the same value in the wider parts of the pore of the
(D =~ 0.12 A ps*, though the variation is large); its nAChR as in the caps of the other models. The result is also
behavior in the C-terminal half is less clear-cut. This isconsistent with the smalldd recorded in the smaller of the
consistent with the pore radius profile of the NAChR model,two water boxes, and with the finding of Lynden-Bell and
which is narrowest (radius 6 A) in theN-terminal half and ~ Rasaiah (1996) that the diffusion coefficient of sodium in a
widest (radius> 8 A) in the C-terminal half. hydrophobic cavity of radisi6 A is 2/3 of itsbulk value.

The points which fit this general interpretation least well  Finally, in Fig. 5 we show the diffusion coefficient from
are those coming from just inside thieterminus of the an5 these on-axis runs as a function of the local HOLE radius of
model, where the estimate @, is unexpectedly large. the channel. Though there is some scatter, it is fairly clear
There are two possible reasons for this. First, one wouldhatD increases with from very small values around=
expect a strong repulsive interaction between the positiv@ A until it has reached its bulk value by abaut 10-12
Na' ion and the nearby partial positive charges at the endd. The smallf part of this figure is consistent with the
of the helices, which, in this very narrow channel, are closeesults of Lynden-Bell and Rasaiah (1996). The trend is
to the ion. Thus, the assumption thatd., should be Vvisible in D, (Fig. 5A), but the presence of a few outlying
roughly constant on the scale of the ion’s motion is lesgpoints, generally those correspondingztaear the mouths
likely to be correct here than in any other channel, so it isof the narrow channels, obscure it somewhat. The trend is
difficult to separate the effects @b, from those of true clearer wherD, (Eqg. 2) is considered, to take into account
variation in D. Second, it seems plausible that the mostboth D, andD, (Fig. 5 B).
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Diffusion near the channel surface in the nAChR

We have also investigated the mobility of the ion when
released from points near the surface of the nAChR, to see
if there is any evidence for a radially varyiigin this much
larger channel. In previous investigations of the behavior of
water in the NnAChR model pore (Smith and Sansom, 1997),
it was found that the local density of water oxygen atoms
could be very much higher (more than threefold higher)
than the average at various positions near the protein sur-
face, particularly at points near charged or polar sidechains.
Seven of these points were chosen as release points of the
Na* ions, as it seemed plausible that the reduction in water
mobility would result in a reduction in ionic mobility too
(Though in fact, the initial release points often failed to
correspond to areas where the ion was content to sit; the
ions regularly moved several A during the equilibration part
of the trajectory). Interpretation of the results in this case is
made more difficult by the fact that the motion is to some
extent one of diffusion across fixed potential barriers; by
choosing release points near charged sidechains, we cannot
avoid encountering the undesirable situatiorivvdb, vary-

ing relatively rapidly. This is demonstrated by the diffusion
in the §, y)-plane of the ion shown in Fig. A: the motion
clearly has an initial phase where the ion moves less freely
than in the second half, where it escapes from the protein
surface and moves into the channel. For some other release
points, the opposite type of motion is observed: initial
relatively free motion followed by a fall into a different
potential well than the one from which the ion was released
(Fig. 6 B). Accordingly, in analyzind, the trajectory was
divided into two according tp = V/X* + y?; if p was within

a few angstroms of the HOLE radius of the channel at that
point, the segment of the trajectory was put into one class,
if it was smaller than this it was put into the oth&; was
calculated separately for each. The results are shown in Fig.
6 C. The diffusion coefficient is clearly smaller close to the
protein surface than it is near the channel center, where it is
comparable with the values calculated from the trajectories
with the ions released on the axis (FigE}. Thus, aside
from the reduction oD even on the channel axis of the
NAChR, there is evidence that it is still further reduced if the
ion approaches the channel surface. This may in some
measure account for the fact that the diameter of the pore as
estimated from blocking experiments (Dwyer et al., 1980;
Villarroel et al., 1991; Nutter and Adams, 1995) tends to be
smaller than the diameter indicated by structural studies.

Interaction with the channel surface

We have also investigated the nature of the interaction
between the ion and the channel in the various channel

FIGURE 3 Diffusion coefficient from motion in the-direction,D;, as a
function of average-position of the ion for 4) n8s8, B) an5, C) leu-ser,

(D) alm, and E) nAChR, estimated by fitting the gradient ¢z — (2))%)

vs.t between 2 and 6 ps for ions placed initially on the channel axis, at
various points along it.



2774

n8s8

020 ¢
016 |
‘(D

Lot
008 -

0.04

0.00

anb

leu-ser

]——

alamethicin

0.24

nAChR

020 +
— 018 |
I(I)

& 012 ¢

008

0.04

0.00

-

Biophysical Journal

Volume 75 December 1998

A an5

O leuser

®alm

O nachr

W water boxes 4

20.0

£ n8s8
A an5
3 Oleuser
i ®alm
O nachr
W water boxes

|
20.0

150

FIGURE 5 Diffusion coefficientD for the various models shown as a
function of the radius of the channel at the averagecoordinate of the
ion. For comparison we also shdwfor the various cubic water boxes; in
this case, the abscissa is half the side length of the simulation bo,(A)
(B) D..

models, by calculating the radial distribution functigfr)
between the Naion and the protein sidechain atoms (Fig.
7). The normal definition (hnumber of atoms in narrow shell
atr from ion)/(number of ideal gas atoms of same density in
shell atr)) is slightly problematic because the density of the
protein is not well defined. Therefore we calculatdg =
(number of protein atoms in narrow shellrdtom ion) and
N, = (number of protein atoms in shell afrom ion after
ion has undergone a random displacement uniform-& &
... 5A)). Then we usedl /N, as an estimate ad(r). The

FIGURE 4 Diffusion coefficient from motion perpendicular to the pore
axis,D |, as a function of averageposition of the ion, for ) n8s8, B)
an5, C) leu-ser, D) alm, and E) nAChR.
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FIGURE 6 Diffusive motion of the ion in thex(y) plane when released
from positions initially close to the protein surface in the nAChR Apye
show the trajectory with the ion at-(7.5, —1.5, —8.5) at the start of the
production part of the trajectory; ifBf the trajectory with the ion at5.2,
5.3, —14.5) initially. In (C) the diffusion coefficienD is calculated from
parts of the trajectory near the protein surféapen symbolsand near the
channel axigfilled symbols).

ion and oxygen atoms in the sidechains (it is less than the
sum of the van der Waals radii by more than 1 A), whereas
for the an5 and n8s8 channels the figure is 3 A, comparable
with the sum of the van der Waals radii, suggesting that the
first solvation shell of waters around the ion is maintained at
almost all times. These results are for the trajectories with
the ion released & = 0, but the radius at which(r) goes

to zero does not depend very muchzior a given type of
channel. This interpretation in terms of direct or water-
mediated interaction with the channel walls is confirmed by
inspection of ‘snapshots’ from the trajectories, and is in
broad agreement with the results of Lynden-Bell and Ra-
saiah (1996), who observed ions approach to withiA of

the hydrophobic wall of a cylindrical channel; this corre-
sponds closely to a zero af{r) at =3 A in the channel
models (because in Lynden-Bell and Rasaiah (1996), there
is of course no contribution to the van der Waals radius
from the channel wall of a simple hydrophobic cavity), and
thus to the results found in the hydrophobic channels an5
and n8s8. In Fig. E, g(r) is shown for the ion released
close to the wall of the nAChR at= —8, in a hydrophilic
part of the channel near to a ring of Thr sidechains; once
again, it can interact directly with sidechain atoms. The
general behavior shown here, direct unmediated interaction
between ions and sidechains, is what would be expected to
be necessary if polar sidechains play an important part in
ion selectivity, as has been suggested for leu-ser and the
NAChR (Bertrand et al., 1992; Galzi et al., 1992; Villarroel
et al.,, 1991). It would not be so necessary for charged
sidechains, where the electrostatic interactions are longer-
range.

The behavior ofy(r) at largerr is also interesting. It has
some structure in all the channels and, in the an5 channel, it
even drops to zero after its first peak. If the ion were
diffusing freely inz, this zero would not be observed; its
presence confirms that in the an5 channel, as in gramicidin
(the paradigm of a narrow channel), there are clear local
minima of potential along the axis between which jumps are
rare. Similar features, though not so well defined, can be
observed in the other channels, seeming to show the pres-
ence of potential wells in the channel into which the ion is
attracted.

We have also considered tligr) between the ion and
protein backboneatoms (data not shown). There is much
less variation in the shape d@fr) between the different
models than in the shape @ffr). The most important feature
of §(r) is that it goes to zero at about 3.5 A for all the
helix-bundle models, and at about 4.5 A for the n8s8 model,
for all positions of the ion within the channel. Thus it does
not appear that there is direct interaction between the ion
and the backbone in any channel, in contrast to the case of

random displacement decorrelates the ion from the proteirgramicidin, where coordination of the ion by backbone
but its size, of the same order as the channel radius, ensurearbonyl groups is known to occur (Roux and Karplus,
that on average about the same number of protein atoms will991b; Roux and Karplus, 1994; Roux, 1995) and to be
be found in total. It is clear from the results that the ion canextremely important in the mechanism of permeation. In all

approach the sidechains in leu-ser (FigC)rand alm (Fig.

the channels studied here, the sidechains form the lining of

7 D) to within 2 A, corresponding to direct contact betweenthe channel. We remark that this provides further justifica-



2776

4.0

3.0 +

g(n

1.0 +

0.0

3.0

2.0

a(r)

1.0 -

()

05

15

= 1.0

05

0.0

20 r

nds8
/\ /
i 6 8 10
r(A)
anb
4 6 8 10
r (A)
leu—ser
1A
V 4
4 6 8 10
r(A)
alamethicin
4 6 é 10
r (A
nAChR

Biophysical Journal

Volume 75 December 1998

tion of the use of structural restraints on the backbone
atoms: the absence of direct interaction with the ion means
that any reduction in their freedom of movement will have
little effect on the ion’s own motion.

DISCUSSION
Models and simulation techniques

We first comment on the likely validity of the structures of
those models that represent real channels (i.e. Alm, leu-ser
and nAChR). The alm model is likely to be accurate at the
single-helix level, given the x-ray structure (Fox and Rich-
ards, 1982) and the strong helix-forming propensity of
a-amino isobutyric acid; the possibility of forming a hex-
americ channel seems high given the conductance states
observed experimentally in channels formed of alamethicin
monomers and covalently linked dimers (You et al., 1996)
and the reasonable agreement of these with the estimated
conductance of a hexameric bundle (Smart et al., 1997). The
leu-ser model is plausible given that this peptide was
signedto form amphipathic helices, which would then as-
sociate to form channels with a hydrophilic lining and
hydrophobic exterior. The nAChR model must be counted
speculative in the absence of an x-ray structure, but it is in
agreement with most existing mutagenesis and cryo-EM
(Unwin, 1993; Unwin, 1995) data. Other putative structures
that have recently been proposed for the M2 helix bundle
(Ortells and Lunt, 1996; Tikhonov and Zhorov, 1998) show
reasonable agreement with the model used here. We as-
sumed that all ionizable residues in the nAChR model were
in their fully ionized states, even though very recent results
(Adcock et al., 1998) suggest this may not be the case for
the C-terminal glutamate ring. Further work may be neces-
sary to establish the effect of this @

The most obvious omissions in the present models are
those of non-pore-lining channel protein (in the nAChR),
the lipid bilayer itself, and other ions which would produce
a transmembrane potential difference. The effect of these
omitted elements in holding the pore-lining protein in place
is modeled by the use of restraining potentials. We believe
that the ionic diffusion coefficient, being the result mainly
of local rearrangements in the fluid involving collisions
between the ion and water molecules or protein sidechains
very close to it, is unlikely to be much affected by distant
atoms. This would not necessarily be the case with, for
example, the energetics of the ion. Thus, despite the effect
of channel rigidity on permeation in gramicidin found by
Chiu et al. (1991), we do not consider it necessary to incur
the vastly greater computational expense of performing the
simulations with these missing elements included and long
range electrostatic forces taken into account, particularly
when, as in the case of the nAChR, the structure of the

FIGURE 7 Radial distribution functiog(r) between the ion (near= 0)
and protein sidechain atoms f@)(n8s8, B) an5, C) leu-ser, D) alm, and
(E) nAChR (ion off-axis).
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missing elements is known only in the most approximate D = (ke T/6)(exp(G'TksT)) Xexp(—G'/ksT)) *
way. This hypothesis is supported by the results for diffu- ) o . . .
sion coefficient of water in the models described above, and/hereé is the friction coefficient and™ is the potential of

by the fact that the backbone atoms on which the restraint§1€an force. The use @, particularly, is a well-established
are placed do not interact directly with the ion (see “Inter-@ltérnative to mean squared displacement, but must be ap-
action with the channel surface” above). plied with care because the decay@fast increases is not

Similar arguments justify our neglect of the transmem-& Simple exponential in dense liquids; it has been estab-
brane potential, which, although it is responsible for the nefished that multiple collisions transmitting forces back to the

flux of ions through the channel at a rate ofl perys, ©rnginal particle produce a power-law decay@f at long
produces at any given moment a very small force comparemes (vortex diffusion) which makes the accurate numeri-
to the jostling of nearby water molecules and thus would nof@ evaluation of its integral difficult (Alder and Wain-
be expected to have a visible effect on the diffusive motiondVright, 1970; Cohen, 1993; Allen and Tildesley, 1987; Chiu
we are studying here on a timescale aboutti@es shorter €t al., 1991_). It is, therefore, not ngcegsarlly the caselhat
than that of ion permeation. For example, the difference if"ay Pe ezstlmated from a shorter time interval usiyghan
ionic concentrations that produces the transmembrane pd{ — ()" As well as methods based on the measurement
tential corresponds to a difference of less than one in th@f fluctuations, measurement Bf from the response to an

number of ions in the water caps on the two sides of thé?Xternal perturbation (usin® = kgTu, where p is the
channel in simulations of the size considered here. mobility) has been used (Skerra and Brickmann, 1987).
Aside from structural details of the channels, it is also”Another method is activated dynamics (Roux and Karplus,

necessary to examine the validity of some of the simulationt991a):

techniques. We have checked explicitly (appendix B) that .

the precise protocol used in the MD simulations (cons‘gant k = k(VO(V))exp—G'kgT) / J exp(—G'/ksT)dx
temperature cf. constant energy, etc.) does not appreciably o

affect the results. As has been suggested (Chen et al.,

1997b), the use of an equilibrium simulation method to D = kAL?

investigate a nonequilibrium steady-state process is in some . )

ways unsatisfactory. However, we consider that this case i¢nereG" the potential of mean force across the fundamen-
one in which the relaxation of the nonequilibrium part of the t@l (Single-turn) barrier of widtiAL, and« is the transmis-
system is so much slower than the timescale of other moS/On coeff|C|ent_, measured from trajectories initiated at the
tions that it will occur against a background in which the ©OP Of the barrier and propagated forward and backward;
rest of the system remains effectively in equilibrium— this improves the sampling of bqrner-crossmg trajectories.
which is really just another way of saying what we have T he results produced by the various methods are reviewed

already said in justifying the neglect of the transmembrand? Roux and Karplus (1991a). S
potential (Keizer, 1987). The question of exactly what the effective diffusion co-

efficientis must also be addressed, because here there may
be some differences between the gramicidin literature and
Estimation of D the present work. On any length scale so long that the
] o . motion is diffusive (dominated by multiple randomizing
In previous work on gramicidin (Jakobsson and Chiu, 1987 |jisions) rather than ballistic, it becomes possible to define
Chiu and Jakobsson, 1989; Chiu et al,, 1991; Roux andy, effective diffusion coefficient for motion on that scale;

Karplus, 1991b; Roux and Karplus, 1991a; Chiu et al. .o instance, one could consider motion on the scale of the
1993; Roux and Karplus, 1993; Roux et al., 1995), methodgntire channel (length) and define

involving estimation ofD not only from mean squared
displacement but also from the autocorrelation functions of DM = 12/27,
the velocity of the ion (Green-Kubo relation) and of the

force on the ion when it is fixed have been used: where 7, is the mean passage time; here, all the effect of

local potential barriers is subsumed iF™. This equation
C, = ((V(0) — (W)(V(t) — (V))) is used in Roux and Karplus (1991a) to give an experimen-
tal effectiveD, wherer_ can be estimated from the exper-

o imental permeability; it is of little help, however, # is
D= J C.dt what we want topredict. Alternatively, if the channel ar-
0 chitecture is such that there are a series of potential barriers
of approximately equal height, one can defin®&™ for
Cr = ((F(0) — (F))(F(t) — (F))) crossing one of them. This is the natural approach taken in

the gramicidin simulations, where the contributions of water
® and channel to the diffusion coefficient are comparable
&= (kBT)lJ' Cedt because the ion is coordinated by both: the potential barriers
0 are produced by thalL ~ 1.5 A pitch of the-helix, and the
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quantity estimated iBE™ for crossing one. The details will the channel models investigated here; however, the ultimate
not be discussed here but are complicated by non-negligiblealidation of the approach will come only after the conduc-
inertial effects at the barrier tops. The motion through thetance calculations have been done, which will require the
whole channel can then be analyzed as a random walgotential of mean force of the ion to have been measured. It
modulated by effects with a much slower spatial variation:may be that the results presented here will then need to be
the access resistance, and possibly (Chiu et al., 1993) theinterpreted as diffusion including the effect of channel
effect of a wide central potential maximum (Jordan, 1982)potential barriers, and further simulations, together with the
that may be produced by an image potential interactiongxamination of the free energy barriers themselves, may be
though direct simulations have not found such a maximunrequired to elucidate these effects fully.
(Roux and Karplus, 1993). The final results for conduc- The choice of water model used (TIP3P) may also affect
tance, at least for sodium, are in reasonable agreement withe measured diffusion coefficient. Water's properties are,
experiment. Results for other ions are not as good. of course, unique and extremely complex for such a simple
However, the gramicidin channel is rather unusual in thatmolecule, and no existing simple model (i.e., sufficiently
the ion is largely desolvated and coordinated instead bgimple to be used in an MD simulation without incurring
backbone carbonyls for most of the way down the channelenormous computational cost) captures them all.
In most channels, such intimate association between ion and
protein seems likely either to be confined to a relatively
short stretch of the channel (for example the selectivity filter
of the potassium channel (Doyle et al., 1998)) or not to
occur at all; this is the case with the wider and less ion-In light of what we have just said about the diffusion
selective channels studied here. coefficient of Na” in TIP3P water, we believe the results
This difference in architecture underlies the idea, outlinedoresented here should be interpreted in terms of the frac-
in the introduction, of seeking to estimate an effectivetional difference between channel and bulk environments
diffusion coefficient that could be used in a simplified rather than as absolute values. We find tBat= 0.15 A2
model that no longer included water explicitly but in which ps* for sodium in bulk solvent, compared to the experi-
a potential of mean force took account of its mean effectmental value oD = 0.133 & ps *. Thus, the reduction
(and that of the protein) on the ion, and the effeciviook  seen in the simulations id to ~0.1 A% ps * in the nAChR
account of the water’s driving effect, andly of this effect,  channel implies that the best estimateDobf sodium in the
so that, in contrast with the simulations on gramicidin, thereal NAChR is 0.09 Aps * (=0.1 X 0.133/0.15), and so
effect of the potential barriers due to the channel would noforth. Similarly, the fractional rather than absolute changes
enterD. Any difference betweem in the bulk and in the in D are what should be considered when comparing this
channel would then come from the confinement (and, inwork with that of Lynden-Bell and Rasaiah (1996), in which
some cases, from the orientation) of water in the channethe SPC/E model of water was used; the diffusion coeffi-
the water produces a local potential well at the ion’s presentient of sodium in bulk SPC/E is 0.12%/s . Given this,
position which must relax before the ion can move anyquantitative agreement between that work and our own is
appreciable distance. The extent of the water’s confinemergood. The reduction iD of the ion is similar to, though
will influence this relaxation and thus the ion’s ability to smaller than, what has been observed for the diffusion
move. This was our motivation for attempting to study thecoefficient of water in channels (Gutman et al., 1992; Chiu
intermediate regime of diffusion referred to in the Methodset al., 1993; Sancho et al., 1995; Breed et al., 1996; Smith
section, where diffusion should be dominated by waterand Sansom, 1997).
confinement effects rather than those of crossing protein In comparison with the simulations on gramicidin, the
potential barriers. Whether this regime exists clearly de+eductions in effective ionic diffusion coefficients observed
pends on the structure of the channel; in narrow channel$iere are generally smaller, though as was discussed above,
Vo, will vary more rapidly and so the intermediate diffu- the effective diffusion coefficient that was being considered
sive regime will become shorter. Indeed, perhaps the mosh most of that work was that for crossing a fixed free-
serious disadvantage of having chosen to meaBufi®mm  energy barrier due to the protein potential, whereas here we
mean squared displacement is that it does not facilitate are more concerned with the effect of the water on the ion.
clean separation of effects due to water from those due tdhe simulations on gramicidin, compared more fully in
protein. A method based on forces, which could of cours€Roux and Karplus (1991a), give results fOrof sodium
be decomposed into contributions from water and proteinbetween 0.058 Aps * and 5x 10" * A% ps*, compared
might have been advantageous in this respect. with an estimated experimental value (folding in the effects
Nevertheless, several indirect justifications for this haveof barrier crossings and access resistance) &f 820 * A2
been found here—the concentration on relatively short timgs *. It is interesting that the nature of the ionic motions
scales (up to 6 ps), the similarities of results from differentconsidered here, in these somewhat larger channels, is sim-
channels, the similarities with diffusion in hydrophobic pler to study than in gramicidin, where the very intimate
cavities, the lack of direct ion-channel interactions—and sdon-pore interactions accurate and time-consuming free en-
our approach seems to be justifiagposteriorifor most of  ergy perturbation and activated dynamics calculations

Interpreting the results
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(Roux and Karplus, 1991b; Roux and Karplus, 1994; Rouxjn this connection that in obtaining the electrical potential
1995). In the present studies, details of the simulation techfrom the Poisson equation, it is important to consider that a
nigue—for example the type of restraints placed on theeduction in the effective dielectric constandf pore water
channel protein—seem less critical than was the case imay also occur in channels composedoshielix bundles,
gramicidin. Aside from the studies on gramicidin and thedue to alignment of water by the helix dipole fields (Sansom
work of Lynden-Bell and Rasaiah, other estimateodf et al., 1997).
ions in channels have tended to come from fitting theoret-
ical results to experimentdtV curves and permeability
ratiog. .For example, in Chen et al. (1997a), ionic difoSio_nCONCLUSION
coefficients and other parameters are fitted using the Pois-
son-Nernst-Planck equation to a large amount of currentThe diffusion coefficient of sodium ions in models of ion
voltage data for the same leu-ser peptide as was studieghannels was found to be reduced relative to bulk solution.
here. The extent of this reduction depends on the radius of the
Thus, it seems to be empirically the case thaif anion  channel and is greatest for narrow channels; in the an5
in a channel is influenced to a large extent by the effects omodel (a pentameric bundle of poly-alania¢nelices) it is
confinement; though potential wells and barriers will have areduced approximately tenfold, and even near the center of
dominant effect on diffusion through the channel as a wholg wide pore, like that of the nicotinic acetylcholine receptor,
and must be included in conductance calculations, theilt seems to be about 30% less on average than in bulk
effect on the short-range motions considered here seems g®lution. This is consistent with previous studies on cylin-
be relatively small, unless the field is very large (e.g., neadrical hydrophobic cavities (Lynden-Bell and Rasaiah,
charged sidechains or the helix termini of narrow channels)1996). There is some evidence tlijtis reduced less than
In this case, it is difficult to disentangle the effects of the D ,, particularly near the mouths of channels. Moreo\r,
field from a true variation irD. seems to be reduced still further near the protein surface of
As we have said, we believe that the diffusion coeffi- the nicotinic receptor. This behavior may reduce the effec-
cients measured empirically here will be useful in thetive radius of the channel, though in this case the local
coarse-grained methods of calculating channel conductandgdectric fields are very strong and it is difficult to separate
mentioned in the introduction. For example, perhaps theffects ofD from those caused directly by the field.
commonest approach to conductance calculations is the The existence and size of the reductionDndoes not

Nernst-Planck equation: seem to depend on whether the channel is a helix bundle or
a B-barrel; the radius is the primary determinant. However,

J=->Di(cV®P + V) (5) direct interactions between the ion and channel sidechain
i atoms are more important in channels with a hydrophilic
lining than in hydrophobic channels, an observation which

where® is the electrostatic energy of the ion in temperaturehas implications for ion selectivity.

units, related to the conventional electrostatic potewtiéh The diffusion coefficients of ions in channels make up

volts) by ® = ZF¢/RT, with T temperature and& ionic ~ one group of parameters that can be determined by MD

valence.c is the ionic concentrationD is the diffusion simulation and then used in coarse-grained simulation or

coefficient (which may vary spatially), and the subsciipt differential equation-based techniques (Cooper et al., 1985;

labels the different ionic species in the system. The boundChen et al., 1997a; Kuyucak et al., 1998) for finding chan-

ary conditions that produce the flux are the valueg@ind  nel conductance, thus overcoming the difficulty of reaching

c at the two ends of the channel. It is usual to consider thghysiological timescales with MD simulations alone. Fur-

problem as effectively one-dimensional, so tRat> d/dz ther work will attempt to refine the diffusion coefficients

Methods based on this, but differing in their treatment ofmeasured here, to separate more clearly the free energy

ion-ion interactions, have been used on several channdarriers due to water from those due to protein, and to

models (Kienker and Lear, 1995; Woolley et al., 1997; Chergxtend the measurements to other physiologically important

et al., 1997a; Chen et al., 1997b). The effective diffusionions such as K and CI', as well as using the diffusion

constantD in all these methods acts as a constant of proconstants in conductance calculations.

portionality, relating the size of the response (current den-

sity) to the effective forcec VP + V. Thus, to a first

approximation, a reduction iD due to confinement in the APPENDIX A

channel will produce a proportionate reductiodiand thus  Rare Large Jumps in the an5 Model:

in the single-channel conductance. It plays a similar role iny Bayesian Approach

other techniques such as Eyring Rate Theory (Cooper et al.,

1985), Brownian Dynamics (Cooper et al., 1985), and Lan-"? the case 01_‘ the an5 channel the ion trajectory seemed to'showadifferent
. . . . . . kind of diffusion from that seen in the other channels; the ion was almost

gevin Dynamics Slmwatmn, (aney ?t al., 1992; Li et al., stationary irz for long periods, but made occasional large jumps of roughly

1998). A good comparative overview of such coarse-constant size, approximately 2 A. The number of such jumps during a

grained models appears in Cooper et al. (1985). We remarkarticular trajectory was small. It is not clear that Eq. 1 is still appropriate
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to analyze this motion, so we have compared the results of Eq. 1 with thosEABLE 1 Tests of simulation procedures
of the following different approach.

i —1
We have a one-dimensional problem of hopping on a lattice. If the time Model Ensemble Electrostatics Dids
of observation isT, and the distance jumped (lattice spacingd,ishen the  water box nve Cutoff, pbc 0.13 (6)

probability of observingN jumps by the ion, given that the diffusion an5 nvt Extended 0.02 (22€ 0)

coefficient is in realityD and the jumps are independent, is given by the nvt Cutoff* 0.02(2)e=0)
Poisson distribution: 0.06 (4) €= —5)

1 nvt Cutoff** 0.03(2)z=0)

_ 2 n8s8 nve Cutoff 0.04 (3x(= 0)

P(NID) = yj (2DT/a)"e *°™™ nvt Cutoff 0.03(2) 2 = 5)

Now B Cth Bretthorst. 1990: Loredo. 1990 b dt nve, thermodynamic ensemble with constant number of particles, volume,
_Now bayes heorem ( retthorst, » -Oredo, 199 .) can be used 10,4 energy; nvt, thermodynamic ensemble with constant number of parti-
invert this to give the probability that the diffusion coefficient is in reality

D ai thatN i b o cles, volume, and temperature; pbc, periodic boundary conditions; *,
» given thatly Jumps were observed: simulation was performed with interhelix structural restraints insteacof C
ko B : S )

Pprior(D) P(N|D) restraints; **, ion was not restrained during minimization and heating.

J”.. Poio D)P(N|D)dD (6)

P(D|N) =

P.p”‘" (D) is the prior probablllty Oﬂ.D’ I.e., the probability dlstrlbuthn seem to affect the results within the error bars, providing further evidence
assigned td before taking the data into account. We choose the S|mplein support of the use of the Crestraints
(unnormalized) prior probability :

We decided to use the constant-NVT ensemble for its slightly greater

0 ifD<0 physical realism and cutoff electrostatics for computational cheapness.
Pprior(D) = { 1 fD=0 Another result of these simulations was introduction of the mmfp restraint
| - that held the ion near its starting point during minimization and heating.

Initially it was not included (simulations marked ** were done without it),
but we found that if it was not present, the ion tended to move a long way
during the minimization and heating stages, and so its movements during
the production stage did not then always provide a measui iof the
vicinity of its starting point, as desired.

This accounts for the fact th& cannot be negative, but otherwise says
nothing about it. The precise form of the prior probability typically has
little effect, unles is very small. Substituting,;,, (D) into Eq. 6 has the
effect merely of changing the lower limit of integration from= to 0.
Putting in the expression fd?(N|D) we finally obtain
— PN 2\N+1,-DT/a
P(D|N) =D (ZT/a ) € (7) This work was supported by a grant from the Wellcome Trust. We thank

for D = 0, andP(D) = 0 otherwise. From this it follows that the Oxford Centre for Molecular Sciences for the use of computing

facilities.
D xDP D|N)dD L(N k) 8
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