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ABSTRACT L-type calcium channels are Ca®" binding proteins of great biological importance. They generate an essential
intracellular signal of living cells by allowing Ca®* ions to move across the lipid membrane into the cell, thereby selecting an
ion that is in low extracellular abundance. Their mechanism of selection involves four carboxylate groups, containing eight
oxygen ions, that belong to the side chains of the “EEEE” locus of the channel protein, a setting similar to that found in many
Ca?*-chelating molecules. This study examines the hypothesis that selectivity in this locus is determined by mutual
electrostatic screening and volume exclusion between ions and carboxylate oxygens of finite diameters. In this model, the
eight half-charged oxygens of the tethered carboxylate groups of the protein are confined to a subvolume of the pore (the
“filter”), but interact spontaneously with their mobile counterions as ions interact in concentrated bulk solutions. The mean
spherical approximation (MSA) is used to predict ion-specific excess chemical potentials in the filter and baths. The theory
is calibrated using a single experimental observation, concerning the apparent dissociation constant of Ca®™* in the presence
of a physiological concentration of NaCl. When ions are assigned their independently known crystal diameters and the
carboxylate oxygens are constrained, e.g., to a volume of 0.375 nm? in an environment with an effective dielectric coefficient
of 63.5, the hypothesized selectivity filter produces the shape of the calcium binding curves observed in experiment, and it
predicts Ba®*/Ca?* and Na*/Li* competition, and Cl~ exclusion as observed. The selectivities for Na*, Ca®*, Ba?*, other
alkali metal ions, and CI~ thus can be predicted by volume exclusion and electrostatic screening alone. Spontaneous
coordination of ions and carboxylates can produce a wide range of Ca®" selectivities, depending on the volume density of
carboxylate groups and the permittivity in the locus. A specific three-dimensional structure of atoms at the binding site is not
needed to explain Ca®" selectivity.

INTRODUCTION

C&" binding proteins of high specificity are used by cells McCleskey, 1984). They accept cations as large as tetram-
to control vital intracellular processes, and transmembranethylammonium (TMA; McCleskey and Almers, 1985) sug-
proteins with a hole down their middle (calcium channels)gesting to Aimers and McCleskey a relatively wide aqueous
generate C& signals by regulating the movement ofCa  pore with specificity arising from unknown chemical inter-
into the cell. These proteins specifically accumulatéCa actions in “calcium-binding pockets.”
from a large excess of other ions into a binding site that The idea of localized binding sites, or pockets, has been
includes a cluster of carboxylate groups. Carboxytgbeips  the basis of chemical kinetic descriptions of ionic conduc-
are provided by adjacent aspartate or glutamate residues, e.tign in calcium channels (Hille and Schwartz, 1978; Almers
the “EEEE locus” of calcium channels (Heinemann et al.,and McCleskey, 1984; Hess and Tsien, 1984; Dang and
1992; Mikala et al., 1993; Yang et al., 1993; Ellinor et al., McCleskey, 1998). lons are viewed as hopping between
1995), or the “EF hand” motif found in many €aregulated  discrete binding sites formed by a specific arrangement of
proteins (reviewed by Nelson and Chazin, 1998). A cluster othe atoms of the protein (Miller, 1999). The interactions of
tethered carboxylate groups is found also irf Cahelating ions with binding sites are quantified by free enthalpies
compounds, such as EGTA. €aspecific binding thus seems assumed to be independent of the ionic densities in the
to arise as a generic property of carboxylate clusters. solutions around the channel. The sites are thought to bind

The selectivity of L-type calcium channels depends onions in 1:1 stoichiometry, such that a site either is vacant or
the solutions bathing them. Although these channels corholds one univalent or one divalent cation. The electrical
duct C&" in the presence of a hundredfold excess of alkalicharge now known to be an integral part of the selectivity
cations (Reuter and Scholz, 1977; Lee and Tsien, 1984filter was not included in these kinetic models, and so
they can pass large currents of monovalent cations wheelectrical energy and forces between the filter and con-
divalent ions are absent (Kostyuk et al., 1983; Almers andlucted ions were treated vaguely, if at all.

Here, we approach the problem of Caspecific binding
. o o by considering two forces that abeth necessarilyjnvolved
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lonic specificity is computed in our model in a hypothe- but their exact position and that of the permeating ionsnatepredefined

sized setting of minimal structure. lons and carboxylatePy a specific architecture.

groups are assumed to associate like charged molecules of aIons bind in, or are excluded from, the filter because the system has a

. . . more (or less) favorable free energy when ions are bound than when they
homerneous fluid without predeflned structure. EIeCtro'are free. The free energy of binding/exclusion involves “ideal” terms, the

static and excluded volume interactions are described by thencentration and electrical terms of the electrochemical potential of an
primitive MSA (mean spherical approximation) model of ideal electrolyte solution, but also “excess” terms that arise in real solu-
electrolytes (Blum, 1975; Triolo et al., 1976, 1978a, 1978b;ti0ns. (The chemical potential of an ion is the change of free energy of the
Blum and Hoye, 1977; Simonin et al., 1996, 1998: Simonin'system that occurs when the mean density of the ion is changed by a tiny

. .. .. T amount. Note that a chemical potential for a species of ion exists even if
1997) that describes the activity coefficient of ionic SOIu'that ion is not present in the system, just as an electric potential exists even

tions from infinite dilution to saturation and is even useful when no probing charges are present.)

in anhydrous melts of pure salt (Boda et al., 1999). The novel part of our analysis is the computation of the thermodynamic
We use the MSA as an approximation that is analyticafxcess properties of ions in the selectivity filter using a statistical mechan-

and hence easy to compute and understand physically. TH(I?I theory of bulk electrolyte solutions, the so-called “primitive” version

. . . the MSA. This theory represents ions as charged hard spheres and water
partlcular theory used to describe electrostatic and COre-CONgs 4 continuous dielectric. In the primitive model, the dielectric coefficient

repulsive forces is not central to our theme: other theoriegwhich varies with the composition of the solution) describes the attenua-
will be used in future work, no doubt. The central theme istion by water of electrostatic interactions between the ions and some of the

that electrostatics and core-core repulsion are enough ﬂateractions of ions with water. The mutual exclusion of the finite ionic

explain the essential aspects of physiological Selectivity involumes and the electrostatic interactions (screening) among the ions

2+ .. 7. . . produce the non-ideal (excess) components of the chemical potentials. The
C channels. In this view, selectivity among physiologi- excess chemical potentials generally are different for different ionic spe-

cal ions springs from the diameters and charges of the@ies. No other effects (such as specific interactions between atomic orbitals
selected mobile ions and the selecting carboxylate oxygens Ca* and the molecular orbitals of the carboxylic groups) are invoked
of the protein. The protein architecture has surprisingly littlein this model of the selectivity filter.

; e v TR ; ; . Inside the selectivity filter, the excess chemical potentials computed by
role in this view of SeIeCtIVIty’ it sets the dielectric coeff the MSA describe the selective “binding” of ions to the channel protein. In

cient and the volume density Qf structural -oxygen anioNSpe path, the excess chemical potentials computed by the MSA establish the
and accommodates the resulting mechanical forces. Theference state from which the channel accumulates ions selectively. In this
specific arrangement of atoms in the hypothesized bindingection, we summarize the computation of excess chemical potentials and

arises spontaneously. It is the result, not the cause, of thher relevant quantities of MSA theory, and describe their use in predict-

specified forces. Two parameters—filter volume and dieleci" the partitioning of ions between the bath and the channel,

tric coefficient—can set the G dissociation constant of
the channel over the range from millimolar to subnanomo-
lar, which includes the range found in Taselective chan- The MSA theory

nels and C&" binding proteins. MSA theory derives thermodynamic properties of electrolyte solutions
from statistical mechanics. The volume density of the Helmholtz free
energyAA is expressed as the sum of ideal and excess contributions.

THEORY AND METHODS AA = AA? + AA (1)

Binding of ions to the L-type calcium channel is computed here from a
theory that treats the selectivity filter of the channel as an ion exchange 1he excess free energy has two components: 1) excluded volume effects
“resin” containing negative fixed charge, much as macroscopic theoriedh@t arise in a solution of uncharged hard spheres, usually called the
treated ion exchange membranes some time ago (Teorell, 1953 Helfferichhard-sphere” (HS) componediA™, and 2) electrostatic effects that arise
1962; Coster et al., 1969; Coster, 1973). The resin and baths are assumf@m the mutual screening of charged hard spheres, usually called the
to be at equilibrium, at the same electrochemical potential: the equilibrium €/€ctrostatic” (ES), or sometimes “MSA,” componeliA™,
equation of state is solved numerically to determine the densities of ions in
the resin and the electrical potential there. Previous analysis of a micro- AA = AA™S + AAFS (2)
scopic selectivity filter, using Poisson-Nernst-Planck theory, showed the
utility of this approach: when the electrostatic screening length remainsThe hard-sphere effects are entropic and depend on how space can be
short compared to the dimensions of the filter (Nonner and Eisenbergoccupied by spheres. Excluded volume effects of this sort have been
1998), a quasi-macroscopic analysis captures most of the behavior of thacluded in treatments of excess free energy since the time of van der
system (except the anomalous mole fraction effect, see Fig. 3). Waals. Analytical expressions describing the hard-sphere effects have been
We assume that the ion exchanger of the L-type calcium channel iglerived in the Percus-Yevick theory of uncharged liquids (see Mansoori et
made of the selectivity oxygens of the EEEE locus. The contents of thal., 1971; Salacuse and Stell, 1982; and original references cited in foot-
selectivity filter and the baths are described as the two phases in a Donnarotes 5 and 6 of the latter paper). The expressions used will be simply
system of classical physiology. The oxygens are described as tethered iostated below (Egs. 19-22).
with the same properties as carboxylate ions in bulk, but confined to the The part of MSA theory that is concerned with the electrostatic inter-
subvolume of the selectivity filter. They are assigned a partial charge ofactions among charged spheres of finite diameters is outlined in this
- %eo each. lons such as €3 Na', and CI" can move from phase to section. Hard spheres cannot approach as closely as the point charges
phase, but the “selectivity oxygens” cannot. The permeating ions andpproach a central ion in Debye-ekel theory, and this simple property
ionized oxygens of the channel assume mean positions that minimize thaccounts for a substantial part of the excess electrostatic energy of a
free energy of the system. The selectivity oxygens are part of this systensolution of hard charged spheres. The electrostatic part of the Helmholtz
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free energy density The MSA screening parametEris defined in an implicit equation (7),
with T on both sides, and so its computation requires an iterative solution
AAFS = AEFS — TAS™S (3) of Eq. 7. The iteration is usually started using the DH screening length as
) ) ~ the initial guesd™©® = «/2.
involves AE™S, the excess electrostatic energy produced by the ionic  The MSA can be constructed as an interpolation between limiting laws,
charges, and S5, the excess entropy associated with the screening CONyoth of which it describes exactly (Blum and Rosenfeld, 1991):
figurations sought by the iondE=Sis the sum of the self-energies of each

ion and its surrounding ionic cloud, by which the central ion is perfectly 1. The classical limit described by Debye-tkel theory, namely low
screened: concentration and low ionic charge. Here ion size does not matter, and
MSA and Debye-Huakel theory are identical,
e% 2.2 Zm(Ti/F 2. The Onsager limits. When the ionic concentration goes to infinity and
AE®S = — 2p + 4) h ime the ionic charge di infinity, then the limiti
Amreg, “ o+ 1T o + 1T at the same time the ionic charge diverges to infinity, t eqt e limiting
i energy and free energy is bounded by the energy of the ions encapsu-
lated by a thin metal grounded foil (Onsager, 1939; Rosenfeld and
Blum, 1986). In the infinite density and infinite charge limits, free
energy is asymptotically equal to the internal (that is, electrostatic)
energy, and the entropy term is asymptotically small. This limit is also
approached at zero temperature and the limit is sometimes named that

The form of this equation suggests that the countercharge df¢an be
thought of as smeared over a spherical surface that has the diameter
1T and is centered about the ion. Hegg, o;, and z are the number
density, diameter, and valence of ionic spegids is the MSA screening
parameter, in units of inverse length;is a measure of the difference in

diameter of different types of ions (see Eqe§is the charge on a proton; -
&0 is the permittivity of the vacuum, andis the relative permittivity of the MSA theory is a natural extension of DH theory, in which electrostatic
solvent, i.e., its dielectric “coefficient.” interactions among ions are constrained by finite ionic diameters. The
The ES excess entropy is results can be stated in analytical form and have a striking formal similarity
to those of DH theory (Blum, 1975; Bernard and Blum, 1996; Blum et al.,
ASS = — E e (5) 1996): the excess thermodynamic properties can be expressed as functions

37

of a screening parameter (callédin MSA), which is analogous to, but
numerically different from, the screening parametesf DH theory. The

The variational principle (Blum, 1980; Rosenfeld and Blum, 1986; Blum MSA screening length excluding the radius of the central ion—that is,
and Rosenfeld, 1991) (2I')"*—is greater than the DH screening length', because the finite
diameter of ions in the MSA prevents them from approaching as closely as

J th int ch in DH.
oF AAES = 0 ©) e point charges in

yields the screening parametérfrom the implicit relation (Blum, 1975,  Excess chemical potentials and
Blum and Hoye, 1977) osmotic coefficients
& z — mot

ks Teeq izpi[l + Do

2
The MSA determines the excess chemical potential and osmotic coeffi-

(7) cients from the excess free enerdA®*. The excess chemical potential
Ap is computed as two components, one arising from the free energy

hange due to electrostatic screening (ES component), the other from the
éressure work due to the excluded volume of hard spheres (HS compo-
nent):

1 PrOZk ex ES HS
= - A P = A i + A i 12
=028 21+ T, ®) T AT AR (12)

k

ar? =

wherekg andT are the Boltzmann constant and absolute temperature, an
the MSA parameter represents the effects of nonuniform ionic diameters.

The (molar) osmotic coefficienp is also expressed in those components
m is zero when all ions have the same diameter, and its effect is small in

: . ) — ES HS
our calculations|no?| < 0.04.Q is determined by ¢=1+A¢"+ Ad (13)
T pkgﬁ The ES components in these expressions are negative because they arise
Q=1+ 27 9) from the mutual electrostatic attraction of the ions. The HS parts are
2A =1+ Toy

positive because they are due to the increase of pressure (i.e., mechanical)
work arising from the mutual exclusion of the ions of finite diameter. The

A measures the volume fractiowt filled by ionic hard-spheres: excess chemical potentials can be positive or negative, depending on which
component dominates, and thus can imply a tendency of the solution to

k

A=1— ™ 2 3 10 “attract” or “repel” ions of the species. Selectivity arises in this way.
o 6 PkO ( ) MSA derives expressions for the electrostatic parts of the excess chem-
k ical potentials and osmotic coefficients using standard thermodynamics
. . . (Blum, 1980):
In the limit of point chargesd — 0), the MSA screening parameter
reduces to 9
ApfS =~ AA™ (14)
) & ) api
Al'(oy ﬁ0)=|(B-|-72Pi2a2='< (11)
oy 9 AAFS
ES Pi
Apro= = (15)
wherek is the Debye-Huokel screening parameter. kBT Iipi pi
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in which the differentiation is performed at constdhtbecause of Eq. 6.  varied in typical experiments, e.g., Fig. 2. Equilibrium is only possible if
The results derived from these relations automatically satisfy the Gibbsanother force opposes the gradient of concentration between local and
Duhem relation that constrains the chemical potentials of all components afemote ions. One other force is the gradient of the long-range electric

a solution, including the solvent. potential between local and remote locations. The value of this boundary
The explicit expressions for the individual excess chemical potentialspotential or Donnan potentidf depends on the concentration of selectivity
and the mean osmotic coefficient are: oxygens and of ions in the bath. Another force comes from the specific

local excess chemical potentials that are created by the selectivity filter,

AyES eé FZ‘-2 2z, — noi2 noi2 and generally differ from those in the bath. We compute the long-range and

i Ameeo| 1+ o, N0 1+ To 3 local blndlng‘forces in our_th_eor_y of selective binding. _
We describe the selectivity filter of the L-type calcium channel as a
(16) . :
thermodynamic system surrounded by a larger reservoir of controlled
3 ecz) o2 composition (the two baths, which are merged in this treatment). Variables
n

(17) describing the filter have no subscripts (for tidiness). The system is at
equilibrium so it exchanges heat at the temperature of the reservoir, and it
exchanges mobile ions at the chemical potential of the reservoir. Variables

P = E Pr (18) describing the baths are marked with the subscript O (zero). The equilib-
« rium is defined by the minimum of the “availability functionw of
Clausius (see p. 92 of Mandl, 1988) that describes the work that can be

The hard-sphere components of the excess chemical potential and of t#l9n€ by a system in contact with an environment, when certain exchange

osmotic coefficient are (Salacuse and Stell, 1982) rules are enforced among them. The functiemight be also called the

grand canonical free energy.

ES_ _ _ il
Ad 3mp;.  AmegksT mpy

- 3&,01 + 3¢,07 N 9&o?

AptS = kg A oAz ®=E~ TS+ PV~ > uoN (25)
(29) i
+ 31+ Ad™S) — In A whereE is the internal energy of the systeff, is the temperature of the
&0 ( ¢ % baths,Sis the entropy of the filterP, is the pressure in the batl,is the
volume of the filter,u, ; is the chemical potential of componenin the
& 346 352 baths, and\; is the number of molecules of speciem the filter.
AqﬁHS = A + A? + ZA3 (20) The Helmholtz free energy (not the densityA) in the selectivity
& & filter is
using the geometrical measure variables A —E-TS
T
&= G > peoh (21) = A"+ kgTo 2 (N In p; — N)) + &g > zN, (26)
K i i
A=1-§& (22) where A®*is the excess free energy (not density) of the molecules in the

selectivity filter, p; is the number densityN/V) of molecules of species

The HS components arise solely from a change in entropy that is negativ® the filter, and¥W' is the electrical potential (often called the Donnan
because fewer configurations are available to a solution containing spherd¥tential or voltage) of the selectivity filter minus that of the surrounding
than to a solution containing mass points. The hard-sphere excess fré¥iths (i.e., reservoir).

energy density is At equilibrium the partial derivatives ok with respect to the indepen-
dent variables are all zero, i.e., the partial derivatives with respé¢tand
AAHS = —TAG™S (23) ¥ are all zero. Setting the partial derivatives with respeditequal to
zero implies that the chemical potentials in the baths and selectivity filter

= > pAuS — APk T D p are equal, namely
i i

wi =+ p+keTIn p + ez®
The osmotic pressurH is determined by the osmotic coefficieftand 0 ox
densities = o, T poi T KeT I po (27)

II=¢- kT E pi (24) Setting the partial derivative with respect to electrical potential to zero
i implies electroneutrality,

&> zN =0 (28)
Selectivity filter of the calcium channel i

Consider a system of two connected compartments, one the selectivity The selectivity filter of the calcium channel is of atomic dimensions, as

filter containing the selectivity oxygens, the other, the bath remote from theare the boundary layers at the interfaces between filter and baths. Our
selectivity filter (Fig. 1). The fixed charge of the selectivity oxygens analysis does not account for any mechanical work done on the walls of the
determines the local concentration of mobile ions, chiefly the counterionschannel, nor does it account for electrical energy stored in the capacitance
C&" and Na'. The concentration of ions in the bath far from the selec- of the boundary layers. The boundary layer is represented in the Donnan
tivity filter is determined by the experimenter. The local concentrations ofsystem as a jump in electrical potential that generally is present at the
ions are in equilibrium with the concentration of ions in the bath that isinterface of the two compartments. In a previous analysis we simulta-
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FIGURE 1 () Schematic view of the hy-

pothesized selectivity filter. The selectivity

filter is shown as a cylindrical constriction A

between wider funnel-like atria of the chan-

nel. Filter and ionic dimensions are drawn to

scale. The filter contains eight structural ox-

ygen ions that represent the glutamate car-

boxylate residues of the EEEE locus in the o (BT
Ca* channel. Each structural oxygen has an —
assigned partial charge ef% e, The “selec-
tivity filter” is defined as the subvolume of
the pore accessible to these “selectivity” ox-
ygen ions. The MSA theory of this paper is
directly concerned with the volume of the
filter; the dimensions shown here (0.5 nm
axial length,~1 nm diameter) correspond to .
a volume of 0.375 nfh The mobile and Selectivity
oxygen ions in the filter are thought to asso- Filter
ciate more or less like the ions of a very
concentrated bulk solution with no pre-
defined “binding sites” of definite structure.
(B) Occupied fraction of the filter volume. In
this calculation, the bath contained 0.1 M
NaCl, and CaCl was added to the bath as
indicated on the abscissa. The ordinate shows
the fraction of the filter volume occupied by glutamate
structural oxygen ions and the mobile ions

that partition from the bath into the filter.

Same simulation as in Panel C and Fig. 2 and B C

3. Substantial excluded volume effects 037 0157

among the ions typically arise when the ions T — l
fill more than ¥ of the volume. C) MSA T

screening length in the filter shown as a func- 014
tion of bath CA* added as CaGto a 0.1 M

NaCl solution (same simulation as in Panel B
and Figs. 2 and 3). The screening length
(2/(2I), see Egs. 7 and 11), is smaller than
the oxygen radiusdashed ling and hence

substantially smaller than the filter dimen-
sions. The screening length is reduced as 0 e —
divalent C&" replaces monovalent Nain 10 8 r 4 2 -10 8 i 4 2

the filter solution. Log [CaClz] added to 0.1 M NaCl in Bath Log [CaClz] added to 0.1 M NaCl in Bath

/
, 1
Carboxyl
oxygen of

K Oxygen Radius

I
N

0.05 1

©
=

Relative Solute Volume
Screening Length in nm

+—

neously solved the Poisson and Nernst-Planck equations for a channtie partitioning into (and hence the concentrations in) the filter compart-

geometry (Nonner and Eisenberg, 1998) with essentially similar resultsment depend on the excess chemical potentials and Donnan potential. The

The issue of mechanical work is discussed later in this paper and will béon concentrations in the filter are initially unknown, and so the system

analyzed in a subsequent publication. needs to be solved by a numerical iteration. The numerical iteration has to
be done anew each time the composition of the bath or properties of the
selectivity filter are changed.

Numerical procedures: solving the The MSA equations allow the excess chemical potentials to be very

Donnan system steep functions of concentration. Two numerical safeguards (described
below) were found necessary to ensure convergence even in extreme cases;

The filter and baths are required to have the same electrochemical potefhese safeguards limit the iterative pace of change in the excess chemical

tial. The resulting equation of state is solved to determine the densities 0dnd electrical potentials.

ions in the filter and the electrical potential there. The inputs of the = The plan of the computation was

computation are densities (number per volume) in the bath of the ex-

changeable ion specieg, ;, and the density of the tethered carboxyl 1 gglve the MSA to compute the excess chemical potentiglisin the

oxygens in the selectivity filte,. The outputs of the computation are the baths for the given set of densities of ions in the bagh '

densities in the filter of all exchangeable ion specigsthe electrical 5 pjtialize the estimates of the Donnan potential and excess chemical

potential in the filter with respect to the bath, measured in units of potentials in the filter. The argument of the functions refers to the
kgT/eo, and the excess chemical potentials of all ions species in the bath jiaration numbem

o and filter uf™, expressed in units désT.
Excess chemical potentials of ions and the Donnan potential depend on ) y )
the ionic concentrations of all species in each compartment. Conversely, \P(O) =0; i (O) =0; (29)
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FIGURE 2 C&", Na", and CI" selectivities in the hypothesized filter. In a simulated experiment, Ja@dded to the 0.1 M NaCl solution so the bath
Ca* concentration is varied from 16° to 10~ M while NaCl remains at 10* M. The selectivity filter is described using the standard pore of Figy. 1
and the dielectric coefficient is assigned the value of 633.I¢nic concentrations in the selectivity filter. As bath“Cas increased to micromolar
concentrations, Nais replaced by C& in the selectivity filter. The replacement is half complete atM bath C&* (the dielectric coefficient was chosen
to match this apparent dissociation constant). In this graph, the@e is indistinguishable from the baselinB) Free energies of partitioningG; for
Ca&*, Na', and CI” vary as the ionic compositions in the bath (and hence the selectivity filter) are vAGees ut™ — pS% + ze,¥, wherei identifies
the type of ion andV (note lower case) is the relative Donnan potential (filter/batB).Qifferences of ionic excess chemical potentials (filter/bath) vary
only weakly as C&" replaces N4 in the selectivity filter. The offset between the (relative) excess chemical potential’of&@al the (relative) excess
chemical potential of Navaries even lessD) Donnan electric potential at the filter/bath junction varies strongly &5 @aplaces N4 in the selectivity
filter. The variation in electrical potential has important effects of‘@da’ selectivity because the Donnan potential has differential effects on the
electrical energy of divalent and monovalent ions. The free energyf @artitioning panel B varies more strongly than that of Ngartitioning because
the electrical energy of G4 varies twice as much as the electrical energy of Na

3. Compute the ionic densities in the filtgx, from the Boltzmann rela- The lag factore is needed to ensure stability (typically= 5) because
tions the ionic densities in the filter are exponential functions of the excess
chemical potentials there. In some rare situationsas as large as 100;
ksT In Pi(m + ]_) =ksTIn Po.i (30) 5. Update the electrical potential in the filter using the formula
g — € W(m) — p(m); W(m+ 1) = ¥(m) + AV (32)

The iterative variation of the potentidA’ depends on the charge and ionic

4. Solve the MSA to compute the excess chemical pote for all ion
P potent densities in the selectivity filtes;, including the selectivity oxygens.

species in the selectivity filter, including the selectivity oxygen ions.
These excess chemical potentials are used to update those from the E
preceding ifnth) iteration ™ (m) by the formula . Zpi

ex ex AV = :
MieX(m + l) _ m v ,E Zizpi (33)

1+« (31)
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The potential from therth iteration thus is changed by an amount jonic solution on the biologically relevant time scale
proportional to the remaining deviation from electroneutrality, but the (>1 MS)- The tethers do not add to the free energy of ion
size of the change is controlled by the ratio of the deviation from . . °. . . . . .
electroneutrality to the ionic strength in the selectivity filter; blndlng _'n any other Wa_y in this model. The ions in the filter
6. If |AW| > eps the iteration is done again from step 3 above. Otherwise,ar€ assigned crystal diameters (Table 1) and are drawn to
the calculation is stoppedpsis a convergence criterion, typically 18 scale. The oxygen ions are given the diameter of water
oxygens as determined in hydration shells of ions (0.278
Solving the MSA nm; Table _1). Eac_h oxygen car_ries a chgrgeébo_. Water
molecules in the filter and solutions outside the filter are not
The solution of the MSA is given by a set of algebraic equations, butshown in the sketch. A volume of physiological bath solu-
involves one iterative loop to determine the screening pararheidie use tion (~0.1 M) equa| to the volume of the filter. contains
a simple iteration withm as the index. The MSA equations used for the ’ . !
selectivity filter have been defined above. ~12 water molecules. The MSA screening radius computed
1. Set the screening paramelbto an initial valuel(m = 0) = /2. for the concentrated solution in the filter is less than the
. = = KlZ; . .
2. Compute a new estimalgm + 1) for the screening parameter from Eq. oxygef rgdps (Flg. 1:)' . L
7 using the previous estimat(m) on the right-hand side of the C&"* binding in L-type calcium channels is inferred from
equation; measurements of the current or conductance of the mem-
3. Apply a convergence criterion:|if(m + 1) — I(m)|/I'(m) > eps where  pranes of whole cells or of membrane patches containing a

— 108 rei . ; . . . h
eps= 10" reiterate from step 2; otherwise proceed to step 4; single channel. The channel bathed in a pure NaCl solution
4. Compute the electrostatic part of the excess chemical potentials fro

Eq. 16. Compute the excluded volume part of the excess chemicf:}I]]"’IS a Iarge conductance, and adding (;aclone or both
potentials from Eq. 19. Combine the electrostatic and excluded volumdaths reduces the (time or population) average of conduc-
parts to compute the total excess chemical potentials by Eq. 12.  tance approximately as described by a first-order isotherm
The MSA was solved for both the bath and selectivity filter. The (Kostyuk et al., 1983; Almers et al., 1984). Atl uM
computation for the filter used fixed ionic diameters and a permittivity thatexternal C&", current betweer-20 to 0 mV is reduced to
was supplied as an exteral parameter. Selectivity oxygens were assign¢gélf its maximal value. The isotherm is thought to reflect the
the partial charge (valence)E €, Crystal diameters (in nm) are given in entry of C&" into the selectivity filter. Current or conduc-

Table 1. . . .
The computation for the baths used concentration-dependent ionic dit-ance is reduced because®Cas less mobile than Na

ameters and a concentration-dependent permittivity. The diameters arfgollowing this lead, we assume that the selectivity filter
permittivity were calculated as described by Simonin et al. (1996) andholds equal charges (not amounts) of Nand C&" when

Simonin (1997) using coefficients from Table 2 of Simonin, 1997. The it is at the midpoint of the current isotherm. We choose

concentration dependence of these parameters adds additional terms in t?slues of the filter volume and dielectric coefficient that
excess chemical potentials, beyond those given in Egs. 16 and 19. The full

expressions used for bath calculations are found in Simonin, 1997 (hiQrOduce equal amounts of charge at the midppint O_f the
equations 1 and 4). isotherm. The filter volume usually had the dimensions

shown in Fig. 1A, 0.5 nm long and~1 nm in diameter
RESULTS (volume 9.375 nr, an_d the _theory was calib_rat_ed to data
by adjusting only the dielectric coefficient, which is 63.5 for
Fig. 1A shows our image of the hypothesized selectivitythe volume 0.375 nrh
filter, i.e., binding site, 0.5 nm long and1 nm in diameter. This paper focuses on the competition among alkali and
The filter is formed by the narrowest constriction of a alkali earth ions, and the anion Cland is restricted to the
transmembrane pore, and more thi#nof its volume is  roles of electrostatic screening and excluded volume effects
filled by oxygen ions and their counterions (FigBL These in this competition. The chemical binding of protons to
oxygens are thought to belong to the four glutamate residuegarboxylate ions, which results in conduction block, is not
of the EEEE locus and are held in the filter by their tethers,ncluded in the present description. Thus, all computations
that is, by the covalently linked atoms of the acid side andapply to low proton concentrations (pH 9).
main chains. The tethers only act to localize the selectivity Fig. 2A shows the filter concentrations of Nand C&*
oxygens in this model. The oxygens and conducted ions i'&omputed for an experiment in which Ca@$ added to a
the selectivity filter behave like a concentrated (10—20 M) 1 M NaCl bath solution. C& replaces Na as the coun-
terion in the filter as C& is added to the bath. The theory
predicts exchange isotherms with a midpoint atNl bath
TABLE 1 lonic diameters Ca" when the dielectric coefficient is set to 63.5 and the
Li* Na* K* Rb" Cs* Mg>* c& Ba&* cI- o volume of the filter is 0.375 nf This result shows that
0.148 0.204 0.276 0298 0.340 0.144 0.200 0272 0362 0.27¢lectrostatics f‘”d core-core repulsion can produce selective
Values are given in nm. Effective diameters for coordination number VI bmdl.ng of C< aljd Na that Va”es.WIth concentration fike
were taken from Shannon, R. D. and C. T. Previtt (1969). The diameter that in a real C& Ch_annel' We will shoyv_b_eloyv that th(_a
0 12is the best estimate of oxygen in hydration shells found in Marcus,M0odel produces a wide range of selectivities if we assign
1988. different values to the filter volume or dielectric coefficient.
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The isotherms in Fig. A have slopes smaller than in a
first-order hyperbola because the free enthalpy of partition-
ing varies with the bath concentration of CgFig. 2B). As
ca" is increased, selectivity is reduced, mostly because of
changes in the long-range electrical (Donnan) potential be-
tween the filter and bath compartments (FigDR Differ-
ences in the binding of different ions are reduced.

The concentration of G4 in the bath has little effect on
the other, local components of the free energy: the filter-
bath differences in excess chemical potentials for each ion
are approximately independent of bath concentration (Fig.
2C). The Donnan potential and approximately constant
differences of excess chemical potentials of cations com- 0 ’ ’ ’ i ’ i ’
puted using MSA theory are in good agreement with pre- 9 8 7 6 5 4 3 -2
vious empirical estimates obtained from a PNP model of the Log [CaCl2] Added Externally
L-type calcium channel (Nonner and Eisenberg, 1998). The
MSA computation also gives an estimate of the excess 1271 B
chemical potential for Cl (Fig. 2 C); this potential is more
repulsive than was postulated previously.

The C&"-dependent reduction of Nacurrent through
Ca" channels has been previously described by a first-
order isotherm (Kostyuk et al., 1983; Almers and McCles-
key, 1984; Almers et al., 1994), so it is interesting to see if
the experimental observations are compatible with the dif-
ferent kind of isotherm that we compute. FigA3eplots the
data of Almers and McCleskey (1984, their Fig. 11) to-
gether with a theoretical curvedlid line) computed from a

Relative Current at -20 mV

10 1

Channel Conductance in pS
(o))

Poisson-Nernst-Planck model (PNP2) of theéCahannel 0 | t : . : + '

(Nonner and Eisenberg, 1998; see also legend to Fig. 3), 9 8 -7 6 5 4 3 =2

usually called the self-consistent drift-diffusion equations in Log [CaCl2] Added Externally

physical chemistry (Newman, 1991) and semiconductor

physics (Ashcroft and Mermin, 1976; Hess, 2000). FIGURE 3 Selective ion binding incorporated in a model of conduction.

PNP2 describes the flux of ions produced by the mearfA) Comparison of experimental and theoretical currents through® Ca

: ' 4 ) - ! ) - T o~
electrochemical gradient, including the mean electric fieldchannels. Symmetrical solutions of 30 mM Nai™, 130 mM TMA" Cl

ted from all the charges in the svstem (tetramethylammonium chloride), pH 7. Calcium was added to the external
compu g y : bath as indicated on the abscissa. Symbols represent experimental mea-
The PNP2 theory of the €& channel involves a 10ng-  syrements from Almers and McCleskey (1984; their Fig. 11; points that

range (Donnan) potential similar to that computed in therepresent averages are filled). The solid curve is computed from the PNP2
present work (Figs. 2 and 4 of Nonner and Eisenberg, model of Nonner and Eisenberg (1998) with the model parameters given in
1998) and thus variable free energies of ion binding. Théheir Table 1 (4 carboxylate groups); TMA was assumed to be excluded
’ h ical potential . d to individual i . thfrom the pore proper by an excess chemical potential of 0.5 eV. Experi-
excess chemica p_o entials assigned o Individual 1ons In g o o points were measured from a whole cell containing an unknown
PNP2 model (their Table 1: 4 carboxyls) are constantSpymber of channels. Theoretical currents were computed for a single
however, whereas they are variables in the MSA theory othannel and scaled to the leftmost experimental point. Note that the solid
the present paper. The numerical values of these constarfigve is a prediction, not a least-squares fit of the data: the parameters of
in the PNP2 model are similar to the approximately Constan@wis model describe idealized key observations derived from single-channel
h ical potential d d by the MSA th experiments and were not readjusted for these data. The dashed curve was
excess chemical potential produced by the eory (Segbtained by shifting the predicted solid line along the absci®gaP(e-
our Fig. 2B). Therefore, the PNP2 model produces the Sam@jcted channel conductance. The curve was computed from the PNP2
kind of binding curves as we find here using MSA theory. model of Nonner and Eisenberg (1998) and corresponds to the currents
A summary of theoretical binding curves has been pubshown by the solid line ipanel A.It has a distinct minimum of conduc-
lished by Dang and McCleskey (1998, their Fig. 1) for threetance, the so-called anomalous mole fraction effect of conductance.
chemical-kinetic models that involve first-order binding
with fixed free enthalpies. Fig. A of the present paper although this curve was not obtained by a fit of the shown
shows the curve computed from our PNP2 model superimelata: the model was calibrated using idealized measure-
posed on the experimental points of Almers and McCleskeynents on single Cd channels as described in Nonner and
(1984). The curve computed from PNP2 theory follows theEisenberg (1998). A small horizontal shift of the predicted
data more accurately than those of the kinetic modelscurve @ashed lingis enough to fit these specific data.
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FIGURE 4 Components of the ionic excess chemical potentials in the selectivity filter in #éNad replacement experiment of Fig. 2. For each ionic
species the hard-sphere (HS) and electrostatic (ES) contributions to the total S5 excess chemical potentials are plotted. The hard-sphere excess
potentials of Na and C&" are similar and repulsive, but the electrostatic excess potential is much more attractivé'fon&afor N& . The hard-sphere
excess potential for Clis strongly repulsive, and that repulsion dominates the weaker attractive electrostatic excess potentiallioe EIS components

of excess chemical potential are computed from Eq. 16 and the HS components from Eq. 19, using the crystal ionic diameters (Table 1).

Chemical kinetic descriptions of the €achannel in fact Selectivity involves both electrostatic and
have two binding affinities for C&. In addition to high-  excluded volume effects
affinity Ca?* binding (kD ~ 1 uM), a domain of low- . ] .
affinity Ca2* binding (kD ~ 10 mM) was introduced into Fig- 4 shows how electrostatic screening (ES) and excluded
these models to predict an increase of current observe¥Plume effects among hard spheres (HS) contribute to the
when the bath C& reaches millimolar concentrations individual excess chemical potentials in the hypothesized
(Almers and McCleskey, 1984; Hess et al., 1986). Becausélter. The repulsive HS contributions are nearly identical
the current reaches a minimum near 101 Ca2", this has  for Na" and C&" because of their similar diameters. The
been called an anomalous mole fraction effect, AMFE. Oucharges on Naand C&" are different, so their ES contri-
PNP2 computations reproduce the experimental AMFE obutions are different enough to produce a substantial differ-
current (Fig. 3A) and predict an AMFE of conductance ence in the overall excess chemical potential and binding.
(Fig. 3B), as well. This AMFE is produced by depletion of The overall excess chemical potential for Nia dominated
C&" in the microscopic boundary layers at the filter/bathby HS repulsion and thus is mildly repulsive. The overall
interfaces (Nonner and Eisenberg, 1998) and does not irexcess chemical potential for €ais dominated by the ES
volve a separate low-affinity binding site. Instead, thesecontribution, and thus attractive. The difference in the total
small zones of low-affinity binding arise necessarily at theexcess chemical potential for €aand N& represents the
edges of an otherwise uniform filter region. chemically specific properties of the system. These arise
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entirely from the interplay of electrostatics and core-corefree energy of the filter (also see the curveTAS™ in
repulsion. Fig. 9A).

The origin of the different ES contributions for Nand
Ca" can be traced through the MSA equations. The elec-
trostatic (ES) component of the individual excess Chemicagelectivities for other ions
potentials depends on the square of the valency and the
ionic diameter, e.g., Eq. 16. The electrostatic component oft is interesting to see what predictions are made for other
the excess chemical potential for Cais about four times selectivities after our model has been tuned to give an
that for Na”~ (Fig. 4, A andB), given that these ions have appropriate C&'/Na’ selectivity. We predict selectivities
about the same diameter. When ions have different diamaising independently known crystal diameters of ions, so no
ters, electrostatic selection also involves the ionic diameteadjustable parameters are involved. Figs. 5 and 6 give
(see Fig. 6). The hard-sphere (HS) contribution to the excessomputations for alkali and alkali earth ions.
chemical potentials increases superlinearly with ionic den- Fig. 5A plots the concentrations of alkali metal cations at
sity (Eg. 19), and becomes substantial whel/4 of the  various concentrations of €ain the bath. As the G4 in
space is filled by the ions, as in our system (Fi®)1Thus, the bath is changed, the concentrations of the alkali metal
replacing 4 N& by 2 Ca&" substantially reduces the ex- ions in the selectivity filter change differently depending on
cluded volume, changing the core-core repulsion and the H8e alkali ion present. Selectivity is seen. Indeed, the vari-
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FIGURE 5 Predicted selectivities of alkali ions and®Ba(A) Replacement of alkali cations by €aadded as Caglto 0.1 M alkali CI” in bath. @)
Replacement of Naby Li* by varying the mole fraction of i in 0.16 M sodium/lithium mixtures in the batrC) Replacement of Ba by C&" added

as CaCJ to 50 mM BaC}, in the bath. D) Replacement of B4 by Mg?* added as MgGlto 50 mM BaC}, in the bath. Note that these computations do
not invoke additional adjustable parameters beyond the parameters of the selectivity filter used in Fig. 2. All ionic diameters were set astiegr publ
crystal values (see Theory and Methods).
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10 - concentrations. Prod’hom et al. (1989, their Fig. 5) mea-
sured single-channel conductance in mixtures of Nad
HS Li". The mixture of 20 mM LT and 140 mM N& gave a
5T HS+ES conductance about halfway between the conductances in
» l l LI pure Li* or Na" solutions. Fig. B plots the concentrations
of - : : of Na" and Li" in the hypothesized filter, computed for
I ES these ionic conditions. The midpoint of the “replacement
5L curve” is at~30 mM Li", in good agreement with the
observation. Lansman et al. (1986, their Fig. 8) measured
currents in the presence of 50 mM Bawhile adding a
-10 - varied concentration of Ga. The transition between the
Mg Ca Ba Li Na K Rb Cs CI current levels observed in pure solutions is half complete at
~3 mM C&". The simulated filter concentrations for Ba
FIGURE 6 Determinants of selectivity in the hypothesized filter. Excessand cé’ (Fig. 5C) are in good agreement with their
chemical potentialsbfack columngare the algebraic sums of hard-sphere €xperimental findings.
contributions (HS, shown idark gray columnsand electrostatic contri- Fig. 6 summarizes how selective binding to various ions
butions (ES, shqwn itight gray golumn}; The potentials shown were  grises in the hypothesized filter. For each species, the ex-
computed for a filter saturated with €a~ 9 M. cluded volume HS and electrostatic ES contributions are
shown by shaded columns, and the net excess chemical poten-
ations predicted in Fig. B seem larger than those that have tials are shown as a superimposed solid column. Note that
been observed in experiments. The binding curves imply éhese potentials were computed for a filter containing mostly
striking reduction of C§ and K* currents by very low C&  C&" as the counterion of the oxygen ions, as one would
that seems to disagree with experimental finding of largeexpect under physiological conditions. These potentials would
Cs" or K* currents in the presence of €achelators be quite different if other ions were in the filter, because the
(Pietrobon et al., 1989). However, the experimentally foundpotentials depend on the composition of the entire system.
block of Li" inward current occurs at a few micromolar  Negative (i.e., attractive) excess chemical potentials arise
C&", which is less than predicted. [The €aconcentration ~ for the divalent cations, ¢4 and B&", and for the mono-
needed depends on the direction of current and the side oflent cation Li. The repulsive excluded volume terms of
calcium application (Kuo and Hess, 1993)]. These experithese three ions are not as large as the strong electrostatic
mental observations were made using?Cahelators to terms because of their double valency and/or small ionic
establish the desired low bath concentrations df'Gathe  diameter. Alkali metal cations larger than'Lhave positive
presence of a large background concentration of monovarepulsive) excess chemical potentials due to their smaller
lent salt. Their buffered solutions were designed using bindelectrostatic and larger excluded volume effects.
ing constants that were adjusted for ionic strength, but not Specificity of C&" over Mg is important for calcium
for the concentrations of specific alkali metal ions. If thesechannels and other calcium-selective proteins because their
chelators (which involve four carboxylate groups, like the Ca&"-dependent functions are performed in the presence of
EEEE locus) themselves are selective with respect to alkalnillimolar concentrations of Mg . In L-type calcium chan-
cations, the above experiments would be sensitive only tmels, 10 mM external Mg~ half-blocks B&" inward cur-
differences between the cation selectivities of the?'Ca rents in the presence of 50 mM external’Baand 3uM
channel and of the chelators of the®Cauffer. external Mg" blocks Li* inward currents in 300 mM
Ca&* chelation typically involves several carboxylate external Li" (Kuo and Hess, 1993). These observations
groups that are tethered together into one molecule. Owuggest that the affinity of the channel for Kigis slightly
MSA computations show how such chelators can have #&ss than for C&. When we simulate such experiments
high C&* affinity, and they suggest that an attached flu-using the crystal diameter of Mg, half-saturation concen-
orophore could function as a €aindicator if it senses and trations for Mg " are predicted to be smaller by an order of
reports the long-range electric field that emanates from thenagnitude than those for €a A more appropriate Mg
carboxylate/C&" mixture nearby. We imagine that the long- selectivity would be obtained using an effective Mgliam-
range electric field in the fluorophore varies with the concen-eter of~0.25 nm rather than the crystal diameter of 0.144 nm.
tration of free C&" in the solution, much as does the electric This anomaly with regard to Mg will be discussed below.
field of the selectivity filter shown in Fig. B. The aromatic Conduction in L-type calcium channels is blocked by
rings of the fluorophore (of the chelator) extend through muchvery low concentrations of some transition metal cations,
of that field and their absorption or fluorescence would changsuch as C#&". About 10 uM external Cd" blocks half of
as the field changes. the inward currents supported by 50 mM externafBa
Other observations made on ionic competition i Ca (Lansman et al., 1986), and1 nM CcP* blocks currents in
channels do not depend on the accuracy of buffered Ca the presence of 0.1 M [i (Ellinor et al., 1995). C&" and

Excess Chemical Potential in kKT
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C&" have nearly the same crystal diameters. Thus, a 1000ath concentration of Ga needed to displace half of the
fold higher binding affinity for Cd* over C&" cannot be  Na' is increased by-10-fold when the volume is increased
accounted for in terms of the electrostatic and excludedy 40%; it is reduced more than a hundredfold when the
volume interactions computed by the MSA, nor as a hydrafilter volume is reduced by 40%. Fig.B shows the effects
tion effect. About &g T beyond the MSA figure are needed of different dielectric coefficients (between 40 and 80). In
to account for C&" binding; such attractive effects likely the primitive MSA model, dielectric coefficients include
involve strong dispersion or other quantum-mechanical cohydration/solvation effects.

ordination characteristic of transition metals like cadmium Fig. 7C shows the values of the filter volumes and
(Baes and Mesmer, 1976; Magini et al., 1988). dielectric coefficients that combined give the observed mid-
point of the Na/Ca replacement curveuM. For instance,

a filter volume smaller than our 0.375 Arnan produce a
calcium/sodium replacement curve with midpoint ail¥
bath C&" if the dielectric coefficient is increased. The
Fig. 7A shows the effects of varying the volume of the volume has to be within a certain range if the theory is to fit
selectivity filter from the reference value of 0.375%ifihe  data. If the volume is increased twofold (and a lower di-

Selectivity over a range of oxygen ion densities
and dielectric coefficients
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FIGURE 7 Effects on selectivity ofA) changes of filter volume orB) changes of effective dielectric coefficient. The volume of the hypothetical
selectivity filter is varied in steps of 20% from the reference value, 0.37%5(dashed curve The dielectric coefficient is varied in steps of 10 between

40 and 80 (thedashed curves for 60). The curves give the relative Naoncentration (with respect to the carboxyl concentration) remaining in the
selectivity filter when CaGlis added to 0.1 M NaCl in the bath. Small increases of the volume of the selectivity filter shift the calcium/sodium curve to
the right and have effects similar to small increases of the dielectric coeffici®nRi¢lectric coefficients and filter volumes that when combined produce
the physiological calcium/sodium selectivity (one half of the*Na the filter is replaced by Gd when [C&*] in the bath is 1uM). The filled symbol

marks the standard dielectric coefficient and filter volume. Selection by electrostatic screening increases from left to right, whereabsebedtided
volume effects decreases in the same direction. Filters of large volume reject anions weakly (compara Bitd B).
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electric coefficient 38 is chosen to allow fit to the replace- However, reduction of the filter volume to 0.2 Armre-
ment data), CI is bound in the filter (Fig. &) and thus quires very large dielectric coefficients to fit the (@M
would be conducted by the channel. Glan enter when the midpoint of the Na/C&" replacement curve. If the dielec-
volume is large because hard-sphere repulsive effects atdc coefficient is set to 80, the replacement midpoint is
then reduced. The ions have more room. The reduced valwdrastically shifted to lower bath €& and a complete
of the dielectric coefficient required by the increased valueCa&*/Na" replacement requires many orders of magnitude
of the volume (as specified in Fig.Q) strengthens electro- of variation in bath C&" (Fig. 8,C andD), differing in both
static attraction for all ions, leading also to a positive respects from the properties of the real channel. €pul-

long-range potential (Fig. B). sion is enhanced under these conditions due to the strong
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FIGURE 8 Effects of excessively large or small filter volumes. The oxygen ions are confined in filter volumes of §.7& amdB) or 0.2 nn? (C and

D), about twice or one-half the standard volume. If the effective dielectric coefficient is set to 38, the large filter volume (low density otygebegtiens)

is compatible with the actual midpoint of €aNa* replacement, but other properties become unrealistic. The large filter volume and reduced dielectric
coefficient increase electrostatic effects and reduce excluded volume effects. These produce a positive electrostatic potential (the BainEhpude

allow for a substantial concentration of Cin the selectivity filter. Thus, CI rejection is compromised and the hypothetical channel is on its way to
becoming an anion channel (see Appendix of Nonner and Eisenberg, 1998). The small filter volume (high oxygen density) requires dielectritscoefficie
much larger than 80 to give an appropriate midpoint for th&"@a™ replacement. With the dielectric coefficient set to 80, the midpoint of the replacement
occurs at bath G4 levels of ~1071° M, so C&Z*/Na" selectivity is much higher than in the real channel. In the proposed MSA theory, physiological
selectivity arises when the selectivity oxygens are neither too concentrated nor too dilute.
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A excluded volume effects and a strong negative Donnan
potential (Fig. 8D).

DISCUSSION

The MSA model of specific ionic binding in & channels
described here is remarkably simple. Long-range electro-
static and excluded volume interactions among mobile ions
and partially charged oxygens of carboxylate groups of the
protein suffice to produce a range of selectivities, dependent
on the volume density of oxygen ions and the dielectric
-30 — conditions. This selectivity arises in a setting of minimal

-10 -8 -6 -4 2 structure, where ions and tethered structural groups interact
B Log [CaClz] added to 0.1 M NaCl in Bath like molecules in a homogeneous solution without pre-

ordained structure. The protein supplies only a volume,

207 100°K dielectric constant, and selectivity oxygens. Solvation is

described implicitly in this model by the dielectric proper-
i Na ties assigned to the filter and bath solutions.

The hypothesized selectivity filter distinguishes between
ca Na" and C&* by two effects: 1) divalent Cd screens the
101 structural oxygen ions more effectively than monovalent
Na“, and thus has a more negative (attractive) electrostatic
potential there (Figs. 2, 4, andA). 2) Four N& displace
about twice the volume of two G4, producing a repulsive
excess potential for Na(Fig. 1B). With electroneutrality
as a dominating constraint, the selectivity filter can use
volume exclusion to distinguish ions of nearly the same
diameter, such as Naand C&", becauseequal charge
excludes different volumes depending on the valency of the
mobile ion.In this way, electrostatics facilitates selection by
— volume exclusion: substantial repulsion due to excluded
400 + volume selects against Ngand other monovalent cations)
compared to C& (Fig. 6).

The specific interactions inside the hypothesized filter are
reflected in the long-range (Donnan) potential that extends
200 + from the filter into the baths. When €&is present in the filter,

the carboxylate ions are strongly screened and the long-range
field is weak. When only N&is available in the bulk solution,
screening inside the filter is weaker and the long-range field is
0 e stronger. It is the long-range field that then attracts Naany
-10 -8 -6 -4 -2 other available cation into the filter when divalents are absent,
Log {CaClz] added to 0.1 M NaCl in Bath and only monovalents are available to satisfy electroneutrality.
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FIGURE 9 @) Thermodynamic balance sheet offCaelectivity.Curve

A shows the Helmholtz excess free energy of all the ions in the hypothe-
sized selectivity filter taken together, both the selectivity oxygens and thehe total free energy is larger (in magnitude) than either component alone:
mobile speciesAA has an electrostatic componeXE=®, and an entropic  electrostatic internal energy and entropy act together in promoting the
contribution,—TAS The entropy change is negative and arises from theselection of C&" over Na'. (B) Calcium binding predicted at100 K. In
separation of co and counterions when electrostatic screening occutie cold, the midpoint of the calcium/sodium replacement curve is shifted
(—~TAS™S) and from the mutual exclusion of ions that have a finite hard- to the left by 4 orders of magnitude. Compare with Fig. 2. Selectivity is
sphere diameter{TAS™S). The entropic expense involved in electrostatic greatly enhanced at low €& concentrations. At physiological €acon-
screening is small compared to entropic effects resulting from volumecentrations, Cl is found in the selectivity filter, which is not present at
exclusion. Itis also small compared to the gain in electrostatic energy. Theiological temperatures. Parameters are the same as those used in Figs. 1
internal electrostatic energy term and the total entropic term are of oppositand 2. C) Osmotic pressure. The high ionic concentrations and substantial
signs: electrostatic attraction is opposed by entropic repulsion of mobilehard-sphere effects generate a high osmotic pressure. The pressure de-
ions. When C&" is replaced by N& in the selectivity filter, both compo-  creases from left to right in the graph, as2Cas added to the bath, as
nents of excess free energy change in the negative direction. The changenCa* replace 4 N&. Parameters are those used in Figs. 1 and 2.
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The hypothesized filter selects also against anions such asrboxylate solution that is the selectivity filter of our
ClI~ (Fig. 4C). Experiments have shown that particles model.
larger than CI actually can pass through €achannels The electrochemical potential consists of many compo-
(McCleskey and Almers, 1985). MSA theory reveals thatnents, for example, the Donnan electrical potential, the ideal
the rejection of CI is not a trivial consequence of negative chemical potential, the hard-sphere potential of uncharged
structural charge. Surprisingly, the electrostatics of negaspheres, and the excess electrostatic potential of the MSA,
tively charged groups alone cannot repel anions over thehich in turn have entropy and energy components. Each
entire range of bath G4. The stronger the electrostatics in component is different for each ion and may vary in differ-
the filter, the more CI is predicted to partition into the filter ent ways, as the concentration of ions is changed in the bath.
when CaCJ concentration is raised in the bath (FigAB  Thus, aarge repertoire of behavior can arise in this simple
The Ca&*/oxygen-ion mixture in the filter then attracts system, available to be exploited by evolution in biologi-
Ca" by a low excess chemical potential and it attracts Cl cally useful waysThe selectivities described in this model
by the resulting positive long-range (Donnan) potentialarise as a generic property of carboxylate/ion interactions.
(Fig. 8B), much as the surface of a growing salt crystal Such selectivities could have evolved in any system that has
attracts both cations and anions in equivalent amounts. Cllarge ionic densities, large excluded-volume effects, and
can be rejected only when excluded volume effects ar€oulombic interactions moderated by the dielectric. Evolu-
substantial. Then, Clitself is repelled from the filter due to tion could enforce and modulate selectivity simply by set-
its large diameter, and a positive long-range potential cannding the filter volume and effective dielectric constant and
arise because local screening of the oxygen ions B @a  volume of the selectivity filter.
reduced by excluded-volume interactions (compare Fig. 2). Excluded volume effects arise here chiefly from the teth-
In the selectivity against Cl it is volume exclusion that ered carboxylate groups, which we have represented as two
facilitates selection by electrostatics, whereas in the selecgeparate oxygen atoms with a charge-df/2 each. While
tivity against N&, it is the electrostatics that facilitates electrostatics thus might be described quite well (with in-
selection by volume exclusion. tercarboxylic oxygen distances approaching intracarboxylic
distance), we might expect to underestimate excluded-vol-
ume effects of the rather bulky side chains of glutamate
residues. We also may have ignored excluded-volume con-
With ions assigned fixed (crystal) diameters, affinities fortributions from other uncharged side chains in the pore, or
physiological ions are chosen to fit experiment by adjustingonic packing restricted by confinement. To the extent that
the value of dielectric coefficient in the selectivity filter. such conditions exist in the real pore, our model requires
The ionic density in the selectivity filter is determined by larger than actual densities of groups (a smaller volume),
the fixed density of structural charge, and so the dielectriovith the side effect that electrostatics are overestimated.
coefficient was assumed to be constant independent of batflodel optimization would yield a larger than actual dielec-
composition. A second free parameter defines the unknowtric coefficient (see Fig. €). However, it must be remem-
volume accessible to the tethered carboxylate oxygens ihered that the dielectric coefficient in our primitive MSA
the filter. This volume also is taken as constant and thuslescription is an effective parameter that concatenates at
unaffected by bath composition. The two free parametergeast two physical effects, one the change in solvation
have global roles in the model. energy associated with moving an ion from the bath to the

The filter volume sets ionic density and thus controls thefilter, and the other the attenuation of electrostatic interac-
strengths of both Coulombic and excluded volume effectstions in a medium containing induced (i.e., dielectric)
The dielectric coefficient independently scales the strengtltharge. These two contributions to the electrostatic energy
of electrostatic effects, and thus is able to balance attractivare of opposite sign; their difference seems to be important
(electrostatic) against the repulsive (excluded volume) efin determining the net effect on selectivity, and so an
fects. Experimental observations on“CANa” and other explicit treatment of solvation in the solution and in the
selective ion/ion exchanges in calcium channels are defilter will be needed before the value of the local dielectric
scribed using reasonable settings of these global parametearsefficient can be reliably estimated.
(Figs. 2A, 5B andC). When comparing the selectivity filter ~ Although the MSA model appears satisfactory for most
of the theory with bulk solution, one should note that thephysiological ions, it does not predict an appropriaté ‘Ca
MSA description  a 6 mol/l CaC}, solution involves a Mg?* selectivity (experimental Mg affinity is described
dielectric coefficient of 37.6 (Simonin, 1997), in line with only if Mg®" is assigned a diameter larger than the crystal
experimental results in concentrated solutions (Barthel ediameter). Experimental stability constants of carboxylate-
al., 1995). Excluded volume effects in 6 mol/kg®CaCl,  cation associations in bulk solutions are similar for Vg
solution produce an experimental osmotic coefficient ofand C&", and chelators involving several carboxylate
2.891 (Robinson and Stokes, 1959). We compute a value afroups tend to select €& over Mg (Dawson et al.,
~6.65 for the osmotic coefficient of the 9 mol/l €a  1987). In the C&" binding site of galactose-binding protein,

Parameters of the MSA model
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ionic affinities increase with decreasing ionic diameter forbut does not affect repulsion by the entropic excluded-volume
divalent and trivalent cations, but the smallest ion studied ireffects. Thus, it has a large net effect on binding.
each group, M§" and S&*, break the trend (Drake et al.,  Substantial excluded volume effects in a molecular pore
1997). Low Mg affinity thus appears generic for carboxy- raise the question of mechanical stability. An upper limit for
late-based binding sites. It seems plausible that oxygens itihe force exerted on the channel wall is given by the osmotic
tethered carboxylate groups are sterically more impeded ipressure that the filter contents would produce in a classical
screening a very small ion than are the oxygens of bulk watemacroscopic Donnan system (Fig.CY. This pressure is
very large. When the contents of the selectivity filter
change, e.g., when Nais replaced by C&, osmotic pres-
sure also changes substantially. The pressure of 400 MPa
corresponds to a force of 200 pN in the wall of pore of the
Fig. 9A plots the Helmholtz excess free energy and itsdimensions given in Fig. A, and this force varies by-50
components, computed for the ensemble of our standarN when N& is exchanged for Cd. The force would be
model as it undergoes €aNa" exchange. The excess free substantially larger with a large counterion (such as)Cs
energy (curvedA) is positive when the filter contains Na  So it is conceivable that the pore dimensions increase under
and turns negative as €aenters. Both entropicTAS) and  such ionic conditions. Mechanical forces of this kind might
energy AEFS) contributions to the free energy vary sub- underlie C&*-induced conformational changes in calcium-
stantially under these conditions, both favoring the entry offegulated proteins, but the mechanical energy terms are
Ca*. The entropic contribution involves the hard-spherenecessarily ignored until a theory of the inhomogeneous
effect (TAS™S) and a small term related to creating the ionic System, e.g., Density Functional Theory (Rosenfeld and
screening arrangements in a real solutida$™>. Blum, 1986; Henderson, 1992; Frink and Salinger, 1999), is
TAS™S is the energetic cost of screening arrangementsleveloped, along with estimates of the electromechanical
that form spontaneously, and it is this term that is expectegproperties of channel and other proteins.
to be reduced if, e.g., carboxylate ions had been positioned
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