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Ion transpori through biological membranes often takes place via pore-like protein channels. The elementary process of
this transport can be described as a motion of the ion in a quasi-periodic multi-well potential. In this study molecular dy-
namics simulations of ion transport in a model channel were performed in order to test the validity of reaction-rate theory
for this process. The channel is modelled as a hexagonal helix of infinite length, and the ligand groups interacting with the
jon are represented by dipoles lining the central hole of the channel. The dipoles interact electrostatically with each other
and are allowed to oscillate around an equilibrium oricntation. The coupled equations of motion for ihic ion and the di-
poles were solved simultaneously with the aid of a numerical integration procedurce. From the calculated ion trajectories it
is scen that. particularly at low temperatures, the ion oscillates back and forth in the trapping site many times before it
Ieaves the site and jumps over the barrier. The obscrved oscillation frequency was found to be virtually temperature-indepen-
dent (rg = 2 X 1012 571y so that the strong increase of transport rate with temperature results almost exclusively from the
Arrhenius-type exponential dependence of jump probability w on 1/7. At higher temperatures simultancous jumps over
several barriers occasionally occur. Although the exponential form of w(7) was in agreement with the predictions of rate
theory, the activation energy £, as determined from w(7) was different from the barrier height which was calculated from
the static potential of the ion in the channel: the actual transport rate was 1 X 103 times higher than the rate predicted
from the calculated barricr height. This observation was interpreted by the notion that ion transport in the channel is strong-
Iy influenced by thermal fluctuations in the conformation of the ligand system which in turn give rise to fluctuations of

barrier height.

1. Introduction

Ion transport across biological membrane occurs
by special mechanisms different from simple diffusion
through the lipid bilayer. An important transport
mechanism is the passage of ions through localized
structures called channels [1]. An ion channel may be
a built-in protein that offers to the ion an energetical-
ly favourable pathway through the apolar core of the
membrane. A well-characterized example is the cation-
permeable channel formed by gramicidin A [2—71,
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a linear peptide consisting of mostly hvdrophobic
amino acids. The gramicidin channel has a helical struc-
ture with a central tunnel of about 4 A in diameter
running along the helix axis. An ion passing through
the channel may interact with the oxygen atoms of the
peptide carbonyl groups lining the wall of the tunnel.
In this way the carbonyls act as ligands which replace
part of the primary hydration shell surrounding the
ion in water. It is likely that during the passage of the
cation the channel structure is transiently dis.orted in
such a way that the carbonyl groups are tiltad with
their oxygen ends towards the ion [2]. Smell univalent
cations may pass through the gramicidin channel at a
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rate of up to 107 108 s~! [3] which is similar to the
transport rate of Na™ in the sodium channel of nerve
membranes [8].

An important goal in the study of ion channels is
4 better understanding of the relationship between the
observable transport properties and the microscopic
parameters of the channel (geometry of the ligand
system. interaction energy between ion and ligand
groups, force constants governing the deformation of
the peptide backbone. and so on). For the theoretical
description of ion permeation through channels the
pathway of the ion may be represented as a sequence
of energy wells which are the sites where the ion is in
an energetically favourable interaction with one or
several ligand groups. lon movement in the channel
may then be visualized as a series of thermally acti-
vated jumps over the energy barriers separating the
trapping sites {15-18]. Using rate-thcory analysis.
the frequency of jumps over a barrier is obtained as
a frequency factor times tlie exponential of an activa-
tion energy . While this approach leads to a qualitative-
Iv correct description, the existing treatments are still
unsatisfactory in two respects. In the application of
rate-theory to ion permeation. the barrier structure
of the channei is usually assumed to be fixed. i.e..
independent of time and independent of the movement
of the ion. This description which corresponds to an
essentially static picture of protein structure does not
allow for the fact that the ligands system itself is sub-
jected to thermal fluctuations and, furthermore. that
it may be distorted by the movement of the ion [31].
A second problem in the application of rate-theory to
transport processes consists in the fact that it is diffi-
cult 10 test the theory rigorously. A complete com-
parison beiween theory and experiment requires in-
dependent experimental information on both trans-
port rates and barrier energies. This condition, how-
ever, is rarely met, and usually it is only possible to
infer barrier heights from measured transport rates. as-
suming dhat the theoretical expressions relating both
quantitics arc correct.

In recent years the method of molecular dynamics
has been widely used as a powerful technique for pre-
dicting macroscopically observable properties from the
microscopic parameters of a system [9--11]. Starting
with a set of initial conditions, the time behaviour of
a system of many interacting particles is calculated by
explicit numerical integration of the coupled Newton-

ian equations of motion. This method has been used
to study diffusion in liquids and also to analyze per-
meation of molecules through rigid membrane pores
[12.13].

In this communication we present results from a
molecular dynamics study of ion transport through
a model channel. The ligand system is modelled as a
helical array of dipoles lining the central hole of the
channel. The dipoles interact electrostatically with
each other and with the permeating ion moving along
the helix axis. and cach dipole is allowed to oscillate
around an equilibrium orientation with respect to the
helix axis. By computer simulation of this dvnamical
svstem the trajectory of the ion in the channel is cal-
culated. and from the trajectory the mean jump rate
of the ion over the barriers is obtained. Performing
such analyses at different temperatures yields the
activation energy of transport which may be compared
with the static value of the barrier height. In this way
the influence of barrier fluctuations on transport rates
may be studied and, at the same time, the predictions
of rate-theory analysis may be tested under a variety
of conditions.

2. Description of the model

In this work the protein channel is modelied by an
infinite hexagonal rigid helix with radius r and six
flexible groups per single helix turn located at its sur-
fece (fig. 1). The polar groups are represented by rigid
dipoles with the positive pole (with effective charge g)
fixed on the helix chain while the negative charge is
allowed to move on a circle with fixed radius d to-
wards the axis of the channel. The undistorted motion
of the helix dipoles is then described by a torsional
vibration with an equilibrium angle ¢? of the ith di-
pole axis with respect to the radius of the helix. In fig.
2a a schematical representation of the equilibrium
orientations of the dipoles is drawn for a model with
all ¢>? = 70° while for the system shown in fig. 3a the
equilibrium orientation alternates between qbg,- =70°
and ¢gi+l = —70°. The dipoles are numbered accord-
ing to their occurrence in the chain. The antiparallel
orientation of dipoles in fig. 3a corresponds to the ar-
rangement of the C= 0 groups in the Gramicidin A
channel [2]. The interaction of the polar ligands is
described by dipole—dipole forces. This nonharmonic
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Iig. 1. Model of the protein channel. Dipoles are fixed with their positive poles (dark spheres) on a rigid hexagonal hclix. Sin
dipoles arc arranged per single turn. The negative poles (white spheres) are allowed to oscillate towards the axis of the helix. The

permeating cation is constrained to move on the helix axis.
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Fig. 2. a). Arrangement of rhe dipoles on the nelix in model I
(parallel orientation): all dipolcs have the same equilibrium
angle ¢;-) with respect to ion-migration coordinate x; r is the
radius of the helix and /1 tle length per turn. For case of re-
presentation, dipoles are aepicted alternately on two lines
parallel to the helix axis. b). Static potential cnergy 1/(x) of
the migrating ion resultin: from Coulombic interaction with
the dipoles. The dipoles are held fixed in the equilibrium
orientaticn which 1s ebtained for 7— 0 under the combined
influcnce of the Coulombic dipolc-dipolc interaction and tor-
sional forces. ¢° 70%:D; = 1.08 X 10718 3;,r=25 401 = 12
A:charge of the ion: Q = co——4 803X 10710 c.s.u. (ep is the
elementary charge); charge of the dipole: g = 0.25 ¢g:length
of the dipole: d = 1.128 A.

coupling guarantees a rapid energy flow if the system
of dipoles is allowed to perform oscillations according
to the classical equations of motion.

The positive ion (charge Q) migrates through the
channel in the field of the dipoles. In the present model
the ion was constrained to move along the x axis of
the helix (fig. 1). i.c.. its motion can be described in
a pscudo one-dimensional picture. The potential energy
I/(x) for a univalent ion (Q = e. where ¢, is the cle-
mentary charge) as a function of the migration coordi-
nate x is shown in figs. 2b and 3b for the case where the
dipoles are held fixed in their equilibrium positions (i.c.
in the orientation which is assumed under the com-
bined influence of the Coulombic Jdipole—dipole
interaction and the torsional force). If the dipoles are
arranged in such a way that all axes are orlcm‘,d towuards
the positive x-direction (model I with 0 = 70° for all
). V(x) is a multi-well potential (sec ﬁm 2b) with a ver
low barrier energy of AF = 0.017 eV for a dipolar
charge of ¢ = 0.25 ¢ and a dipolar length of ¢ =
1.128 A). The situation is totally changed (sce dis-
cussion in section 5) if the orientation of polar groups
alternates along the helix chain (model 11, fig. 3b).
Now the potential barriers increase by a factor of
about 20 to give AE = 0.350 eV. Moreover. modei 11
contains only half the number of wells in the potential



108 W, Fischer et al. [lon transport in transmembrane protein channels

l1 3 h 5 _17 9 ”

%@@%%%@9
= & X

\/ W/\/-\/\g_ .350ev\/x

e ]

20 (A}
vIX)
\/\/\\/ AE= .505eV
0 5 10 Z0 [A]

Fig. 3. a). Arrangzement of the dipoles in model H (antiparallel
orientation): the equilibrium orientation of the dipole axes
alternates along the chain. b). Static potential F(x) of the ion.
calculated with the dipoles fixed in the cquilibrium orientation
which is obtained for 77— 0 under the same conditions as in
fiz. 2b, but with alternating values of ¢f = £70°. All other
parameter values are identical to those of fig. 2b. ¢). Adiabatic
potential 17(x) of the jon: For cach position x of the ion the
system of dipoles was allowed to move to its potentials encrgy
minimum (inciuding torsional restoring forces. dipole—dipole
and ion—dipole interactions). Torsional force constant D =
1.08 X 10718 J: other parameter values as in fig. 2b.

energy . as compared with model 1. In this study molec-
ular dynamics calculations of ion migration along the

helix axis were performed using model 11 since in model

I no *“‘trapping™ of the ion in the model channel is to
be expected.

3. Molecular dvnamics simulation technique

In the molecular dynamics method the classical
equations of motion

q; = dH/dp;, p;= —0H/dq; )

are solved numerically, where (g;, p;) are pairs of
canonically conjugated position and momentum vari-
ables and H is the total hamiltonian of the svstem. As

usual. the dot indicates differentiation with respect
to time. In our model each particle has only one
degree of freedom. The ion can migrate along the co-
ordinate x while the dipoles can only rotate with re-
spect to a fixed axis with their negative charge held
at a constant radius d. The possible inter-particle dis-
tances which influence the actual force on the par-
ticles are shown in fig. 4. x is the x-coordinate of
the fixed positive charge of the ith dipole, r'l . 7’-;,R1 .
and R‘;’ indicate distances between dipole charges and
the ion and between charges of different dipoles, re-
spectively, while ; is the angle of the dipole axis
with respect to the radial direction of the channel. In
our model the equations of motion for the ion [eq.
(1)] have the following form:

=uy. o= —/'l!—lal/(x, x;)/3x (23]

e

with the potential energy
V(x, x;) = Vi (x) +q0 23 (1 /rh — 1/7)). (€
Y

v and M are the velocity and the mass of the ion. re-
spectively, and 1/yy(x) is an external potential which
may result from an electrical field. For the dipole
with number 7 one obtains in an analogous manner

(5,- = wj. = ——(md")"] ovV;/o9; )
with

V=D (9; — 92)*/2

+q2 23 (RY — 1R+ q0( 1y 1)) (5)

J¥=1

Here 77: is the mass of the flexible part of the polar

Fig. 4. Coordinates describing the interactions between the
migrating cation at position x and two dipolcs7 and j.
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ligand, w; is the angular velocity for the orientational
motion of the dipole, and D, is the force constant for
the unperturbed dipole oscillation.

The force constant D, and the mass 72 were chosen
so that the oscillation frequency w = (Dr/m)”z/d of
the isolated dipole corresponds to a wavenumber of
p= 150 cm™! which is of the order of magnitude of
the skeletal deformation vibrations in peptides [14].
In order to account for the participation of adjacent
parts of the peptide backbone in the bending motion.
m was treated as an effective mass and was taken to
be four times the mass of the oxygen atom (711 =
1.06 X 1022 2): accordingly, D, was chosen to be
1.08 X 10718 J_ For d the length of the C=0 bond
was used (d = 1.128 A) and for A the mass of a so-
dium ion (A1=382 X 1023 «). Furthermore. the
charges of the ion and the dipole were taken to be
Q=cy=4.803X10710 csu.and ¢ =0.25 ¢;. As
usual in many molecular simulations of macroscopic
properties we used periodic boundary condition in
our numerical treatments. We solved the system of
differential equations [egs. (2) and (4)] simultaneous-
Iy with the aid of the Runge-Kutta-integration scheme
with a time step of Ar=2.5 X 10~ 15 5. 50000
100 000 time steps were carried out in each single
calculation. corresponding to an integration time of
about 7--14 h on the PDP 11/60 computer. The unit
cell was chosen to contain 30 dipoles. i.e.. the ligand
motion is periodic after five turns of the pore helix.
The system of dipoles was “thermalized™ to a tempera-
ture 7 by the choice of proper initial conditions of
the angular velocities w;. The total energy of the sys-
tem (channel dipoles plus ion) was then stable during
each calculation series. i.e. the total system represents
a microcanonical ensemble.

4. Calculation of the ion diffusion coefficient

One of the main reasons for undertaking the present
study was to test the validity of rate-theory analysis
for the description of ion «ransport in channels [15—
18]. If the diffusion of the ion takes place according
to a trapping mechanism between different quasi-
equilibrium sites in the channel, the diffusion coeffi-
cient D can be obtained from the distance z of ad-
jacent sites and the one-sided hopping frequency v
in the absence of external forces [19]:

D=alv. 6)

This expression was used to determine the diffusion
coefficient from the molecular dynamics results. In
model II the hopping distance isea =71/3 =4 A. The
frequency » may be represented by

v=pgw. 7

Here vq is the oscillation frequency of the jon ina
trapping site as cbtained from the simulation of the
dynamical system. while

w = NV (8)

is the jump probability which can be obtained from
the number of jumps. ,\"j“mp_ in a single calculation
series and the number .V of attempis. Vis twice the
number of oscillations of the ion. since during one
oscillation period the ifon can migrate forward and
backward and thus has two chances to leave a trapping
site. The oscillation frequency of the fon was found
tobe vy =22X 101251, independent of the initial
conditions of the simulation which specify the tem-
perature. so that the diffusion coefficient in our model
is dircctly proportional to the jump probability w.

For an estimate of the error 2w in the numerical
calculation of w we used the variance [20]

ol = ANoe(l - ) (9)
of binomial distribution: this vields
Aw=g/V=[w(l - w)] 12 =12 (10)

This formula is only approximately correct since the
different trials of the ion to leave a trapping site cannot
be considered as strictlv independent_ It is well known
from experimental observations that most activated
rate processes like hopping diffusion in condensed
matter follow the Arrhenius temperature dependence

v=D/a* = AT) exp(—E /kT). (11)

where £ is Boltzmann’s constant. £, is the activation
energy. and A(7) is a preexponential factor which may
be weakly temperature dependent. There is no a priori
relation valid for all activated rate processes between
the activation energy £, and microscopic parameters
like the height of the potential barrier I, separating
the energy wells. Morecover. the temperature dependen-
ce of the preexponential factor 4(7) differs qualitative-
ly in different experimental situations. Various theo-
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retical concepts have been developed to calculate the
rate constant » from microscopical parameters. In
Evring’s formulation of the absolute reaction rate
theory {21-24] the rate constant of a thermally acti-
vated rate process is given by the expressions

v=(KT/IQ Q7 k exp(— Vo /kT) (12)
= (kT/mk exp(AS' /R) exp(—AH ' /RT) a3
= (kT/M exp(—AG * [RT), a4

where /1 is Planck’s constant, §2° and € arc the parti-
tion funciions of the ~“activated state™ and the “nor-
mal state”™ respectively. & is a dimensionless transmis-
sion coefficient, with 1/2 < x < 1 for classical models
[30] and ¥ is the height of the activation barrier.
AS AR and AG ' are the molar entropy, enthalpy
and Gibbs free energy changes respectively. required
to promote the migrating particles into the activated
state. In the Eyring expression [eq. (12)] the preexpo-
nential factor (AT/1)2° ! can be further simplified
using the partition functions ' and Q in the har-
moenic approximation and assuming that the vibra-
tional frequencies v»; perpendicular to the reaction co-
ordinate are the same in the quasi-equilibrium and
transition state. Thus,

F=1
o= Q. Q=Q,0, (13

=1

!

1

Qg is the partition function of vibration along the
diffusion coordinate. The quantum mechanical form
of the vibrational partition functions is given by
{24]

Q; = exp(—0/2TH[1 — exp(~0;/T)] ! (16)

wheie ©;=hvyfk and i=0,1.2. ... f— 1. With egs.
(153) and (16) one obtains

v=(kT/R)G Y exp(—Vo/kT) = vo(7/0g)

X {1 - exp(—©y/T)] exp[—(Vy — Irvg/[DYETI(17)
and the activation energy becomes
E,= Vg~ hwg/2. (18)

In the high temperature range (T > ©g) the preexpo-
nential factor can be simpiified using the linear expan-
sion 1 — exp(—8y/T) =~ &y/T. and the rate becomes

v= vy exp(~L,/kT), {19

while for low temperature (T < ®) the preexponen-
tial factor is linear in 7

v=rvo(T/B0q) exp(~EL/kT)

= (kT/i) exp(-E,/kT). (i)

In the present case a value of ©p = 103.2 K is obtain-
ed from the dynamically determined oscillation fre-
quency prg (practically independent of temperature,

see fig. 5). Thus, the approximate relation eq. (19) for
the jump rate (which is also predicted by the harmonic
classical theory of solid state diffusion [25]) is justi-
fied for room temperature {77 = 300 K) and above. Con-
sequently. the gualitative behaviour of the rate asa
function of temperature found for high temperatures
7> 300 K is also valid for room temperature.

The numerical simulations presented in this paper
arc used to test the validity of different preexponen-
tial factors and to answer the question whether the
“static™ activation barrier of eq. (18) is in agreement
with the dynamical value resulting from the simulations.

5. Results

Eight extended simulation series with model 11
were carried out independently with different
randomly chosen initial kinetic energy values of the
dipoles. The temperature was calculated from the
total kinetic energy of the system. In each series the
first 1000 integration steps with time intervals of Az
=25 X 10715 5 were performed without the ion in
the pore in order to obtain an equilibrium energy
distribution between the pore dipoles. Then the ion
was allowed to migrate in the model pore. No ex-
ternal field was applied. so that there was no pre-
ferred diffusion direction. The accuracy of the inte-
gration was tesied by calculating the total energy of
the system after each integration step. The energy
was found to remain constant within 0.3 %/yp of the
initial value during the whole simulation period.
Furthermore, for one set of initial conditions the simu-
tation was repeated using smatiler time increments
(Ar=1.25%X10"1 sinstead of 2.5 X 10~ 15 5) 1t
was found that this reduction at Ar had no influence
on the ion trajectory. It was also tested whether the
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length of the channel seament was sufficient in order
to avoid self-interaction in the system due to the
periodic boundary conditions. This is a particularly
important point in all molecular dynamics simulations
involving long-range Coulombic interactions. For this
purpose one simulatjion was carried out with an increas-
ed length of the dipolar array (48 dipoles instead of
30). It was found that neither the general appearance
of the ion trajectory nor the jump frequency was af-
fected by increasing the length of the elementary unit.
The results of the simulation series are shown in
fig. 5. It is seen that, in particular at low temperatures.
the ion spends extended periods oscillating back and
forth in a trapping site until it jumps to an adjacent
site. The average oscillation frequency vy was found
to be near]y temperature independent (vg = 2.2
x 1012 5=V with a variation of less than 7% in the
temperature range between 7/0, = 10 and 7/60,; = 60).
This temperature range was chosen in order to reduce
the ratio of ion vibration (1012 -1013 s~ 1) at one site
to the frequency of jumps over the barrier (~1 07 s1
at 300 K). At high temperatures relatively long jumps
(over several sites) occasionally occur. The long jumps.
however, do not influence the calculated jump probabi-

ismembranc protein channels 111
lity w [eq. (8)] since neither V nor Vjunp are expected
to be influenced by the jump length. Moreover, an
analysis of jump frequency as a function of jump lengi
shows a sharp maximum of jumps between adjacent
sites. as demonstrated in fig. 6. From the results of

the dynamical calculations the jump probability w

[eq. (8)] may be obtained. In fig. 7a, In w is plotted

as a function of @g/T. 1t is seen that In w is a lincar
function of 1/7T within the estimated errors over a
considerable temperature range. as predicted by enq.
(19). Usinga eq. (19). the activation energy was de-
termined to be I, = 0.334 ¢V. The preexponential
factor A(T) in the relation w = (T} exp(—£/kT)

is found to be independent of temperature. This is
more clearly demonstrated in figs. 7b and 7¢ where

In (1 - Tl/?') and In (wT"]"z) are plotted versus @y /7
Lorrespondm" to a rru\p()mn.ml factor -H(T) propor-
tional to 7712 ang 7V .respectively. AT 12 heha-
viour is found for example for insterstitial diffusion

in Debye solids [26-~-28] whereas if mainly the kinetic
cnergy of the ion is coupled to the lattice motion of the
dipoles also a T2 proportional prefactor is possible

as has been demonstrated by Fong [29]. It can be

seen that neither in fig. 7b nor in fig. 7¢ do the resulis
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Fig. 5. Trajectories of ion migration in a helical channel of infinite Ic
obtained from dynamical simulations at five different tcmpcr—uuru (
beenused: r=25A.a=h/3=4 A, d=1.128 A.m= 1.063 x 10722

neth with antiparallel arrangement of dipoles tmodel 11 fig. 3).
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of the numerical experiments fall on a straight line
within the error limits. As the fitting of the results

with different temperature-dependent forms of the pre-

exponential factor is rather sensitive. we can con-
clude that only the linear fit (fig. 7a) agrees satisfac-
torily with the simulation results, and that the pre-
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Fig. 7. Arrhenius plot of the jump probability w, as obtained
from the results of the dynamical simulation, using eq. (8).
Parameter values as in fig. 5. The statistical errors (indicated
by bars) have been estimated from eq. (10). Different pre-
cxponential factors A (7) have been used in the relation w =
AT exp(EEL/ET): 2). A(T) = const.; b). A(T) = 77125 0).
AN =T V2,

exponential factor is indeed independent of tempera-
ture.

The observed value of the activation energy, £, =
0.334 eV, can be compared with the predictions of
rate theory. According to eq. (18), £, should be ap-
proximately equal to the barrier height V, since the
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quantum correction /1vg/2 = 0.0045 eV is negligible.
As will be shown in the following, different theoreti-
cal values of ¥ have 1o be considered depending on
the definition of the procedure by which the poten-
tial energy of the ion in the channel is evaluated. The
most obvious definition of barrier height Vy is based
on the adiabatic potential of the ion which is obtained
as the difference of a saddle point and a minimum in
the f~dimensional energy surface as a function of the
ion migrational coordinate and all dipole coordinates.
(For the numerical calculation of the adiabatic poten-
tial, the ion is positioned at point x with all dipoles
having the initial orientation ¢; = ¢0 The integration
of the equations of motion is then started and after
each time step the velocities of the dipoles are set to
zero. This procedure ensures fast convergence towards
the equilibrium conformation). The adizbatic potential
which is obtained in this way is represented in fig. 3c.
It is seen that the adiabatic barrier height is 0.505 eV.
considerably larger than the observed activation ener-
gy (E, = 0.334 eV). This means that at 7= 300 K (kT
= 0.026 eV) the actual transport rate is 1 X 103 times
higher than the rate predicted on the basis of the
adiabatic barrier height.

When the ion attempts to leave the trapping site.
the ligand system may not be able to adjust sufficient-

1y fast to the movement of the ior (as was assumed
in the definition of the adiabatic potential). It is there-
fore useful 1o consider a second type of potential func-
tion which applies to the case that the ion is locate:d
in the trapping site and that the ligand system is held
fixed in the resulting polarized equilibrium state (7
= 0). This potential which is shown in fig. 8 would be
“seen” by the ion during an “infinitely™ fast jump out
of the trapping site. The barrier for a jump to an
adjacent site is 0.480 ¢V which is again higher than
E . With increasing distance from the trapping site the
barrier height approaches a limiting value of 0.350 ¢V.
This limiting value should be identical with the
barrier height corresponding to the equilibrium con-
formation of the ligand system in the absence of the
ion. i.e. the conformation which is assumed by the
ligand system at 7= 0 under the combined influence
of dipole-dipole interactions and torsional forces. The
potential function corresponding to this case is rep-
resented in fig. 3b.
The barrier height in this case was found to be
1’3} = 0.350 eV which agrees with the limiting value
for large distances mentioned above. The asymptotic
value P was already reached within 0.005 ¢V at the
fourth site from the location of the ion. This result
represents a turther check that the length of the elemen-
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FFig. 8. Static potential energy for an ion jumping out of the trapping site at x = 0 at “infinite™ velocity. The potential was calculat-
cd assuming that the ion is located in the trapping site and that the ligand svstem is held fixed in the resulting polarized equilibrium
state (T = 0). With increasing distance from the trapping site the barrier height approaches a value of 0.350 ¢V,
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Fig. 9. Instantancous encryy profile of the ion in the channel
at three consecutive times 7 during simulation at 7/6¢9 =
60.19. Upper profile: £ = 0; middle profile: ¢ = 1.0 ps; lower
profile: £ = 1.5 ps. The location and the encrgy of the ion is
indicated in each case. The parameter values were the same
as in fig. 5.

tary unit of the dipolar array is sufficient in order to
avoid sclf-Iinteraction.

In fig. 9 the instantaneous potential profile of the
ion along the channel axis is given for three consecu-
tive times before, during, and after a jump over a
barrier. This representation clearly shows the large fluc-
tuation in the shape of the potential curve which result
from fluctuations in the conformation of the ligand
system.

6. Discussion

In this molecular dynamics study of ion transport
in membrane we have investigated the dynamical prop-
erties of a simple model which contains some of the
essential features of transmembrane ion channels.
namely ., the presence of a ligand system which inter-
acts electrostatically with the ion and which is deform-
able and able to transmit thermal fluctuations of
kinetic energy to the ion. The first results which we re-
port here mainly concern the general form of jon
trajectories and the temperature dependence of rate
constants: an analysis of the influence of other param-
eters. such as mass of the ion, geometry and flexibility
of the ligand system and effects of non-coulombic
terms in the interaction energy should be included in
further studies. The jon trajectories obtained from the
simulation clearly exhibit the theoretically expected
oscillatory behaviour of the ion in the trapping site,
i.e., the ion vibrates many times back and forth before
it leaves the site and jumps over the barrier. As the ob-
served oscillation frequency v is virtually temperature
independent, the strong increase of transport rate
with temperature results almost exclusively from the
Arrhenius-type exponential dependence of jump
probability on 1/T. The interesting phenomenon of
multiple jumps which mainly occur at higher tempera-
tures probably depends on the strength of dynamical
coupling between the motions of the ion and the
licand groups. It may be expected that changing the
model parameters in such a way as to increase the
efficiency of momentum transfer would reduce the
probability of multiple jumps. (It should be noted
that the efficiency of momentum transfer between
ion and ligand groups does not merely depend on the
depth of the energy wells: in a rigid ligand system
momentum exchange is inefficient even if the activa-
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tion barriers for ion movement are high).

From v and the jump probability w. the jump
frequency v = vgw may be calculated. Extrapolation
to 300 K according to fig. 7a yields a jump frequency
of v =53 X 10° s~ 1. Transport rates of comparable
order of magnitude (107 -108 s 1) have been observ-
ed in the gramicidin channel and ion channels of nerve
membranes [3.8]. Using eq. (6) the diffusion coetti-
cient D of the ion in the channel may be obtained.
This gives (with a =4A)D =84 X 1072 em? s~ !.a
value which is about 103 times smaller than the dif-
fusion coefficient of a free sodium ion in water.

An important result of this study is the fact that
the observed activation energy £, is considerably
smaller than the height of the energy barrier V. cal-
culated from the model. This discrepancy between
F, and ¥V is found irrespective whether in the cal-
culation of V/ the jump of the ion out of the trapping
site is treated as slow or as fast compared with the
relaxation of the ligand system. (A closer agreement
is observed between the activation energy. £, = 0.334
eV. and the barrier height corresponding to the equi-
librium conformation of the ligand sysiem. Vg1 =
0.350 eV. but this coincidence is probably fortuitous).
An explanation for the finding that the observed
transport rate is much larger than predicted from
the bairier height is protably given by the fact that at
non-zero temperature the conformation of the ligand
system is subjected to thermal fluctuations (compare
fig. 9). This in turn gives rise to fluctuations of barrier
height [31]. An ion will preferentially jump over a
barrier when the barrier is low. which means that
those ligand conformations with small barrier heights
are most significant for ion transport in the channel.

An inherent difficulty in the application of molec-
ular dynamics techniques to ion transport in membra-
nes is the wide separation of time scales of the dif-
ferent processes [10.32]. Whereas the oscillation fre-
quency of the ion in a trapping site is of the order of
101221013 571 the frequency of jumps over a barrier
at room temperature may be only 107 st oreven
longer. This means that very long trajectories are re-
quired in order to obscrve a statistically significant
number of the events of interest. In order to circum-
vent this problem of infrequent events. we have carried
out the simulation at elevated temperatures. This pro-
cedure is based on the fact that the frequency of
oscillation in the trapping sitc is only weakly tempera-
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oscillation in the trapping sitc is only weakly tempera-
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ture-dependent, whereas the frequency of jumps over
a barrier depends exponentially on 1/7. The jump
probability w obtained at large values of 7 may then
be extrapolated to lower temperatures using the theo-
retically predicted exponential relationship between
wand 1/7 [eq. (19)]. The main justification for this
extrapolation results from the fact that the plot of

In w versus 04/7 (fig. 7a) is already lincar at the high-
est temperatures used in this study (7/0( < 60) and
remains linear towards lower temperatures. in agree-
ment with 2q. (19). Deviations from eq. (19) do occur
at still higher temperatures (In w does not go to zero
for 04/7 — 0 in fig. (7a2)). but there is no reason 1o
assume that the linear relationship between I w and
1/7 should break down at lower temperatures. This
extrapolation method presumably can be applied also
in other dynamical simulations of other svstems.

We like to point out that the present calculations
are based on a simple model pore including only a
few empirical parameters like clectrostatically ion-
dipole interaction and the geometry of the pore, With
this simple model the mean features of the ion trans-
port in protein channels can sufficiently be described.
It is clear that the occurrence of other particles in
the pore (like water molecules) and the mechanism
of entering into and exciting from the channel will
influence the dynamical behaviour of our model svstem.
Such etfects are currently under study.
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