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Physical Origin of Selectivity in lonic Channels of Biological Membranes
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ABSTRACT This paper shows that the selectivity properties of monovalent cation channels found in biological membranes
can originate simply from geometrical properties of the inner core of the channel without any critical contribution from
electrostatic interactions between the permeating ions and charged or polar groups. By using well-known techniques of
statistical mechanics, such as the Langevin equations and Kramer theory of reaction rates, a theoretical equation is provided
relating the permeability ratio Pg/P, between ions A and B to simple physical properties, such as channel geometry,
thermodynamics of ion hydration, and electrostatic interactions between the ion and charged (or polar) groups. Diffusive
corrections and recrossing rates are also considered and evaluated. It is shown that the selectivity found in usual K*,
gramicidin, Na™, cyclic nucleotide gated, and end plate channels can be explained also in the absence of any charged or polar
group. If these groups are present, they significantly change the permeability ratio only if the ion at the selectivity filter is in
van der Waals contact with them, otherwise these groups simply affect the channel conductance, lowering the free energy
barrier of the same amount for the two ions, thus explaining why single channel conductance, as it is experimentally observed,
can be very different in channels sharing the same selectivity sequence. The proposed theory also provides an estimate of
channel minimum radius for K", gramicidin, Na™, and cyclic nucleotide gated channels.

INTRODUCTION

The production and propagation of nerve impulses alon@mino acids. For instance, it is now well established that
neuronal structures and across synapses rely on the exisharged and polar residues control single channel conduc-
tence of ionic channels specific to Nand K*: these highly  tance in ionic channels (Imoto et al., 1988), the selectivity
selective channels provide the basis for electrical signalingpetween monovalent and divalent cations (Heinemann et al.,
in the nervous system and ultimately for information pro-1992; Kim etal., 1993; Yang et al., 1993) and the selectivity
cessing in the brain. The understanding of physical mechbetween cations and anions (Galzi et al., 1992; Roux, 1996;
anisms underlying the ionic selectivity of these channels id20rman et al., 1996). In these experiments & Naannel

a key issue in contemporary biophysics and cell physiologyVas mutated in a Cd channel by single point mutation and
(Hille, 1992). a cationic channel was mutated in an anionic channel by

X ) . ; .
In 1962 Eisenman provided a very simple and e|eganphang|ng a restricted ngmber of amino acids. &d Na .
theory of ionic selectivity, inspired by the selectivity of Channels have extensively mutated (Faure et al., 1996;

special glasses to bind specific ions (see also EisenmaE“”er et al., 1997; Chiamvimonvat et al., 1996; Hegin-

1963: Krasne and Eisenman, 1973: Eisenman and Krasn otham et al., 1994; Yool and Schwartz, 1991; Slesinger et
1975). Selectivity was explained as originating from the@l-» 1993; Kirsch et al.,, 1995) but so far it has not been
difference between the hydration free energy of the ion an@0Ssible to mutate aKchannelin a Na channel (and vice
the energy of the interaction between the ion and a chargef"s&) Py changing charged and/or polar residues. As a
binding site within the channel. This theory correctly pre- consequence, it has not been possible to |dent|fy_a restricted
dicted the existence of X| selectivity sequences, usualyumPer of charged and/or polar groups responsible for the
found in biological ionic channels. The notion that ionic Selectivity between Naand K, and the notion that elec-
selectivity is primarily produced by electrostatic interac- tros_ta_tlc interactions within the Char_me_l determlng the se-
tions of the ion with charged and/or polar groups within the!€Ctivity between Na and K" of an ionic channel is not
channel has been subsequently developed by several authGiPPorted by the extensive experimentation carried out so
(Eisenman and Horn, 1983; Reuter and Stevens, 1980) arl@" _ _
represents the core of the present understanding of ionic | "€ Purpose of this paper is to analyze whether the
selectivity. sel_ec'qwty among monov_a!ent cations, such as Isigd K",

The possibility of mutating amino acids at given locations©f 1onic channels may originate from simple physical mech-

of an ionic channel by using genetics and molecular biobw’misms, different from the electrostatic interactions so far

has provided significant information on the role of specific ProPosed. Two observations are at the basis of the proposed
theory. First, Na and K" channels in different tissues and
animals have a different amino acid sequence but a common

structural feature: K channels are permeable only to small
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modynamics of K (or Na") hydration, that is, the physical 1963). The Born approximation is physically sound, al-
mechanisms by which water molecules interact with permethough it assumes that the solvent is a continuum dielectric
ating ions. medium. Furthermore, because the model is based on a very
This paper provides a theoretical relation linking thesmall number of parameters, it was possible to explore a
permeability ratioP,/Bg to simple physical properties of |arge range of plausible situations and show the conse-
the channel, such as its radius and other molecular propeguences. The strong point of the Eisenman theory is that
ties. This theoretical relation allows us to evaluate theomy very specific selectivity sequences came out of this
physical mechanisms underlying ionic selectivity: by takinggnajysis. Recently, the role of electrostatic interactions in
into account the thermodynamics of ion hydration, it iSjonic selectivity has been reinterpreted as being a result of

possible to numeric_ally compute the permeability ratiointeractions between the permeating cation arelectrons
PA/Pg between alkali monovalent cations and compare th%f aromatic residues (Kumpf and Dougherty, 1993)
contribution of geometrical factors and electrostatic inter- A more detailed analysis of ionic perme,ation tﬁrough

actions. The present paper shows that selectivity of ionicgjiological channels can be obtained by two different ap-

hannels among monovalent alkali cation n xplain . . )
channels among monovalent alkali cations can be explaine roaches: molecular dynamics simulations and Kramer rate

from a semiquantitative point of view, simply in terms of : :
the size of the inner core of the channel and of the thermot-heory (see Appendix A). Molecular dynamics has been

dynamics of ion hydration, without any significant contri- used to understand several properties of ionic permeation in

bution from electrostatic interactions with charged or olargramiCidin (or gramicidin-like) channels using either clas-
o 9 POIAlG;cq) dynamics (Roux and Karplus, 1991, 1993, 1994; Roux,
groups within the pore.

This paper is organized in five sections. The first reviewslg%; Dorman et al., 1996) or ab initio methods (Segonella

revious approaches used to describe ionic permeation ar‘?ﬁif al,, 1996). These approaches have provided important
P P P information on the location and properties of wells and

> ) R ) i
selectivity. The aim of the second section is to provide Sarriers and on the role of amino acid side chain motion.

theoretical equation (Eq. 6) linking the permeability ratio Several authors (Eyring et al., 1949: Woodbury, 1971;

PA/PB. petween lons A and' B and some physlcal quarm“esi_auger, 1973; Hille, 1975a) have proposed a description of
describing the channel. This equation is obtained from Lanfhe permeation of an ion through a membrane channel as the

gevin equations in the case of strong friction and from__ " : . . ) :
) motion of the ion through a potential ener: rofile (see Fig.
Kramer rate theory (KRT) in the case of moderate-to-strongl A). This energy progfile iz usually corg)r;opsed b§/ Wells?

friction. The third section presents an explicit model of thecorresponding to binding sites and by barriers, correspond-

Silti((:jtl\;g)r/ mtgr:bsggrﬁ?eaﬁ;\rl?q(e::t?gx re_ll_té*/ fPoBulrthZ:]c_tioning to activated states. These approaches were largely based
pute . S L on KRT and in several occasions provided an excellent
reviews experimental results on ionic selectivity amongdescription of the experimental data (Hille, 1975b; Perez-

monovalent cations for K, gramicidin, N&, cyclic nucle- Cornejo and Begenish, 1994). However, these approaches

otide gated (CNG), and end plate Cha”’?e's. in the “.ght of th%1ssumed the validity of Transition State Theory (TST) and
proposed approach for understanding ionic selectivity. Th(?ate constants were as in Eg. A.5, thus neglecting friction

fifth section is a discussion of the results. and assuming a transmission factor equal to 1. However,
when an ion moves in a liquid and/or in a channel, it
PREVIOUS APPROACHES conti_nuously interacts with the water molecules and atoms
forming the channel so that friction cannot be neglected
Our understanding of ionic selectivity in membrane chan{Cooper et al., 1985, 1988a, b; Andersen, 1989). In addition,
nels relies primarily on the pioneering work of Eisenmanit is not possible to neglect diffusion phenomena, which are
(Eisenman, 1962; Eisenman and Krasne, 1975; Eisenmdikely to be relevant during the permeation process. As a
and Horn, 1983) on glass electrodes and selective chelatorsonsequence, the use of rate constants as in Eq. A.5ywith
Briefly, an ion with chargeg and radiusr has a hydration equal to 1, as in the TST approach, to describe ionic per-

free energy represented by the Born approximation: meation through biological channels is not justified, and it is
s necessary to use either Langevin equations or rate constants
G . — q 1 with appropriate corrections, as discussed in Appendix A.
AT B e, ¢ @) The present paper uses Langevin and Fokker-Planck

equations similarly to Levitt (1991) and Bek and Jacobsson
whereg,, is the dielectric constant of water and its electro-(1994) and some of their equations are very similar to the
static interaction with a site within the channel of chagge ones derived here (for instance, Eq. 8). Also, the analysis of

and radiug is: selectivity of Wu (1991) has some similarity with the one
proposed here: in both cases the selectivity sequence pre-
G — ole3 @) dicted when the channel radius is 1.6 and 2.2 A is the same.
" 4are,(r + 1y

lonic selectivity depends on the difference betwegp,,
andG,,;: indeed by changing the radiusof the charged site THE PERMEABILITY RATIO
it is possible to obtain 11 selectivity sequences, which ar&his section is the theoretical core of the paper. A quanti-
usually found in biological channels (Eisenman, 1962 tative description of ionic permeation can be greatly sim-
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plified by assuming that the dynamics of the problem isobtained from the coupled Langevin equations:
essentially classic and that quantum mechanical effects are
taken into account by appropriate potential functions in the dG, ) dv(Xa, Xg)

full phase spacd of the permeating ion, the channel, the MaXs + dx, +YaXa F dxs =& (4)
water, and lipid environment. To reduce the complexity of

the problem, a common practice in physics is to evaluate the L dGg ) dv(Xa, Xg)

possibility of reducing the dimensions of the phase space MegXg + dx + veXe + T &s(t) (%)

This reduction of complexity can be obtained when the

underlying dynamics occurs on different time scales_ so thafyhere M is the ion massy is the friction, &(t) is a white
some variables are slow and others_ fast. In dynammal_squise (see Appendix A or Melnikov, 1991) amk,, Xg) is
tem theory (Arnold, 1985) fast variables of a dynamicalan (effective) interaction potential between the two ions. It
system can be neglected by appropriate averaging teclis well known that the ionic selectivity depends rather
niques and the original dynamical system is approximategveakly on ionic activity, thus suggesting that ionic selec-
with a reduced dynamical system, where fast variables havgvity does not originate from ion-ion interactions within a
been eliminated. A similar approach has been introducedhannel (see chapter 13 of Hille, 1992, and references
also in statistical mechanics, leading to Langevin equationscluded). Indeed, when the concentratjois low so that at
and KRT (Gardiner, 1985; Risken, 1989; Melnikov, 1991; most only one ion is present in the channel, the interaction
Hanggi et al., 1990). In this case the action of fast variable®etween the two ions A and B can be neglected, d&x,,
is described by a random force, leading to a stochasti®g)/dx, ~ 0 anddv(x,, Xg)/dxs ~ O. In this case, the motion
differential equation, i.e., a Langevin equation. In order toof the two ions occurs almost independently, but ionic
describe the evolution of a complex system (such as ionselectivity is present, almost unaffected. The effect of ion-
permeating through a biological channel), it is useful toion interaction on the total flux and on ionic selectivity will
introduce areaction coordinate t), corresponding to some be discussed elsewhere (Laio and Torre, in preparation). In
physical observable quantity (in our case the reaction coowhat follows, we will show that the permeability ratio
dinate is the position of the permeating ion). The dynamicetween two ion#A andB has the simple form
of the pair X(t) = (x(t), X'(t)) is the result of a reduced
description from the full spac& — X(t). This reduction of Ps T
complexity is obtained by introducing new quantities, i.e., P, ™ exp(—B(G ~ GY) 6)
entropy and friction. The entropy factor concerns the reduc-
tion of all coupled degrees of freedom from a high dimen-wherep = 1/RT (R is the gas constant andthe absolute
sional potential energy iA to the effective potential for the temperature)G(As()B) is the Gibbs free energy of iofA(B) at
reduced dynamics of(t). This effective potential is usually the highest barrier that, in the following, will be called
referred to as the mean field potential and is composed of aelectivity filterand denoted bg, andt = 7 (y, M, G'(xJ),
series of barriers and wells (see, e.g., Fig. 1 A). Similarly,. . .) is a prefactor, depending on friction, ionic mass, and
friction concerns the reduced action of the degrees of freefree energy profile.
dom that are lost during the contraction frokto X(t). In the next section friction is assumed to be very high, so
The major theoretical result of this section is the deriva-that the inertia termNiX) in the Langevin equation can be
tion of a general equation relating the permeability rationeglected. In this case (i.e., the strong friction case) an
Pg/P, among monovalent cations A and B to physical explicit equation fo_r the pe_rmeablllty ratio is obtained (i.e.,
properties of the channel (see Eq. 6). The permeability rati&=d- 12). The following section treats the moderate-to-strong

is defined, as usual, from the reversal potential under biionidfiction case in which rates of reaction are described in the
conditions. KRT approximation and also in this case an explicit equa-

Let us consider a membrane of thickndssiith two  tion (i.e., Eq. 18) for the permeqbility is obta_ined. The
monovalent cationd andB present at the opposite sides, so subseguent summary shows that, Ina I_arge variety of cases,
that [Al, = pa, [B; = pg and A, = [Bl, = 0 where [] Te/TA IS close.to 1, so thdg/P, is primarily determined by
denotes the concentration of ibriThepermeability ratioof the exponential factor.

A with respect toB (whenp, = pg) is defined as:

Ps Strong friction case: Langevin equations

Pa SXPBFVie) ®) Let us now consider the case in which the friction factor is
so large that the inertial termBl X, and Mgk can be
whereF is the Faraday constant akil, is the potential that neglected. This is the strong friction case already considered
has to be applied to the channel in order to have- jg = by previous authors (Andersen, 1989). In this case the
0, wherej,(jg) is the flow of ion A(B). Denoting byG,(x) solution of the Langevin equation can be obtained by solv-
the Gibbs free energy profile along for ibjthe locatiornx, ing the associated Fokker-Planck equation as shown in
and xg of the two ionsA and B in the channel can be Appendix B. After some algebra (see Appendix B) the
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following equation for the permeability ratio is obtained: other and becomes:

Ps _ Ds 9_ e Ps_DsZe
It dxexd — BAGA(X) |(Pg/P,) ™ whereZg(Z,) is the partition function of ion&(B) in s. The
1 dx exf — BAGg(X) |(Pg/Pa) " condition AG,(X) ~ AGg(X) is equivalent to the well-

known offset peak condition (see Hille, 1992).

whereDa gy = RTM4 g)Y(a,5) iS the diffusion coefficient

andAG,g, is defined by: o
Moderate-to-strong friction: Kramer rate theory

Gilg) — AGug)(X) = Gu (X (8)  Often, the strong friction assumption is not a good approx-
imation. For instance, when the free energy profdéx)

By definition, AG(, g)(X) is always positive and rather yaries significantly on the scale of the mean free path of the
large at wells. As a consequence the integrals in Eq. 7 argn within the channel, it is not possible to neglect inertial
primarily determined by the free energy profile near theeffects, as assumed in the previous section. Therefore, in
barriers. For instance, the contribution to the selectivitythjs section we will consider the moderate-to-strong friction
ratio of a wellx,, such thatBAG(x,) = 4, compared to the case where reaction rates provided by KRT will be used (see
contribution of the highest barrier, is in the order of 1%. Appendix A).

This example indicates that wells, i.e., binding sites, are not | et ys assume that the permeation through the ionic
crucial for ionic selectivity and that, in the range of validity channel is described as the crossing throbghbarriers

of Langevin equationthe permeability ratio is almost in- separated by — 1 wells (see Fig. 1A). We will assume
dependent of the depth of the weldee also Hille, 1975a, biionic conditions in which iorA is on the left side of the
b). Notice also that, wheAG,(X) ~ AGg(X), Eq. 8 can be membrane channel, with concentratio¥,[, and ionB on
significantly simplified, as the two integrals cancel eachthe right, with concentratior8]g. As shown in Appendix B,

A B \
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FIGURE 1 @) The Gibbs energy profil&(x) composed b barriers andM — 1 wells. k", is the rate constant across bariier 1 from left to right
andk;_, from right to left.| is the usual electrical distanceB—D) The local geometry of the channel at the selectivity filieis the local channel radius,
r, is the ion radiusr,y is the radius of a water molecule, ands the distance from the channel axis of the ion in cylindrical coordinaBR & r,,; (C)
rw<R<r +r,;O)r, +r, <R<2(, +r,). The shaded area is an indication of the extent of the solid ddglecessible to water; irBj ) is equal
to 0, while in ©) it is 2.
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using Eqg. 3, we obtain that the permeability ratio is thesr gives the corrections to the single-barrier permeability

solution of the nonlinear equation: ratio p, because of the presence of secondary barriers. This
correction is small iAG, ; ~ A% ; (i.e., in the offset peak
M i-1 condition), but also if expf BAY, ;] and expf-BAYg ;] are
> eXdB‘gA.]( ) I{ > h-2 Ih) small with respect to 1 for all In this case, we do not need
E _ = h=i+1 h=1 Ma to keep explicitly into account all the barrier of the free
Pa M i-1 Mg energy profile along the channel, sinBg/P, is basically
Eex;ﬂ%‘ﬁB J( ) x;{ >l = >y determined by the highest barrier alone, and within the
i=1 h=i+1 h=1 range of validity of a KRT approacRg/P, has the simple

(10)  form of Eq. 6, with

where
. ot
1 7 i T8
G,i=G, + E |n( Z +1- 52) \/MWB \/7 2 (13)

with

1 -1/2
Li= y'(l\/h Gi’(Xs,i)> Evaluation of 7g/7p

Let us review the expression obtained feg/t, in the
(see Appendix A) antj"(I;") is the electric distance between different cases and discuss its dependence on the various

welli — 1 and the barrier (between well and barrier); the  parameters involved in our model, i.e., the diffusion con-
logarithmic term takes into account diffusive correctionsstant, ionic mass, and barrier height. It will be shown that
(see Appendix A). the ratio ¢g/7,)/(Dg/D,) does not depend on the ion mass

Similarly to the strong friction case, also in the moderate-in the strong friction case and when barriers are low, but it
to-strong friction regimeG™ values simplify exactly, i.e., depends on the ion mass in the KRT case. The major
within a KRT approximationPg/P, is independendf the  conclusion of this section, illustrated in Fig. 2, is that the
free energy at the wells (see also Hille, 1975a, b). ratio (rg/7)/(Dg/D,) varies at most by less than an order of

By using Eq. 10 it is possible to discuss the effect 0fmagmtude in a large range of cases, indicating that the

secondary” barriers oRg/P,, assuming them to be some Opredommant factor in the determination of the permeability
RTlower than the highest one (if this is not true, one shoul
ratio (Eq. 6) is the exponential factor.

solvg Eg. 101in |Fs_full generality). Denoting Isthe highest In the moderate-to-strong friction case (i.e., in the KRT
barrier, and defining oo i
approximation),rg/75 has the form:

%AB)S (g(AB —A(gAB =0 (11)
2 _
the solution of Eq. 10 up to linear order in (TB) = A \§23/4+ 1= &2 (14)
exp(—B(min_.{ A%, ;, A%g 1)) has the form: T WM G4+ 1— (2

(the subscript krt stands for Kramer rate theory).
When both{, and (g are large with respect to 1 (i.e., in
the strong friction case), we have

PB_ 1
FTA—PO( + )

wherep, is the single-barrier permeability ratio

B B CA DB 8(Xs)

8
\MB gA CA eXF[ B(Gg,s — Gas] (12)

+1- (the subscript sf stands fetrong friction). If {, and{g are
almost 0 (this happens &"(xJ) is large, i.e., if the barrier

and, denoting by, ¢ the electric distance between barrier is narrow and high) 1/7a)x approaches the TST limit

and barriers, VMa/Mg. . L .
If also the highest barrier in the channel is lower than
= S(exd—BAY, ] — exd —BAYs 1) (po)™ some RT, one should in principle use Eq. 8 in its full

generality, i.e., it is necessary to explicitly integrate the

entire free energy profile. In these conditions, the perme-

+ > (exd — BAYA  ]—exrd — BAYg 1) (po) V<. ability ratios are small and highly dependent on the specific
i>s structure of the channel.

i<s
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Let us suppose that the free energy profile has the formow barrier case-). The valuesG,;/RT = 10 andA = 6 A

(A is the thickness of the barrier as defined by Eq. 16) were

2
(l _ <2X) ) X E [_)‘ ’\] chosen as reference. It is evident that all lines superimpose
G(x) = A 2'2 (16) at some extent and no major differences are observed.
0 otherwise However, some remarks are useful. In the strong friction

case Q) D ;75/DgT; goes to zero folGg — 0, suggesting
that if Gg is small, diffusive correction might become cru-
cial. However, in these conditions, a rate theory cannot be
reliably used (even if friction is very strong) and the full
Langevin equation must be solved.

whereA is the barrier width and that friction is so high that
Eq. 8 can be used. Neglecting thEg(P,)*" factors in
calculating the integrals in Eq. 8 we obtain:

Ps  Dg Ge/RTerf(G,/RT)

B : exp(—B(GY — G¥))  (17) The behavior oD, ;75/Dg17y;, as predicted by the Kramer
Pa Da \Gu/RTerf(Gg/RT) ¢ " theory, depends on the ion (in fact, with moderate friction,
- ; . inertia becomes important). This is the correct behavior of
and in the case of low barriers we obtain: Tg/T; In the high barrier regime. The difference from the
(T8 Ds Ge/RTerf( \f’(;A/R-[) strong friction prediction is always small, and completely
— =] == : 18 igi < ~15.
. <TA)Ib Da \Gu/RTerf(\Go/RT) (18)  negligible forGg/RT 15. The KRT case approaches the

value of VMg/M,;, i.e., the TST prediction, only for very
high values ofGg/RT.

In the low barrier case)(the correct behavior foBg —
0 is observed:g/7;)/(Dg/D,;) goes to a non-zero constant
for Gg — 0, and to 1 if alsdG, — 0, i.e.,7g/7; goes to the
diffusive limit Dg/Dy;.

(the subscript Ib stands fdow barriers).
This formula provides the correct limit faBg and G,
equal to zero, i.e.,

Pg  Ds
Pa Da’
Moreover, if the barriers are high enough, &1G/RT) — 1
and the permeability ratio reduces to that obtained in th
strong friction case. The results described in this section were obtained by mak-
To evaluate the differences between the three expressiomsg the following assumptions: 1) The ionic permeation
for 7g/7, (i.€., Egs. 14, 15, and 18) a numerical example isthrough a biological channel can be described as the motion
useful. It is evident from Egs. 15 and 18 that the ratioalong a single reaction coordinate This implies that the
(7a/7a)/(Dg/D,) does not depend on the ion, and dependselevant dynamics on the other degrees of freedom occurs
on the ion mass only in the KRT case. As a consequence, ifn different time scales. 2) Thermodynamic equilibrium
Fig. 2 the ratio €a/7;)/(Da/Dy;) is plotted againsGg/RT  prevails on the fast moving degrees of freedom, so that it is

(19)

e'.':‘»ummary of results

for K™, Na", Rb*, and C§, in the three different cases, i.e.,

strong friction casel{]), KRT case ¢ontinuous ling and

S.F.
\ Na
K (kRT)
Rb
- Cs
’3
o
S~
o
)
J1 -
o
P
.
=
LB. >{%
0 I I ]
0 10 20 30

Gg/RT

FIGURE 2 The relation between//r;)/(D,/D,;) and the barrier height

(Gg/RT) in different regimes. Dots were obtained from the full Langevin

possible to consider a mean field potential, i.e., a Gibbs free
energy G(x) depending on the reaction coordinate 3)
Electrostatic interactions between two permeating ions can
be neglected.

The existence of discrete events observed in electrophys-
iological single channel recordings indicates that in a time
scale of 10+ 100 us (the time scale of these recordings),
thermodynamic equilibrium is probably reached in a signif-
icant portion of the full phase space. The third assumption,
i.e., the possibility of neglecting interactions between per-
meating ions, is supported by the observation that ionic
selectivity does not change significantly when ion-ion in-
teractions are reduced or even removed by lowering the
concentration of permeating ions. Under these assumptions
the permeability ratid®,/Pg (see Eq. 3) is described under
biionic conditions by Eq. 6.

The form (Eq. 18) forrg/T, gives a good semiquantita-
tive estimation of recrossing corrections to permeability
ratio except if the barriers are very high (over R0) and
will be used to compute permeability ratios in the next two
sections. Notice also that the contribution of these correc-
tions to the permeability ratics always small except for
quite pathological situations (i.e., wh&, is very largeand

equation (i.e., Eqg. 18), the circles were obtained in the strong friction caS(Q_A close tQ 0, QI’ vice Versa)' For instance, in the example
(i.e., Eq. 15), and the thin lines were obtained from the KRT approximationdiscussed in Fig. 2,76/7,)/(Dg/D,) ranges from 0.5 (for

(i.e., Eq. 14) for N&, K", Rb*, and Cs, as indicated by the arrows.

Gg = 0) to 5 (forGg = 30RT), while in the same conditions
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Zs/Z, is €'° ande™?°, respectively. Thus, far more impor- polarization, however, is the same for all alkali monovalent
tant in determining the permeability ratio is the exponentialcations and cannot influence ionic selectivity. As a conse-
factor exp-B(GY) — G¥)) = Z,/Z5 (see also the contri- quence, this electrostatic component will not be considered.
bution of rz/7, to permeability ratios section). This, and not
the recrossing correction, determines tivéler of magni-

tude of Pg/P,. This property, together with the weak de-
pendence oPy/P, on the free energy profile at wells and at |f x is a coordinate along the axes of the pore, thapeof
barriers, except the highest one is the main reason Whihe channel is defined by itsffective sectio®(x) at loca-
structurally different channels have similar selectivity prop-jon x, so that the effective average radius Rs(x) =

erties, as experimentally observed. The goal of next sectio S(X)/, as shown in Fig. B. The assumption that chan-
is to provide a reliable model for calculating the free energy ais have a cylindric section is done here only in order to

at the selectivity filters. simplify the calculations. Any channel shape, if explicitly
known, could be easily included in the model. However, the
COMPUTATION OF THE GIBBS FREE ENERGY gffective section at the se'lt.ectivity filter i§ likely to k_)g more
important than any specific geometry in determining the
Equation 6, derived in the previous section, relates th&electivity ratio. The channel can modify its shape because
permeability ratidP,/Pg to the Gibbs free energy of ions A of the thermal motion of atoms composing the channel
and B at the selectivity filter. walls. Thus, it is unlikely that the channel radius remains
To compute the permeability ratio effectively, it is nec- fixed at its average valu®, When the channel radius
essary to evaluate the free energy profile of the ion insidehanges from its equilibrium valiR, to the new valu®, an
the channel. By definition we have: energyH, is consumed. By expandirtg, in a Taylor series
around its equilibrium valu®, and neglecting higher order
terms, the following expression is obtained:

The elastic component

Z(x) = JS(X — c)e PHdc

(20) He(X) = L/2K(X)(R — Ry(X))>. (21)
1 wherek(x) is the elasticity coefficient of the channel radius
G(x) = _B InZ(x) at locationx. This is equivalent to assuming that the channel
radiusR,(x) fluctuates with an r.m.sr of:
where H is the Hamiltonian of the ion at the selectivity RT
filter, C is the entire configuration space, ai(k) is the o= \E (22)
Dirac function. It is important now to observe that the k()

highest barrier of the Gibbs free energy profée) corre- The r.m.s. of polypeptide fluctuations can be evaluated
sponds to a saddle point of the Hamiltontamn the full phase  poth by experiments and numerical simulations and ranges

spaceA. The exact location of this saddle point depends on thérom 0.05 A b 1 A for side chain atoms (Brooks Ill et al.,
specific molecular structure of the system ion-water channel ggg: Creighton, 1993).

but is expected to be at some distance from charged and polar
groups. Indeed, the most unfavorable location for the ion inside ]
the channel is the regiobetweentwo charged and polar Electrostatic components

groups. Thus, by definition of saddle point, the permeating i0fryg joninteractswith the charged or polar groups inside the
at the selectivity filter cannot be in contact with charged and.p,annel. It is assumed that the ion and the siterarein

polar groups, i.e., the permeating ion does not interact cheMsyhiactand therefore they interact only by coulombic at-
ically with these charged and polar groups, and the electronigaction or repulsion. This electrostatic interaction is

states of the permeating ion do not undergo significant rears. aened by the dipoles surrounding the ion and the site and
rangements. A recent remarkable paper (Doyle et al., 1998) hs,s the effective form:

identified the selectivity filter of a K channel in crystallo-
graphic data, located between two binding sites separated by €z,
~75A He = Anre(r)
The aim of this section is to provide a model of the ) . . .
selectivity filter and to compute the Hamiltoniah In our ~ Wheree(r) is a distance-dependent screening factorzisl
model, the Hamiltonian is composed by three terms: théhe effective valence of charged and polar grospg/hen
hydration energy(S,, caused by the interaction of the ion I is large,s(r) approaches the value of the macroscopic dielec-
with the surrounding water; the electrostatic componidpt, tric constants,,, but whenr becomes small, the electric field
between the ion and charged and polar groups within th&ecomes high enough to induce a saturation in the solvent’s
channel; and an elastic componey}, associated to defor- dipole orientation, thus leading to a lower values(f).
mations of the channel shape. When a monovalent cation This phenomenon is essentially a quantum mechanics effect
moves through the pore, it will polarize the surroundingand can be fully understood only by an ab initio approach.
medium (Andersen and Koeppe II, 1992). This inducedWithin a semiquantitative approach it is possible to assume

(23)
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thate(r) is calculated by Booth’s model of dielectric saturation Neglecting the effect of secondary hydration shell, the
(Conway, 1981). In this case the dielectric constanin the  hydration energy depends only gme number ) of waters
presence of an electric fieH is given by: that can, on average, arrive in contact with the idn.is
introduced as a measuremj. In fact, on average, we have
n, = 2 + (n. — 2)Q), wheren is the primary coordination
number of the ion (notice that this is, in general, a non-
integer number) (see Table 2). As a consequenceR for
wheren? is the square of the optical refractive indexX & Iy, the minimum number of water molecules that can arrive
1.78 for water)g,, is the long-range limit of (e, = 78 for  in contact with the ion is 2, and i} = 1 we haven,, = n..

T =298 K),b =1.08-10 8 esu?, andE is the electric We denote byG, the free energy difference between the
field, expressed in electrostatic units. UsiBg= D/e = hydrated state, in which the ion is completely surrounded by
922J4778r, we obtain an equation far, which can be solved Mmolecules of water, and the state in which, as a result of the
numerically. As shown in Fig. 3 A, the obtained solution Steric constraint, only molecules of water are in contact
saturates ta,, for r = 3.5 A. For smallr, ¢ remains very With the ion (see Appendix B for details). Whéh= (; =
close ton® = 1.78. As a consequence, when the distancé ~ 2/nc — 2 exactlyi molecules of water are in contact with
between an alkali monovalent cation and a charged or poldf'€ 10N, andSyya (k) = G;. If Q € [, ; 4], i molecules

group is>3.5 A, the electrostatic interaction is the same forOf Water are in contact with the ion, but they are not blocked
a large and a small ion by the walls and some secondary-shell waters get closer to

the ion, without touching it. Thus, near dependence of
Ghyar ON () is assumed:

2

gw — N 112 2
&= BoE arctarib”“E) — n (24)

Hydration component

Q- O
The last term of the Hamiltonian is tHeydration compo- Gryal Q) = G + (G411 — Gi)%_(')_,
nent. At the selectivity filter a permeating ion has to lose i+l : (26)
some water molecules from its hydration shell, and it is QEQ,Q4i=23,...
necessary to estimate tfiee energyrequired for carrying _ . .
the ion at position, r) inside the channel (see Fig.H). When Q) is very small (i.e., equal toQ the hydration

Denoting byr, the ion radius and by, the (effective) radius ~ free energyGy,q. is equal toG, (see Fig. 1B). When
of a water molecule (i.e., 1.4 A), itis evident that the centerincreases, the ion and water molecules are not blocked in the

of a water molecule in contact with the ion can span achanneland an entropic contribution is added (see F@). 1
fraction Q(x, r, R) of the sphere of radius, + r,. This When Q) further increases, three or more water molecules
fraction is not 1, unless in bulk water, and depends on théan be in contact with the permeating ion (see Fif)1
position &, r) of the ion: indeed some regions of the sphere The numerical values of the hydration free energies
are not accessible because of the presence of the chanffal used in our model are presented and discussed in
walls (see Fig. IC). Given a pore geometry and ion posi- Appendix C.

tion, Q) can be calculated explicitly; if the pore is locally

cylindric, we have: The effective Hamiltonian

(1 T—r>p In the model of the pore, the energy of a configuration in
1o h- <r + r>2 which the ionl is in position &, r, 6) and the channel has a
p radiusR, is
(I'+1/p) 2 _ 2 22
+iJ pdt lt_ t2arcco{F 2rr n pt) H'(x,r, 6, R) = 1/2k(R — Ry(x))?
w-rp YV P s (27)
for T—r<p, TI'+r<p, I'>r;
P g + E Hl:(rl,q) + G:—!ydr(Ql(Xa Rv r))
1 J'(1~+r/p) o t {—I‘Z +r24 pztz -
— ﬁarcco ?>
a={ "Jem " (25)

for T—r<p, T'+r<p, I'<r; . . . .
where, if &, 6, R) is the position of sites, r, . =

1f1 dt ;amw{Fz —r- P2t2> V(x — x)? + (rcos@ — 6.) — R)% Equation 27 is the
Ty VT : 2rpt Hamiltonian of our problem, and, in the next section, we
for T—r<p T4r>p, T>r will use it for calculating permeability ratios. Two remarks
on the form of the Hamiltonian of Eq. 27 are useful. The
11f(wlp) gt arcco<_rz+ P+ P2t2> hydration energy in Eqs. 26 and 27 is described by a free
T et vi-t 2rpt energy and not by a simple potential energy, because the
for T—r<p, T+r>p T<r hydration of an ion involves many fast variables, which are

likely to be thermalized on the time scale of the barrier
with I" = R(X) — r, andp =r,, + r,. crossing. As a consequence, the hydration energy is de-
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FIGURE 3 The role of electrostatic interactions in ionic selectivi®y). The dependence of the dielectric constanh the distance between the ion and
the charged site according to Eq. 2B) (The ratioZ, /Z-.as a function of channel radius in the absence of charged and polarisjtard in the presence
of two charges of charge e, with effective radius 1 A, and locade2 A from the selectivity filter £) and four charged sites of chargavith an effective
radius ¢ 1 A located 2 A from the selectivity filter ¢). (C) Permeability ratio®, /P, as a function of distance between the selectivity filter and four
charges of charge-e. Two charges are atd with angular position 0 and- and two charges are dtwith angular positionr/2 and 3/2r. Channel radius
of 3 A with no fluctuations. D) as in C) but in the presence of two rings of four dipoles at a distathé®m the selectivity filter (one ring atd and
one ring at—d). Each dipole is composed by two chargestdf.42 at a distance of 1.1 A at the angular location offf2, m, and 3/2r. In (C) and D)
permeability ratios for LT (A), Na™ (+), K™ (X), and Rb" (¢). Channel radius is 1.5 A fluctuating with an r.m.s. of 0.05 A. B énd F) Gibbs free
energies are scaled to the Gibbs free energy of Nin the absence of electrostatic interacti€®s,(Gg) for Li* (A), Na* (+), K* (), Rb* (<), and
Cs' (O) as a function of the distanakbetween the selectivity filter and chargeg) or polar ) groups for the configurations described ®) @nd D),
respectively.

scribed by a free energy that takes into account these dewot averaged during barrier crossings. These deformations
grees of freedom. On the contrary, the deformation of thdead to variable permeability ratios, which are subsequently
channel radius, involving the displacement of a large numaveraged on the time scale of electrophysiological experi-
ber of atoms, occurs on a slower time scale and therefore isients involving a large number of barrier crossings.
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TABLE 1 Enthalpies and entropies in the gas phase (from

Kebarle, 1974)

lon 0,1 1,2 23 3.4 45  Gug

Li* 34* 26 21 16 14 119.61
23" 21 25 30 31

Na* 24* 20 16 14 12 95.73
215 22 22 25 28

K* 18* 16 13 12 11 78.08
21.6 24 23 25 25

Rb* 16* 14 12 11 10 73.01
21 22 24 25 25

Cs* 14* 12 11 10.6 n.a. 65.3
19.4 22 24 25 na.

i,i + 1 refers to the binding of a water molecule to an ion witlater

molecules already boung,, is the hydration energy in the liquid phase

of the different ions. n.a., not available.

*Enthalpies in kcal

M

*Entropies in cal M* K™%,

Volume 76 January 1999

COMPARISON WITH EXPERIMENTAL RESULTS

In this section we will see that the selectivity sequence of
the majority of monovalent cationic channels can be ex-
plained by Egs. 6 and 28 for appropriate valueRpandk,
without any relevant contribution from electrostatic interac-
tion with charged or polar groups. In the next section it is
shown that the effect of charged and polar group®gi .
between ions with the same valence is smailgss the ion

is in contact with a charged or polar group at the selectivity
filter. This last possibility has already been discussed in
details in the literature and it will not be considered here.
The present theory will reduce to an Eiseman-like theory if
a van der Waals contact with a charged or polar group at the
selectivity filter is assumed. However, it is important to
observe that the selectivity ratio is primarily determined by
the highest barrier of the Gibbs free energy profile. Indeed,
the most unfavorable location for the ion inside the channel
(i.e., the highest barrier) is expected to be the redien
tweentwo charged and polar groups and not a region in

It is now possible to summarize the obtained theoreticalyhich it is in contact with them.
results. The permeability ratio between idmndB is given
by Eq. 6, where, given our model of the pore, we have

1

G(x) = InZ,

B

—In

B

= ——1In

and whererg/T, is the diffusive correction, given by Eqg. 18.
The integrals in Eqg. 28 were computed by standard numer-

ical routines.

n

[ +o0 R—1
[oo| " or
0

dr

r

1
-em(—;s SKR= R(X)’

>

s=1

+ E Hl:(rl,s') + Ghydr(Ql(X! R, r)))

TABLE 2 Parameter alkali values used for cations

JdeJ'dRJdrrexp(—BH'(x, r,0,R)

(28)

Parameter Li Na* K™+ Rb* Cs"
D(cm- S’Z) -10°° 1.03 1.33 1.96 2.07 2.06
r (A 0.6 0.95 1.33 1.49 1.65
Ne 4.9 6.8 7.7 8.2 9.3
G, kceal mol* 25.84 22.74 19.89 19.53 16.98
Gy 12.27 13.57 14.13 15.11 13.67
G, 4.77 6.99 9.67 11.72 10.78
Gg —0.86 2.99 5.94 9.06 —

D is the diffusion constant, is the atomic radiusy, is the coordination . . . . )
number.G, is the value obtained from Eq. B.6 of the hydration free larger fluctuations in the channel radius (in FigBfandC

energies in the liquid phase.

Thus, if a certain distance between the selectivity filter
and charged or polar residues is assumed, the only relevant
microscopic parameters of the proposed theoryRgr@ndk.

The effect onPg/P, of changing their values over a plau-
sible range is shown in Figs. 4 and 5. In subsequent sections
the selectivity of K", gramicidin, N&', cyclic nucleotide
gated (CNG), and end plate channels will be discussed in
more detail.

Fig. 4 A reproduces the permeability ratios relative to
Cs' for the monovalent cations Li(A), Na™ (+), K* (X),
and RO () as a function of the channel radius obtained
from Eqgs. 6 and 28. The value of the paraméteras 200
kcal - A~2, corresponding to fluctuations in the channel
radius with a r.m.s. of 0.053 A. It is evident that several
different selectivity sequences are present for increasing
radii:

1. For pore radius~1.50 A the selectivity sequence is
K* > Rb* > Cs" > Na" > Li", identical to the
selectivity sequence of Kchannels;

2. For pore radius-2 A the selectivity sequence becomes

Cs" > Rb* > ~K™ > Na' > Li*, identical to the

selectivity sequence of gramicidin channels;

3. For pore radius~2.6 A the selectivity sequence is
Na" = Li* > K" > Rb" = Cs", reminiscent of that
found in Na" channels;

4. For radius~4 A the channel becomes poorly selective,
as in CNG channels;

5. For radius>4 A the selectivity sequence becomes again
Cs" > Rb" > K" > Na" > Li*, as in end plate
channels.

Thus, Egs. 6 and 28 are able to predict the relevant
selectivity sequences found in monovalent cation channels.
Fig. 4,B andC reproduces the permeability ratios relative to
Cs" for smaller values of the parametecorresponding to

the r.m.s. is 0.17 A and 0.38 A, respectively). The selectiv-
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FIGURE 4 The permeability rati®, /P as a function of channel radil&, with a value of 0.053 A4), 0.17 A @), and 0.38 A C) for the r.m.s. of
radius fluctuations for L (A), Na* (+), K* (X), and Ry ().

ity sequences are the same as those observed with a mda different site configurations around the selectivity filter.
rigid channel (compare Fig. A), but a specific sequence is Fig. 3B reproduce&y,/Z-,computed for a channel without
obtained for a smaller value dR, In the presence of charged or polar groupsH), with two charged groups of
significant fluctuations ofR,, barrier crossings preferen- charge—e, and effective radius 1 A, locale2 A from the
tially occur during a fluctuation corresponding to a large selectivity filter () and with four charged groups of effec-
value of R,, when the ion can permeate with more watertive radius 1 A, locate 2 A from the selectivity filter {)
molecules attached. In this regime, the ion prefers to waibind with four charged groups of effective radius 1 A,
for a large fluctuation so that it can cross the barrier in aocatal 2 A from the selectivity filter (two at each side) in
more hydrated configuration. The selectivity sequences obxhe configuration minimizing the group-group interaction
tained for different values oR, andk are summarized in (<), Let us also consider two configurations of charged and
Table 3. polar groups that can be found in ionic channels: two pairs
of carboxyl groups (Fig. 3C and E) such as those of
aspartic and glutamic acids, and two rings of four dipoles
(Fig. 3,D andF) similar to carboxyl groups of the protein
This section contains a discussion of the role of charged anggckpone. Fig. & reproduces permeability ratios for a rigid
polar groups near the selectivity filter in the determinationspannel with a radiuR, equal b 3 A in thepresence of four

of the selectivity of the channel among ions with the SaM&lementary charges with a van der Waals radius of 1.4 A at
valence. By using Eq. 23 for ion-charged group interactions, yariaple distanced from the selectivity filter. When
the ratioZ,/Z-,can be computed for the monovalent Cationscharges are located at a distane@ A the permeability
ratios are hardly affected by electrostatic interactions. Fig. 3
D illustrates a similar result in the case of four polar groups
at each side of the selectivity filter. The dipole of these

Charged and polar groups and ionic selectivity

TABLE 3 Selectivity sequences as function of R, and o

R, (A) 0.053 0.17 036 (&) groups is modeled by two charges 60.42 at a distance
15 Ky K, L, of 1.1 A, as for the carbonyl group of the protein backbone.
2 G G L In this case the channel has a radius of 1.5 A fluctuating
5'5 SZ LNa CliNG with a r.m.s. of 0.05 A. As in the case illustrated in Fig. 3
35 L, ClNG CNG C, electrostatic interactions do not affect permeability ratios
4 CNG D D when the polar groups are at a distane2.5 A from the
>4 D D D selectivity filter. In the configuration of Fig. &, with d =

Selectivity sequences obtained for different channel rRgifluctuating
with an r.m.so. The selectivity sequences akg; = (K* > Rb* > Cs" >
Na" > Li*); K, = (K* = Cs" > Rb* > Na" > Li*); G= (Cs" > Rb"
=K*>Na">Li*);Na=(Na"=Li* >K*">Rb"=Cs");L, = (Li*
> ~Na" > K* >Rb" > Cs"); L, = (Li* >Na" >K* > Cs" > Rb");
CNG = (Na" ~ K* > Li* > Rb* > Cs"); D = (Cs"* > ~Rb" >
~K* > ~Na* > ~Li").

2.5 A, we also checked th&g/P, is almost unaffected
when the angular position of the two charged groups at the
left of the selectivity filter was varied. When the distance
between the selectivity filter and charged and polar groups
is below 2 A, the barrier of the selectivity filter coalesces
into the binding sites and the proposed theory does not hold;
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a full simulation of molecular dynamics is then more jor determinant of the permeability ratio is the free energy
adequate. component and not the term/,.
These results and several other simulations indicate that
there exists a large class of channels in wttloh presence |
of charged and polar groups changes the selectivity prop”™ channels
erties of the channel only slightljdoreover, as it will be  potassium channels are usually permeable only to a very
shown below, this class is wide enough to provide all thejmited number of ions, such as'K Rb", NH;, TI*, and
important selectivity sequences found in usual channels. cg* The permeability of C5 through K™ channels varies
.;I'he reason for.this behavior.is that ifa_small ion such as, gifferent channels and can be as high as 0.18 in the
Li* and a large in such as Cspteract with charged.ar)d delayed rectifier of snail neurons (Reuter and Stevens,
polar groups located at some distance, the coulombic mterigso) and<0.03 in the inward rectifier of starfish eggs

action will be the same for the large and small ion. As a((l;agiwara and Takahashi, 1974)* Kchannels are not per-
consequence, the difference in the Gibbs free energy at thmeable to larger organic molecules and their radius has been
selectivity filter between a small ion (such as"liand a g g

large ion (such as C3 will be almost identical in the estimated to be between 1.48 and 1.65 A, in agreement with

presence or in the absence of charged and polar groups. TH Prediction shown in Fig. A Equations 6 and 28 can
screening factoe,, in Eq. 23 will obviously depend on the /SO explain Erhe different permeability ratios for Ceound
quantity of water between the ion and the charged and poldP different K channels. Fig. 5 illustrates the permeability
groups, and this does depend on the size of the ion; but, ifftio relative to K for Li* (O), Na" (CJ), Rb" (), and
the range of ion-site distance considered here, this is &S (£) as a function of the parametkrwith an average
second-order effect. radius of 1.5 A. It is evident that different Cpermeabili-
What is, then, the role of charged and polar groups irties can be quantitatively accounted for by different fluctu-
ionic channels? An answer to this question can be obtainegtions of the pore radius: a larger Cpermeability is
by analyzing the effect of electrostatic interactions on theassociated to larger fluctuations. The selectivity of the de-
absolute height of the barrier at the selectivity filter. This islayed rectifier Pg/Px = 0.74,PcJPx = 0.18,P\/Px =
shown in Fig. 3,E andF for the two configurations con- 0.07, andP,;/P, = 0.09) is quantitatively obtained for
sidered in Fig. 3C andD, respectively. In Fig. 3E the  fluctuations corresponding to an elastic coefficient of 60
Gibbs free energy of the different ions minus the Gibbs freekcal/A2, while the selectivity of the inward rectifiePg,/
energy for Nd in the absence of electrostatic interactions ISP, = 0.35 and<0.03 forP.JPx andP,/Py) is obtained
plotted as a function of the distandeSimilarly, in Fig. 3F,  \ith a value fork of ~87 kcal/A.
the reference Gibbs free energy is that of.Kt is evident The selectivity of K~ channels can be intuitively ex-
that stronger electrostatic interactions decrease the Gibb§iained by a combination of steric and energetic factors. If
free energy, but almost similarly for all the monovalent{he channel poreis 1.5 A, Li*, Na*, and K can permeate

cations. As expected, the role of electrostatic interactiongnrough it with two water molecules at the two sides of the
decays more rapidly in the case of dipoles (see Fi) 3

than in the case of electric charges (see Fi).3

The activation energy of permeating ions ranges between 1 -
8 and 15 RT, while the free energy necessary to remove all delayed rectifier inward rectifier
the water molecules of the hydration shell with the excep- ‘l‘ ‘L
tion of two or three from hydrated monovalent cation varies o —% T T T T T
between 25 and 80 RT. As a consequence, during ionic o o ¥ 2 o o Rb
permeation the free energy barrier must be significantly © ° o o o
reduced by the presence of catalytic agents, most likely a1r o4+ o+ 4 ﬁ ¥ + + + + Na
charged and polar groups, as observed in molecular dynam- & X«
ics simulations (Roux and Karplus, 1993). Thus, the role of oL X« Ce
charged and polar groups is crucial in the determination of ¢ A
the value of ionic currents through the channel and the &

.. . . N - A
selectivity ratio between ions of different valence, but not -3 A A A 4 A A A A A
the selectivity ratio between ions with the same valence. Li
4 |-
Ry=15A

The contribution of 7g/7, to permeability ratios | | I '
The permeability ratios shown in Fig. 4 were obtained using 20 40 60 80 100

Eq. 18 for estimatingg/7,. It is important to see the effect
of using a different equation for the ratigs/T, on the
computed permeability 'I’a.tIOS, I.e., wheg/T, is given by FIGURE 5 The permeability ratid, /P, as a function of the elastic
Eq. 18, Eq. 14, or when itis equal to 1. In the three cases thgyefficientk for Li* (1), Na* (+), Rb* (), and C§ (X), respectively,
permeability ratios are very similar, indicating that the ma-with a value of 1.5 A forR,.

o
Elasticity coefficient k ( kCal /A2)
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pore (see Fig. 1B andC). Large alkali cations such as €s mated to be 5.2 3.6 A. Native CNG channels are poorly
are excluded from K channels because they are too largeselective among monovalent cations and have the following
to permeate easily. Small cations such aé ahd Na” do  selectivity sequence: I'i > Na* > K" > Rb" > Cs"

not permeate as well as'kthrough K" channels because of (Menini, 1990). According to Eisenman (1962) this selec-
energetic factors: the energy required to remove all watefivity sequence would be caused by strong electrostatic
molecules except two is much larger for'Land N& than  interactions within the pore. However, it has been shown
for K*. The free energy cost of removing all the water that entropic contributions determine the selectivity of Li

molecules except two is very large and a substantial “catagyer Na* (Sesti et al., 1996). The selectivity sequence of the
Iytic” effect is required to lower the barrier. This catalytic alpha subunit of the CNG channel is Na- K* > Li* >

effect may be provided by the ring of negatively chargedg+ ~ cs* and is not modified when negative charges

asparta@ek'commonly found in Kehannels (Kirsch et al., within the pore are neutralized (Eismann et al., 1994; Sesti
1995; Lipkind and Fozzard, 1995). et al., 1996), but the single channel conductance is reduced
by at least 10 times (Sesti, Nizzari and Torre, unpublished
Gramicidin channels observations). CNG and Nachannels have the same se-
lectivity sequence buP-JPy, is ~0.01 in Na channels
The radius of gramicidin channelsis2 A (Wallace, 1990),  and 0.6 in CNG channels. This different quantitative behav-
and their selectivity sequence is Cs> Rb" > ~K" > jor can be explained if CNG channels have an average
Na® > Li" (Myers and Haydon, 1972). This selectivity radius of~3 A and an r.m.s. of radius fluctuations of 0.38
sequence is well predicted by Eqs. 6 and 28 for a channél, or more (see Fig. €). Under these conditions small ions
radius of~2 A and can be explained by observing that insych as L and Na can permeate with almost their entire
the gramicidin channel all alkali cations Li Na", K", first hydration shell. In this case the permeability ratio is

Rb*, and Cs can permeate through it with two water determined by the frequency of these events, which is larger
molecules attached at the two sides of the pore (as shown gr small cations like Na and Li".

Fig. 1 C). As a consequence, the selectivity sequence is
primarily determined by energetic factors, favoring larger
cations such as Cs End plate channels

End plate channels are permeable to a variety of organic
Na* channels compounds such as urea and triethylammonium, and their
) . estimated radius is-3.5 A (Dwyer et al., 1980). Their
Sodium channels are permga}ble also to ;mall organic comMselectivity sequence is Cs> Rb* > K > Na* > Li™.
pounds such as formamidinium, guanidinium, and amin-rpig selectivity sequence is obtained whea/P, ap-
oguanidinium; their pore has been estimated to be a rectafyoachesDg/D,, When ions move through the channel
gular slit of 3.1x 5.1 A (Hille, 1992) and their selectivity gimost in a fully hydrated configuration.
sequence is Na ~ I_.i+ > K* > Rb" > Cs'. This In our model, the diffusive regime is reached when ions
selectivity sequence is predicted by Eqs. 6 and 28 for gross the channel with all their primary hydration shell. The
channel radius of-2.6 A or more. The area of a slit of diffusive regime is reached for channel radii larger than 3.5
3.1x 5.1 Ais the same as that of a circular section of radiusA for Li *, Na*, and K", and only wherR, is greater than
2.25 A, which is in some agreement with the value of 2.6 A4.3 A for Cs'. If the channel radius is 3.5 A, Cxcan cross
corresponding to a selectivity sequence close to that oht with 6—7 water molecules in the primary hydration shell,
served in N& channels. while its primary coordination number is9 (see Table 2).
Qualitatively, the selectivity sequence of Nahannels The selectivity sequence of end plate channels, which is
originates because small ions such as laind N& can  very similar to that observed for a simple diffusion in water,
permeate through it with three water molecules (as shown iindicates that Cs may permeate in its fully hydrated con-
Fig. 1D), but not larger cations such as’ KRb", and Cs.  figuration also through a channel with a radius-e8.5 A,
In fact, for Li* and Na 2(r,, + r,) is 4.2 A and 4.9 A corresponding to a value @1 significantly smaller than 1.
(hence smaller than 5.1 A), while for'K Rb*, and CS it  This state can be reached when water molecules pack
is 5.46 A, 5.76 A, and 6.1 A, respectively; this qualitative around the ions and a fully hydrated configuration may be
behavior is reproduced, in our model, f&§ > 2.6 A. Asa  reached also if) < 1. This “packing” of water around the
consequence, its selectivity is determined by steric andbn is not kept into account by our model, and can be fully
energetic factors. described only within a molecular dynamics approach.

CNG channels DISCUSSION

CNG channels are slightly larger than Nahannels, as The goal of this manuscript is to provide a theoretical
methylamine is permeable through CNG channels but no&nalysis of the physical origin of selectivity among mono-
through N& channels (Picco and Menini, 1993) and their valent alkali cations of ionic channels in biological mem-
dimensions at their narrowest restriction have been estibranes and to discuss recent experimental results in the light
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of this analysis. The essence of this theoretical analysis is The proposed theory also assumes that interactions be-
the derivation of Egs. 6 and 28 relating the permeabilitytween permeating ions are not essential in determining ionic
ratio Pg/P, to physical properties of the channel and to theselectivity. The justification for this simplifying assumption
thermodynamics of ion hydration. The major implication of is that selectivity does not change significantly when the
these equations is that the ionic selectivity among monovaconcentration of permeating ions is reduced so that at any
lent alkali cations, found in K, gramicidin, Na, CNG and time at most one ion is present in the channel (see the

end plate channels, can be explained by simple gec,metricgermeabiIity Ratio section) and ion-ion interactions can be
neglected.

properties of the channel. In this view electrostatic interac- h d h al id i
tions between the permeating ion and charged and/or polar The proposed approach also considers two Important

residues within the channel determine the single channé’fspems of ionic permeatlon, €., fr|ct|on. and diffusion,
- which were not considered in many previous approaches

conductance and catalyze the ionic transport through th ee the first section), but only in a few papers (Cooper et

channel (see section on Charged and Polar Groups abov%. ’ y pap P

on th i L lectivity is primaril trolled b ., 1988a, b; Andersen, 1989); their relevance in ionic
n the contrary, ionic selectivity is primarily controlled by permeation has often been neglected.
channel geometry (see Fig. 4).

The role of charged and polar groups

Range of validity of the proposed approach An important conclusion of the proposed theory is that

The theoretical approach to ionic selectivity proposed in thisCh"Jlrged and polar groups in the channel are not the major

paper is primarily based on the assumption of describing thgetermlnants of lonic sglectmty among ions V.V'th the same
N . . . . valence, but act primarily as catalysts for ionic permeation
ionic permeation by a single reaction coordinatg obey-

ing to a Langevin equation with a term describing the Gibbs(se.e apove). The_se .conclu3|_o_ns are ba_sed on Egs. 7 and 10,
which imply that ionic selectivity primarily depends on the

free energyG(x). Thes_e assumptions are equwglent o hav ight of the highest barrier and very weakly on well depths.
ing a clearcut separation between the different time scales - ST ;
hese results indicate that the selectivity filter is located

the system under consideration: the time scale on which . . o
etween two neighboring wells, where the permeating ion

lon permeates through the selectivity filtey must neces- interacts with charged and polar groups. As a consequence,

sarily be larger than the.t|me scale of fast molecular mot!oqhe selectivity filter is located at some distance from these
7 and shorter than the time scale of slow molecular motion

L : : roups and the electrostatic interactions experienced b
T Whenr, << 7 it is possible to assume that thermaliza- group o . . P y
; . monovalent alkali cations will be almost identical (see The
tion occurs over the fast variables and to have a well- . . o
. - ) . Elastic Component and The Effective Hamiltonian). Elec-
defined G(x). Whenr, << 1 it is possible to consider as . . : -
. ! . trostatic interactions are crucial for the selectivity among
parameters the slow moving variablesand to parametrize

. . cations versus anions (Roux, 1996; Dorman et al., 1996)
the Gibbs free energg( .XS)’ and finally to average the and among monovalent versus divalent cations (Heinemann
results over the slow variableg. As the crossing of the

o ) ; et al., 1992; Kim et al., 1993; Yang et al., 1993). A major
selectivity filter occurs in a time scale between 10 and 10G . ¢ charged and polar groups is to catalyze the dehydra-
ns, all the dynamics occurring in the ps range, such as wat

. : o . fon process and thus to determine the absolute flux over
interactions, bond vibrations, and fast molecular motions

. ) ) .—the selectivity barrier, i.e., to control the single channel

are described by fast variables assumed in thermal equilib-
. : S . conductance.
rium. Slow motions of the channel occurring in the micro-
second range, leading for instance to changes of the channel
radius, can be described_ as parameters. The pr_oposed 3hependence on the experimental values of
proach should be reconsidered when several variables haygdration free energy and ionic radii
a characteristic time scale comparableorThis will be the i -
case when residues constituting the selectivity filter fluctu-1 € numerical values of the permeability ratigg/P, ob-
ate with a period comparable ta, In this case more tained in Fig. 4 depend on the values used for computing the
complex multidimensional Langevin equations must pehydration free energy, as discussed in Electrostatic Compo-
considered. nents and Appendix B. The values used here are those

Another important assumption of the proposed approacfXPerimentally measured by Kebarle (1974) and Blades et
is that the highest barrier of the Gibbs free energy is at som@!- (1990) and are similar within 10% to other values re-
distance from binding sites, i.e., from charged and p0|a|ported in the literature. The numerical values of hydration
groups. This assumption should be weakened if a Verﬁnergy are also similar within 10% to the Computed values
detailed and quantitative description of channels such afr ion-water cluster ab initio simulations recently obtained
gramicidine was required. Indeed, molecular dynamics sim(Glendening and Feller, 1995; Rananich, Bernasconi, and
ulations of the permeation through gramicidin channelsParrinello, submitted for publication). No comparison be-
(Roux and Karplus, 1991, 1993, 1994) have shown that aween the values experimentally measured and those ob-
the barriers of the Gibbs free energy the ion still remains irtained by molecular dynamics is available for the entropic
contact with a backbone carbonyl group. contribution. The values reported by Kebarle (1974) were
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obtained with the same experimental technique for the five It is difficult to summarize all the results of experiments
monovalent cations considered here, and were chosen fan site-specific mutagenesis on the role of charged and
this reasonPg/P, depends also on the numerical values ofpolar groups in the determination of ionic selectivity, but
ionic radiir,. The set of Pauling radii is used here. The usesome general remarks can be made. When amino acids in
of different experimental values will influence the quanti- the putative pore region of K channels are mutated, the
tative permeability ratios, but not the general trend observegermeability ratio between Kand Na' can be reduced or
in Fig. 4. unselective channels can be obtained (Heginbotham et al.,
1994; Kirtsch et al., 1995) but it has not yet been possible to
transform a K channel into a N& channel by changing
Limitations of the proposed theory charged and/or polar residues. Similarly, it is possible to

The selectivity sequences predicted by the proposed aggduce the permeability ratio betweerﬂ\kmd Ki (Faure et
proach and illustrated in Fig. 4 do not conform exactly (i.e.,al" 1996) but not to transform a Nainto a K channel.
quantitatively) to those observed experimentally in biolog- ' "€S€ results support the notion presented in this paper that
ical channels. Although the predicted sequence is oftefPNC se_lectlwty is not primarily determined by electrostatic
qualitatively correct, the exact permeability ratios are oftenfNteractions.
too large. This is the case for the gramicidin channel and for The proposed theory predicts that in order to transform a
the Na” channel. In addition, the permeability ratio betweenK ~ channel into a Na channel it is necessary to increase
Rb" and C¢ is <1 for channel radii between 2.4 and 4 A, the radius of the pore, which can be obtained by molecular
while in Na* and CNG channels this ratio is1. Similarly, ~ €ngineering techniques. The permeation of large organic
the permeability ratio between Rband K' is <1 for ~ cations can be used to probe the pore radius and verify
channel radii~2 A, while it is >1 in the gramicidin changes of the pore radius. The observation shakerK *
channel. These discrepancies most likely have two originschannels during C-type inactivation becomes permeable to
First, the presence of charged and polar groups, not considda” (Starkus et al., 1997) could be explained as produced
ered in the calculations illustrated in Fig. 4; second, thePy an increase in the pore radius. B .
uncertainty on the numerical values of hydration energies. "€ proposed theory provides some additional predic-
In the case of the gramicidin channel the selectivity filter istions on the structure and function relation of ionic chan-
expected to be quite near the different dipoles present in theels. For instance, K channels have a variable value of
channel, probably at a distance<s® A, when the proposed PcdPx and itis predicted that K channels with a large Cs
approach becomes unsatisfactory. In addition, the entropipermeability are more flexible than those with a low'Cs
contributions for adding a water molecule to Rand C$ permeability (see Fig. 5). K channels with a sharp selec-
were measured more than 20 years ago (Kebarle, 1974) aniity are expected to have a rather rigid diameter at the
these values were never compared with those obtained froselectivity filter of ~3 A. It is also predicted that CNG
molecular dynamics simulations (see above). channels have a significant pore flexibility and that the
The proposed theory aims at describing a molecular promajor difference in the pore region between CNG channels
cess, such as the ionic permeation in a classical frameworknd voltage gated channels (Nand K" channels) is the
of statistical mechanics. As a consequence, basic molecul@ktent of residues motion, which is larger in CNG channels.
interactions are ngglecteq and their functional role is lost. Tha theoretical approach proposed in this paper aims at
For instance, the interaction between water molecules angxplaining selectivity in ionic channels of biological mem-

wﬁilge;r?necﬁggglé?nd 'ig;?g:t;ed ;gaachr?;hrigféng'r'ﬁzl \r';/:tibranes without considering the specific amino acid compo-
. y pproa pprop sition of the channel. Different channels are simply charac-
especially when the second hydration shell becomes rel erized by two parameters, i.e., the pore radijsand the

vant, which is neglected here. This is the case of the per- . ) .
meation through large channels, such as the CNG and edd™-s: of its fluctuations. The proposed theory provides an

plate channels, where ions are likely to permeate with fxplanation for two fundamental observations on ionic se-

1 . . . . + .
significant water shell. The interaction of the permeating ion'€CtiVity: first, Vl‘é\hy K* channels have a narrow pore with a
and charged and polar groups at distances shorter than 2.5/&dius of~1.5 A and N.d' channels are larger; second, why
is likely to involve significant changes in the electronic ionic selectivity and .sm.gle channel conductance are inde-
state. These events can only be captured by ab initio simdendent features of ionic channels.

lations, requiring a quantum mechanical approach. In its simplicity, the proposed theory seems to capture the
essence of selectivity of monovalent cationic channels and it

will be interesting to see whether the proposed approach can
be extended to divalent cationic channels and to anionic
channels. More accurate characterizations of permeation
The proposed explanation of ionic selectivity can be testedhrough the various channels will require a detailed molec-
by verifying some predictions. First, it is predicted that by ular description of the channel, a real dynamical treatment
changing the electrical charges and the dipoles within thef the process, and possibly a quantum mechanical approach
pore region, no major change of ionic selectivity will occur. to chemical interactions with charged and polar groups.

Predictions and conclusions
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APPENDIX A constant of Eq. A.3 to the so-called Transition State Theory (TST) form
(Hanggi et al., 1990):
This appendix will briefly review some properties of Langevin equation
and Kramer rate theory. A fundamental hypothesis usually made in KRT is TsT
) h . : E— _ S _ W)
the existence of a large gap between the time scales required for the barrier kK="= Bh Xexp( B(G G )) (A-5)
crossing and all the other relevant time scales of the system dynamics.

Under these conditions, it is possible to write down an equation for @  The condition; << 1 holds as long as trajectories starting from the left
(macroscopic) reaction coordinatgt) describing the transition of the  side of the surfac& (separating the two metastable states) and crossing it
system by simply taking an average with respect to the other degrees @fp not return to the left side. Sin¢dresp.y) depends only on the local free

freedom, thus obtaining a reduced description from the full phase space tgnergy profile at the barrier (resp., at the well) it is possible to define
the reaction coordinate space. This equation has a Langevin form

1 2 )
S =6 _ = _
M5'<+?Tf+ Myx = &(t) (A1) 9 =G" 3'”( \a ¢

and
whereG(x) is the mean field potential, here referred to as the Gibbs free

energy, depending on the reaction coordinat&t) is a thermal noise, and

v is a friction satisfying the fluctuation-dissipation theorem (Hanggi et al., GgW =W — = InX
1990) B
B and recast Egs. A.3 and A.4 in the simple form
2y5(t — 1) = 11 (EO&(D)- (A.2)
k=g exp(—B(4° = 4™)) if G'(xw) >0
whereM is the mass of the permeating igh= RTwith Rthe gas constant B

The Langevin equation (A.1) can be solved exactly in some limiting
cases or for some classes of mean field potentials, i.e., of the fur@tign
The solution of Eq. A.1 can be used to compute the rate of escape from (A.6)
metastable states, or in other words the rate congtaftescape from a
well W across a barrie8. In KRT this rate constant is calculated solving These are the expressions for rate constants used in section on Kramer rate
Eqg. A.1 within a quadratic approximation f@& aroundx,, andxg, i.e., the theory.
well Wand the barrieB. If n, is the equilibrium population of particles in
the well andig is the flow of particles fronW through the barrier, we have

and T the absolute temperature, agé(t)&(7)) indicates the temporal 1
average.  — _ o _ W) if =
k=4 2B exp(—B(Y GY)) if G"(xy) =0

the well-known expression (Hanggi et al., 1990) APPENDIX B
Js 1 ¢ In this Appendix the permeability ratiBg/P, is computed in the strong
-2 _ = _2 _ S _— W) - ; B A
- Ny - ph\ \'4 +1 2 X eXF( B(G G™)) friction and in the moderate-to-strong friction case.
(A 3) Let us now consider the case in which the friction factor is large so that
' the inertial termsM X, and MgXg can be neglected. In this case the
where £ = y(AM)G" (x9)" 2 x = (BH2m)(LIM)G' (%)Y G = solution of the Langevin equation can be obtained by solving the associated
3 "W, ]

Fokker-Planck equation for the probability denspx, t) (see Risken,

W) _ X .
G(xg), andG G(Xy)- When the flug from a plateau region of the free 1989: Melnikov, 1991; Hanggi et al., 1990) which has the form:

energy profile (like the interior and the exterior of a channel) has to be

estimated, Eq. A.3 fails; the correct flux equation has the fprm kp, ap(X t) 179 EV 92
wherep is the particledensityat the plateau. Sind8"(x) = 0 forx < 0 and B [ G'(x) — v RTz]p(X, t) (B.1)
for x > I (i.e., not in the channel), a quadratic approximation for the free 9t M| 9x | 9X

energy to calculate the current from these regions cannot be used. Hence, ) ) - )
the correct limit forG’(x,) — 0 of Eq. A.3 is wherel is the length of the channel. The stationary probability density

satisfying Eq. B.1 carrying curref and obeying the boundary conditions
is Ny for pa(0) = ps andpu(l) = O (i.e., at the right side of the channel) is

jA FVrev
palX¥) =5~ exp[—B(GA(X) T X)]
M G’ (%) 8
dx dveXp[—B(zv2 + G(x,) + > x2>]
well

| FVies
y f dyexp[B(GA(y)—y | )] (8.2)

M
dv exp[ - B<2v2 + G(xw)ﬂ
with the diffusion coefficientD, = RTMpy,. AssumingGa g,(0) = 0
(i.e., the free energy at the left and right side of the channel is set equal to
1 2 l © w zero) andp,(0) = p, we have
= \2mpM 2t1-5 exp(—B(G® — G')) - |:V
A v
(A.4) PA= D, f dyexp[B(GA(y) - y|)] (B.3)
0

which is independent oB" ().
If ¢ << 1, the effect of friction can be neglected. This takes the rate  Similarly, for ion B we have the boundary conditiopg(0) = 0 and
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ps(l) = p, and consequently:

. |
g = [J)—BB exp(BFV,e,) J dy exp[B(GB(y) - )T/FVre )]
0

(B.4)

If we imposejg + ja = 0 andpg = pa, We obtain an equation for
exp(BFV,.,) and defining:

GE?,B) — AG 5)(X) = Gag)(¥) (B.5)
we have from Eq. 3:
P D
® = STexp(—B(GE — GY) (B.6)
Pa Da

Jo dxexd — BAGA(X)](Pg/Pa) ™"
Jo dxexd — BAGg(X)](Pg/Pa) ™"
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in order to take into account diffusive corrections (see Appendi)é!@ﬁ’)?
is the Gibbs free energy in the wellwhich is corrected with the factor

! I ith al Gl
—1in Wi iy v Xw i
B (x1) Xi,i 2m\M, (Xw,1)
andl;*(I;") is the electric distance between wel- 1 and the barrier
(between welli and barrieri). For simplicity we assume the electric
distances for ions with the same valence to be equal.

At the steady state, the current through the channel carried byimon
ii = k'mpi, —1 — ki 1p, 1. Hence, solving Eq. B.7 for thg, ;—s, we have

[I]R H k|+| - [I]L H k|7|

jl = Pempty v . (Bg)

2| i || 1Tk

i=1\j=1

Let us now consider the moderate-to-strong friction case and assume Using the zero current cond_itiq:r,l tg = (‘),‘and assu_mingp{]L =
that the permeation through the ionic channel is described as the crossin§lr [Alr = [B]. = 0, and substituting the explicit expressions for the rate

through M barriers separated byl — 1 wells (see Fig. 1A). We will
assume biionic conditions in which oA is on the left side of the
membrane channel, with concentratid,[, and ionB on the right, with
concentrationB]z. We will denote byp, ; (resp.pg),i=1,... .M -1
the probability that iorA (resp. ionB) is in the welli, and byky ;(kx ;) the
rate constant for a transition from welt- 1 to welli (resp., fromi to well

constants in Eq. 16, we have the following equation\fpy;:

i — 1). If only one ion is present at each time in the channel, at the steady

state, we have:
Kopi o + kfl[l]L Pempty — (kfl + klfz)pl,l =0
KiivPivs T Kipice — (K + Kisopy =0

li,rM—lpl,M—Z + ka[l]Rpempty_ (Kim-1 T kIJ,rM)pI,M—l =0
(B.7)

wherel stands forA andB andpemyy is the probability that the channel is
not occupied, i.€.Pempy = 1 — 2ZM1'(Pa; + Pg.). Notice that the

dimensions ofk’; andk;,, are s* mol~*, while the dimensions of the
other rate constants aré’s This difference is also evident in the micro-

scopic determination of these rate constants: it is possible to define the

probability of occupancy of a well, but the probability of occupancy of the
interior (or exterior) of the channel is not well-defined (see Appendix for
details). In the presence of an external poter¥al, the KRT rate con-
stants (see Appendix A) are

1
h

k|+I:B

eXp((Qu - Cgl(\?lll - I:||+ rev)) i#1

ki = Blh exp(—B(G,; — G V) i =M

1
1
\/ZWE exp(—B(Gm + FluVee)  (B.8)

where 4, ; is the Gibbs free energy of ioh at the barrieri, which is
corrected with the factor

zi i 1 -1/2
(\i +1- 2) with ¢ = YI(MG;I(XSJ))

ki

ka =

1
—In

B

exp(BzFVie) = \/‘,\\;E&%g (B.10)
here
A= 2 equ%A,i)[n eXF(_BFlh - Vrev)
i=1 j<i
[Texp(BzFl Vie)
j>i

H eXF(_BFlh - Vrev)

j<i

B = Dm eXF(BCgB,i)[

[T exp(BzFl; Vrev)]
i>i
where the relatio®M ,(I;" + 1) = 1 was used.
Using Eg. 3, we obtain:
M M i-1
Ps . _
> exflfGna;] p. | > =21
Pg i1 A h=i+1 h=1 A
P7A oM P M i—1 WB
B _
Eexdﬁ(gB,i] P. exg > Ih— 21,
i=1 A h=i+1 h=1
(B.11)

APPENDIX C

In this Appendix the values of hydration energi@sused in Eg. 26 are
obtained from physical quantities that can be experimentally measured,
such as the total hydration energy, 4 (Conway, 1981) and the Gibbs free
energyG?*°of clusters composed ofvater molecules and io” in the gas
phase (Kebarle, 1974). These data can be measured with a very good
accuracy, and are reported in Table 1.
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GP*sis, by definition, the Gibbs free energy of the reaction: 30
11998+ {H,09 — |*(H,0)%*

where | *(H,0)¢2° is the cluster composed by the idid and i water
molecules (the superscrigis stands for “from vacuum to hydrated gas
phase”).

The total hydration energ@,, . is the Gibbs free energy of the reaction:

|+gas N |+qu

wherel ' is the fully hydrated ion.

G, is obtained by considering two different reactions: the first one
corresponding to the reactio 92 — |7 (H,0)°"a™e! with Gibbs free
energy G/ ¢ (the superscript stands for from vacuum to channel); the
second corresponding to the reaction from the stafé®to the state in
which the ion is completely surrounded by the first hydration shell, with
Gibbs free energys,. Thus

G=G"-G, (C.1)

Hydration free energies G; (kCal /M)

G/~ can be estimated noticing that in the channeli tivater molecules
are “blocked” by the walls in a fixed position, while in the gas phase they
can be in any angular position around the ion. TGS is approximately Q
given by

FIGURE 6 The dependence Gf on the solid anglé) for Li * (A), Na*
G =Gl -T9% (C.2)  (+), K" (X), Rb" (&), and Cs (O).

where $*is the entropy due to these rotational degrees of freedom. In
particular, if n. is the primary coordination number, the independent

configurations of thé molecules of water around the ions are comparable to the experimental uncertainty in determiningGhealues.

Hence, the model of hydration in constrained conditions can be considered
(nc) B nc(nc _ 1), . (nc — i+ 1) quite satisfactory, especially in our semiquantitative theory. Table 2 repro-

duces all the parameters used in the model, i.e.Ghalues, the primary

I i! coordination numbers, and the Pauling ionic radii and the diffusion coef-

ficient D.
Hence, the entropic contribution in C.2 is given by
as nc(nc - 1)' ) (nc —i+ l) We are grateful to Profs. O. Andersen, D. Bertrand, M. Klein, K. W. Yau
§*=Rin il and to Dr. A. Menini for comments on the manuscript, and to Drs. A.

Maritan, E. Tosatti, B. Chiarotti, and G. Santoro for helpful discussions. L.
G, can be calculated frorG,, subtracting the secondary shell contri- Giovanelli did the artwork.

butionG,;, estimated within a Born approximation (Conway, 1981}, 16 Thjs research was supported by grants funded by the European Commis-

the ionic radius and,, is the effective radius of a water moleculg, is sion (TRANS 960593) and the Human Frontier Science Program.
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