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A 6-12-1 atom-atom pair potential for the interaction of a
Na+ ion with gramicidin A (GA) has been derived from a b in i t io

SCF calculations on the intermolecular interaction energies be-
tween one Na+ ion and GA molecular fragments. This potential has
been used to obta in iso-energy maps, which in turn provide an
energy profile of the Na+ ion in the GA channel. We have applied

this potential in Monte Carlo simulations in order to obtain i) the
number of water molecules which can be placed inside the GA
channel and ii) the hydration structures of the GA channel in the
presence of one Na+ ion.

INTRODUCTION

The microscopic mechanisms of transmembrane channels have been

the subject of intensive investigations in recent years. Since gramicidin A

(GA) ion channels are common in biological mechanisms, much effort has

been devoted to determining the structure of GA, its ion transport mecha-

nism and its selectivity by both experimental and theoretical approaches.

For recent experimental reviews, see Urry--", Ovchinnikovš-", Eisenman and

Horn", and Anderson", The primary structure of GA was determined by

Sarges and W itkop? to be HCO - L Val- - Gly2 - L Ala" - D Leu! - L Ala5-

- D Va16 _ L VaF - D Va18 - L Trp9 - D Leu10 - L Trp ll - D Lue12 - L Trp13

- D Leu14 - L Trp15 - NHCH 2CH 20H. Although the relevance of the crystal

structures to the conformation of GA in membranes is uncertain due to the

variety of conformations available to GA in various solventsšP, experiments
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strongly suggest a left handed ~-helix of 6 .3 peptide units per turn!', w ith

alternating D and L am ino acids.

There have also been uncertain ties in the num ber of w ater m olecules

w hich can be placed inside the GA channel. F rom osm otic and diffusional

experim ents, it appears that the channel holds a single file of 5 -6 water

m olecules'P , w hile the electronic experim ents of Rosenberg-" suggest 7-9

w ater m olecules and those of Levittt4 ,15 , 12 w ater m olecules.

M odels based on NMR chem ical sh ifts of ion induced carbonyl car-

bon-13 16
-
17 and low resolu tion X -ray study '" suggest that ion binding sites

ex ist close to the m outh of the pore. By apply ing Eyring 's rate theory 19-21

to the conductance m easurem ents, experim ental stud ies have estim ated the

activation barriers to ion transport through GA to be about 20-30 kJ/mol.22
-
24

However, the applicab ility of an Eyring rate theory for GA system s have

been questioned .Pv"

GA is uniquely su ited to theoretical stud ies of the underly ing m olecular

basis for ion transport due to its relatively sim ple and w ell defined structure

and to the w ealth of experim ental data . Several conform ational stud ies

investigating the local m inim a of the GA structure in the channel have

been reported .27-32 However, these energetic stud ies w ere perform ed w ith

only selected torsional degrees of freedom of GA in the absence of ions

and w ater m olecules. A lthough other electrostatic calcu lations-"?" have

reported the activation barriers of 20-30 kJ/mol, these m odels (treating the

m embrane as a low dielectric continuous m edium ) are probably too sim ple

to be reliab le . A few molecular dynam ics (lV ID ) studies on a sim plified

GA w ith ion m odel have been reported 36
-
S9

, but the sim ulations im posed

several restric tions such as neglecting w ater m olecules and constrain ing

the ion to m ove only along the channel ax is.

R ecently , W ilson and his co llaborators '? have used MD techniques to

study the in teraction of GA w ith cations and a few water m olecules. Their

m odel used vacuum instead of bulk w ater outside the channel, and thus

it w as not feasib le to obtain energy profiles ow ing to the neglect of so lvation

contribu tions from bulk w ater. Furtherm ore, since the MD techniques have

serious fluctuation in tem perature for such a sm all num ber of w ater m ole-

cu les and an ion , the static properties for g iven tw o differen t system s

cannot be easily com pared . This problem can be com plem ented by M onte

Carlo (M C) calcu lations. A lso of concern is the uncertain ties in the poten tials

w hich , as poin ted out by W ilson et al,. constitu te one of the shortcom ings

in the study of ion transport through GA . O ther recent theoretical stud ies

of energy profiles of N a+ in teracting w ith GA have been reported by

Pullm an and E tchebest.41-42 One should note that in com puting the binding

energy of N at and GA they have chosen the param eters so as to reproduce

the resu lts of ab initio calcu lations on sm all system s.

W e have previously reportedv ' the ab initio in teraction poten tial energy

of H 20 w ith a GA channel, m odeled accord ing to U rry 's atom ic coord inates."

In th is paper, w e extend th is w ork by exam ining the ab initio in teraction

energ ies of N a" w ith GA , and analyzing the resu lting iso-energy m aps in

order to understand the niteractions of one N a" ion w ith in the channel.

In addition , w e report prelim inary MC sim ulation resu lts to investigate 1)
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the number of molecules which can be placed inside the GA channel and 2}

the structure of the water molecules ins ide the channel in the presence

of one N a+ ion.

INTERACTION ENERGY OF THE Na+ ION W ITH A GA CHANNEL

The interaction energy between GA and a Na+ ion can be written

approximately as the sum of the atom -atom pair interactions. Using a

m inimal basis set (consisting of 4s-type gaussian functions for hydrogen

atoms and 7s/3p-type gaussian functions for non-hydrogen atoms)44-46, we

have calculated the ab initio SCF-LCAO-MO inter action energies of a Na+

ion w ith seven fragments of a GA channel, formed by a piece of polypeptide

backbone connected to different am ino acids, at more than 1300 different

configurations (in fact, more than 3500 different configurations by the inter-

polation technique). In these calculations the superposition error41
-
49 was

not considered, after having verified that in our specific example this error

was negligible.

The calculated ab initio interaction energies were then fitted to an

analytical 6-12-1 potential energy function of the form ,

E _ "1: [ - A (], a) B (j, a) C (j, a) q (j) ]
- j r (j)6 . + r (j)'2 + r (j)

where j designates an atom of GA and r (j) is the distance from the Na"

ion (w ith a charge equal to 1) the j-th atom with atom ic charge q (j) in

a considered molecule. The parameters A, B and C of the potential function,

are characterized by two indices, j and a; the index a denotes the »class-

for the atom j. A »class« is characterized by 1) the electronic environment

of the j-th atom , 2) the atom ic charges'", and 3) the molecular orbital

valence state (MOVS) energies.š- Sin ce the 6-12-1 atom -atom pair potentials

using the class characterization method have been applied to many biological

system s in computer simulations w ith good agreement w ith experiment O I'

even w ith predictions that are later verified by experiment.š+š'' we rep ort

in Table I the A, B and C coefficients of the 6-12-1 analytic potential energy

function for each class. For the details of the characterization of the class

in the table, refer to Table I and Figures 2 and 3 in our recent paper''" on

the interactions of K+ with GA .

The fitting of the ab initio interaction energies to the above analytical

atom -atom pair potentials was carried out to a mean standard deviation

of 2.5 kcal/mol. The overall quality of the fit is shown by the standard

plot (fitted/ab initio) given in Figure 1. Note that the classes #.o 2, 5 and 16

in Table I were used only for the fragments (frag.) of GA , but not for the

GA channel its elf. These classes arise because it was necessary to attach

additional atoms onto the GA fragments in order to properly simulate the

chem ical environment of the atoms in the GA channel.

In Figure 2 iso-energy map s are reported for the seven different

molecular components of GA , the L Ala, L Val, D Val, D Leu, L Trp residues,

the ethanolam ine HOC-NH-CH2 -CO-NH-CH2 -CH20H) tail and the

two central formyl heads. FOF each molecular component two plots are

given: first, a two dimensional plot which contains an ORTEP projection
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T A B LE I

D esc rip tion o f C lasses Including Coefficients*

A TOM C LA SS A B C COM M EN T

O 1 .7357E +01 .2011E +05 .1073E +01 O o f =C =O

2 .3493E +03 .2865E +05 .9021E +00 O o f = C =O (frag .)

3 .6916E ': 01 .2405E +05 .9025E +00 O o f - O H

N 4 .6 246E +01 .2845E +06 .9094E +00 N o f - (N H )-

5 .5461E +03 .3816E +05 .9624E +00 N o f - (N H ) - ( frag .)

6 .6753E +01 .6347E +05 .9086E +00 N o fL .TR P

C 7 .7012E + 01 .3054E +06 .9092E +00 C o f - C H ,

8 .6436E + 01 .1844E +06 .9074E +00 C o f L .T rp r ing

9 · .6101E +01 .1332E +06 .9004E +00 C o f L .T rp r ing

10 .6257E + 01 .8723E +06 .9011E +00 C o f - (C ,H R es.) -

11 .6035E +01 .1 l88E +07 .9003E +00 C o f - C H R ,

12 .6852E +01 .8271E +06 .9754E +00 C o f - C H ,O H o f T a il

13 .6311E +01 .4601E +06 .1094E + 01 C o f - (C ~H ,) - o f L .T rp

14 .7381E +01 .3000E +03 .9515E +00 C o f - (C H ,) - o f F o rrn y l

15 .6089E +01 .8831E +05 .9817E +00 C o f - (C H ,) -

16 .2109E +04 .5472E +06 .9771E +00 C o f - (C H ,) - ( f rag .)

17 - .2240E +04 .3000E +03 .9602E +00 C o f = C = O .o r L .T rp

18 - .2400E +04 .3001E +03 .\X )g4E +00 C o f =CHO

19 - .2329E +04 .2296E +06 .9J.O O E+00 C o f =C =O

H 20 .4485E +03 .2636E +05 .1086E +01 H connec ted to O ,N

21 .7066E +01 .1904E +04 .9099E +00 H connec ted to C•

22 .4227E + 03 .1899E +05 .9099E +00 H eon nec ted to C

23 .1 l29E +04 .5872E +05 .9090E +00 A rom atic H o f L .T rp

* T he coe ff ic ien ts a re g iven so tha t the in te rac tion energy and d is tances can
:he exp ress ed in kca l/m o l and A , respec tiv e ly (see thetext),

-10 .0 -

-20 .0

Efitling vs. Eab initio

0 .0 (kcal/mole)

-10 .0 0 .0

:F igu re 1 . P lo t o f dev ia tion be tw een f itted energ ies andab initio energ ies fo r the

in te r ac tion o f N a+ w ith G A .
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F i g u r e 2 . I s o - e n e r g y m a p s o f th e d i f f e r e n t G A re s id u e s in c lu din g th e f o rm y l h e a d s

a n d e th a n o la m in e ta i l I n te r a c t in g w i th o n e N a + io n . C o o r d in a te s (X, Y ) a n d in te r -

a c t i o n e n e r g ie s (E) a r e g iv e n in a . u . a n d k c a l /m o l , r e s p e c t i v e l y .

o f th e a m in o a c id in to th e s e le c te d p la n e ; a n d s e c o n d , a th r e e- d im e n s io n a l

d ia g r a m w h ic h e x p l i c i t l y s h o w s b o th th e a t t r a c t i v e s i te m inim a a n d th e

r e p u ls i v e r e g io n s (w h ic h h a v e th e a p p e a r a n c e o f a » m e s a « b e ca u s e th e

r e p u ls i v e e n e r g ie s h a v e b e e n c u t o f f a t 6 k c a l /m o l ) . T h e c o n to u r to c o n to u r

in te r v a l i n b o th p lo ts i s 2 k c a l /m o l . F r o m th e s e f ig u r e s , o n ec a n n o t i c e th a t

th e D L e u a n d L T rp r e s id u e s s h o w s t r o n g in te r a c t io n s w i th th e N a + io n .

A f te r th e in te r a c t io n p o te n t ia l e n e r g y f u n c t io n s h a v e b e e no b ta in e d f o r

e a c h c o m p o n e n t , th e in te r a c t io n e n e r g y o f th e N a + io n w i th the e n t i r e

c h a n n e l c a n b e e a s i l y c a lc u la te d . F ig u r e 3 s h o w s tw o d im e n s io n a l i s o - e n e r g y

c o n to u r m a p s f o r a N a + io n in te r a c t in g w i th th e G A c h a n n e l . A lo w r e s e -

lu t i o n i s o - e n e r g y m a p ( x - z p r o je c t i o n w i th a s e le c te d g r id me s h o f 1 a . u . )

o f th e e n t i r e c h a n n e l i s g i v e n , a lo n g w i th tw o d e ta i l e d v ie w s(w i th a g r id

m e s h o f 0 .5 a . u . ) . T h e d e ta i l e d v ie w s e n c o m p a s s th e a r e a e n c lo s e d w i th in

th e d o t te d r e c ta n g le in th e lo w r e s o lu t i o n m a p . T h e le f t i n s et i s th e x - z

p r o je c t i o n , w h i le th e o n e o n th e th e r ig h t i s th e y - z p r o je c t io n . F r o m th e

d e ta i l e d i s o - e n e r g y c o n to u r m a p s th e th r e e d im e n s io n a l s h ap e o f th e c h a n n e l

c a n h e a p p r e c ia te d b y r o ta t i n g th e c r o s s s e c t io n p la n e b y9 0 0 /0 . F r o m th is ,

h e l i c a l c h a r a c te r i s t i c s o f th e c h a n n e l c a n b e n o t i c e d .

r
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F ig u re 3 . I s o -e n e rg y m a p s o f N a + in te ra c t in g w i th G A . T h e to pin s e t is a lo w
re so lu t io n is o -e n e rg y m a p in x -z p ro je c t io n , w h i le th e b o t to m - Ie f t in s e t is a
d e ta i le d f ig u re fo r th e a re a e n c lo s e d b y a d o t te d re c ta n g le in th e to p in s e t , a n d
th e b o t to m - r ig h t in s e t is a d e ta i le d is o -e n e rg y m a p in y -z p ro je c t io n . C o o rd in a te s
(X , Y , Z ) a n d in te ra c t io n e n e rg ie s(E) a re g iv e n in a . u . a n d k c a l /m o l , r e s p e c t iv e ly .

M o re d e ta i ls o f th e c h a n n e l e n e rg e t ic s a re g iv e n in F ig u re 4 ,w h ic h

sh o w s e ig h t is o -e n e rg y m a p s c o r re s p o n d in g to d i f f e re n t c ros s se c t io n s a lo n g

th e z a x is (Z = O , 4 , 5 , 8 , 1 1 , 1 2 , 1 3 a n d 1 4 A ) o f th e c h a n n e l . T h e b o t to m

g ra p h re p o r ts th e e n e rg y p ro f i le f o r th e N a + /G A sy s te m . T h e en e rg y p ro f i le

h a s b e e n d e te rm in e d b y f in d in g th e lo w e s t e n e rg y in x -y c ro s sse c t io n s

g e n e ra te d a t 0 .5 a . u . in te r v a ls a lo n g th e z a x is . T h e p o s i t io n s a , b , c a n d d

in th e e n e rg y p ro f i l e s c o r re s p o n d to th e sa m e p o s i t io n s g iv en in th e is o -

-e n e rg y m a p s . T h e c ro s s se c t io n o f th e c h a n n e l f o r th e N a + /G Asy s te m is

not ciTculaT, b u t is ra th e r i r r e g u la r w i th s h a p e s w h ic h g ra d u a l ly e v o iv e

a n d c h a n g e a lo n g th e z a x is . T h e m o s t a t t r a c t iv e p o s i t io n fo re i th e r w a te r

o r N a + in e a c h x -y c ro s s se c t io n isnot exactly at the c e n te r , but close to ito

A t Z : : : ; 1 2 A , th e c ro s s se c t io n su d d e n ly b e c o m e s la rg e . T h is s u g g e s ts th at

a n a r ro w » c h a n n e l« e x te n d s u n t i l Z= 1 1 o r 1 2 A , a n d th e re a f te r , th e c h a n n e l

b e c o m e s l ik e a n » e s tu a ry « w h ic h e x te n d s to a b o u t Z= 1 5 o r 1 6 A . H o w e v e r ,

th e a t t r a c t io n o f G A w i th N a + e x te n d s m u c h fu r th e r ; th e re fo re , o n e c a n n o t

p ro p e r ly ta lk o f io n -s a lv a t io n u n t i l Z a t ta in s a ra th e r . la rg e v a lu e (m o re th a n

± 2 0 A). T h e e n e rg y p ro f i le s o f N a + /G A sy s te m sh o w s tro n g e r in te r a c tio n

in s id e th e c h a n n e l th a n o u ts id e .

C y l in d r ic a l is o -e n e rg y m a p s fo r N a + /G A a re g iv e n in F ig u re 5. T h e se

m a p s h a v e b e e n o b ta in e d b y se le c t in g c y l in d e rs w i th a ra d iu so f e i th e r

2 .0 o r 2 .5 a . u . , a n d th e n u n fo ld in g th e c y l in d e rs in to th e p la n e . F o r N a+ /G A

th e h a rd c o re re g io n b e c o m e s c o n sp ic u o u s ta R= 2 .5 a . u . T h e h a rd c o re

re g i o n a ls o sh o w s th e h e l ic a l f e a tu re o f th e G A c h a n n e l in te ra c t in g w i th

th e N a + io n .
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Na+/Gramicidin ABA
- 6 X l a . u , ] 6

6

y

l a .u l

Z = 1 2

Z = 8

Z = 1 1

c

b

Z = 4

d

- 4 5

E N a + / G A ! k c a l ; J n o le )

- 6 0 a

d

- 7 5 L - - - .L ~ b C " - - . .L _ - - - , - - - _ ~ z (A )
- 1 6 O 1 6

t . /

F ig u re 4 . I s o -e n e rg y m a p s o f N a + in te r a c t in g w i th G A in x - y p ro je c t io n a lo n g Z
a x is ( f o r Z = O , 4 , 5 , 8 , 1 1 , 1 2 , 1 3 a n d 1 4 A ) , a n d th e e n e rg y p ro f i le o f N a + !G A
s y s tem . Z c o o rd in a te s a re in A , w h i le X a n d Y c o o rd in a te s in a .u . T h e io n is n o t
c o n s t r a in e d to rem a in o n th e c h a n n e l a x is , b u t a l lo w e d to re ac h i ts e n e rg e t ic a l l y

p re f e r r e d p o s i t io n a lo n g th e x a n d y a x is o n th e p la n e o f th e g iv e n Z v a lu e .

B y c o m b in in g th e in f o rm a t io n o f F ig u re s 3 , 4 a n d5 , i t s e em s c 1 e a r th a t

th e c h a n n e l is m u c h m o re l i k ea spiral than a cylinder d u e to th e h e l ic a l

n a tu re o f G A . I n a d d i t io n , th e c h a n n e l is r e la t i v e ly v e r y n a rr o w w i th h a rd

c o re in w a rd p ro t r u s io n s . A n y lo o s e n in g o r t ig h te n in g o f th es p i r a l d u e to
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th e in t ra -m o le c u la r m o t io n o f G A w i l l b r in g a b o u t n o t o n ly a le n g th e n in g

o r sh o r te n in g o f th e c h a n n e l b u t a ls o th e p o ss ib i l i ty th a t the se p ro tru s io n s

w i l l o c c lu d e th e c h a n n e l .

R=2.0 R=2.5

F ig u re 5 . C y l in d r ic a l is o -e n e rg y m ap s f la t te n e d o u t fo r N a+/G A in th e c a se th a t

th e c y l in d e r 's ra d i i a re R= 2 .0 a n d R= 2 .5 a . u ., re sp e c t iv e ly . Z c o o rd in a te s a re

g iv e n in a . u .

M O N T E C A R L O S IM U L A T IO N S

I n o rd e r to o b ta in am o re re a l is t ic re p re se n ta t io n o f th e s tru c tu re a n d

in te ra c t io n o f m an y w a te r m o le c u le s w i th th e G A ch a n n e l in the p re se n c e

o f o n e N a+ io n , w e p e r fo rm ed M e tro p o l is ty p e o f M o n te C a r los im u la t io n s .s+ '"
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U sing th is m ethod , w e can attem p t to understand the energy p ro f iles o f a

Na+/HzO/GA system and the e ffec t o f theN at ion on the w ate r con fo rm ations.

T he po ten tia ls used w ere M C Y pcten tia ls" fo r w ate r-w ate r inte rac tion ener-

g ies, the re f itted and sim p lif ied 6 -12 -1 po ten tia ls" o f K is tenm acher e t aL (;4

fo r w ate r-N a+ in te rac tion energ ies, the po ten tia l o f C lem en tie t aL 43 fo r

w ate r-G A in te rac tion po ten tia ls , and the a fo rem en tioned po ten tia l fo r

N a+ -G A in te rac tion po ten tia ls . G A w as assum ed to be rig id inou r m ode l,

s ince the re liab le in tra -m o lecu la r in te rac tion po ten tia ls fo r G A are no t

ava ilab le . O n the o ther hand , the se lec tion o f on ly one G A configu ra tion

necessarily im poses lim ita tions on ou r f ind ings.

In a ll s im u la tions the se lec ted tem pera tu re is300 K , and the N a+ ion

and the w ate r m o lecu les are free to m ove. W e p laced81 w ate r m o lecu les

in a cy lind rica l vo lum e w hose leng th and rad ius are48 A and 5 .5 A , respe-

c tive ly . D e ta ils o f the M C sim u lta tion are g iven in R ef.60 , w here w e have

considered K + ra ther thanN a+ ,

T he sim u la tion resu lts a re show n in F igu re6 and T ab le II. Fo r each

con figu ra tion (a : Z = -0 .1 A , b : Z = 3 .5 A , c : Z = 6 .0 A ,. d : Z = 8 .7 A ,

TA B LE II

Energetics o f a Na+/WaterIGA Systern*

'Z(NA') TOT NA'/T NA'IGA 1/2 Na'/W WIT W/GA W/W TOT/# STD

a - 0 .1 - 6835 - 485 - 278 - 207 - 6350 - 4022 - 2121 · - 84 .4 0 .38

b 3 .5 - 6854 - 494 - 294 - 200 - 6360 - 3981 - 2179 - 84 .6 0 .27

c 6 .0 - 6863 - 488 - 287 - 201 - 6375 - 3982 - 2191 - 84 .7 0 .35

d 8 .7 - 6855 -500 - 270 - 230 - 6355 - 3946 - 2178 - 84 .6 0 .30

e 11 .8 - 6886 - 522 - 217 - 305 - 6364 - 3973 - 2086 - 85 .0 0 .30

f 13 .3 - 6923 - 557 - 227 - 331 - 6366 - 3973 - 2063 - 85 .5 0 .29

g 14 .0 - 6941 - 591 - 247 - 343 - 6350 - 3971 - 2036 - 85 .7 0 .25

h 15 .4 - 6953 - 553 - 165 - 388 - 6400 - 4034 - 1978 - 85 .8 0 .43

j 16 .6 - 6902 - 540 - 129 -41 l - 6362 - 4020 - 1932 - 85 .2 0 .56

* Z coo rd ina tes o f N a" , (Z (N a+ )),T o ta l energy o f the system (To t), E nergy com -
ponen ts con tr ibu ted from N a+ (N a+ /T ,Na+/GA, 1 /2 N a+ /W fo r to ta l, G A , w ater, re -
spec tive ly ), E nergy com ponen ts con tr ibu ted from w ater (W /T , WIGA, W /W fo r to ta l,
G A , w ater, respec tive ly ), T o ta l energy o f the system per m o l-w ate r (T o t/# ), and
S tandard dev ia tion o f the N a" ion position (STD ). (E nerg iesare repo rted in k jou le ,
w h ile Z and STD are in A .).

e : Z = 11 .8 A , f: Z = 13 .3 A , g : Z = 14 .0 A , h : Z = 15 .4 A , i: Z = 16 .6

A ), w e have ca lcu la ted one m ill ion M C d isp lacem en ts, the last half m ill ion

o f w h ich are used in ou r sta tis tica l ana lyses. T he le ft in se ts o f F igu re 6

rep resen t the ensem b le average positions o f the w ate r m o lecu les and o f the

N a+ ion , w h ile the m idd le inse ts repo rt the p robab ility density m aps. T he

righ t in se ts g ive the iso -energy density m aps fo r the energyo f each w ate r

m o lecu le o r ion a t a g iven position in te rac ting w ith w ate r m olecu les, an

ion and the g ram ic id in . T he N a+ ion can be easily d is tingu ished as a fil led

c irc le ( le ft in se ts), o r from the consp icuously dark reg ion(r igh t in se ts).
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F rom F igu re 6 one can notice tha t, in gene ra l,HGFEDCBAn in e w a t e r m o le c u le s

io r m a w ell-bound filam ent w ith in the channel. T h is num ber is in term ed iate

betw een the tw o experim enta l va lu es in R efs.12-15 . T hese n ine w ater

m o lecu les hydrate the nearest neighboring atom s:e ither the atom s of o ther

w ater m o lecu les, an ion , o r a carbony l oxygen of G A . (H ow ever, a lso no tice

that som etim es one or tw o w ater m o lecu les inside the channelare no t

hydrogen bonded to its neighboring w ater m o lecu le). O n the other hand,

as can be in ferred from the probab ility density m aps, the w ater m o lecu les

at the tw o ex trem ities o f the cy linder d isp lay som ew hat bu lkw ater p ro -

perties.

In T ab le II w e rep ort the average Z position o f the N a+ ion , the to ta l

energy o f the system (T ot) (fo r81 w ater m o lecu les, one N a+ ion and the

G A channel), the to ta l in teraction energy fo r a N a+ ion (N a+ /T ), the in ter-

action energy o f a N a+ ion w ith G A (N a+ /G A ) and w ith w ater (N a+/W ), the

to ta l in teraction energy o f w ater (W /T ) , the in teraction energy o f w ater

gy betw een N a+ and w ater has been reported as1/2 N a+ /W . F rom the ST D

of the ion coord inate. S ince w e define that N a+ /T= N a+ /G A + 1/2 N a+ /W ,

W /T = W /W + W /G A + 1/2 W /N a+ and N a+ /W= W /N a+ , the in teraction ener-

gy betw een N a+ and w ater has been reported as1 /2 N a/+ !W . F rom the ST D

w e note that the ion p laced outside the channel is m ore m ob ilethan the

one p laced inside the channel. It can also be noticed that thein teraction

energy o f N a+ /G A is stronger inside the channel than outsidethe channel,

w h ile that o f N a+ /W is just the opposite .

A c k n o w le d g e m e n t . - T h is w ork w as partia lly supported by agran t from the
N ational Foundation fo r C ancer R esearch (N FC R ).
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