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Following Ihe theory 'Fluctuations of harrier slrueinrc in ionic channels'  (Liiuger, P., Stephan, W. and Frehland, E, (1980) 
Bioehinl. Biophys. Acta 6112, 167-180), we constructed a nlodel of a channels with several eonformational states. The origin of  
these confiirmaihmai slides and Ihe source hit the transitions from one io ihe olher are given explicilly for i1i,~ prcscnicd model. 
In this work Ihe effect/if multiple conform.'ttional sta~es on the ion transpor! process is an.'dyzed. We considered a channel 
protein with two ma t  I~arliet.~ ,l,d , ,~  llhtttiJlg site, The site is surrounded by dipolar groups, The dipole moment of these 
groups can be reoriented by thernlal aelivily and also by clectl'ical interaction ~vltll the transported ions. Differently polarized 
• ~lales generate different activation energy barriers for the ions. The set of eonformational slales of cite channel is constitui,:d by 
all die possible polarized stales of the binding site. Using the rate-theory analysis of ion transport (Gliisstonc, S., Laider, K.J and 
Eyring, It. 11941) The theory of rate processes, McGraw-Itill, New York), the pos':ible coupling beiwccn ion flux and the channel 
conformational transitions has been incorporated into the model by considering the dependence of the rate et~nstants on the 
heigtas of the energy barriers. The resulting multistate kinetic equations have been solved nume:;c~ll~. It was shown lhat the 
sim01e saturation characteristic of the flux-concentration curve was obtained. For certain values of the model r~aramelers, the 
channel shows a strongly different conductance for anions compared to cations. In fact, the model contains an interesting 
mechanism tirol c×hibk~ selectivity with respett to the charge of the ions. 

lntn~duction 

The theory of fluctuating barriers [1] is based on the 
experimen!a! evidence thai  pmteln~ ca~ exist in  a large 
number uf eonformational states and may undergo 
transitions from one slate to the other in a broad 
spectrum of time scales [2,3]. Therefore one should 
expect that ions passing through a channel protein 
have to overcome fluctuating energy barriers. These 
fluctuations could have significant interactions with the 
flux of ions crossing the channel. This is especially true 
when some particular mechanisms exist by which the 
transported ions induce conformational transitions on 
the protein. Such a mechanism is proposed in this 
model. 

A general treatment of systems with coupling be- 
tween transport and conformational transitions is a 
complex problem. Therefore we re~trict the analysis to 
a channel i~,aving two barriers, one binding site, and 
several comormational states. 
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If the interconversions of channel state= is much 
faster than iol: transfer over the barriers, the form of 
the flux equation remains the same as for a channel 
with fixed barriers, provided that the rate constants for 
ion jumps arc replaced by weighted averages over the 
rate constants for the individual ctml'onnational states. 
But this is no longer true when the rates of both 
processes become comparable [!]. In this case a jump 
of an ion is followed by a slow transition to a more 
polarized state of the site, and the conductance of the 
channel could exhibit a depedence on ion cu, tce~i:ra- 
tion which is different from i t simple saturation behav- 
ior [1]. if there is a preferred orier, tation of the dipolar 
groups, due to ilit¢l'lial steric restrictions, the result 
would be a different conductance for anions compazed 
to cations. 

Description of the model 

Fig. 1 is a schematic representation of the model. 
The transversal section of the channel-forming mem- 
brane-embed~l~d protein, is shown in Fig. !a. In the left 
aqueou,:- phase (interior or cytoplasmic side) a concen- 
tration c '  of ions exist, and the potential has the value 
~'. in the right aqueous phase (exterrior side) the 
concentration and the potential are c" and 4J', respec- 
tively. The protein has two wide entrance vestibules at 



82 

! . . . . . .  iI- 

t 

i l l  i 

. . . . . . .  I ii 

' i i  
c ', ', 

! : 
. . . .  I _ , . , _ _ , . . :  

|::ig, I, (a) Transvers~d ~,e¢lion of Iile ¢han ,e l4ormi ,g  nlembrane- 
embetlded protein, It h~ls two wide entrltnee vestibules, one on each 
,~ide o f  the membralte. The Ilitl'l*llw tenlral  part in the l,inding sit,: 
fl~rnled b~, a n~t}iety sttrrot, ndcd b~, diptflar group.,,. The interior (or 
evtcB~lasmic} atiiieotis pllase has tin ion ¢oncentrlltitln (" alld li 
is~tential ~ ' ,  For the exterior aqueous phase tile corrc~pt~nt!ing 
qtl:~nlilics are c" and d~", (b) Potential energy profile offered by tile 
channel to the ions. It dt~s not contain Ihc ¢ontributiot, 'd" the 
isdarized state of  the binding site. E z and E ,  are the barrier heighl,~ 
which have to be twercorne by the i<~ll ill order to leave or to enter 
into tile site. respec t i '~c ly . . .nd /3  are the frlietitnls of tile meml~rane 
~panned by tile indieat,:d region:; tff tile ~'nergy pr~file. (el Ap.t~.nxio 
mated t'~rm of the ion binding site. h: orde¢ to caltttlalc ils contribu- 
lion to the total energy prolilc, the moiety is ¢,msidered to be formed 
by two eoncenlri¢ sphc~¢.~ ol ~'~,tliw, r t a,ld r ,  COlltaining lilt" dipoles 
within them, (d )  The pralile o f  heigh~ h (lower pall) ix tile energy 
conlril~0litm of tile I~,dal'i,~cd binding site. ' ihv ~lpper prof;*c i~, 
ol~tained by adding up this eollh'ibntion and that in (b), This i~ Ilic 
total energy profile, Note lhat tile o|dy effeel due Io Ihe radarii.'dio,I 
is to ehar~ge lilt' height td" the inillinl~.ln'l i l l  1|'~). Thi~ Ileiph! i,~ 
increased or tlq,,creased tlel~efldlng on tile Sigl! of h. which depelltls 

on lilt" ]~articular I~darized states of tilt' binding site (see text), 

both ends of the channel anti a llarrov¢ middle part 
which contains the binding site. The bi.din!z site is 
formed by a moiety surrounded by dipolar groups 
which can be reoriented. 

The mechanism fm the interaction between tiic ions 
and the dil~,lar ~,roups may i~e described in the follow.- 
ing way. When an tot, jumps into the moiety creates a 
strong coulombic field on the neighborht~)d, this field 
te~,ls tO leon, nt the dipolar groups of the protein. "i'ile 
~c{~ricm,'4on sluft.~ the energy level of ~hc binding site 
and the ;aeigitt of ::djacent barriers. If the rate for 
~'xmformational change induced by the ion is compara- 
ble m or smaller than the jump rate, the ion may leave 
tb.- site before t~e protein structure h ~  relaxed the 
p~darized state [5], Thus. when the ion has left the site. 
~ certain time is required for the cha,mel to return to 

the original conforma'3on, and the next entering ion 
may find the structure still in a partly polarized state. 

Fig. lb represents the energy profile encountered by 
the ions on their pathway through the channel (to 
simplily rids figurc and the folk~wing explanation, wc 
have taken the case ,f, ' =  d/'). The origin of these 
energy barriers may be easily understood from the 
geometry of the channel: If an ion. having a diameter 
slightly greater or similar than the narrow parts o1 the 
channel, intent to cross it from left t~ right, the ion has 
to remtwe part of its hydration shell, pass the first 
narrow entrance (first maximum), be trapped into the 
moiety (minimum}, twercome the narr~w exit (second 
nlaximun~), and finally be released and rchydrated in 
the olaposite side. This energy profile does not ccmtain 
the co,  lribution from the polarized stale of the site, 
but includes all the others imeractions of the ion with 
water, membrane, and protein. This profile is assumed 
,~ymmetrlcal, with t~ and lJ defined as the fraclions of 
the membrane thickness spanned by the indicated parts 
of the energy profile (2(a + n)- -  1). The contribution 
from an extcrnai potential U,,, --- g~'-g~" {case g~'~ q~") 
will be considered below (here we use Ihe constant 
field approximation). 

In order to include in the energy profile the contri- 
bution from the dipo!;tr gioups, it is assurt, ed that the 
binding site can be app,'oximated by the dipolar array 
shown in Fig. iv. Th;s array is formed by two conccn- 
tralic spheres with radius r~ and r,,  respectively, con- 
laining n dipole, uniformly distributed within them. 
We sttppose thai each dipole has only two possible 
oricnta',ions: 'up', when their dipole nlonicn! poinls ~o 
the center of the moicly, and 'down', when pointing 
opposite to this center. 1,1 the polarized state repre.. 
sented in Fig. Ic, all the dipoles are "up'. 

An arbitrary polarized state of the site will be char- 
acterizcd by a n t ,  mber u of dipoles 'tip' and n -u  
dipoles 'd,.~wn'. Here, to nmkc the model tractable, we 
assume that it is unimportant which particular dipoles 
arc "up" and which ate 'down', truly being important 
]a}w many of them are in each of this two states. 
Therefore, if the s~tc contains n dipoles, there are only 
n + I diffcreW, polarized states. The set of these n + I 
ptdarize d states constittnes all the conformatiomtl states 
of the channel protein. 

In the polarized staie shown in Fig. lc ('all up'), the 
energy prpfiic offt red by the binding site to it positive 
ion traversmg the clmnnel, is calculated as follows (see 
details below): Assume that the positive charges of the 
dipoles 'up' are distributed uniformly cJ:, the internal 
sphere, and their negative charges on the external one. 
Let h be the difference of electric patential between 
these two uniformly charged spheres. The resulting 
profile is shown in the k)wer part of Fig. id. If the 
polarized state is arbi,'r~-~ry {u dipt,les 'up' and n - u  
'down'), the procedur.,e to calculate h is simitar: just 
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Fig. 2, A nnlrc d~laih.'d gcnmclrv ¢Oll¢crnillg Ih¢ Imsilion,,; of Ihc 
dipol:u group.', wilh respc¢l Ill Ih¢ pnsilion.~ tff Ihe IIl-'lxinzll illld 
minmuin| td the energy imffilc, cvi and ,/JI arc lilt' I'la¢liotl~ of Ih¢ 
dbdali¢¢ r t r., H~alnled I)~ Ihe ilztlit':fletl Darl.5 of the Chert,'4' r,l'otilc 
(~t.i i l~1 .. I). h is ihe energy ¢onlrihulion gcneralcd by Ihc pt}larizcd 
hindmg silo, 'l'llc cffccl produced hv lilt' p(flalizalion is Io shifl il~lh, 
lilt? hcighl of Ih¢ nlininnnn I / f2 be¢onzcs I ' ,  - ~tlh) arid tile iltiL;hls 
nf Ih¢ ntaxinla {IJ I I~eeuliics E i ci ih). Implici l  is Ihe assulnl-I~+on 
Ihal l i lt '  t ' lc¢lric pOlcizlial I~clwt2en Ihc spheres fm'nl inl  Ihc nloi~:t7 i.~ 
i l l l l lroxii~lal¢ly l incaL The geilnlt.l lT sh,,1wn in Fig. hi corr¢,~l~ondi 1o 

t h e  c a s e  a i = I I  ( / J l  = I ). 

distribute uniG,'mly on tile two spherc,*~ the charge'; of 
the 'heads '  and 'fails' nf e0¢h ~t" 11!¢ corresponding 
dipoles. In this ea:~e the wdue of h could be positive or 
negative, depending on the numbers u and n. Note 
that h is zero if :, is even and n / 2  dipoles are 'up' .  

Adding tip the energy profile of the polarized state 
(lower part of Fig. Id) together with the profile of Fig. 
lb, we get the tipper part of Fig. ld. This is the total 
energy profile encountered by the ions Ir;ivcrsing the 
chalmel. Note that the only effecl produced by the 
polarization is In shift the height of the minimum 
between the barriers (E  2 bccomes E,-h), hlcrcasing or 
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decreasing it depending, tm the sign of h. The height 
E~ of the maxima reo':ai~ unchanged. This fact is a 
direct consequence of :.he geometry assumed in Fig. 1, 
that is. the positions o" the dipolar groups ~i~h respect 
to the positions o f  the n~axima .rod minimum of tl,¢ 
cncrgy profile. 

A more gcncral geometry concerning the positions 
of the dipolar groups with respect to the po,';itionx of 
thc maxima and miaimum of thc encrgy profile is 
shown in Fig. 2. Here oq and /:It are defined as the 
fractions of the distance r~-r ,  spanned by flae indi- 
cated parts of  the energy ,profile t a  t + [.:l t = I). In this 
situation, the effect produced by the polarization is to 
shilt both, the height of the minimum (E, becomes 
E~-131h) and the heights of the ;,~axim~i (El becomes 
E~-thh). Implicit in this .~ew values of the heights in 
lilt: P, ssunlplion that tile electric potential between the 
spheres fiwming file moiety is approximately lineal'. 
The geomctR¢ shown in Fig. i corresponds to thc case 
a ' i = O ( / 3 1 =  I). 

The geometry shown in Fig. 2 physically corresponds 
to the situation in which the narrow pa]ts of the 
channel are located in some position between the 
charges of the nearest dipoles {see Fig. la). That is, in 
Fig. la the narrow parts of the channel are very cl0sc 
in the negative charge of the nearest dipoles, therefore 
al  = 0. For a situation in which oq = !, the narrow 
parts of the channel would be located very c!o,,:e !o the 
pn,~itive eJ?~r~e qf the  s~me dipoles. We will see below 
thai the value of  ai  plays a critical role on the charge 
selectivity of the channel. 

T h e  contrinution fi~m aq external polemM U,, = 
0 ' - 0 "  will b,- ,:t}n,:idel'cd as linear (assumillg lilt don- 
slant field approximation). Thus, the fractions a and /3 
of the membrane lhicknes~ (Fig. lb) provide the frac- 
lions of U,, which contribute In th,; change in the 
heights of the cner,w p:ofile. This fact will be used 
when considering the explicit expressions tor the rate 
constants below. 

B I  lu B n  
B °  n I~ ~ I n - 1 ) I i  In-uol) l~1,  , In -u |~  Ih.t _ A 

q p  . r - - - - - - - "  i c e  1 

\ j / 
0., n k ;  . - .  in II~; ( n - u - l ) ~ . ~ t  - - ( n  ul ' k ~ , ~ ] c .  

.~o __., ...... ) . . . . . .  .:._.fk. , , ,  . ,  ........ : ..... C )  U .. . . . . . .  : ........ ee t  .,,,,. ................. .,.. 

A o A~ A u A n 

Fig. 3. Kinetic scheme Inr the !.r::nsport reactions in lhc channel, u is lhe Iohd rmmbcr of dipoles hi the bi~:ding .Silu. Ther,." ;,re ,:(p; + ~ i different 
stale.', of lh,: chdnncl, A u and B u, with u being the nuaiher of  did'boles 'up' (u = 0. I . . . . .  n). A,, are lhe sta;c:.; of the c|,n, nnel when lhr nn,icly i:, 
empty, and B,, wizen it is occupied. The quantilies v, and # ,  are the raze constants for all ion h) junip into lh¢ nloiely and out of file m~kqy. 
respeclively, k,, and I,, arc lhe nzte coastaqts for turning a dipole when lhe m.~it, ty is emply and occupied, z'¢speclively. (Explieil exp;~.,;km~: f<,r 

Ihc rate constants are given m Ih¢ 9.'xO. 
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Slates of the channel and rate co~-~stanls 

The channel protein with n dipoles it, illc binding 
site may exist in 2(n + l) distinct states. Thc:;c states 
depend on the orientation of the dipoles and or~ the 
occupancy of the site: 

A,, {binding silt: empty, and. dil~flcs "up') 

B,, (binding site oc¢,,pied, and u dilxfles "up') 

#. .  P,,- 

/,',, C: 

k,,, k,':: 

f o r e = 0 ,  1,2 . . . . .  n. 
We assume that only one dipole can turn its orienta- 

tion at a time, in a single step, apd, ihat this intcrcon- 
vertion is much faster than the ion transit)cation. This 
means that an ion crossing one barrier finds tile barrier 
in a well t~,~fined state. Under these conditions die 
kineV-c scheme of the system is depicted in Fig. 3. The 
rMe constants for transitions between the states are 
also indicated in tile figure, and are dm'iped its E~llows 
(when u dipoles are 'up'). 

t at v,, t,,. : rate constants for an ion to jump from the 
left, and fronl the right, respectively, into the 
moiety. 
rate const:mts for an ion to jump tt, the right, 
and to the left, respectively, out of the moi- 
ety. 
rate constants h~r turning one dipole "'down" 
tO "up" ,  and "'t ip" tO "'down", respectively, 
in the occupied s,,,t¢. 
riite constants for turning one dipole "down" 
It) "up",  and " t ip"  to "dowlt", respectively, 
in the empty state. 

Schematically: 

,~. .',, 
{on in left phase ~ iOll In mtfietv ~ ion i l l right phase 

a,'. 
tlil~de 'down" ~'- difK~tc "~.lp" (~c|'pied slate) 

dilx~le "down" # dill,It 'up' (entpt~ state ) 

In Fig. 3. the line connecting B, with B,,, : repre- 
sents ~he transitions between the dipolar states when 
the site is occupied. The one connecting A ,  with A ,  + t 
represents tile same transitions when the site is empty. 
The factors multiplying the rate constants I,',. i,,, k,,. 
and k,',. account for the fact that. in the indicated 
transition, anyone of the corresponding dipole:~ could 
b.., turned. The two curved lines connecting B, with 
A,,. represent the interchange of aft ion between the 
site and the aqueous phase of the left side (left curved 
line), or of the right one (right curved line). Note that 
the channel protein can be found in just one state at a 

time, and no more than one km can occupy the moiety 
simultaneously. 

The i{,ns crosses the channel in both directions, 
junlping from one phase to the moie!y and then to the 
other phase. Also, they can go back to the aqueous 
pha.~,~ from which they jumped in the previous step. At 
it given time, the net flow ~(t)  (from left to right in Fig. 
in) mat bc ,~biain2d from the net number of jumps 
over a given bar~ier. 

The jump rates v', and v," of ions into the empty site 
depend on the aqueous ion concentrathms c'  and c ' ,  

f • t ~ t l  , I f  f l  and may be written in the form: v, = ( p.  and v. = ( p,,. 
where p,', and p,] are concentration-independent quart- 
lilies [7]. Tile junJf~ rates of ions out of the site, p.', and 

ft p.,,, may I~e assumed to he true monomolecular rate 
I t  constants. Expressions for p,',, p,'~, t/,,, # , ,  and tile 

oilier rate constants are given beiow. 
Finally, we are going to assume that the only quanti- 

ties wllich are dependent on tile external potential 
U,,, = Vt' - @", arc tllosC which involve the movement el" 
tile ion, that is, p,,, ,% and # , .  Then, it is considered 
that tile necessary energy for turning a dipole is not 
affected by tile presence el ill] exte:'nal electric field. 
This is truc ior those dipoles which nlove in it phme 
perpendicular to thi~ field, but not flu those which 
move oul of this plane (although some cancelation 
effects could be expecled because of the symmetry t~l" 
tile moiety), in any case, our results will be valid ioi 
small values of U,,, ~,~:ce Eqn. 13). The main reason for 
doing this appmximatio:l is that, othci-~,i2;c?;, it could 
result in a large complication of the energy levels a n d  

the kinetic scizeme. This ~ould be subject of it further 
improvenlcnl of the model. 

Kinetic equations and ion transport 

The mere use of rate constants gives to the model a 
stochastic character. This comes from the definition of 
a ra~e constant as the conditional probability for a 
transitioa to occur in the system, or, equivalently, as 
the a",erage frequency of jumps over a b;~rrier m one 
direct:,on #yen that an ion was in the previous mini- 
mum. I'hen, the transport o!" ions |hrough the channel 
is not ~ deterministic p¢ocess, and it is necessary m use 
time-dependent probabilities in the description. 

Tht~ dynami,.s of the channel is described in terms of 
random transitions between the conformational states. 
At time t, tile relevant ouantities arc then the probabil- 
ities, = t,,(t) :md B,,(t). to find the channel in the states 
A,, ::nd B,, respectively. We use tile s~,.me symbol to 
denote the state and its probabili~yo The time evolution 
of these probabilities is given by the foliowing set of 
linear ki~-~etic equations: 

d ,4 ii 

dt = - r nk1'~ + v . ) A .  + k'l'A l + #, ,B.  ( I )  



d A t  
d---i- ~ u k " ~ A " - ( k t ' + ( ' ~ - I ) k [ + " z ) ' q t ÷ 2 k " ' 4 " + P t R '  (2 )  

d At, 
d t  (n -- I,+ -F I)/~,, 1.4,, ! - (uk;~' + (n + u ~,k,', ',+ v . ) . - l .  

~-(u +. t),t~',, i A . ,  t + p , , B .  

d - 4 .  t 
t i t  2k,', 2. ' |n 2 - ( I l l  li)k,, !+k+'+ i + r .  i)4~, I 

(31 

• i i  + n k , , . . l .  + i.t,, tB,, t 14} 

d A .  
,..I-~- ~,+ k; ~..I,+ ~ + ~,~k~ + ,,,,),+I,, + v,,li,, (5) 

and the correspt+.qdillg equations for B(!): 

d I i  o 
tlt + (tdt'~ ¢ 'uo)lJ'~ ¢ I'~'B~ + +',, +t,~ 

d i+~ " ~ 'jl_ . . . . .  n l ~ ' d l o - ( I :  + ( n  I ) l ~ + p . t ) B t + - I , l , + v t A  t (7) 
tit 

d B. 
. . . . .  (n u+ i ) l ; +  tB,, t - ( u l , ' . ' ~ + ( n - u ) l , ' , + #  ~l.+,, 
d t 

d B. i 
: 21:, :11,, , - - ( ( u - I ) l / :  ~+t,', ~+,u,,  ~)B,, t 

tit 

+ nl,'~B,, + v,, ,.4,, t (9)  

d fl,, 
. . . . . . . . . .  I,', iB,,  i - (nl,'~ + p,+)B,, 4- v,,+.l,, (10) 
dt  

r 

" ~ Pu + Itlf" where, p.,, = /z .  + ~'h, v, nd  v,, 
The system of linear equations has to be solved 

iogc lhc l '  with the pr ,  bability conservation conddion: 

,~_, [A,,tt }+ B,,{t )] = I i l l )  

dlJd the Si~,'~ll initial probabilities A,,((}), B,,(0) for 
u = O, I . . . . .  n. 

Solving the system of equations, one finds the quan- 
tities A,,(t) and B,,(:) which are expressinns containing 
the time t and the set of rate constants. The r+lte 
constants arc f ,  ncfions involving the ion concentra- 
tions, the external potential U:,, the temperature, and 
the parameters of the channel and the ion. Explicit 
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expressions for the rate con~ta:~.ts will be given in t he  
next section. 

The xlct flow of ions through the oh,mack ~{t), may 
be obtained by summing twer all t:'ansidons in which 
~m ion junlps over a given barrier. For the left-hand 
barrier this gives: 

¢,(t) = k [,o,~A,,(t)- #?,/},,tt)] 
t ~  l )  

(12} 

An analogous equivalent expression liar ~(t)  is ob- 
tained from the right-hand barrier. 

If we ha',c an ensemble of N identical channels 
embedded in the membrane, and they are prepared 
according to a given initial state, the total flow through 
the membrane is simply @(t', = Nd~(t). 

By solving the system of equations under steady-state 
conditions (dA , , /d t  =l), dB, , /dt  =(I), one finds |he 
stationary flux @ =  @(~). From this I'lux. the ohmic 
single-channel conduclance, A, may be calculated. This 
quantity is defined by: 

1 [ Z e . q ,  ] 
A =  ::,, , I . ,  pj,,, ,." 

+ " c 

(13} 

Note that, by definition, A is the ensemble average 
over all channels, which may be considered equal to 
the time average dt~ring the observation of a single 
clmnnci. ibis, includes the possibility that in extreme 
cases (when the transition rate constants are s~all 
compmed with the bandwidth of the recording device), 
fluctuations in the single clmnnel resulting from con- 
formationai transition~ may be directly observed. Such 
a limiting case is. given by a channel with openclosed 
kinetics. 

E x p l i c i t  e x p r e s s i o n s  f i }r  t h e  r a t e  c e n s t a n t s  

In order Lo write {her explicit expressions for the 
rate constants, wc arc going to calculate the height h 
of the energy profile oft~red by the binding site to an 
ion crossing the channel. This wifl be done with the 
procedure described above, that is, using a uniform 
disffibt;fion of charge on the spheres forming tee roof 
ely. 

Let the positive and negative charges on one dipole 
be se o and - se  o, icspcctivcly, whcic eq; is the elemen- 
tary ~harge, and s is a positive quantiiy {for the numer- 
ical calculations, a value of s = {I.25 was chosen, this 
correspond to the dipolar groups in the t:ramicidin A 
channel [6]). When u dipoles are 'up' and n - u 'dty~,n', 
the charges o[,' the spheres lorming the moiety would 
bc q j = ( 2 u - n ) s e ,  and q2 = - ( 2 u - l t ) s e . ,  respec. 
lively. Fr(}m elementary eiectromatic calculations, tb.e 
value of h, whici~ is the difference of energy betwcct~ 
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the two spheres times the charge of the ion, is found to 
be 

( Zct~ ) r 
h 4=r~ulrtr2) (2u  - n )  (14}  

where Z is the valency of the ion, ~" = (seoXrl - r:) is 
the dipole moment, e.  the permittivity of the free 
space, and • the dielectric constant of the medi,lm 
between the ion and the dipolar groups. 

In the expressions for the rate constants, the energy 
h ~ill be ~i'iltctt in the form h l k i l  T = (2u - n)f ,  where 
k, is the ik~itzman'~'s constant, 7" is the a0solute tem- 
perature, and f is a dimensic, nless quantity defined by 

It is also necessary to k n o w  the energy to turn a 
dipole when u d/poles arc "tip' and II - u 'down'. This 
energy is closely lelated to h, because h/Z¢,: iy. the 
energy required to interchange a unity of charge be- 
tween the two spheres lbrming the Inoiely. The process 
for turning a dipole is equivalent to the process for 
interchanging the charges seo and -seo between the 
two spheres. The corresponding required energy is 
simply given by 2sc,( t , /Ze. ) .  We define a dimension- 
less quantity g: 

g ~ 2 s f l Z  ( l eo  

which will be used in the energy dependence of the 
corresponding ra te  cons | :Jnls .  

Now. using the rate tDeory analysis of ion Iran.soort, 
and according to the assumptkms and approximations 
we have made atxwe, the explicit exprcs,,ions fin" the 
jump rates of ions, when there exists an exierm~l poten- 
tial U.,, = d~' - de', are given by: 

i .  ~'|%, i .  ~ '  il l. (17 )  

p,'o ~ ~',, cxp l l ~ l  */.tt2)l,, , ,I. wi th  ~ ,  ~ ~ r .  - - I . . . .  cxp(  , t l (21i  II) f | 

(18)  

ll,] ~ ~,~ c.xp( ,~-(¢! + / t l ' i t u m ) .  t J l h  i ~  : ili~ ; t i p (  -¢ t l (~u  - I ' l / ' l  

( l t i l  

ll~, '~ ~' .  c x p ( ( l ) 1 3 1 ) l . , I ,  w i th  ~:, :. )i:, . c x P l l i l ( 2 u -  ' l i t " )  (2( i l  

l l~ - li~. t i p (  : ( l t t 2 i u , , , ) .  w i th  ~,~ : li~') ; cxpl iOl i (2u - , )1'1 

(21)  

where It,. is the dimensionless external potential de- 
fined by 

u,,, ~ ZgJ~,,, !(kzzT) (22)  

and, P,',/2, P,'~/.,, #',,/.,, and g',',/, arc constants inde- 
pendent of u and a,,,, they only depend on the undis- 
turbed internal potential profile when there is no ex- 
ternal potential U,,, and there is no polarization in the 
site (u = n/2) .  Note that because of the assumed sym- 
metry of the potenzkd energy profi!e, the equalities: 
P,,l'-= P,,/'- and g-l- '  = #-:/-' are fulfilled. The factors 
containing a, /3, al and /Jz in the exponentials, ac- 
counts for the fractions of u,,, and f that contribute to 
the change in the height of the energy barriers (see 
Figs. lb and 2). 

Similarly, the rate constants for turning the dipoles 
are given by: 

~ rt /,,', .. ~(~, ,. cxp( - ( 2 u  - n l ~ 1 2 i .  /.[[ : / q  .; c x p i l 2 u  _ u , ~ l  . . . .  .)'l 
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I,~ I;, : c x p ( - - 1 2 u - . i g l ' T ) ,  I , ' [ - i . ' . , C X l l ( 1 2 u : n l g i 2 i  ( ' l - l l  

o where k;,/, and k, , / ,  are consiants independcnl of  u, 
and they only depend tin the internal energy barrier of 
the binding sitc (not shown) when iherc is no pohtriza- 
lion (u = n /2) .  The dimensionless energy g is defined 
in Eqn. 16. The filclor 1/2 in the exponentials raises 
the implicit assumption that the internal energy barrier 
of the site is syrnmetrical. It also assumes that the 
differ,.'nce of potenlial between the spheres is approxi- 
matc,y linear (see the lower part of Figs. Id and 2). On 

"r t  the other hand, the quamilies ~',., and I, /z are related 
with k , / ,  and %/., because the filrmer arc obtained 
from the later when considerhtg thcil modification due 
to the presence of an ion into the moiety. If this ion 
only contributes with its electric field to modily the 
internal barrier of the site, the energy required Io turn 
a diptfle is increased by the quantity 2( ] "  knl7")/2 as 
may be seen from elementary electrostatic clacuhitio~s 
(the factor 2 ir~ the numerator i:ceounls for the t~,, 
changes of a dipole, "rod thai in the dcnominatoi 
accounts for the symmetrical internal barrier of the 
site). Then, the quantities I . / .  a~,ld I,,/, are given by 
illc ftfllowing e×nrcssions. 

t,;, r., , . = k , , , ' : e x P ( - ] ) ,  andl." =~ , •cxp(f l  (23) 

Delailcd balance 

If the channel modei constructed here hlts to be 
consistent with the microscopic reversibi!ity, then, in 
the equilibrium state the ~:et of trite constants have it; 
satisfy the requirement of the detailed balance. Tilat is, 
in any closed circuit taken in Fig. 3, the k~r, vard 
product (counterclockwise) of the involved rate con- 
stants should be equal to the backward product. Let us 



check this requirement for some closed circuits of tl~e 
reaction scheme. 

"Fake the circuit: 

A u  

The detailed balance requires: (v,"#;',)/(v,',#'.)= I. 
Substituting the expres.,;ion for the rate constants given 
in Eqns. 17-22, we get: 

V, , / . t  u d I P ~ , / / u  

,,,,' i,;, ,"'p,,/a,,' ( ,  '[i;; 2 t, xp( -- ( , ,  + p / 2 ) u  m ) 

Xcxp( - ~q(2u - n ).I" ) ~ . ~ ,  cxp(/3d2, - n ) f )  

X e x p (  ~- ( p / 2 ) u , , ,  ) }  

X{r ' i~;,  : cxp(~, + /~ /21u , , ,  ) 

X C x l R  -~ ' t  i(2U - ").1" )Ti;, 2 

Xcxp(/~ ,( 2 u - n ).1' I cxp( (/3 /2 )u,,, } } 

{ Pn/21a,~ .2 
. . . . . . . . . . . . . . . .  exp (  - u . .  ) = Cxp |  u .  - u , . )  := I 

(" ! In .  2 ~ n ' 2  

where we have used tile relatkms 13,'~/2 = 1-~i/2, P-',,/2 = 
P",',/2, 2(c¢ + ~) = I. and c" = c'  cxp(u.),  with u ,  being 
the Ncrnst potential. The Ne,'nst potential , ,  is equal 
to u m in equilibrium. 

Take now the closed circuit: 

! o I1'  

_ B .  B,, ,  l 

\ 
I 

A,, - ~ A , , ,  i 
1 . ,  I}/,~:, 

the requirement of the detailed balance is 

v , ,  i ( u  + I ), , , ,  i p , , ( n  - . ) k .  
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  ~ l  

,,,',(, -, )1 [ ,# ; , ,  , { u  + I~lg'; ,  , 

substituting |lic expressions of Eqns. 17-25 for ti~e rate 
constants involved here, it is found again that the left 
hand term, reduces to e x p ( u o -  urn) which is unity at 
equilibrium ( .'.,. = u .,, ). 

Similarly, it can be shown that the requirement of 
the detailed bahmce is fulfilled in every closed circuit 
chosen from Fig. 3. Therefore, the model is consistent 
with the microscopic reverrdbility. Note that, in a non- 
equilibrium state, the quantity exp(u.  -- u,,,) is the driv- 

I" ,'1 ing force for the cycle.': it: ,h,, system. 
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Solut ion  o f  the  sy s t em o f  kinet ic  e q u a t i o n s  

We arc interested in the behavior of the ohmic 
single-channel conductance, .t, for different values of 
the model parameters. Therefore. we have to deter- 
mine the stationary soluti:m of the system of linea. 
kinetic equations. The method used to find this solu- 
tion for arbitrary value of n, was -~ numerical one 
assigning explicit values to the parameters vf the model. 
in addition, the solutions c~n be bound analytically for 
n = (I and n = 1, and because they are not tot) compli- 
cated their general characteristics may be analyzed in 
detail In case n = 1), the model correspond to a rigid 
pore which has beer. well studied before [7]. 1,1 case 
n = 1, the model represents a channel with two confi~r- 
mational states, and it has been treated in general in 
Ref. 1. As mentioned before, the general trca!ment 
c o n s i d e r s  t i l e  /2OllfOrl l l l i t ion~. t l  s t a t e s  a s  a b s t r a c t  ' ~ t a l e s  

o f  ,t, t ' , l a | l n e i  p : '~ : tOi l l ,  a n d  it is  i l o t  a s s u m e d  a n y  p a r t i c u -  

l a r  mcchanisnl fi~r the conl'ormatiomd transitions in- 
duced by the ions. In the following, wc derive mine of 
those results adapting them_ to the present model. 

Fo." n = 1, only one dipolar group exists in the site. 
It is clear that, in this case, the method of uniformly 
charged spheres that we used to calculate the energy 
profile of the site in the polarized state, is very rude, 
and it has to be considered only as a gross appr ~ima.. 
tion. Nevertheless, as will be shown later, *he main 
features of the model for n > 1, arc found also in this 
C~lse. 

For one dipole in me site, the channel protein may 
exist in four distint states: A . ,  A t, B. and B I (sec Fig. 
3, with n = 1). The system of kinetic equations (Eqns. 
1-11) consists of Ib,u" equations with four unknowns. 
As explained before, in steady state, the net flow of 
ioas through a membrane having embedded N identi- 
cal channels, is given by @ = Ndh being & the net Ilow 
per channel (see Eqn. 121: 

( 2o; 

where A. .  A i. B o. and Bt arc here the stationary 
probabilities tar th,: corresponding states. These prob- 
abilities are found to be: 

A,, = L~*,,t['q,', + k',') + .,/~['qv,, ~ !,;t]/+~ (27)  

A ~ = I .  d,';( v , ,  + i.~; I + v.,,I.,',( ~. ~ + I[' ) l /  .r  ~ ::s 

B,. = [, d~'(a . + k;. )  + v .k ['{,*s + I [ ' ) ] / , ~  ( 20 ) 

& = [v,I,;O't + k i') + ,'sk',(~., + / , ' , ) l / * *  

i ¢t 
where / . . - / a .  +/.'~'. /1. -/~'n 4/*'b v . ~  v~+ v, ,  v~ 
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v'~ + v~', and, the denominator a is defined by: 

# -~ (ki' + k~',)(~t,u, + #d[' + ~1~'~) 

-I- ( ! '  i' + [ ' ) ) ( I , l i i ,  i -t- i ' l ik  ~' q- I, ikl') ) 

+ VlilU, l( ~ 7 + i~)) 

As expected, Eqn. 35 reduces to Eqn. 41 in the limit 
k;, = t;) = o .  

Results 

Sai,ratic.r beharior  

+ ),t~.t)(l~' + k~')) (31) 

Inserting Eqns. 1% 27-31 into Eqn. 26. we get: 

4~ = y [ I - exp(ut) - un, )1 (32 )  
O' 

with, 

y ~ i . p o ( ,  )it + k ) l l  ") ptt~t )+ )'llxt(r.l(') + ~DI[) ~ Pi)k(')) 

+ ),:,~k i'1,', + ,'; #',)1;'/, :, (33) 

(a) Case n = 1 
in the general treatment given in ref. ! for a channel 

with one site and two conformational states, it is 
pointed out that the difference between the behavior 
of A(c) from Eqn. 35 and from Eqn. 41 is clearly 
manifested using some combinations of rate constm,ts. 
The conductance in Eqn. 35 goes through a maximum 
with increasing ion concentration c, whenever the rela- 
tionship D H  > E G  is fulfilled. This relationship, which 
is directly obtained from Eqn. 35, is equiwdent to the 
condition: 

From this flux, the signle-ehannel conductance can be 
calculated using Eqn. 13 (with q) = N~h): 

Zeod) ] (34) 
, t  ~ lim ~ ,' 

I~'m ) I l L  ~" I 

this l imit  yields ,l as a funct ion of  the ion concentra-  
t ion c: 

(Zt'u) a ( ' (D+ l';c) 
(35) 

I ( ( ' )  k u  T F + Gc + l h ' :  

where, 

o ~ ,,;,~',,~ i'( ~, + fi')+ ~'i u i ~,')(u,, + t,,)+ ~,;,uV, i'I,', + ,,i ~,',,Ii'/, ;, 

I.: ~ o;,l,)u',,l~ ~ ob,,u~4', 

!." ~ (ki' ~ k~,)(m).~ + m,l[' *- u~l;,) 

(37) 

(38) 

,,i' +,,,,[ 6 _  <, 1' 
[ # ,  #l J 

.'.. + + ............. 

I k,  ?,lt . , ,  ..... " ,  J 
(42) 

Eqn. 42 is a general relation fi)r a channel with one 
site and two conformational states. That is, every chan- 
nel model of this type, having rate eonstams satisfying 
this relation, should show a maximum in its conduc- 
tance. 

Let us check if the particular channel model treated 
here satisfy Eqn. 42. Using the expresskms for the rate 
constants given) by Eqns. 20-22 (with U m = (i), it is 
lbund that, 

I 1 I  v,? ~ V~,,~, cxp( .t"/21 
P,, - ~ I  ~,', :, expt - , I ' / 2 ) ~  ~'~,: c x p ( - - . I ' / 2 )  

. . . . . . . . . . . .  . . . . . . . . . . . . .  1 =,) 
~ ,. exp(l'12) + P i,.'. exp(.fl2) J 

(~3) 

i l  ~ PoPt( I~  + I~'0 (40 )  

m ¢ ee I ~¢ 
with p .  - P~; + PI~, Pl  = P i  + l h ,  t z .  - Izo + p . ,  and /z t 

~ +/Z~. Note that according to the definition of  A 
in Eqn, 34 the rate constants appearing in Fqns. 36-40 
refer to a voltage U,~ = 0, (see Eqns. 18-22k 

it is seen from Eqn. 35 that A(c) is a nonlinear 
function of ion concentration containing terms which 
ate quadratic in c. This behavior may be compared 
with the properties of a one-site channel with fixed 
barrier structure (n = 0) which always exhibits a simple 
Michaelis-Menten saturation characteristic [7]: 

(Ze . )  ~ pq'~u~c 
. t i c )  ~ - -  (41)  

knT g.~) + ,aoc 

but, the right-hand term in Eqn. 42 is a positive quan- 
tity (rate constants are positive quantities). This means 
that the condition for the existence of a maximum in 
the conductance A(c)(Eqn. 35) is not fulfilled by the 
rate constants of our modei with n = I. In other words, 
a channel with one dipolar group, has a conductance 
, | ( t ' )  w|fich al~ays behaves like a saturation curve. In 
fact, no matter what the particular values of the rate 
eon.'aants were used (as long as they were consistent 
with Eqns. 17-25), A(c) from Eqn. ~5 was always well 
fitted by Michaelis-Menten curves A,,~,~c/(k m + c ) .  
These results are shown in Fig. 4, where the conduc- 
tance A ( c )  (in arbitrary units) is plotted for several sets 
of parameters of the model. The fitting curves can not 
be distinguished from the A ( c )  curves. 



An intuitive explanation for the inverse relation 
b~.tween the conductance and the parameter g, as 
show, in Fig. 4, can be given with the help of Eqns. 16, 
23-25. This equations show that g determines the 
values of the rate constants !~'~ and / I' in such a way 
that I~'~ increases and I I' decreases as g increases (see 
the values of the remaining parameters in Fig. (4). This 
situation determines, partially, a greater probability for 
the 'all down' (B0) compared to the "all up' (B I) states 
(see Fig. 3, with n = 1). In the B n state the correspond- 
ing minimum is deeper and, therefore, the average 
time an ion soencts in the site is greater compared with 
that in B=. This fact decreases the chance for the ions 
to enter into the moiety and, consequently, the net flux 
is decreased. This point will be extended in the section 
dealing with the selectivity of the channel. 

tb) Case n > ! 
For a channel wilh one site and n + i  abstract 

confi)rmational states, A(c) c:m be shown to have the 
general form [11: 

P,,(,') 
A ( , ' )  = , ' - - - -  (44)  

Q., t(,') 

where P,,(c), and Q,,+ i(c) are polynomials of n-th and 
(n + l)-th order, respectively. The concentration de- 
pendence of the conductance, as described by this 
equation, may become rather complicated. 

Nevertheless, for the particular model of channel we 
are treating here, it is found that the conductance 
always presents a simple saturation behavior. As men- 
tioned before, to find the solution of the steady state 

0.24 , , , , ~ ~ ) , 

,= 0.o  

0.12 0.6 

t I i I I I I I I 

0 0 5 10 
C 

Fig. 4. Conductance  A(c) as a function of the t o , c e n t r a l | o n  c 
(arbitra,q' units). There  is only one dipole in tile binding site (n  = 1). 
The curves are presented for several values of the energy g. The  rest 
af  Ihe parameters  used in these calculat ions are: a = 11.3, ut  = 0, 
s = 0 . 2 5 ,  and Z =  1. The  values of the rate constants  (in s- ~) are: 

, 7. ,, - ,  k, /2 = !.0. k,, / ,  = 1.0, P,,/z = 1.0, and ~',,/2 = 1.0. A l l  the condue-  

tances are wel l  f i t t ed  by M i c h a a l i s - M e n t e n  curves A.,,~c/(k m + c). 
The values of the parameters  (Area ~, k m) corresponding to g = 0.0, 
02,  11.4, 0.6, and 0.8 are found to be: (0.25, 1.0), (0.23,0.92), 

(0.1q, 0.75), (0.14, 0.55) and (0.97, 0.39), respectively. 
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A(cl n = 0 - ~ - - - ~ - ~  

012 

1 I i I I I i I I 

0 5 10 
C 

Fig. 5. ( ' onduc lance  A ( c )  as a h,,,ction of  tile concentrat ion c 
(arbitrary unils). Tile curves are presented fi~r several numbers n of 
dipoles in the binding sile. Tile paramelers  used in these calculations 
are those in Fig. 4 with g = 0.2. All tile conducla.lces folnld with 
0.~ese and inally o | h c r  comlfimltioas ol par:unelers  arc well filled by 

Mich,'lelis-Menten cnrves  A nla~C/t ~ m + (')' Tile pa ramete rs  ( A m~x, 
k m) corre.~pomlin ; Io n = 0, I, 5, 21), 5(1, :rod 70 .'ire filtlnd to be: 
111.249, 0.g~)), 111.231,0.q25), (0.180, 1).76), (0.145.0.581 ), (11.128, 0.5116), 

and (0.124, 0.5), respectively. 

for n > 1, we solve numerically the system of kinetic 
equations (Eqns. 1-12). Using this solution, we obtain 
the conductance A(c) as given by Eqns. 34 and 12. 
Even when the numerically determined conductance 
has to have the general form of Eqn. 44, no compli- 
cated dependence on c was observed. For all the 
values of n > ! studied, and for all the sets of parame- 
ters chosen, the eonductanees obtained by Eqn. 34, 
were always well fitted by Michaelis-Menten curves. 

This interesting result can be explained considering 
the way in which the rate constants in Eqns. 17-25 
combine to form the coefficients of the polynomials in 
Eqn. 44. The general form of these coefficients is 
rather complicated and it is not easy to find a general 
condition for the existence of a maximum in A(c), as it 
was the case for n = 1 (see Eqn. 42). in Fig. 5, the 
conductance of channels with different number n of 
dipoles is shown. The inverse relation between the 
conductance and n is explained below. In these calcu- 
lations the quantities ~,,/~, ~',,/2, k,,/2 and k~/2 were 
supposed independent of n. All curves were well fitted 
by Michaelis-Menten curves. Analogous curves were 
found using several sets of model-parameters. 

Let us now turn to the second interesting behavior 
encountered in the model, that is, the different con- 
ductance that the channel exhibits depending on the 
sign of the ionic charge. 

Selectivity 
For all curves of A(c) presented above, the sign of 

the ionic charge was chosen positive. This was done 
when electing the value of the valency Z. The dew, n- 
dence on this quantity is introduced in the model by 
the relations in Eqns. 15 and 22. Also, in all those 
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curves, the values of a~ was chosen equal to zero, 
representing the geomtry shown in Fig. ld. In the 
following we investigate ~he consequences on the con- 
ductance A(c) for anions and cations when a~ is va,r- 
led. 

(a) Cast, a i=  0 
If a I = O, the conductance for cations (Z  = i) and 

for anions (Z = - 1) is depicted in Fig. 6a, the values 
of the remaining parameters used are indicated there. 
For anions the conductance is calculated using Eqn. 34 
with U,, < 0. As can be seen in this figure, the conduc- 
tance strongly decrease when the transported ions are 
cations. The nmgnitude of this effect depends primarily 

y. ,  T.,, o n  the ratio of the r a t e  c o n s t a n t s  k./a a n d  k,/2. [ : o r  
T , ,  "T, this plot it was chosen k , , / , / k , , /~  = 5. Thc effect also 

depends on the number n of dipoles in the site, for 
anions the conductivit~ increases with this number, and 
for cations it dee  eases. As expected, li~r , = II (rigid 
pore), the conductance is the same for both types of 
ions. 

This selectivity is explained because the ratio of the 
~ t l  , r rates k , , / ,  and k, , / ,  determines the preferential equi- 

librium position of the dipoles. This fact can be clearly 
T.,, T., understood considering the extreme case k , , / ,  >> k,,/,. 

where the site is preferentially found by the ions in the 
'all down' polarized state. In this state the site presents 
a total energy profile where the minimum in Fig. ld is 
deeper for cations compared to anions. In this situa- 
tion the anions escape more easily from the moiety, 
and rapidly give chance to other anions to occupy the 
site ( remember that only one ion can occupy the site at 
a time). The cations spend more time in the moiety 
before they acquire enough energy to escape and, 
co~rcspondlngly, I|lOlC time passc~ before other cations 
can enter into the site. Because of the value ~q -- I), the 
height of the barriers does not depend on the polarized 
state of the site nor on the charge of the ions, there- 
fore the rate to enter is the same for both types of ions. 
The resulting effect is a greater anion over cation 
conductance. 

7.,, , z ~  Similarly. i f  the relatkm k,,/._ ~ . k , , / :  holds, the re- 
sult is a greater conductance f:~r cations ten,pared to 

t .t# a)dons. And, as expected, in the case k, , / ,  = k,,/,., the 
conductance is the same for both types of ions. 

The dependence of the conductance on the number 
n of dipoles in the site can be explained because the 
average height of the minimum in the total energy 
profile depends directly on this number (apart from 
k,,~, and k,'~.,). This effect is opposite for anions 
compared to catkins. In Fig. 6a the conductanccs for 
n = 10 and n = 211 are shown. 

(b) Cast" a l = i 
In this ca~ ,  the conductance for cations and for 

anions is depicted in Fig. 6b. The role of both types of 
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(ar l) i l rary units), in the cases: In) cv I = (|, 01) ~r I ~ I, and (¢) cz~ = 0,5. 
~h is def ined in Fig. 2. Z is the valency of  tl)e t rannponcd ions. u is 
lhe number o f  d ipoles i~ lilt: I~inding silt.', and the I'esl o f  Ihu 
|}artllnt.'|crs II,~.d ii1 Ihvsu t'alculalion.~ arc: ,q = 0.1. :~ --1).3, .v = ().25, 
i~,'. : = 1.0. ,~;, ±: = 1.0, [ : ,  ,, = I,l| and ~ : : , ,  = 5.0. The vah,cs of  the 
ra te  COl1,S|~.ll1|S k ~, ? ;.llld k ~:,2 t l u l u r n l i n t :  t i l t :  prctcr rcd o r i e n t a t i o n  o f  

t11u dipoles in the b ind ing ,~ih:. lhi.~ facl l'a¢ilihflu.~ lh~: transport o f  
ions o f  one type :rod hindurs the other.  Which type is h indured 
dCpel|ds cr i t ical ly on Ihe value of  I l lu parameter  c~;. A l l  conduc- 
Rmc¢.~ dru wal l  f i t ted by Michau l is -Menten curves ,t,,,~('/(k,, + c). 

In case (a). the parameter.,; ( Im~x,  k , , )  corresponding to Z = - I and 
Z = 1, respccl ively, are found to be: ( I . ( }1.4.04) and {0.043.1|.16) for  
t l =  20, i l l ld ,  ({}.(12, 2 .49 )  ;Jl ld (O.Ob[,O..~3) for u = 10. In case (b) :  

(0.25, 4.05) and (0.25, 0.17) for n = 2 0 ,  and. (0.25,0.32) and 
(0,25, 2.4q) for n = I{|. In case (c): (0.48, 4.04) and (0.(i98, 0.17) for 

n = 20, and, (0,38, 2.49) and (0.14, 0.32) for iz = 10. 
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ions is now in, erted as compared to tile case (a). That 
is, the conductance is now greater for cations. The 
magnitude of this effect depends on the ratio of the 
rate constants -k~,/,~ and k,,/2, and also on the number 
n of dipoles in the site. For n = 0 (rigid pole), the 
conductance is the same for b,.~th types of ions. 

An explanation fi~r this inversion in the charge se- 
lectivity may be given easily, using Fig. 2. F~;r a ' , -  I 
(/3 t = 0), the only contribution of the polarization is to 
change the heights of the maxima in the energy profile 
without changing tiae relative position of the minimum. 
Therefl~re, the entrance barriers encountered by an 
anion are higher if the polarization is near the 'all 
down' state. This I~lc! decreases its probability to enter 
into tile binding site. The opposite occurs if the trans- 
poxted ions are positive. 

The explanation for tile depemlcncc of the co n d u c  
lance on tile number of dipoles in tile site is imilar a.~ 
in case (a). 

The i,iversion in the caliOtllanion selectivity is not 
symmetric, its may be seen eonlp-ning Figs. ha and hb. 
In case te~ = I, all the livtr conduclances tend to the 
same limit its c increases. This common limit is ex- 
plained because the constant heights of the exit barri- 
ers arc tile sanle in the four cases (in contrast to the 
case ~e~ = I)), and, the rates for entrance depend on the 
concentration c. In ease t~l = 0, the Ibm" different 
average heights of the exit barriers determine the limit- 
ing n'ates for the transport processes, therefore each 
one of the h~ur conductances has its own limiting 
value. 

(c)  ( 'a .w  cej = ¢;.5 
In this case the contribution from the polarization 

results in changing both, maxima and minimum, of the 
energy profile (see Fig. 2). This fact is manifested on 
the charge selectivity, which behaves intermediate be- 
tween the cases (a) and (b), and it also depends on the 
concentration c. Fig. Oc shows these findings. For low 
values of the concentration c, the selectivity behaves 
like in case (b), but for high values of c behaves like in 
(a). As ,e t varies from 11 to 1, tile crossing point for 
cation and anion conductances moves to the right. The 
dependence of ,l(c) on the ,lumber of dipoles is more 
complicated than in the cases (a) and (b). For n = 1), 
the conductance is the same for both types of ions. 

All curves in Fig. 6 were well fitted by Michaelis- 
Menten type curves: A,,,,,~c/(k,, + c). The correspond- 
ing parameters (A,,,,,~, k,,,) for each curve arc indicated 

there. 

Discussion 

We have analyzed a model of channels with fluctua- 
tions in their internal barrier structure. Fluctuations in 

the energy profile of a channel may be expected to 
arise from tra,lsitions between the different confl~rma- 
tional stales of tile channel protein. The general prob- 
lem is complex, therefl~re, a simple but more ~ealistie 
model in comparison to a rigid cham,,cl structure have 
bccn considered. The channel has two (main) barriers 
al~d a si,agle (main) binding site. The rates of confl~r- 
mational transitions are comparable with the jump 
rates of tile ions. The nature of the co,ff~rmationai 
states is proposed to arise from the movement of 
dipolar groups in the site. A jump of one ion into the 
energy minimum is li~llowed by transitions into more 
polarized states. Under these conditions coupling be- 
tween transport and eonfi~rmational transitions occurs 
and the channel conductance A exhibits a peculiar 
dependence on the concenlralion c. According to lht~ 
general theory of fluorinations in barrier structure in 
chanmel:; Ill, if the rate constants .sadsi'y ccrtaill condi- 
tiotlS, ,l could show a non-simple salur:ttion behavior. 
Nevertheless, Ibr the presented model, it wits found 
that tile rate constants contrihutcd in such a way that 
simple saturation etnwes were obtained. This wits true 
for all the sets of parameter used in the calculations. In 
the case of only one dipole in tile site (n = 1), it was 
shown that the corresponding rate constants do not 
satisfy the requirements for the existence of a maxi- 
mum in the conductance A(c) and, in fact all the A(c) 
curves were well fitted by Michaelis-Menten curves. 

The second interesting property found it1 this model 
is the selectivity fo," the sign of the ion',. This was 
clearly manifested by the very diffceent t.- .,ctai~ces 
presented by anions and cations for certain values of 
the model parameters, if the dipoles of the binding site 
have a preferred orientation (close to the 'all up', or t4~ 
the 'all d~wn' states), ion:¢ with different sign in charge 
'see" different energy barriers when they try to get out 
or to get in the site. The conseqt:~nce may be a 
strongly different cation over anion transport rates. 
This ca t ion /an ion  selectivity critically depends on the 
value of the parameter  a t, which determine the posi- 
tions of the dipoles with respect to the maxima of the 
energy profile. As shown in Fig. 6, the extreme oppc.,- 
site situations correspond to the cases where only the 
heights of tile minimu,~: (at  = 1)) or of the maxima 
(a I = 1) arc changed due to the polarization of the site. 
For at  -- 11.5, both tendencies compete, and the result- 
ing selectivity depends also ~n f.b.¢ o,nccntralion of 
permeant ion in the aqueous phases... 

Other interesting characteristics of this m~del will 
be presented in a ~brthcoming publication. The conse- 
quences of consic~ring ions with different size and net 
charge, and the ca~,,e of a non symmetric energy pr,~filc 
will be analyzed. Also, the time relaxation of the ion 
flux will be investigated when an external parameter 
such as the concentration or voltage is changed sud- 

denly [8-12]. 
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