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MOLECULAR DYNAMICS STUDY OF ION TRANSPORT 
IN TRANSMEMBRANE PROTEIN CHANNELS 

Rcccived 27 August 1980 

Ion transport throu$ biological mcmbrzmcs often takes place vi3 pore-like protein channels. The clcmcntar\ proccs~ of 
this transport can be described as LI motion of the ion in B quasi-periodic multi-well potcntin:. In this stud\- molccul~r dy- 
namics simulations of ion transport in a model channel wxc performed in order to test the validity of rcxtion-rate theor> 
for this process. The channel is modellcd BS a hcsa~onal helix of intinitc Icngth. 2nd the lignd groups intcrxtins with the 
ion are represented bg dipoles lining the central hole of the channel. The dipoles intc._ -vt electrostatically with each other 
3nd xc sIlowed to oscillste around an equilibrium oricnration. The coupled cquarions of morion for ihc ion and rllc di- 
poks were solved simultaneously with the aid of a numerical intcfration procedure. From the calculated ion trajcctorics it 
is seen that. pnr?icolnrl~ at low temperatures, the ion oscillntcs bxh and forth Jn the trapping site many times before it 
leaves the site and jumps over the barrier. The obscrvrd oscillaiion frequency WLIS found to bc virtualI?_ tcmpcraturc-indcpcn- 
dent (ao = 2 X 1Ol2 s-‘)so that the stron: incrcasc of transport i3tc with tempcr3turc results nlmost esclusiucl_v from the 
Arrhenius-type exponential dependence of jump probability IV on l/T. At hirhcr tcmpcraturcs simultaneous jumps over 
several barriers occnsionallp occur. Although the exponential form of IV(T) was in agccment with the predictions of rate 
theory, the activation energy Ea as detcrmincd from w(7j WZIS different from the bsrrier hci$lt which ~3s calculntcd from 
the static potential of the ion in the channel: the actual transport rate WZIS I X IO3 times hi:hcr than the rate prcdictcd 
from the c&zulatcd barrier height. This observation wils intcrprctcd by the notion that ion rransport in the chxnvzl is strong- 
ly infhxenced by thermal fluctuations in the conformation of the li_rclnd wstcm which in tnrn _civc rise to fluctuakns of 
bnrricr hci$lt_ 

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 calIed channels [I ] _ 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 form&d by gramicidin A [Z--7], 

a linear peptide consisting of mostly hydrop!lobic 

amino acids. The gramicidin channel has a helical strut- 
ture with a central tunnct of about 4 .h in diameter 
running along the helix axis. An ion passing through 
the channel may interact with the oxygen atoms of the 
peptidc carbonyl groups lining the wall of the tunnel. 
in this way the carbonyls act as ligands which replace 
part of the primary hydrati.on shell surrounding the 
ion in water. It is likely that during the passage of die 
cation the channel structure is transiently distorted in 
such a way that the carbonyi groups are tilted with 
their oxygen ends towards the ion [7] _ Smz_li univaknt 
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rate of up to 107-IO8 s-l [3] which is similar lo the 
transport rate of Na+ in the sodium channel of nerve 
membranes [S] _ 

An important goal in the sthldy of ion channels is 
a 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 criers wells which are the sites where the ion is in 
an e:ier_retically favourablc interaction with one or 
several l&and groups. Ion movement in the channel 
may then be visualized as a series of thermally acti- 
vated jumps over the energy barriers separating the 
trapp;ng sites [ 15- 1 S] . Using rate-theory analysis. 
the frequency of jumps over a barrier is obtained as 
a frequency factor times the exponential of an activa- 
tion ener=T. While tfiis approach lcnds to a qualitativc- 
I?; correct description, the existing treatments are still 
unsrttisfactory in two respects. In the application of 
rare-theory to ion permeation. the barrier structure 
of die 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 b>- 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 diff- 
cult to test the theov rigorously. A complete com- 
parison between theory and experiment requires in- 
dependent experimental information on both trans- 
port I-ates and barrier energies. This condition, how- 
elier, is rxe!y met. and usualI;, it is only possible to 
infer barrier heights from measured transport rates. as- 
suming that the theoretical expressions relating both 
quantities are correct. 

In recent years the method of molecular dynamics 
has been widely used as a powerful technique for pre- 
dicting macroscopicaIIy observable properties from the 
microscopic parameters of a system 19 -- 1 I] _ Starting 
with a set of initial conditions, thk time behavlour of 
a system of many interacting particles is calculated by 
explicit numerica: 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 conimunioation we present results from a 

molecular dynamics study of ion transport through 
a model channel. The Iigand system is modelled as a 
helical array of dipoles Iining the central hole of the 
channel. The dipoles interact electrostatically with 
each other and with the permeating ion moving along 
the helix axis, and each dipole is allowed to oscillate 
around an equilibrium orientation with respect to the 
he!is axis. By computer simulation of this dynamical 
system the trajectory of the ion in the channel is cal- 
culatcd. and from the trajectory the mean jump rate 
of the ion over the barriers is obtained. Performmg 
such analyses at different temperatures yields the 
activation energy of transport which may bc 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 modelled by an 
infinite hexagonal rigid helix with radius r and six 
flesible groups per single helix turn located at its sur- 
Ecc (fig,. I)_ The polar groups are represented by rigid 
dipoles with the positive pole (with effective charge q) 
fixed on the helix chain while the negative charge is 
allowed to move on a circle with tixed radius cl to- 
wards the axis of the channel_ The undistorted motion 
of the helis dipoles is then described by a torsional 
vibration with an equilibrium angle 00 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 @o = 70” while for the system shown in fig. 3a the 
equilibrium orientation alternates between r$& = 70” 
and Q&+, = -70°. The dipoles are numbered’accord- 
ing to their occurrence in the chain. The antiparallel 
orientation of dipoles in I?,. 0 3a corresponds to the ar- 
rangement .of the C= 0 groups in the Gramicidin A 
channel [2] _ The interaction of the polar Iiganr!s is 
described by dipole-dipole forces. This nonharmonic 



Fig_ 1. Ilodcl of the protein channel. Dipoles are fiscd with their positive poles (dark spheres) on a ri_rid hexagonal helix. Six 
dipoles arc xrarycd per sin& turn. The negative poles (white sphcrcs) arc allowed to oscillntc towards the axis of the helix. I~hc 
pcrmcatinp cation is constrained to move on the helix axis. 

A E= .017 eV 

Fig. 2. a). Arran_ecmcnr of :hc dipoles on the nclis in model I 
(pnrallcl orientation): aI1 dipoles have the sz~mc equilibrium 
angle 0: with respect to ion-migration coordinate x; r is the 
radius of ti~c hclis and It t1.c lenpth per turn. For cgsc of rc- 
prcscntotion. dipoles xc cacpictcd altcrnatcly on two lines 
pnrallcl to the hcli\: ahis. 11). Static potential energy I’(s) of 
the migrating ion rcsultiw from Coulombic intersction wiih 
the dipoles. The dipoles me held frscd in the equilibrium 
oricntaticn which is cbtaincd for T- 0 under the combined 
influcncc oi the Coulombic dipolc-dipolc interaction and tor- 
sional forces. 0: = 70?: D, = 1.08 X IO-‘a J; r = 2.5 .T: h = 11 
A:chargt oi the ion: Q = co = 4.603 X IO-” C.S.U. (co is the 
elementary chnrge); charge of the dipolc: 4 = 0.15 co: Icngth 
of the dipole: d = I.178 A. 

couplinr warantces a rapid energy flow if the sysrcin -z 
of dipoles is allowed to perform oscillations according 

to the classical equations of motion. 
The positive ion (charge Q) migatcs through the 

channel in the field of the dipoles. In the present model 
the ion was consrraincd to mow along he x axis of 
the helix (fig. 1 )_ ix.. its motion can be described in 
a pseudo one-dimensional picture. The potential cners? 
I?(x) for a univalent ion (Q = co_ where co is the Cl?- 
mcntary charge) as a function of the migration coordi- 
nate x is shown in f?gs. 2b and jb for the cast wberc tllc 

dipoles are held fixed in their equilibrium positions (i.e. 
in the orientation which is assumed under the com- 
bined influence of the Coulombic dipole-dipole 
interaction and the torsional force). If the dipoles art 
arranged in such a way that all ases are oriented towards 
the positive s-direction (model I with 0: = 70” for all 
i). I’(x) is a multi-well potential (see fig. Zb) with a ve;_\ 
low barrier energy of X = 0.017 eV for a dipolar 
charge of q = 0.25 co and a dipolar length of tl = 
I _ 128 a). The situation is totally changed (see dis- 
cussion in section 5) if the orientation of polar groups 
alternates along the helix chain (model II, fig. 3b). 
Now the potential barriers increase by a factor of 
about 20 to give LIE= 0350 eV. Moreover_ modei II 
contains only half the number of wells in the potential 
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1;iz-. 3. n). .L\rr:~n+~~tcnt of the dipoles in model II (antipxxllcl 
orientstion): the equilibrium orientation of the dipole 3x1~ 
titcmatcs nlong the chrtin. b). Static potentkd I’(r) of the ion. 
calcnlatcd with the dipoles lived in the cquilibrittm oricntzttion 
\vhich is obwincd for T- 0 under rhc same conditions as in 
fig. ?b. but with alternating v;llucs of I$ = 570”. A11 other 
parnmct~~ vnlues xc identical to those of figs. Zb. c). Adiabatic 
potential I’(s) of the ion: I-or each positions of the ion the 
.\3’stcm of dipoles wxs Iltowcd to mow to its potentials cncrpy 
minimum (iaciudin: torsional restoring forces. dipole-dipole 
and ion-dipole interactions). Toisionnl force constant D, = 

1.0s X 10-‘R .I: other pnramctc‘r values 3s in fib. 2b. 

energy. 3s compared with model I. In this study molec- 
ular dynamics calculations of ion migration along the 
helix axis were performed using model II since in model 
I no “trapping” of the ion in the model channel is to 
be cspccted_ 

3. Molecular dynamics simulation technique 

In the molecular dynamics method the classical 
equations of motion 

ii = aH/ajJi, C;i = -aH/aqi (1) 

are solved numerically, where (pi, I)i) are pairs of 
canonically conjugated position and momentum vari- 
ables and H is the totai hamiltonian of the system. 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 Y while the dipoles can only rotate with re- 
spect to a fixed axis with their negative charse 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. a-p is the x-coordinate of 
the fixed positive charge of the ith dipole, PI ) t-$, Rf, 
and RT indicate distances between dipole charges and 
the ion and between charges of different dipoles, re- 
spectively, while Qi is the angle of the dipole axis 
with respect to the radial direction of the channel. In 
our model the equations of t-notion for the ion [eq. 
(I)] have the following form: 

; = u. 
. 
u = -Ilf - 1 a I’(x, Xi)/& 

with the potential ener&y 

(2) 

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

& = wj_ Gi = -(,I&)- 1 a vi/aoi (4) 

with 

‘ii = Dr(& - $)‘/2 

Here 111 is the mass of the flexible part of the polar 

Fig. 4. Coordinates describing the internctions between the 
migrating cation at position x and two dipoles i and j. 



ligand, wi 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 111 were chosen 
so that the oscillation frequency w = (D,/~,z)‘/‘/LI of 
the isolated dipole corresponds to a wavenumber of 
;;= 150 cnl-t which is of the order of magnitude of 
the skeletal deformation vibrations in peptides [13]. 
In order to account for the participation of adjacent 
parts of the peptide backbone in the bending motion. 
IN was treated as an effective mass and was taken to 
be four times the mass of the oxygen atom (UZ = 
I -06 X 1 O-“’ g): accordingly, D, was choscm to be 
I .OS X IO--t8 J. For cl the length of the C=O bond 
was used (d = 1 .I 28 a) and for 111 the mass of a so- 
dium ion (llf = 3232 X 10~-23 sz)_ Furthermore. the 
charges of the ion and the dipole were taken to he 
Q=eo=4.803Xlo-~0 e.s.u. and (I = 0.25 co_ 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 [eqs. (2) and (4)J simultaneous- 
ly with the aid of the Runge-Kutta-integration scheme 
with a time step of If = 9.5 X IO- I5 s. 50 OOO- 
100 000 time steps were carried out in each single 
calculation. correspondin, 0 to an integration time of 
about 7.-14 11 on the PDP I l/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 -‘thcrmalized” to a tcmpera- 
ture Tby the choice of proper initial conditions of 
the angular velocities wi_ Tlie total energy of the sys- 
tem (channel dipoles plus ion) was then stable during 
each calculation series. i.e. the total system represents 
ZI microcanonical ensen~ble. 

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 Lransport in channels [Is- 
IS] _ If the diffusion of the ion takes place according 
to a trapping mechanism between different quasi- 
equilibrium sites in the channel, the diffusion coefli- 
cient D can be obtained from the distance 0 of ad- 
jacent sites and the one-sided hopping frequency v 
in the absence of external forces [I P] I 

D = a%. (6) 

This esprcssion was used to determine tlic difiusiotl 
coefficient from the molecular dynamics results. In 
model II the hopping distance is Q = h/3 = 4 X. The 
frequency 11 may be reprcsentcd b> 

v = “o”‘_ (7) 

l-few Do is the oscillation frequency of tlic ioii in a 
trappinS site as cbtained from the simulst ion of tlic 
dynamical system. while 

,I’ = IV_ Jum,‘~“i (S) 

is the jump probability which cm he obtained_ from 
the number of jumps. i\ij,,,,,,, _ in 3 sin$e calculrttion 
series and the number .\‘of attempts. .\’ is t\iicc the 
number of oscillations of the ion. since during one 
oscillation period the ion can niigate forward and 
backward and thus has two chnnccs to leave a trapping 
site. Tlic oscillation t‘rcqucnc\- ot‘ the ion xvas li)uiid 
tobcz’o=‘_7X1012~-‘~- mdcpcndent of the initial 
conditions of the simulation which specify the tcm- 
perature. so that the diffusion cocfticicnt in our mwlel 
is directly proportional to tlic jump prohahilit~- 11.. 

For 311 estimate of tlic error 111. in tlic numerical 
calculation of II’ we used riic var-iance [20] 

u” = :Vw(I -- w) (9) 

of binomial distribution: this yields 

I,\, = o/.\r = [,,.( 1 ._ ,,.,I li2*\/- I!?_ (IO) 

This forniula is only approsiniattly correct since tlic 
differcnr trials 0i the ion to leave 3 tr3ppirig site cannel 

bc considered as strictly indepc?ndcnt. It is \\*ell knower 
from csperirnentrtl ohscrvations that mosl acrivnrcd 
rate proccsscs like hopping diffusion in condicnscd 
matter follow tix Arrlicnius tcniporarurc dependence 

II = D/u’ = A-1 ( jr) esp( --f:.JkT). (11) 

where k is Bolrznim~i‘s constmt. I:‘, is the activation 
energy. and A(T) is a prcrsponentirtl factor \vhich ma; 
be weakly tcmperaturc dependent. There is no a priori 
relation valid for all activated rate processes bctwcen 
the activation energy Ea and microscopic parameters 
like the height of the potential harrier ITo separating 
the energy wells. Moreover. the temperature drpenden- 
ce of the preesponential factor .4(T) differs qualitative- 
ly in different csperimcntal situations. Various theo- 



rctical concepts have been developed to calculate the 
r&c constant /I from microscopical parameters. In 
Eyring’s formulation of the absolute reaction rate 
theory [2I--241 the rate constant of a thermaIIy acti- 
vated rate process is given by the espressions 

V = (kT/!r)~‘~-‘K eXp(- t’,/kT) 03 

= fkT/ti)fc exp(A? /R) esg(-A@ /RTj (13 

= (kT/h)rc esp(-AC”/RT), (141 

where h is Pianck’s coIlstam. Q’ and ,O, are the parti- 
tion funcrions of the -‘activated state” and the “nOr- 
ma1 state” respectively_ h: is a dimensionless transmis- 
sion coefficient. with I/2 < K < i for classical inodels 
[30] and ii0 is the height of the activation barrier. 
A!? _ St _ and Ae’ are the molar entropy, enthalpy 
znd Gibbs free ener,9 changes respectively. required 
to promote th2 migrating particles into the activated 
state. In the Eyring expression [eq. (12)] the preespo- 
nential factor (kT/fz)~’ Sk-’ can be further simplified 
using the partition functions S2* and R in the har- 
monic appro.ximstion and assuming that the vibra- 
tional frcqxkencies ui perpendicular to the reaction co- 
ordinate are the same in the quasi-equiiibrium and 
transition state. Thus, 

f- 1 

_q: = n _Q. 
j=l !’ 

n = non4. (15) 

SQ, is the partition function of vibration along the 
diffusion coordinate. The quantum mechanical form 
of the vibrational partition functions is given by 

I241 

s$ = esp(-oi/2T)[ I - csp(--oj/T)] -’ (16) 

where (Y$ = iz~~/k and i = 0, I _ 2, -__) f - I. With eqs. 
(I 5) and (I 6) one obtains 

v = (X-T/h) !2, * esp(- V&r) = IQ(~/@,,) 

X [I -- esp(--0*/T)] esp[-_(Vo - 1ZV,o17)/kT] (17) 

and t!le activation energy becomes 

k-3 = ri, - iru&. USI 

In the high temperature rang CT > Go) the preespo- 
nential Factor can be simpiified using the linear espan- 
sion I - esp(--O&j = Qo/T. and the rate becomes 

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

while for low temperature (T< Oo) the preesponen- 
tial factor is !incar in 22 

v = I~~(T/E~~) esp(-E&T) 

= (kTj’h) esp(-f&/M’). (20) 

In the present case a value of O. = 103.2 K is obtain- 
ed from the dynamically determined oscillation fre- 
quency ljo (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 f35] ) is justi- 
tied for room temperature (T= 300 K) and above. Con- 
sequently_ the qualitative behaviour of the rate as a 
function of temperature found for high temperatures 
T> 300 K is also valid for room temperature. 

The numerical simulations presented in this paper 
are used to test the validity of different preesponen- 
tial factors and to answer the question witether the 
“static” activation barrier of eq. (IS) is in agreement 
with the dynamical value resulting from the simulations. 

5. Results 

Eight extended simulation series with model II 
were carried out independently with different 
randomly chosen initial kinetic energy values of the 
dipoles. The temperature was cafcuiated from the 
total kinetic energy of the system. Iii each series the 
first 1000 integration steps with time intervais of At 
= 2.5 X IOmi5 s were performed without the ion in 
the pore in order to obtain an equiIibrium energy 
distribution between the pore dipoles. Then the ion 
was allowed to migrate in the model pore. No es- 
ternal field was applied. so that there was no pre- 
ferred diffusion direction. The accuracy of the inte- 
gration was tested by cakulating the total energy of 
the system after each integration step. The energy 
was found to remain constant within 0.3 o/0D of the 
initial value during the whole simulation period. 
%rthermore, for one set of initial conditions the simu- 
lation was repeated using smaller time increments 
(At= 1.25 x lo- ‘5sinsteadof3_5X10135s),It 
was found that this reduction at At had no influence 
on the ion trajectory. It was also tested whether the 



length of the charmei segment was sufficient in order 
to avoid self-interaction in the system due to the 
periodic boundary conditions_ This is ;1 particularly 
important point in 311 molecular dynamics simulations 
involving long-range Coulomhic interactions. For this 
purpose one simulation was carried out with an incrcas- 
cd Iengh of the dipolar array (48 dipoles instead of 
30). It was found th3t neither the g,eneral appcarancc 
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 cstended periods oscillating back and 
forth in a trapping site until it jumps to an adjacent 
site. The ave~agc oscillation frequency y. was found 
to be nearly temperature independent (2~~ = 2.3 
X IO” s-’ with a variation of less than 7% in the 
temperature rang between T/O0 = 10 and T/O0 = 60). 
This temperature range was chosen in order to reduce 
the ratio of ion vibration (IO’” -lOI s-‘)at one site 
to the frequency of jumps over the barrier (-1 O7 s -’ 
at 300 K). At high tempcraturcs relatively long jumps 
(over several sites) occ~sio~x~lly occur. The long jumps. 
however, do not influence the calculated jump probabi- 

lity w [cq. (S)] since neither .V nor _\~um,, are espectcd 

to be infhcnccd by the jump len$h. Moreover. an 
analysis ofjump frcqucncy 3s a functkm ofjump lenglf 
shows a sharp masinxm of jumps berwecn adjacmt 
sites. as demonstrated in fig. 6. From the results of 
the dynankal calculations the jump probrlbility 11’ 
[eq. (S)] may be obtained. III fig_ 73. In IV is plotted 
as a function ofQ,/T. It is seen that in 11’ is :I linear 
function of I/Twithin the cstirnatcd errors ov’cr 2 
considerable tcmperaturc rmse. 3s prcdiclrcl by cq_ 

(I 9). Usins cq. (I 9). the activation ericr~y was dc- 
tcrnkcd to be I:-:, = 0.33-I eV. The prccspc~nential 
factor .3(T) in the rcl3tion 1~ = A( 73 csp(--/CL,/kT) 
is found to be indepcrldeIit elf temperature. This is 
more clearly demonstra:cd in figs. 7b and 7c whcrc 
In (IV - T”‘) and In (~rT--l!~) arc plotted versus (-IO/T 
correqxondinc to 3 ~:rccrponcn:ial factor :I (73 propcw- 
tional fo T - 17’ and T1’7_ rcsprcrively. A 7- ‘I7 bch- 
viour is found for esamplc for instcrstitial diffusion 
in Debyc solids [26&X3] whereas if mainI_v the kinetic 
rncrs>. of rhc ion is coupled t<> rhc 19lticc motion oi till 
dipoles also a T’! proportional prcf‘actor is possible 
as 11:~s been demonstrated by Fang IlO] _ It cm bc 
seen that neither in fig. 7b nor i11 fig. 7c do the results 
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I+. 6. Relative probability 17,~ of junqxs of a fivcn Icnfth nt 
T/O,, = 11.06. p,? is the number of jumps to the rrth site from 
the starting site. divided by the total number Wium,,) of 
jumps. At ail tempcmtures (T,‘@o between 10 and 60) the 
distribution was found to have a maximum for jumps 10 the 
ndjnccnt site (~1 = 1). 

of the numerical esperiments fall on a straight line 

within the error limits. As the fitting of the results 
with different temperature-dependent forms of the pre- 
esponential 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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I’i+ 7. Arrhcnius plot of the jump probability w, as obtained 
from the results of the dynamic;ll simulation, using cq_ (8). 
Parameter values as in fig. 5. Thu statistical errors (indicated 
by bars) have been estimated from eq. (10). Different prc- 
cxponcntial factors ~1 (T) have been used in the rctation 1%~ = 
A(T) esp(tE,/knr a). ,4(r) = const.; b). A(T) 0~ 7-ln2; c). 
.4(T) (L T I’=_ 

esponential factor is indeed independent of tempera- 
ture. 

The observed value of the activation energy, Ea = 
0.334 eV, can be compared with the predictions of 
rate theory. According to eq. (18), E, should be ap- 
proximately equal to the barrier height Vo, since the 



quantum correction hv& = 0.0045 eV is negligible. 
As will be shown in the following, different theoreti- 
cal values of ITo have to be considered depending on 
the definition of the procedure by which the poten- 
tial ener,T of the ion in the channel is evaluated. The 
most obvious definition of barrier height iTo 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 potcn- 
tial, the ion is positioned at point x with all dipoles 
having the initial orientation Qi = OF_ 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 adiabatic potential 
which is obtained in this way is represented in fig_ SC. 
It is seen that the adiabatic barrier heidlt is 0.505 eV_ 
considerably larger than the observed activation ener- 
go (Ea = 0.334 cV). This means that at T= 300 K (kT 
= 0.026 eV) the actual transport rate is 1 X IO3 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 bc able to adjust sufficient- 

ly fast to the movement of the ioI> (as was assumxd 
in the definition of the adiabatic potential 1. It is therc- 
fore useful to consider a second type of potential func- 

tion which applies to the cast that the ion is 1ocatc:i 
in the trapping site and that the l&and system is held 
fised in the resulting polarized equilibrium state (T 
= 0). This potential which is shown in fig. S would be 
“secn‘7 by the ion during an -‘inlinitely” fxt jump out 
of the trapping site. The barrier for a j\mip to an 
adjacent site is 0.480 eV which is again higher than 
r:‘, _ With increasing distance from the trapping site the 
barrier height approaclxs a limiting value of 0.350 cV. 

This linliting value should be identical with the 
harrier !lcight correspondin g 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 T= 0 under the combined influcncc 
of dipole-dipole interactions ancl torsiorlal forces. The 
potential function corresponding to this case is rcp- 
rescntcd in fig. 3b. 

The barrier height in this case was found to bc 
l+iq = 0.350 0V which agrees with the limiting value 
ior large distances mentioned above. The asymptotic 
value I+;’ was already reached lvithin 0.005 rV at the 
fourth site from the location of the ion. This I-crult 
reprcscnts a further check that the length of the elcmcn- 
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I-is. 8. Static potential cncrgy for an ion jumping out of the trappin; site at s = 0 at -‘infinite” v&city. The potential n-as caiculat- 
cd assuming that the ion is locarcd in the trapping site and tlrxt the Iiynd system is held lircd in the resulting polnrizcd cquilibriuln 
state (T= 0). With increasing distance from the trappinp site the bllrricr hci$t ~lpprouchcs :I uluc uf 0.350 cV. 
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I;&. 9. Instantaneous encr~y protilc of the ion in the cl~rtnnel 

at three consecutive times r during simulation at T/00 = 

60. IV. Upper profile: r = 0; middle profile: t = 1.0 ps; lower 
profile: I = 1.5 ps. The location and the cncrey of the ion is 
indicated in each exe. The paramctcr values wcrc the same 
35 in ti;. 5. 

tary unit of the dipolar array is sufficient in order to 
avoid self-interaction. 

In fig. 9 the instantaneous potential profile of the 
ion along the channeI axis is given for three consecu- 
tive times before, during, and after a jump over a 
barrier_ This representation clearly shows the Iarge flue- 
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_ 
nameiy. the presence of a Iigand system which inter- 
acts electrostatically with the ion and which is deform- 
able and able to transmit thermaI fluctuations of 
kinetic enersf to the ion. The first results which we re- 
port here mainly concern the general form of ion 
trajectories and the temperature dependcncc of rate 

constants: an analysis of the influence of other param- 
eters. such as mass of the ion ~ geometry and ffexibility 
of the &and system and effects of non-coulombic 
terms in the interaction energy should be included in 
further studies. The ion trajectories obtained from the 
simulation clearly eshibit the theoretically espccted 
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 jmnps over the barrier. As the ob- 
served osciIIation frequency ZJ~ is virtually tempcraturc 
independent. the strong increase of transport rate 
with temperature results almost esciusively from the 
Arrhenius-type exponential dependence of jump 
probability on l/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 
lignnd 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 Iigand groups does not merely depend 011 the 
depth of the energy wells: in a rigid l&and system 
momentum exchange is inefficient even if the activa- 



tion barriers for ion movement arc high). 
From u0 and the jump probability 11’. the jump 

frequency u = vow may be calculated. Estrapolation 
to 300 K according to fig. 7s yields a jump frequency 
of v = 5.3 X IO6 s-t. Transport rates of comparable 
order of magnitude (107-10” s-’ ) have been observ- 
ed in the gramicidin channc! and ion channels of nerve 
membranes [3.8] _ Using eq. (6) the diffusion coeftS- 
cicnt n of the ion in the channel may be obtained. 
This gives (wit!1 a = 4a) D = 8.4 X I Oh9 cm’ s- ’ . 3 
value which is about IO3 times smaller than the dif- 
fusion coefficient of a free sodium ion in water. 

-411 important result of this study is the fact that 
the observed activation energy L?a is considerably 
smaller than the height of the energy barrier ITo. cal- 
culated from the model. This discrepancy between 
k-3 and Y. is found irrespective whct!lcr in the cal- 
culation of ITo the jump of the ion out of the trapping 
site is treated as slow or as fast compared wit11 the 
relaxation of the ligand system. (A closer sgeemcnt 
is observed between the activation cnerg. E, = 0.334 
eV_ and the barrier height corresponding to the equi- 
librium conformation of the ligand sys:cm. V$t = 

0.350 eV. but this coincidence is probably fortuitous). 
An csplanation for the finding tllat the observed 
transport rate is much larger tllsn predicted from 
the barrier heig!tt is proktbly @en by the fact tllat at 
non-zero temperature the conformation of the ligand 
system is subiected to thcrma! fluctuations (comlxxc 
fig. 9j. This in turn Ives rise to fluctuations of barrier 

height [31]_ Ail ion will preferentially jump over a 
barrier wllcn the barrier is low. which means that 
those ligand conformations with small barrier hcig!its 
arc most significant for ion transport in the c!la~l~le!. 

An inherent difficulty in the application of moles- 
ular dynamics techniques to ion transport in mcmbra- 
nes is the wide separation of time scales of the dif- 
ferent processes [10.33] _ Wiereas the oscillation fre- 
quency of the ion in a trapping site is of tile order of 
10’“.-10.t3 s-l_ the frequency of jumps over a barrier 
at room temperature may be only IO’ se’ or even 
longer. This means that very long trajectories are rc- 
quired in order to observe a statistically si_cnilicant 
number of the events of interest. In order to circum- 
vent this problem of infrequent events. wc have carried 
out tlte simulation at elevated temperatures. This pro- 
cedure is based on rhr fact that the frequency of 
oscillation in the trappins site is only weakly tempera- 

vent this problem of infrequent events. wc have carriec 
out tlte simulation at elevated temperatures. This pro- 
cedure is based on rhr fact that the frequency of 
oscillation in the trappins site is only weakly tempera- 

turc-dependent, whereas the frequency of jumps over 
a barrier drpends exponential]_\: 011 I/T. T!lc jump 
probability 1%~ obtained at large values k>f T may then 

be estrapolated to lower tcmpcratures using the thw- 
rcticully predicted csponential relationship between 
w zmd l/T [es_ (19)]. The main justification for this 
extrapolation rcsu!ts from the fact that the plot of 
In \<’ versus U,/T (‘fig. 73) is alrsady linear at the high- 
cst temperatures used in this study (T/0(, G 60) and 
remains linear lcnvmls lower tcmper2turcs. in agrce- 
nmlt with eq. (I 9). Deviations from eq. ( 19) do occur 
at still hiflicr tcnipcraturcs (In IV does not go to zero 
for 0,/T-+ 0 in fig. (73)). but there is 110 rcason to 
assume that the linear relationship between II- II* and 
l/T should break down a~ Iowa tcmpcra~urcs_ This 
cstl-apolation method presumably can be applied also 
in other dynamical simulations of other systems. 

We like to point out that the prcscnt calculations 

arc based 011 a simple model pore including only ;I 
few empirical parameters like clectrostaticall~’ ion- 

dipole interaction and the gtonictry Of the pore_ 115th 
this simple model the mean icatures of the ion trans- 
port in protein channels can sufficiently bc rlcscribeci. 

It is clear that the occurrciicc of other particles in 
the pore (like water molecules) and the mechanism 
of cntsring into and exciting from the ihannel \sill 
intlucnce tlic dpamica! beliaviour of our niodcl spc;n. 

Such effects are curi-ently under study. 
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