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Biological L-type calcium channels selectively accumulat@*Caven when there is $Gnore Na in the
surrounding electrolyte solution. Like other Tahelating molecules, the L-type calcium channel has four
carboxylate groups that contain eight oxygen ions. In this modeling study, these oxygens are confined to a
small subvolume of the channel protein (the “filter”) that is embedded in a bulk electrolyte solution (the
“bath”). With the system in equilibrium, the concentrations of the ions and water in the filter are computed,
given their concentrations in the bath. The excess thermodynamic properties are calculated using the mean
spherical approximation (MSA), with water modeled as an uncharged hard sphere [the so-called solvent
primitive model (SPM)] and a dielectric coefficient. Use of the SPM is an extension of previous work, where
water was modeled as an amorphous dielectric. Other new aspects included in this study are changing the
volume of the filter in response to the pressure generated by the water and ions in the filter and modeling
solvation effects in more detail. The model is calibrated with a single experimental measurement. Predictions
are compared to experimental results, where available, and future experiments are suggested. Finally, the
model is considered as a Caignal transducer able to perform substantial mechanical work if*ar€gulated

protein.

1. Introduction was represented as an infinite cylinder bounded by a hard wall
. . . . 5 and ions were represented as charged, hard spheres. Both studies
Living C?”S use transient increases of m_tracellular Ca used the primitive model (PM) of electrolyte solutions, in which
concentration to control many proteins, including, for example, water is a continuous dielectric. Both papers showed that such
B e e e s 2 S/Sem accumiates Caouer Na and CI fom . bat
extracellular C&" ions to flow into the cell for use in containing mlcromolar Caglnd 0.1 M NaCI. C& provides
the same mobile charge as two Ndut in half the volume,

intracellular &gnghng. Most.protelns. that. are sensitive t8'Ca that is, the calciums are less crowded in this system than the
accumulate the ion in specific binding sites involving several . h )
sodiums and they provide better screening.

carboxylate groups of glutamate or aspartate residues. The .
L-type Ca channel considered here is an example; its aqueous 1hiS paper extends the NCE and BBHS models of the EEEE

pore binds calcium ions in a ring of four glutamate residues '0CUS in several ways. First, water is included in the model as
called the EEEE locu&:® a hard-sphere fluid, the so-called solvent primitive model (SPM)

H)f ionic solutions. The SPM is more successful than the PM in

Two recent papers have addressed the question of how suc : : . X '
bap d studies of solvation forcésand simulations of the electrical

a locus might accumulate €afrom environments that contain 415 ; 17
a large background concentration of other ions. Each paperdouble Ia¥‘er1.v Furthermore, Goulding et &k:'" have dem
modeled the locus as an ensemble of eight half-charged OXygenonstrated entropic select_mty in microporous materials” arising
ions (representing four carboxylate groups) confined to a small solely from hard-sphere interactions of uncharged solutes and
volume. Nonner, Catacuzzeno, and Eisenberg (\Gfscribed ~ Solvent.
the electrolyte confined in this “selectivity filter” as an isotropic ~ The second extension of previous work allows the solvents
solution using the mean spherical approximation (MSA). Boda, of the bath and filter to be distinguished. Changes of solvation
Busath, Henderson, and Sokotowski (BBHSY described the energy associated with the transition of ions from the bath to
electrolyte using Monte Carlo simulations in which the filter the filter are estimated using experimental hydration energies,
which are specific to each ion species. This allows solvation
* Corresponding author. Fax: (305) 243-5931. E-mail: wnonner@ e€ffects (through the dielectric coefficient of the filter) to be
ChrToma-.med-miami-edU- . o treated in more detail.
Fax: (305) 243-5931. E-mail: dirkg@chroma.med.miami.edu. The third change relaxes the previous assumption that the
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A (see below), which also provides a mechanical enclosure such
that different pressures can be maintained in the filter and
reservoir compartments.

O @ 0O lons and water can diffuse between filter and bath. The filter
~— Lipid Membrane also contains four carboxylate groups that extend from glutamate
@) 0O @ side chains into the pore of the Ca channel (EEEE locus) and
S O @) thus are tethered to the pore wall formed by the protein. They
. @ O are the fixed charge in traditional models of ion exchangers.
Protein — .
A 4 o @ These fgur cgrboxylates are represented as elght. hglf-charged
© o e e O oxygen ions in our model. The role of the tethers is idealized:
Extracellular they confine the oxygens to a volume (thus defining a filter
Bath compartment) but allow them to move in an unrestricted manner
o O O within the compartment while coordinating with exchangeable
species that enter from the bath. In Figure 1B this effect of the
@ tethers is represented by the semipermeable boundary that
O ') surrounds the filter (dashed line) and allows water and mobile

(but not oxygen) ions to be exchanged with the bath.

Within the filter of our model, exchangeable molecules (such
as counterions and water) compete for space with the carboxy-
B late oxygens and other atoms of the protein that dwell in the
vicinity of the oxygen ions. The contents of the filter are
described as a concentrated electrolyte solution in a volume
determined by the bounding array of protein atoms. The protein

) can advance or retreat, depending on the pressure created by
. the filter contents and the force field provided by the protein.
. ‘3\ We model this protein force field as a confining pressure that
YuEt ™ potein the protein exerts on the contents of the filter.
Filter and bath electrolytes are described as two homogeneous
Bath bulk solutions that communicate as described above, and the

. . . . channel protein confines the contents of the filter by the pressure
Figure 1. In panel A is shown a representation of a typical channel . In thi I h hanical and luded
embedded in a lipid membrane that separates two baths of known ionic't €X€rts. In this way we allow the mechanical and excluded-
concentrations. In a typical experiment to measure current/voltage VOlume interactions to extend beyond the filter volume into the
relations, an electrostatic potential is applied across the membrane.protein, so there is no rigid, smooth boundary between the
When the baths have identical composition and no potential is applied, channel protein and the contents of the channel. Instead,
there is equilibrium (i.e., no net current flow from any species). This  mechanical and entropic interactions of the filter contents with
is the situation examined in this paper with the highly idealized .0 \ya| are described by the confining pressure that is exerted

selectivity filter shown in panel B. Because the two baths are identical, .
they are merged into one. Furthermore, the solution inside the filter by the protein. Note that because we model both the bath and

(shaded area in panel B) is treated as a bulk, homogeneous fluid thatthe filter as bulk solutions, our notion of *filter volume” does
contains a density of negatively charged groups that represent the fournot assume a particular geometric shape of the filter space and
carboxylates present in the selectivity filter of a Ca channel (see the that the confining pressure of the protein in this model is

main text). The purpose of the protein in this idealized situation is to palanced by the pressure of the homogeneous solution in the
exert a confining pressure on the filter. The arrows in panel B indicate fjjter.

that the volume of the filter is variable (i.e., the protein is flexible) . . . . .
depending on the pressure exerted by the contents of the filter. Our computations ignore anisotropy that is necessarily present
at the interfaces between the filter, protein, and bath. However,

volume is allowed to change as the pressure in the filter changeshe €lectrostatic anisotropy likely has relatively small signifi-
A variable filter volume not only prevents forces inside the ©ance for the screening in the filter, because the screening radius
channel from becoming so large that they would break strong computed fqr the fllter is less thap 0.1 nm, substanﬂglly smaller
noncovalent bonds in other systéfi¥but also has substantial  than the dimensions of the filter. Indeed, previous work
effects on ion accumulation. Furthermore, such mechanical €0mparing bulk analysis with a *nanoscale” Poissdfernst-
effects of C&" accumulation seem strong enough to drive Planck description of the Ca chandégs well as the simulations
conformation changes of calcium-binding proteins. of BBHS, |_nd|c_ate that describing the filter as an electrone_utral
bulk solution is quite reasonable for exploring mechanisms
involved in the ionic selectivity of such biological channels.
Last, it is important to note that, as in NCE, the present model
Figure 1A shows a scheme representing the ion-selective poredOE!S not include the possibility that carboxylate ions of the Ca
of the Ca channel (“filter” for short) and its environment. In a channel are protonated. Thus, our computations apply to bath
real Ca channel, this filter is a short axial subsection of a concentrations of hydrogen ion that do not result in “proton
transmembrane pore whose wall is formed by the channel block” of the channel (pH-9).
protein. The real filter thus communicates with two electrolyte ~ 2.1. Thermodynamics.The filter solution is described as an
reservoirs, the intra- and the extracellular solutions. For our ensemble that exchanges material and heat with a large reservoir
analysis of equilibrium ion accumulation, we represent the two where temperature and chemical potentials are constant. Since
electrolyte reservoirs (of necessarily equal compositions) as awe will simulate situations in which either a fixed volume or a
single large reservoir that surrounds the filter (Figure 1B). The fixed pressure is imposed on the filter ensemble, we derive the
protein is reduced to a semipermeable boundary around the filterthermodynamics for any pressure/volume closure. The only

2. Model of the Filter/Bath System
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situation-specific reference we make is that the external pressurewere a cylinder that could expand/shrink only in the radial

comes from the protein surrounding the chanr&l). The
thermodynamic potential generally describing this system is the
availability, A:2*

A=E-TS+P, V= YugN, (1)
1

where variables with (first) subscript “B” apply to the bath,
variables with subscript “prot” to the protein, and variables not
subscripted to the filterE is the internal energy,T the
temperatureS the entropy P the pressurey the volume ug;
the chemical potential of speciem the bath, and\; the number
of molecules of that species in the filter.

Following an earlier analysis of the Ca chantfelye treat
the contents of the filter as an electroneutral bulk solution.
Furthermore, treating the contents of the filter as a bulk solution
described by the MSA requires electroneutrality. (However, it
is interesting to note studies of confined electroliésshow
that the confined fluid need not be exactly electroneutral.) Thus,

& Y ZN=0 2
J

The indexj denotesany species in the filter (including all
exchangeable particles and particles confined to the filter), while
the indexi introduced in eq 1 refers exclusively to the
exchangeable particleg.is the valence of specigsaandey the
proton charge. Subject to this constraint, we seek to minimize
the availability with respect to the number of molecules of all
exchangeable species in the filter and the filter volume.
Using the thermodynamic relation

G=E—-TS+P,V=>uN ®)
]

for the Gibbs energys?! and the GibbsDuhem relation, we
find thatA is minimized with respect to the number of molecules
of mobile species when the chemical potentials of the species
in the filter and bath are equal:

1=+ >+ KTInp + ez W = Ugj =
#g,i +ug; T KTInpg; (4)

whereu;®* is the excess chemical potential of mobile species
associated with the electrostatic and excluded-volume inter-
actions in the filtery® the standard chemical potential (describ-
ing solvation),p; the number density of speciegp; = N/V),
and W the electrical potential of the filter relative to the bath
(Donnan potential)k is the Boltzmann constant.

Using the thermodynamic relation (at constant temperature
andN;)

HE-TS _

EV; —P

©)

and assuming (see below) . is constant (i.e., independent
of filter volume), we find tha#A is minimal with respect to filter
volume when the pressures in the filter and protein are balanced

(6)

No description (i.e., “closure”) foPyofV) in the Ca channel
is known, as far as we are aware. In section 3.2 we will consider
the case of constant pressure that could result simply if the
protein were much larger than the filter space or if the filter

P=pP

prot

dimension with an elastic fordeproportional to the circumfer-
ence of that cylinder. Theh O R and the protein exerts the
pressure

Porot = f/(2RL) 1 1/(2L) = const (7
whereR andL are the radius and length of the cylinder.

Note that the minimal availability is not zero, as it would be
if all species, including carboxylate oxygens, were to equilibrate
between the filter and the bath; confining the carboxylates to
one region makes the minimal availability a finite number that
represents the energetic cost of the confinement. Substitution
of eq 3 into eq 1 shows that, at the minimum determined under
this condition, the terms associated with the mobile ion species
cancel, because the chemical potentials of these species are the
same in both locations. Thus, the availability is given by the
Gibbs energy of the oxygen ions

A(N;,V) = Noyutox(N;,V) (8)
which summarizes the energetics in the EEEE locus that underlie
the accumulation of mobile ions from baths of varied composi-
tion.

2.2. Excess Thermodynamic PropertieAll thermodynamic
properties of the filter and bath solutions were expressed as sums
of ideal and excess contributions and calculated from statistical
mechanics. We computed the excess thermodynamic properties
with the MSA theory of bulk electrolyte®,2% in which ions
are described as charged, hard spheres. lonic excess chemical
potentials in the bath were computed with the PM of water as
a continuum dielectric, while ionic excess chemical potentials
and pressure in the filter were computed with the SPM of water.
In the SPM, water molecules are described as a species of
uncharged, hard spheres; dielectric properties of the solvent and
solution are represented by a continuum dielectric as they are
in the PM.

For the bath solution, we computed ionic excess chemical
potentials with respect to the infinitely dilute solution in water,
using the PM/MSA description of bulk electrolytes developed
by Simonin et af®2% The standard and excess chemical
potentials of water in the bath were set to zero. Any theory that
gives the chemical potentials of ions and solvent accuratgly (
in eq 4) can be used to describe the bulk solution, since these
are the only properties of the bath electrolyte we use. Because
the PM/MSA describes these aspects of bulk solution well, we
chose this model.

In the filter we used the SPM/MSA model of electrolyte
solutions, where the solvent was assigned the hard-sphere
diameter of water and the dielectric aspect of the solvent/protein
was described by a dielectric coefficient that was significantly
lower than that of pure bulk water. This coefficient parametrizes
the local polarization produced by the electrolytes in the filter.
The dielectric coefficient was assigned a fixed value, indepen-
dent of the composition of the filter electrolyte.

Because the filter and bath solvents were not identical, the

transfer of an ion of species between the filter and bath

solutions involved a change in standard chemical potentials. For
the standard chemical potentials in the bath we used experi-
mental bulk molar Gibbs energies of hydration, while standard
chemical potentials in the filter were estimated by scaling bulk
hydration energies in inverse proportion to the dielectric
coefficients, following the Born treatment of hydrati#hThe
resulting change in standard chemical potential in going from
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the bath to the filter was TABLE 1: Molecular Parameters?
‘u[) IMO
Aul =0 — i =0 €7 Cw ) species o (nm) CN (kJ moll) species o (nm) CN (kJ mol?)
P TR PWe(e, — 1) L+ 0133 5 -5294 Ca 0214 7 -16083

Nat 0.200 —-423.7 B& 0278 7 -—1351.7

5
. . . . - . K+ 0.276 6 —-351.9 Cr 0.362 6 —304.0
wheree is the dielectric coefficient of the filter solvent amg Cst 0340 6 -3061 O 0280 6 —
8

that of pure water, anth,’wi is the molar Gibbs energy of Mg?* 0.178 ~19314 HO 0280 — _

solvation in water. The standard chemical potentials of water . .

in filter and bath were set equal mo -0 alonic diameterso were taken from Shannon and Prewitand
qual, w : hydration energiepf,’v from Fawcett!® CN is the coordination number.

. _In the filter SO'!"tion’ the excess chemical potential of a species The diameter for Li is the mean of the coordination 4 and 6 diameters.
i (ion or water) is expressed in the components

For the ions, the actual densities (subscript “act”) are the

_ . ES HS . . . . .
#iex—ﬂi + (10) densities in the filter solution and the reference densities
(subscript “ref”) are zero (infinitely dilute solution of the ion
The electrostatic (ES) component is described by species in filter solvent). For the solvent (neutral, hard spheres

with the diameter of water), the actual density is that of the

Es &’ | Iz? 2z —no?  no? solvent present in the filter and the reference density is that of
T dmee| 1+ To, TN\ 1o To, 3 (11) pure water. The subtraction in eq 16 establishes (at infinite
dilution) the filter solvent as the reference for excess chemical

potentials in the filter. Similarly, the (excess plus ideal) pressure

wheree is the permittivity of a vacuum. The MSA screening in the hard-sphere liquid of the filter is computed from

parameteil is given by the implicit relation

HS __ HS HS
eoz z— 770i2 2 P™=P,g— Prer (22)
ar’ = ” o; (12)
TeeyS 1+ To Solvent and ionic diameters used to model the filter solution

) are listed in Table 1, together with the ionic hydration energies
and the MSA parameter represents the effects of nonuniform  yged in eq 9.

molecular diametersi: 2.3. Numerical Methods.The numerical problem was to find
the densities of the mobile ions in the filter, the voltage, and
_ 1w A% (13) the volume of the filter that simultaneously satisfy egs 2, 4,
g Q2A41+To, and 6 and thus minimize the availability (eq 1). Given were

the densities in the bathg), the (constant) mechanical pressure

3 exerted by the proteinPg), and the dielectric coefficient of
JT pjoj X
Q=14+— (14) the filter solvent §).
2AG 1+ I'g For a fixed and given volume/, the excess chemical

potentialsu;® of the ions in the filter were calculated by
where A is defined below. The electrostatic interactions iteration. The initialization (the zeroeth step of the iteration)
contribute the (negative) excess pressure was done as follows:
(1) Compute the excess chemical potentials in the pgth
from the given ionic densitiesg ;. For water, set the termzf,
yg’i, andg; to zero, so that the distribution of water in the
model is determined only by the ideal and hard-sphere interac-

2. 2
|:)ES—_F3 eo_’?

=—0- 15
3T 27°KTee, (19)

The hard-sphere (HS) component of the excess chemicaltions-

potential, expressed relative to the pure filter solvent, is (2) Compute the solvation energies of the ions in the filter
from eq 9 using the giveaand the hydration energies listed in
HS _ HS HS
Ui = Uactj — Hrefj (16) Table 1.

(3) Set the initial guesses for the excess chemical potentials
where the terms on the right-hand side are computed from theof the ions in the filter and the voltage;®(0) = 0 and'¥(0)

expressiorig-32 =0.
After m steps of the iteration, the following algorithm was
e 35,0, + 36,07  9E07  aPlSe? used for iteration stem + 1:
KT~ —Ina A + A2 + 6KT @) (1) Compute the densities of the mobile ions and water in
the filter pi(m+1) from eq 4 using:;®¥(m) and¥(m), the values
nPXHS & B8, 3523 from the previous iteration step.

6kT A A2 +F (18) (2) Solve the MSA equations (eqgs 100) for the excess
chemical potentials in the filter;®* and the pressuré(m + 1)
£ = T o (19) using the current values gi(m + 1). In these equations the
n GIZPXJ i MSA screening parametdr was determined using Brent's
algorithm for finding the root of a one-dimensional algebraic

A=1-§, (20) equatiors?
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(3) Attenuate the computed value$* with the values from 12 1 A
the previous iteration step by 5
= 10+
ex _ o (M) + ™ ﬁ H0
Mt 1)=—"0—7— (22) 8 8
8 4l
where the factoo ranges between 2 and 20. This is necessary g Na*
for the iteration to converge. 3 44 a
(4) Find the voltageéP(m + 1) by (a) solving eq 4 fop; as g
a function of the using the current value @f#(m + 1) and E 21 Catt
(b) substituting this into eq 2 to get an algebraic equation for 2 a
W(m + 1) that is solved numerically with Brent's method. 0 T t t —
If eo]W(m + 1) — W(m)|/(KT) > 1078, then the iteration is 0.2 03 0.4 05 06
done again. Otherwise the iteration is stopped. Volume of filter in nm
At the end of the iteration the excess chemical potentials of 1500 T B
the ions in the filtep;** and the pressure have been calculated
for a given volumeV. The resulting relation dP as a function
of V can then be used to determine the volume at which the o 10001
pressure from the ions in the filter balances the pressure from %
c
the protein (cf. eq 6). Specifically, the equation S 500l HS
2
— %]
P(V) - I:)prot =0 (23) 6 HS+ES
o Obecc e o=
is solved by Brent's method.
ES
3. Results and Discussion 500 ; ; : '
0.2 0.3 0.4 0.5 0.6

The model of the EEEE locus discussed here involves a
particulate model of water (SPM) and a fixed number of oxygen
ions that are confined in a variable volume. In the earlier models Figure 2. Number of mobile particles (A) and pressures (B) in the
of NCE and BBHS, water was modeled as an amorphous filter qf the model. HS, ideal plus e>_<c|t_1_ded_ volumc_a pressure; ES,
dielectric (PM). and oxvaen ions were confined in a fixed coheswe_pressure_due to elec?rostatlc—cmn interaction. In these

( ), Y9 o - computations, the filter was assigned the varied volume shown on the
volume. Itis expected that variation of volume and the resulting apscissa and a fixed dielectric coefficient of 10. The bath contained
variation in the density of oxygen ions will change the affinities 0.1 M NaCl and 10 M CaCk. The number of accumulated Cis so
of the filter for solutes and solvent. Altered affinities will result  small that it could not be distinguished from the baseline in panel A.
in altered densities of exchangeable solutes and solvent and thus
change the volume of the filter. The equations describing the (describing repulsive forces) arising from the high density of
system must be solved self-consistently, including an equation hard spheres; a net positive pressure is found. Thus, external
relating pressure to volume. Before introducing a closure that pressure£400 MPa) is needed to maintain the volume of the
relates pressure in the filter to volume, we consider properties filter in which physiological selectivity occurs. Note that the
of the filter as computed for a range of assumed volumes.  only cohesive force explicitly included in this model is

Figure 2A shows computed numbers ofCaNa', and water Coulombic ion-ion interaction; all other cohesive forces are
molecules that partition from the bath into the filter. These part of the effective pressure exerted by the protein to confine
numbers are the product of the computed particle densities andithe oxygen ions.
the filter volume. The aqueous bath solution contains 0.1 M a¢ 5 pressure of 400 MPa, the packing fraction of particles
NaCl and luM Ca(?lz. Expgrlments suggest that in this situation (=ipi0:%/6) is larger in the modeled EEEE locus than it is in
the cha}nnel contains equlyalenE amounts md Na_i’ _(s?e the bath (e.g., between 0.418 and 0.440 in the computations of
below); we will refer to this as “physiological selectivity”. In Figure 4, compared to 0.384 for the bath). Water thus experi-

this figure, the filter contains eight half-charged oxygen ions C S
. . ! . ences significantly less excluded-volume repulsion in the bath
in a volume that is stepped from 0.64d.2 nn¥. The dielectric than it does in the filter.

coefficient in the filter is 10. The filter accumulates®drom . . . . .
the bath when the oxygen ions become concentrated in a volume 1ne SPM-based computations of Figure 2 predict physiologi-

less than 0.4 nf Equivalent charges of Ga and Na are cal_ selectivity in a;smaller volume than that previously esti_mf_ﬂed
accumulated, and thus physiological selectivity occurs, if the USINg the PM. This can be traced to the different descriptions
volume is~0.25 nnd. In this calculation, selectivity is found of the solvent in the PM and SPM. The different estimates of
in a filter volume substantially smaller than that used by WCE ~ volume indicate that the two models are not equivalent in
(0.375 nm). The small volume is populated by the oxygen ions describing one significant role that the solvent plays in ionic
and their counterions. Water is virtually excluded. selectivity. Specifically, if we describe the filter and bath
Figure 2B plots pressures in the filter that correspond to the solutions in the PM, packing fractions of particles are computed
computations of Figure 2A. Shown are the (ideal and excess) from the volume demands made by the ions, but not from those
pressure due to all the hard spheres in the filter (HS), the excesgnade by the solvent. Since ionic densities in the two compart-
pressure due to electrostatic ision interaction (ES), and their ~ ments differ substantially, the PM computes strongly asymmetric
sum. Substantial negative pressures (describing attractive forcespressures due to excluded volume. In reality (and in the SPM),
arise from the Coulombic interactions among the ions, but this such a large pressure difference does not arise. With the solvent
pressure is more than compensated by the positive pressurescluded as a particulate species, packing fractions in both

Volume of filter in nm3
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15 permeate L-type Ca channéfsSelectivities with respect to
et A different ion specie$ can be assessed using the difference of
\ the combined standard and excess chemical potentials between
10 + \

filter and bath:

Au; = ﬂio + #iex - (ﬂg,i + #g),(i) (24)

[6)]

This represents the ionic affinity due to the local interactions
in the filter (excluding the effect of the Donnan potenti).
Figure 3 showsAu; computed for a range of filter volumes
(panel A), as well the corresponding pressures in the filter (panel
B). At volumes much larger than those included in Figure 3A,
Aui approacheg® — #g,i, the molar Gibbs energy of transfer-

o

'
(3]

Differences of ionic potentials, Ay, in kgT

’100 5 0.4 ring the ion from the bath solvent to the solvent in the filter;
‘ ‘ 4 ' values for this energy are listed in the legend of Figure 3. As
Volume of filter in nm the volume of the filter is reducedyy; first becomes smaller
1500 — (and even becomes significantly negative with some ions), but
B eventually rises steeply. The reductionAw; is produced by

the electrostatic iorion interactions that become stronger as
oxygen ions and counterions are concentrated in the filter. The
steep rise in selectivity seen at very small volumes is produced
by crowding, i.e., the mutual volume exclusion among these
ions.
3.1. External Parameters.Filter Volume and Pressurdf
the filter volume were fixed at a volume in which physiological
Ca*/Na" selectivity occurs£0.25 nn¥), accumulation of the
0 e o larger alkali ions would result in pressures (Figure 3B) too large
7 to be balanced by the noncovalent forces that stabilize the native
structure of the channel protein. For example, a pressure of 400
500 1 1 1 1 I L L I MPa acting in a cylindrical filter 0.5 nm in length and 1 nm in
0.2 0.4 0.6 0.8 1.0 diameter (volumex 0.39 nn¥) would strain the wall of the filter
Volume of filter in nm3 with a force of 200 pN. This is a large force when compared to

Figure 3. Differences of combined standard and excess chemical the mechanical forlcefs in other prOt.em systems with a strong
potentials of ions in the filter and bath (A) and associated total pressureshoncovalent proteinligand interaction. For example, the
(B). A separate computation was done for each ion in which the filter complex of streptavidin and biotin is broken by forces¢f60
volume was varied over the range shown on the abscissa. The bathpN,18 and transmembrane loops of bacteriorhodopsin (a very
contained 0.1 M of the chloride salt of the tested ion. The results for stable membrane protein) are pulled out of the native structure
monovalent cations are represented as dashed lines for clarity. At filter by forces of 108-200 pN2° For that reason, we do not believe

volumes much larger than shown here, the potential differences S S
. . . 0. ) that the selectivity filter can maintain pressures much larger
approach the differences of solvation energigs;— ug ;; these are (in

KT): 18.9 (Li*), 15.1 (N&), 12.5 (K*), 10.9 (CS). 68.9 (Mg+), 57.3  than 400 MPa. o _
(Ca*), and 48.2 (B&). Some pressure/volume curves in panel B It also seems unlikely that the confining pressure is much
involve a region of negative compressibility, which is due to electros- smaller than 100 MPa. In that case, our computations predict
triction. very large expansions of the filter when only counterions of
large diameter are available (Figure 3B). In simulations of ion

compartments are more balanced and so are the effects obinding described below, we assume a constant confining
excluded volume. pressure of 400 MPa. The actual pressure required from the

The calculations also suggest that the pressure required forprotein would be diminished by any cohesive pressures that exist
water extrusion is much less than the pressure needed to includéut are not explicitly in the model of the filter.
additional entering ions into an already densely packed filter. It is interesting to compare theoretically estimated filter
If the filter volume is large enough to admit several water volumes with filter dimensions inferred from experimental work.
molecules, volume demands made by entering mobile ions arelf we assume that a carboxylate group spans an axial length of
satisfied by removing water from the filter. It is not until the ~0.5 nm and take this as the axial dimension of the filter, a
filter volume decreases to the point that water is almost cylindrical filter of volume 0.25-0.4 nn?# (see Figure 5B) would
completely extruded from the filter that the excluded volume have a diameter between 0.8 and 1 nm. It is important to note,
becomes significant for ionic selectivity. The mobile ions however, that the filter volume we describe is a sample from a
entering the filter then compete for space with the tethered bulk solution whose virtual boundary is generally overlapped
particles always present in the filter, as is revealed by the by particles from both sides (e.g., there is no hard wall). The
substantial pressure changes that occur in the filter (Figure 2B).size of the oxygen-free cross section of such a filter is consistent
If the filter is to distinguish between the volumes excluded by with the current view that the Ca channel has an effective
different species of mobile ions, the filter must not contain diameter~0.6 nm3°> which is substantially larger than that of
substantial amounts of mobile solvent. ca'.

If physiological selectivity arises in a very small volume, one Electrical Polarization in the Filter In our model, ions
expects that accumulation of ions of different diameters occurs moving from the bath to the filter experience a change in
with distinct selectivities. All alkali and several alkali earth ions solvation energy as they enter a solvent of low dielectric
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Figure 4. Comparison of the M2 (solid lines) and M1 models (dashed
lines). (A) The number of ions and water (note that M1 uses the
primitive model of water, so there are no water molecules). (B) The
total pressure in the filter; this pressure is fixed by the protein in M2
but varies in M1. (C) The volume of the filter; the volume is fixed at
0.375 nniin M1 but is variable in M2.

coefficient. Once in the filter, their mutual interactions are
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5. At bath concentrations of €agreater than 10 mM, however,
the filter would accumulate GaandCl—, which contrasts with
experiments that show conduction of &ut not CI- under
such ionic conditiond? Together, these computations suggest
that a dielectric coefficient around 10 results in adequate
selectivity in this model of the EEEE locus, using the ion
diameters listed in Table 1. (The choice of the ionic diameters
is discussed below.)

A dielectric coefficient of~10 seems to be somewhat large
given the small amounts of water that we find in the selectivity
filter.36 It seems possible that, in addition to the half-charged
oxygens of the glutamate residues, the filter contains tethered
hydroxyl or carbonyl oxygens. This has been observed in many
C&" binding proteing and may be inferred from the sequence
of the channel by considering the amino acids neighboring the
four glutamate$® These polar oxygens could provide the
induced charge described by the postulated dielectric coefficient.

We have done computations in which the filter contained
several uncharged confined particles the size of oxygen. For
instance, with four such particles included, physiologic&'Ca
Na' selectivity is seen if the volume and dielectric coefficient
of the filter are~0.355 nn¥ and 7.4. Although such computa-
tions suggest that physiological selectivity is compatible with
the “dilution” of charged oxygen ions by tethered (more or less)
polar groups, an explicit description of ieflipole and dipole-
dipole interactions is needed. In this paper, we restrict analysis
to a filter containing the carboxylate oxygens, but no inert or
polar groups.

lonic Diameters Since the dielectric of the filter is weak,
the change in solvation energy is larges0 kT for C&" (see
the legend of Figure 3). This change of solvation energy must
be closely balanced by iefion interactions (i.e., the sum of
the electrostatic and excluded-volume energies) in the filter, if
the model is to produce the small differences in chemical
potential that underlie selectivity (se®u in Figure 3A). In
general, these ionion interactions in the filter are sensitive
functions of ionic diameter.

Shannon and Prewifttabulate crystal diameters based on
meta-0?- distances. These values depend on the properties
of the oxygen and vary depending on how many oxygens are
coordinated with the metal ion. Values corresponding to the
coordination number 6 were used in NCE. In the present paper,
we use ion diameters that depend on varying coordination

attenuated (i.e., screened) by the polarization described by thenumbers (see Table 1). This selection was guided by best fit to

dielectric coefficient in the filter. The change in solvation energy

published experimental observations. The coordination numbers

between filter and bath is estimated by scaling experimental start from 5 for the small alkali ions, increase to 6 for the large
values of hydration energy according to the change in dielectric alkali ions and anions, and go to 7 and 8 for divalent cations.

coefficient (eq 9). The attenuation of ieion interaction is
directly described by the dielectric coefficient.

This seems reasonable if one considers the valence of these ions
and their usual coordination in salt crystals or in Ca-binding

Computations presented thus far have been done with a fixedproteins that have been studied by X-ray diffractféronly

dielectric coefficient of 10 in the filter. If the dielectric
coefficient is set to 20, physiological selectivity as described
above can occur in the model, but only in a volumexdf.22
nm® with a confining pressure>1000 MPa, which seems
unrealistic. On the other hand, if the dielectric coefficient is set
to 5, the pressure in the filter is negative at the volurs6.43
nm®) where equivalent amounts of €aand Na are ac-
cumulated into the filter. If the volume of the filter is then
allowed to shrink until the pressure is, for example’ B4, the
final volume is~0.24 nn?¥ and virtually all Na is displaced

by C&" in the filter. If one postulates that the filter cannot
collapse to volumes smaller than some limit (e.g., due to
crowding among atoms of the filter wall), appropriate?Qa
Na' selectivity can occur even with a dielectric coefficient of

Mg?" breaks the general rule (among alkali and alkali earth
ions) that, for a given valence, coordination nhumber increases
with atomic number. The Mg diameter chosen here corre-
sponds to a coordination number 8, which implies that the
difference in C&" and Mg diameters is smaller than it would
be if both ions had the same coordination number. The diameter
needed for M&" might, for example, describe a sterically
restricted coordination between the oxygen ions of carboxylate
groups and a very small divalent cation.

3.2. lon Binding in the EEEE Locus. In this section, we
present a specific model (“M2” for short) of the EEEE locus
and discuss the selective ion binding in this model. We will
refer to the PM-based, fixed-volume model proposed by NCE
as “M1”".
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Figure 5. (A) Competition of alkali ions against &g the ordinate plots the number of monovalent cations present in the filter; the bath contains
0.1 M of the chloride salt of the tested alkali cation and Ga€hdded as indicated on the abscissa. (B) The filter volumes corresponding to the
simulations in panel A. (C) Competition of Liagainst other alkali cations; the ordinate plots the number of test alkali ions in the filter; the bath
contains the chloride salts of the test ion and Li at a fixed total concentration of 0.1 M, with the logarithm of the mole fractibrstudwin on

the abscissa. (D) Competition of Baagainst C&" or Mg?*; the ordinate gives the number of Bdons present in the filter when varied amounts

of CaCl or MgCl, are added to a 0.05 M BagCs$olution in the bath. Solid lines refer to M2, dashed lines to M1.

The M2 model assumes a constant confining pressure of 4003A). If confining pressures smaller than 400 MPa are assumed
MPa, which is approximately the median pressure that occursin M2, the steepness of binding isotherms increases. With
in the fixed volume of M1 (see Figure 4B). As in M1, the sufficiently small pressures<(100 MPa), Na/C&" isotherms

dielectric coefficient 10.5 was chosen so that?Cas ac- with stepwise transitions are computed. Then pressure/volume
cumulated with the appropriate affinity over Newhat we have isotherms reveal a region of instability with a negative com-
called physiological selectivity). pressibility. The experimental data seem incompatible with/Na

The isotherms in Figure 4A give the computed numbers of C&*" binding isotherms that include stepwise transitions. This
Na" and C&" ions (and water molecules for M2) that ac- suggests that the Ca channel protein confines the EEEE locus
cumulate in the EEEE locus of the two models as thé™Ca at effective pressures larger than 100 MPa.
concentration is varied by adding Ca@b a bath containing Figure 5A shows binding isotherms computed for different
0.1 M NaCl. Solid lines refer to M2, and dashed lines show alkali ions. As in Figure 4A, alkali ion concentration was
M1 results for comparison. The situation corresponds to the maintained at 0.1 M in the bath while Ca®as added to the
experiments of refs 4043. These experiments showed that, in bath as shown on the abscissa. In all simulations the M2
L-type Ca channels, a large conductance supported byidNa  parameters (400 MPa of confining pressure and filter dielectric
reduced to a smaller conductance supported By @a Ca" is coefficient of 10.5) were unchanged. The two models (M1,
added in the bath. Half of this reduction of conductance is dashed lines; M2, solid lines) give substantially different
observed at about kM Ca". In kinetic descriptions of predictions for the accumulation of large alkali ions. The M1
conduction, this reduction has been interpreted to mean tBat Ca binding curves are continuous and their slopes decrease as ion
“blocks” the pore half of the timé*43Here we interpret it to diameters increase. This is because the excluded volume of large
mean that the EEEE locus contains equivalent amounts of Na ions counteracts their accumulation in the fixed filter volume
and C&t.10 of M1. This effect is so strong that, even at #OM Ca2" in

Although both M1 and M2 predict accumulation of Cay the bath, neither K nor Cs" can neutralize the four negative
the Ca channel, the models differ in other respects: (1) the charges in the filter by itself. In M2, on the other hand, the
volume of the EEEE locus described by M2 (under the protein larger excluded volume pressures can be relieved by increasing
pressure of 400 MPa) is onk2/3 the volume that generated the filter volume (Figure 5B), which in turn weakens the ion/
comparable pressures in M1 (Figure 4C) and is due to theion interactions inside the filter (cf. Figure 3A) and thus the
different models of water, as already discussed,; (2) the isothermselectrostatic cohesive pressure (cf. Figure 2B). Because of this
predicted by M2 vary more steeply with bath composition than internal feedback, the M2 isotherms steepen as the monovalent
those of M1. The steeper isotherms are a consequence of théon diameters increase. The'and Cs isotherms even have a
filter volume variation that occurs in M2, but not M1 (Figure discontinuity that allows the M2 filter to accept electrostatically
4C). This variation is accompanied by substantial variation of saturating amounts of Kand C$ where the M1 filter could
excess chemical potentials for the ions in the filter (cf. Figure not.
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We are not aware of published experimental data describing 107 - HS
the competition between CAC&" or K*/Ca* that could be oo ,
used to compare with the curves in Figure 5A. Experiments 0 1 7 'd
using the protocol of Almers and McClesk&hich tests the ,_ ——k """""" ES
competition between Gaand an alkali species, could examine £ -0 N Pav
whether C3 or K* binding reveal the signature of variable B s
volume in the EEEE locus, namely steepening of the isotherms :Cj -20 Y AA
with increasing diameter of the tested monovalent cation. This el S
protocol, however, requires accurate buffering of very small 8301 \\\

C&" concentrations in bath solutions, which might be com- A
promised by the dependence of available Ca buffers on alkali '40_10 s A W A 0

metal ions. Such buffers involve a cluster of tethered carboxylate
groups such as the EEEE locus, and so the#™Qaffering

might depend sensitively on the species of monovalent ions in Figure 6. Energetics of K/Ca&* exchange. All energies shown are
the bath (cf. Figure 5A). relative to those obtained with pure 0.1 M KCl in the b&AV is the

o ) . volume work done on the proteiAA is the change in availability (eq
One way to overcome this difficulty in €& buffering is to 8), which equals the change in Gibbs energy experienced by the oxygen
work with divalent-free solutions, for example, by varying the ions and can be expressed in the components: el, the electric energy
mole fraction of N&, K*, or Cs™ with a complement of Li. of the oxygens due to the Donnan potential; id, the (ideal) concentration
Figure 5C shows simulations of such an experiment, where the Work due to the change in filter volume; ES, the excess energy of the
abscissa gives the logarithm of the mole fraction of.lAs in electrostatic oxygenion interaction, which varies directly with ionic

- . - . density; HS, the excess energy due to the excluded-volume interactions
Figure 5A, the slopes of these isotherms in Figure 5C also ;i ihe ilter. which also varies directly with ionic density.
increase from Nato Cs'.

On the other hand. in experiments with onlv divalent cation One link between the protein and the binding is the electric
€ other hand, In experiments 02+y alentcalions, ge|q that emanates from the binding sifethe electric field
when varying amounts of added €aor Mg?" compete with

v . . ) will vary as the concentration of €ain the bath and the
50 mM B&", half the B&" in the flltgr appears to be displaced occupancy of the binding site change. On the other hand, the
at bath concentrations of a few millimolar €aor ~10 mM

Mg2*.# These observations are well-reproduced by M2 using link between the protein and the occupancy of the binding site

. . . ; might also be mechanical: a site described by the M2 model,
the ion diameters of Table 1 (Figure 5D). M1 also described . : - - :
the B&*/Ce* competition data, but to describe the MéCz2- with a variable locus volumeutomaticallyinvolves mechanical

. . . forces and movement.
+ 10
data, it required a larger Q|ameter for. Rﬁgthan for .Cé : How much does Cd concentration have to change to make
The M2 results were obtained by assigning @ diameter

that is substantially smaller than the diameter used fdr"Ca mechanical work available? How much mechanical work can
. be exchanged between the binding site and a regulated protein
but the Mg@" diameter that best reproduced the data cor- 9 g 9 b

S with a high sensitivity for C&? Figure 6 plots the energetics
responded to a larger coordination number than fot"q& when K*gis replacedyby 4 in thg M2 n?odel of the E?EEE
compared to 7; see Table 1).

o . i locus. We choose K because it is the most abundant alkali

It thus seems that M2 eliminates the Mg'anomaly” that  cation inside cells, where most Ca-regulated proteins reside. Al
was previously found with M1. The relevant difference between energies shown are referenced to the energies computed with a
the two descriptions of ion accumulation in this case is their pure KCI bath. The curves give the availabilit&) [which
treatment of solvation. In M2 we use experimental bulk can be expressed as the Gibbs energy of the oxygen ions (eq
hydration energies that are specific for each ion and estimateg)] and its components are represented by the ideal (id),
the solvation energies in the filter by scaling bulk hydration ejectrical (el), excess electrostatic (ES), and hard-sphere (HS)
energies in inverse proportion to the dielectric coefficient in ¢ontributions. The volume work done (eq 1) is shown as the
the filter (eq 9). The hydration energy for Nlyis very large, curve labeledPAV.
and hence, the change in solvation energy in going from the |t js clear that substantial volume work«B kT) can be
bath to the filter is particularly unfavorable for this ion. Thisis  derived from this system when &ais added to a 0.1 M KCl
evident in Figure 3A, wheréyuyyg is substantially more positive  path, (If the monovalent cation were Nawhich is smaller than
at large filter volumes than for any other ion. The ionic K+ only about half that work would be available.) Furthermore,
interactions in the filter, which underlie the excess chemical this volume work becomes available over a Very narrow range
potentials of eq 24, do not compensate for the unfavorable of C2+ concentration in the bath when concentrations are low,

solvation energy of Mg to the same extent they do for€a  jyst the properties needed to make &Cainding site function
The inclusion of hydration in M2 then eliminates the unsatisfac- a5 an effective molecular switch.

Ig[CaCIZ] added to 0.1 M KCl in bath

tory possibility suggested by M1 that Mghas particularly Under these conditions, the volume of the selectivity filter
weak ion-ion interactions inside the filter. jumps when four K exchange for two C&. The volume work
3.3. The EEEE Locus Viewed as Transducer of a Ca done involves substantial rearrangements in the components of

Signal. Our model of C&" accumulation in L-type Ca channels the Gibbs energy of the oxygen ions even though the total Gibbs
makes no reference to the specific channel shape or structuregnergy of the oxygens is almost unchanged. It is mainly the
only to the presence of oxygen ions inside the channel. Many changes in excluded volume and electrical potential that are
proteins that are regulated by variations of intracellulaf'Ca  immediately translated into a change of site volume, flipping
concentratioff~4” have Ca binding sites with oxygen ions from the switch. As the Cd concentration is increased beyond the
glutamate or aspartate residues and formally uncharged oxygerthreshold needed for the switch, the Gibbs energy changes
atoms of the protein. The similarity between the EEEE locus substantially, but this does not result in much further volume
and regulatory CH binding sites suggests that the M2 model work that can be exploited by the protein.

might be usefully applied to model the binding of calcium to The C&" regulatory site acts as a mechanical switch for two
the protein and to determine the consequences of that binding.reasons in this model. First, there is essentially no water in the
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binding site that could be displaced by large ions; instead, the  (8) Parent, L.; Gopalakrishnan, Miophys. J.1995 69, 1801.

_ i (9) Cibulsky, S. M.; Sather, W. AJ. Gen. Physiol200Q 116, 349.
e_xcluded volume effects _of the'Kforce an expansion of the (10) Nonner, W.. Catacuzzeno, L. EisenbergBibphys. 12000 79,
site. Indeed, X-ray diffraction has shown that at most one water 974

oxygen participates in the coordination of the?Can such (11) Boda, D.; Busath, D. D.; Henderson, D.; SokotowskiJ) SPhys.
proteins*® Second, the protein maintains a positive confining Chéelrg)- ?32%00 I%04648933. b Busath. DD Phvs.Chem. B
H H H H 0da, D.; Henaerson, D.; busath, D.D.Phys. em. press.

pressure+on the Slte'. Mecha.mlcal work is done on the pf"‘e'” (13) Henderson, D.; Lozada-Cassou, MColloid Interface Sci1986
when C&" leavesthe site and is replaced by monovalent cations. 114 180.
If the site were constructed so that entry offCinto the site (14) Davis, H. T.; Zhang, L.; White, H. Sl. Chem. Phys1993 98,
generated a swelling (negative) pressure, particles from the batkﬁ“(’fs) Boda, D.: Henderson, 0. Chem, Phys2000 112, 8934
could fill the void in the site. Little mecha_nlcal work would be (16) Goulding. D. Melchionna, S.; Hansen, JFRys. Re. Lett 2000
done on the protein itself and the protein would not act as a gs, 1132.
mechanical switch. (17) Goulding, D.; Melchionna, S.; Hansen, J.Ahys. Chem. Chem.
Phys.Submitted.

(18) Moy, V.; Florin, E. L.; Gaub, H. ESciencel994 266, 257.

(19) Oesterhelt, F.; Oesterhelt, D.; Pfeiffer, A.; Engel, A.; Gaub, H. E.;

; ; Mdller, D. J. Science200Q 288 143.
Our computations suggest that structural oxygen ions and (20) Nonner, W.: Eisenberg, Biophys. J1998 75, 1287,

mobile ior!s qccumulated in th_e EEEE locus of Ca Chann?IS form (21) Mandl, F.Statistical PhysigsJohn Wiley and Sons: Chichester,
a dense ionic cluster that virtually excludes water with the UK, 1988. _
dehydration of accumulated ions energetically compensated by (22) Waisman, E.; Lebowitz, J. L. Chem. Phys1972 56, 3093.
strong interionic interactions. Selectivity based on excluded ~ (23) Blum, L.Mol. Phys.1975 30, 1529,

. o (24) Triolo, R.; Grigera, J. R.; Blum, L1. Phys. Chen1976 80, 1858.
volume occurs if the protein confines the locus at pressures that  (25) Triolo, R.; Blum, L.; Floriano, M. AJ. Phys. Chem1978 82,
ensure a packing fraction larger than that in the bath. Physi- 1368. _
ological selectivity is found if electrostatics in the filter is (%6) Triolo, R.; Blum, L.; Floriano, M. AJ. Chem. Phys1978 67,
moderated by a local dielectric coefficientfl0. Fu_rthermore,_ (27) Blum, L.; Hoye, J. SJ. Phys. Cheml977 81, 1311.
the modeled EEEE locus can accommodate relatively large ions  (28) Simonin, J.-P.; Blum, L.; Turg, P. Phys. Chem. BL996 100,
if the confinement by the protein allows for some volume 7704.
expansion. Such volume changes of the locus make ion ggg S'(;Tr’r?”:\;l" é-'gﬁyspi‘ggdclhi’g- B997 101, 4313.
accumulation in the locus more steeply dependent on the (31) |enowitz, J. LPhys. Re. 1964 133 A895.

composition of a mixed bath. We showed that substantial (32) Salacuse, J. J.; Stell, G. Chem. Physl1982 77, 3714.

Conclusion

volume work can be done on the protein wher?'Qa replaced N (33) PfleRS& W. H; éeudkogk)e S. k/)\-_:dVetbef!ing, \{VPT Flarg\efyt;l?d P.
+ umerical rRecipes In (Znd ed.; Cambriage university Fress: amoridage,
by K* in such a locus. UK, 1992.
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