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ABSTRACT

Current through L-type calcium channels (Cay1.2 or dihydropyridine receptor) can be
blocked by micromolar concentrations of trivalent cations like the lanthanide gadolinium (Gd*").
These cations seem to affect both ion permeation and pore gating. One effect of trivalents is that
the whole-cell peak current recorded after a conditioning voltage pulse depends on [Gd>'], a
phenomenon called tonic block. Recently, Babich et al. (J. Gen. Physiol. 129 (2007) 461-475)
proposed that tonic block is due to ions competing for a binding site when the channel is closed,
and when the channel opens, Gd** blocks the pore to prevent the conduction of other ions; tonic
block is not due to changes in gating properties, but reflects only permeation. Here, we
corroborate this view by computing conductance in a model L-type calcium channel. The model
not only reproduces the Gd** concentration dependence of the current reduction, but also the
effect that substantially more Gd*" is required to produce similar block in the presence of Sr**
(compared to Ba®") and even more in the presence of Ca*". Tonic block is explained in this
model by cations binding in the selectivity filter with the charge/space competition mechanism.
In this mechanism, selectivity is determined by the combination of ions that most effectively
screen the negative glutamates of the protein while finding space in the midst of the closely-

packed carboxylate groups of the glutamate residues.

INTRODUCTION

L-type calcium channels (Cay1.2) have an extremely high affinity for divalent cations
like Ca*", Sr*", and Ba*". Even at micromolar concentrations these ions can occupy and block
the pore often enough to significantly reduce monovalent cation current [1, 2]. However, these
divalents are conducted by the pore and therefore the channel is never completely blocked (i.e.,
current is never zero, no matter how large the concentration of divalents). The story is different
for trivalent cations like the lanthanide gadolinium (Gd®"). These can completely block the
current through an open channel at concentrations <10 uM [3-6].

Identifying the mechanism by which trivalents reduce the permeation of ions through an
open channel is challenging because the trivalents affect the gating of L-type [3] and T-type [7]

calcium channels by accelerating current decay during depolarization. This so-called “use-



dependent block™ is the decrease of peak currents in whole-cell recordings after two voltage
pulses in the presence of trivalent cations. That is, the peak current during the second pulse (/)
is less than the peak current during the first pulse (/;), and the ratio /5/I; is extremely sensitive to
the trivalent concentration [5]. The peak current after the first pulse (/;) also decreases as
trivalent concentration increases [5]. This is referred to as “tonic block.”

While use-dependent block has time-dependent aspects that suggest changes in gating
caused by the trivalents, it is not known the extent tonic block involves changes in permeation
and changes in open probability. Recently, Babich et al. [5] proposed that Gd** causes both tonic
and use-dependent block by binding to an extracellular binding site at the mouth of the
selectivity filter. In their view, the site is accessible when the channel is closed and both Gd**
and the permeant ions compete for the site (which has a higher affinity for Gd*"). Tonic block
then reflects Gd*" block of the permeation pathway after the channel opens. Use-dependent
block is a subsequent process that involves conformational changes.

In this paper we analyze this picture of tonic block. To do this we use a model of the L-
type calcium channel to compute the conductance of the channel in the presence of Gd*". We
find that the concentration dependence of tonic block is well reproduced with the model pore by
the competitive binding of Gd’* and the permeant cations in the selectivity filter. This is
consistent with Babich et al. and indicates that tonic block probably represents the block of open-
channel current by Gd*". We do, however, differ with Babich et al. about the location of the
binding site. In their view the location is probably adjacent to the selectivity filter on the
extracellular side, whereas in the model the location is the selectivity filter itself.

This difference may be attributed to the very different models used here and by Babich et
al. They used a chemical kinetic scheme that has commonly been used for these kinds of
calcium channels (and criticized [8-11]). We use a very different approach. Our model of the
pore assumes only that the selectivity filter of the L-type channel is the bottleneck for ion
permeation and that the filter is a cluster of four flexible glutamate residues that move freely
within the filter to coordinate the cations. Selectivity occurs because cations are electrostatically
attracted to the negatively charged pore and the ions must find space within the crowded
selectivity filter where much of the available space is taken up by the side chains of the four
glutamates. This very reduced model has successfully reproduced both the conductance and

selectivity properties of the L-type channel, including micromolar Ca*" block of Na” current,



anomalous mole fraction effects in mixtures of Ca’" and Ba®", and selectivity in other ion
mixtures [12-15]. While this approach does not explain specific contributions for the individual
glutamates or the role of nonglutamate residues, it does provide an intuitive, leading-order
interpretation of permeation and selectivity;. Additional atomic details will refine the results of
this model, but not change its big-picture findings because those details will only tweak the
leading-order physics. Moreover, a similar reduced model has correctly reproduced all the
permeation and selectivity data—as well as predicting other, counterintuitive data—of the
ryanodine receptor calcium channel [16-19].

In this paper we find that Gd’" binds in the selectivity filter, competing with other
permeant ions. Without any adjustable parameters, this competitive binding reproduces the Gd**
concentration dependence of tonic block measured by Babich et al. [5]. Specifically, they
measured tonic block in mixtures of 150 mM Na', 10 mM divalent (Ca2+, Sr2+, or Ba2+), and
varying amounts of Gd®>" (0.001 to 10 uM), conditions that are challenging for any model
because three cations are competing for the pore. Still the model naturally explains the
differences observed when different divalents compete with Gd**. Collectively, the lack of
adjustable parameters, the complexity of three cations competing for the pore, and the large
range of Gd*" concentrations give us confidence that this model explains the big-picture features
of tonic block. Unfortunately, we cannot make any assessments of use-dependent block because

the model is of an open pore only and does not include gating.
THEORY AND METHODS

Model of the L-type calcium channel
The model of the L-type calcium channel pore is the simplest possible: a selectivity filter

between two uncharged vestibules that connects two baths. This is shown in Fig. 1. The
selectivity filter is a hard cylinder that is 10 A in length and 3.5 A in radius. It contains the four
glutamates that produce the selectivity of this channel [20, 21]. We model each of these as only
their negatively charged terminal carboxyl (COO") group, and each of these as two half-charged,
independent oxygens (01/2*). The glutamates face the permeation pathway and the carboxyl
groups are probably relatively free to move within the filter, but are tethered to the protein by the
CH; groups of the side chain. We model this freedom of movement with infinite flexibility: the

eight oxygens are free to move anywhere within the selectivity filter cylinder, but cannot leave



the cylinder. Except for that constraint, the oxygens are subject to all the same forces as all the
permeating ions, namely thermal motion, Coulombic interactions, and dispersion forces.

The dispersion forces are modeled very crudely by having all the particles (oxygens, Cl',
and permeant cations) be charged, hard spheres. Therefore any two particles interact
Coulombically and they cannot overlap. The size of each hard sphere is the Pauling radius: Na"
0.95 A, Ca> 0.99 A, Sr’" 1.13 A, Ba®" 1.35 A, Gd** 0.94 A, CI" 1.81 A, and 0" 1.40 A.

The particles also interact electrostatically with the pore itself. Specifically, the dielectric
constant of the protein is different from that of the permeation pathway (10 and 80, respectively)
so that the ions induce a surface charge on this dielectric interface (image charges). Each ion
induces charges that would normally repel it from the pore. This approximates the dehydration
energy needed for the ion to strip waters off to enter the pore. However, cations go into the pore
because not only are there four negative glutamates to draw them in, but also because of the
negative induced charges of these glutamates; the low dielectric constant of the protein helps to
amplify the negative structural charge of the pore [12, 22].

The details of the model pore have been described previously [13, 15].

Computing conductance
The Monte Carlo (MC) simulations that we use (described below) are designed for

equilibrium. Therefore, we have two identical baths and no applied voltage. From this situation

it is still possible to compute the conductance at zero applied voltage V" because, while the

current / is zero, the slope conductance dI /dV is not. To compute conductance, we start with
the Nernst-Planck (drift-diffusion) equation [13, 19]. In three dimensions, this is

—J,(%) =77 D,(x) 0, (X)V 14, (x) (1)

where, for ion species i, J,(x) is the flux per unit area, D,(x) is the diffusion coefficient profile

from the bath through the pore, p,(x) is the density profile, and g (x) is the electrochemical
potential profile. The Boltzmann constant is k£ and the absolute temperature is 7.

As before with this model pore, we assume that the flux is limited only in the selectivity

filter (the cylindrical part of our pore) [13, 15]. It has previously been shown that, when a very

small driving force is applied, Eq. (1) can be integrated to give the conductance y at zero voltage

[15]:
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where n,(z) is the axial number density of ions (i.e., the number of ions of species i in a slice of
the pore of width dz centered around axial location z). We take the diffusion constant in the
cylinder D; to be constant in both the axial and radial directions. The valence of species i is z;

and ey is the fundamental charge. For the ions we consider here, the normalized conductance is

given by
DCd
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and the conductance has been normalized with that in the absence of Gd®" (denoted by the 0
superscript).

It is important to note that Eq. (2) is only valid for a small voltage range around zero
where the current/voltage curve is linear. Technical details regarding the validity of using the

Nernst-Planck equation in this pore have been described previously [13].

Monte Carlo simulations

The conductance, as computed from Eq. (2), requires the line density profile n,(z) as an
input. We use Metropolis MC simulations to compute this profile. The details of the simulations
have been described previously [14, 22, 23] and we only review them briefly here.

The Gd®" experiments require very low bath concentrations (e.g., 10°° M). These very
low concentrations can be achieved in the MC simulations by performing these simulations in
the grand canonical ensemble where the bath chemical potential is held fixed, rather than the
number of particles in the simulation cell. Because of this, ions are created or deleted (see
below) and the average number of ions of one species in the simulation cell can be less than 1.
The chemical potentials that make the desired bath concentrations were computed in a separate
grand canonical ensemble simulation as described previously [24].

In MC, one ion (permeanting, as well as oxygens and CI") at a time is picked at random

and moved to a random (although possibly biased) new location. The energy change of this



move is computed and a move is accepted with a probability that ensures microscopic
reversibility. Possible moves include: (1) small changes from the old position (for sampling of
regions with high densities like the selectivity filter where ~25% of the available space is taken
up by oxygens); (2) changes to a new position selected randomly from a uniform distribution
anywhere in the cell (for sampling regions with low densities like the baths where the ions have
gas densities because of our implicit-solvent model of the electrolyte); (3) moving a particle from
a position in the selectivity filter to a position in the baths (or vice versa), a preferential move
between subvolumes needed to efficiently sample the pore that takes up only a small fraction of
the volume of the simulation cell [23]; (4) insertion or removal of a neutral group of ions (e.g.,
Na' + CI” or Ca*" + 2CI) into or from the simulation cell; and (5) cation insertions or deletions
analogous to (4) but directly into or out of the selectivity filter [14] with anions inserted or
deleted from the baths. Moves (3), (4), and (5) are necessary in order to have enough
configurations with ions at low bath densities (e.g., Gd*").

The results presented here are averages of many simulations performed on multiple
processors and with different starting configurations. In total, 6x10° to 1.2x10° MC moves are

attempted for each result we present.

A successful reduced model
This model obviously excludes most the structural details one might deem important.

Nevertheless, it seems to capture the essential physics of selectivity of the L-type channel. For
example, without adjustable parameters like diffusion coefficients it naturally has micromolar
Ca”" affinity. It also reproduces the classical anomalous mole fraction effect of Almers and
McCleskey [1, 2]—the only model of this channel to have done so with direct simulations of
micromolar [Ca*"] [13]. Without changing anything about the structure of the pore, it also
reproduces the L-type channel’s size selectivity properties (i.e., selectivity among ions of the
same charge) in mole fraction [13] and added-Ca®" [15] mixtures of Ca*” and Ba®", as well as
mole fraction mixtures of Li" and Na" [15].

The reason for this success is probably that the physics of these phenomena is dominated
by electrostatics and dispersion forces (i.e., the excluded volume of the ions forcing them not to
overlap), the two forces explicitly included in the model. In that case one would not expect that

the details of the arrangement of the amino acids matters, at least to first order. These details do



matter for other experimental data that this model fails to reproduce (e.g., that mutating each of
the four glutamates does not produce identical results [20]).

The data that we analyze in this paper (i.e., how Na®, divalents, and Gd*" competitively
bind in the selectivity filter) is the type of data that this model has reproduced well. We do not
change any of the parameters of the pore (e.g., radius, length, dielectric coefficients) from
previous papers and the ion sizes are fixed to be Pauling radii. Therefore, the results we show
are what comes out of the model pore naturally. If the model did not include the correct physics
to describe this process (either in the ion binding or in the conductance), the results would most
likely be incorrect since we are attempting to reproduce data over a large range (e.g., four orders
of magnitude of Gd** concentration) and since this problem is particularly challenging with three

cations competing for the pore.
RESULTS

Computing the tonic block experiments
Babich et al. [5] measured the Gd** dependence of tonic block in asymmetric solutions.

The internal solution contained 155 mM CsCl, 10 HEPES, and 5 mM Mg-ATP, while the
extracellular solution contained 150 mM NaCl, 10 mM Tris-Cl, and 10 mM CaCl,, SrCl,, or
BaCl,. Gd** was added to the extracellular side. The MC simulation method is designed for
symmetric solutions, so we performed the simulations in symmetric 150 mM NaCl, 10 mM
CaCl,, SrCl,, or BaCl,, and the indicated concentration of Gd*". This difference in protocol is
not expected to qualitatively affect the general conclusions because the applied voltage in the
experiments moved extracellular cations inward, as we have found in previous studies [13, 15].

The comparisons of our calculations of normalized conductance to the experimental
values are shown in Fig. 2. Like the experimental results, each conductance y is normalized to
the conductance in the absence of Gd° (3°). The model reproduces the differential effect of Gd*”
on Ca®*, Sr*', and Ba®" qualitatively: Ba®" is initially affected by ~0.01 uM Gd**, Sr** requires
more Gd*" to see an effect, and Ca>" requires even more.

The model results are, of course, not perfect. Fitting the model results with the equation

1
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we computed ICso’s for Gd*™ in the presence of the divalents (experimental results [5] are in
parentheses): for Ca”", ICso = 1.6+0.08 uM (0.29+0.05); for Sr**, 0.4440.03 pM (0.12+0.02); for
Ba®", 0.045+0.003 puM (0.03+0.01). While the ICs, for Ba®" is close to the experimental value,
the ICsy’s for Sr*" and Ca”" are too large by factors of 3.7 and 5.3, respectively.

However, given the evident structural differences between our very reduced model of the
pore and the real channel, this agreement is remarkable; the model includes the simplification of
four indistinguishable glutamates of the selectivity filter [20], only approximately takes ion
dehydration into account, and uses symmetric ion solutions instead of the real experimental
conditions. The experimental difficulties of working with Gd>* also cannot be overlooked. For
example, to avoid using buffers (which cause their own difficulties [15]) 1 mM GdCl; solutions
had to be diluted down to 10 nM. Babich et al. also describe that just switching from glass to
polycarbonate containers affected the measurements with “dramatically improved consistency of

results at [Gd*] < 1 uM” [5].

Most model results are independent of unknown parameters
One significant (and unexpected) aspect of the normalized conductances in Fig. 2 is that

they are independent of the ion diffusion coefficient ratios of Eq. (3). Whereas ion diameters can
be estimated with Pauling diameters and the pore parameters (e.g., protein dielectric coefficient
and pore radius) can be estimated by matching the experimentally-determined micromolar Ca*"
affinity [12], ion diffusion coefficients are the only parameters for which we do not have reliable
independent estimates.

The fact that the conductances are independent of the diffusion coefficient ratios comes
from two findings:

1. the conductance of Gd** is always zero because g, (z) ~0 outside the center of the selectivity
filter (see Fig. 5 later) and therefore 7., =0 (Eq. (4));
2. the concentration profiles n.(z) of Na’ and the divalents M?" change in the same proportion

with varied [Gd*"]. That is,

ny (2) _ nl(\)/l(z) (6)
Ny, (2) ngla (2)



where the function 7,(z) is the line density from Eq. (2) (which depends on [Gd*"]) and the

superscript 0 refers to the profile when [Gd**] = 0. This is shown in Fig. 3. Because of Eq.

(6) and because the conductance of Gd** is zero, Eq. (3) becomes

(Gd™]) _ o (G D)+ 7y, ([Gd™])

0 Dy 0 0
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M N

The consequence of the normalized conductance being independent of the diffusion
coefficient ratios is that the normalized pore conductance y/° is determined solely by the ion
binding selectivity properties of the model pore through the density profiles #,(z) in #; (Eq. (4)).

(Of course the absolute conductance y does depend on the diffusion coefficients.) The model
results are then more robust, in that they are not subject to particular choices of parameters that
are difficult to estimate independently.

This is not to say that—with an educated estimate—insight cannot be gained by
analyzing quantities that do depend on the diffusion coefficients. For example, consider the
individual Ca*" and Na® conductances. In Fig. 4 we plot these, normalized to the total

conductance in the absence of Gd*". For Ca®" this is (by Eq. (3))

Dea

DCanCa — Dya 77Ca (8)
0 0 Dea -0 0
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and for Na' conductance it is
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Both of these depend on the diffusion coefficient ratio D, / D,,. We choose this ratio to be 0.1,

reflecting the relative difficulty Ca*" has diffusing within the “stew” of oxygens in the selectivity
filter. This is the value we have used in the past [13, 15, 25] and is consistent with similar
models of ryanodine receptor calcium channels that reproduce experimental data [16-19].

While different values will scale the heights of the curves in Fig. 4, qualitatively the
results will be the same. Fig. 4 shows that both Ca*" and Na' contribute substantially to the total
conductance. Counterintuitively, even with 10 mM Ca’" and micromolar Gd*>* in the baths, Na*

is still present in both the selectivity filter and the vestibules and therefore still contributes to the

10



conductance (Fig. SA). Its concentration in the selectivity filter is reduced ~30 fold compared to
no Ca”" or Gd°" in the baths [15], but it has not been completely displaced yet in the conditions

. 2+ . e + . 2+
we consider. Ca” conductance is similar to Na' conductance because 7., >7,, (due high Ca

in the filter, Fig. 5B), but D, / D, is small.

Effect of Gd** concentration on permeant ions

Because the normalized total conductance y/y° is determined by the binding selectivity
of the pore for Na* and the divalents M*", we examine the effect [Gd’"] has on the distributions
of these ions within the pore. Fig. 5 shows the concentration profiles of Na', M*", and Gd®" as
Gd*" is added. These show the general behavior of ion binding that have been shown in other
studies of this model pore [12, 13, 15, 22, 25]. For example, the high-valence ions like the
divalents bind preferentially in the center of the pore with smaller, secondary accumulation sites
(“binding sites”) just outside the selectivity filter. In contrast, Na' also accumulates in the
center, but has much higher concentrations in the vestibules. It is important to note that these
secondary binding sites (similar to those postulated in chemical kinetics models [26]) are not
built into the model. Rather, they are a natural result of the physics put into the model pore,
namely 1ons of finite size (not point charges) competing for space in a crowded selectivity filter
filled with negatively-charged, flexible side chains. For example, the large peaks of Na"
accumulation outside the selectivity filter show that it is more energetically favorable for Na' to
screen the charge of the selectivity filter from the outside, rather than find space in the crowded
filter. The divalents, on the other hand, can screen the glutamates more efficiently than the Na"
ions because they take up less volume for the same amount of charge. This balance of
electrostatics and excluded volume of the ions (including the glutamate side chains) was first
described by Nonner et al. [27] and is called the charge/space competition mechanism (coined by
D. Busath in [28]).

As [Gd’"] increases, the general pattern is the same no matter which divalent M** is
present: the peak of Gd*" in the center of the pore increases, the peak of M>" decreases, filter
Na' concentration decreases, as do all the ion concentrations in the secondary binding sites in the
vestibules. Overall, as Gd®>" occupies the center of the pore more often (i.e., with a higher

probability), the permeant ions are displaced from both the filter and the vestibules.
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Effect of divalent size on Gd** binding

Despite the general pattern of permeant ions being replaced in the pore by Gd*”, there are
significant differences in the extent to which the three divalents are displaced from the model
pore by increasing [Gd>']. These differences are responsible for the divalent dependence on
tonic block shown in Fig. 2. It can be seen that Ba*™ is the divalent most easily displaced by
Gd*". The concentration profiles in Fig. 5H reveal that even 0.1 uM Gd** is enough to displace
more than half of the Ba®" from the center of the selectivity filter, compared to when no Gd*" is
present (compare thick and thin black lines); Na" is also displaced from the entire pore (Fig. 5G).
In contrast, 0.1 uM Gd*" has little effect on Ca** (Fig. 5B) and an intermediate effect on Sr**
(Fig. 5E). For both Ca®" and Sr**, Na" concentration in the pore is little affected by 0.1 pM Gd*”
(Figs. 5A and D, respectively).

A different way of looking at the same thing is to consider the number of each cation
(Na®, M*", and Gd*") in the selectivity filter. Fig. 6 shows these filter occupancies as [Gd®'] is
increased. Each panel shows a different cation (A: Gd*"; B: Na™; C: M*") when different
divalents are present (solid lines: Ca®"; dashed lines: Sr**; dotted lines: Ba>"). The figure shows
that Ca®" competes best with Gd** for the selectivity filter: the Gd** occupancy curve when Ca**
is present (Fig. 6A, solid curve) is to the right of both the Sr*" and Ba*" curves (Fig. 6A, dashed
and dotted curves, respectively). Similarly, when Ca®" is present, both the Na™ occupancy curve
(Fig. 6B, solid line) and the Ca*" occupancy curves (Fig. 6C, solid line) are to the right of the
same curves when either Sr*" or Ba®*" are present (Fig. 6B and C, dashed and dotted curves,
respectively); it takes relatively little Gd®" to displace the permeant cations when Ba®" is present,

more Gd*" when Sr*" is present, and even more when Ca®" is present.
DISCUSSION

Charge/space competition
The pattern of ion binding selectivity found in the tonic block experiments (Fig. 2) is

consistent with the L-type calcium channel’s tendency to be more selective for small ions (with
the notable exception not considered here that Mg®" is not preferred over the larger Ca",
presumably due to ion dehydration effects [29]). In this case, the selectivity sequence
Ca”>™>Sr*">Ba’" mirrors ion size: Ca’" is smallest (radius 0.95 A) and Ba®" largest (radius 1.35

A), with Sr** of intermediate size (radius 1.13 A).

12



In modeling the L-type channel to define its selectivity mechanism, we and our co-
workers have found that this channel selects ions by the charge/space competition mechanism
[12-15, 22, 23, 25, 30], as do other Ca*" selective pores like the ryanodine receptor calcium
channel [16-19], mutated and chemically modified OmpF porins [31-33], and negatively-charged
synthetic nanopores [34, 35]. The pattern of cations being replaced in the pore by Gd*'—with
the smaller Ca®" competing much more effectively with Gd*" than the larger Sr*” and Ba*—is
consistent with the charge/space competition mechanism of selectivity. In this mechanism,
selectivity is determined by a balance of protein charges attracting the cations into the selectivity
filter and of the ions finding space in a selectivity filter where ~25% of the available space is
taken up by the eight oxygens of the four glutamate side chains. In such a crowded environment
it takes less free energy to insert a Ca>" ion than a Ba®" ion because the Ca®" ion has ~40% of the
volume of the Ba*" ion; the entropy change is less when a smaller ion is inserted. For both these
divalents, even less energy is required to insert a Gd’" ion because it has more charge.
Therefore, as [Gd®] increases, it is more likely that a Gd® enters the pore. However, Gd**

203 relative

requires more energy to remove a Ca’  from the pore than a Ba*" because of Ca
stability over Ba".

As for the change in conductance, we find that Gd®" does not permeate the model pore.
This is because Gd>" binds with any appreciable concentration only in the center of the
selectivity filter, which creates regions of high resistance to Gd** current flow elsewhere; the
low-concentration regions (depletion zones) have high resistance just like any low-concentration
electrolyte solution, as described previously [13, 34, 36]. When Gd** is in the filter, then the
permeant cations Na" and the divalents M*" do not occupy the pore and therefore do not produce
a current.

But, Gd*" is not always in the pore; it has a probability of being in the selectivity filter
that depends on [Gd®"]. When Gd®" is not in the pore, then Na* and the divalents M** can
conduct through the channel. The calculated current is then a long-time statistical average of this
process. Therefore, the reduction of current comes about as the probability of Gd** being in the
selectivity filter increases with [Gd” '], blocking permeant ion current more and more of the time.

This explanation of current reduction is similar to what has been proposed for Ca** block
of monovalent current [13, 19, 36] (i.e., the classic Ca*" versus Na® anomalous mole fraction

effect found by Almers, McCleskey, and Palade [1, 2]). Like Gd**, Ca®" (and other divalents)

13



occupy the center of the selectivity filter, blocking monovalent current during that time.
However, Ca’" is not bound as tightly in the pore as Gd** and can be displaced by another Ca®"
often enough to make an appreciable Ca®” current. Considered in terms of resistors in an
equivalent circuit, Ca®" has relatively low resistance in the selectivity filter where its
concentration is high, but very high resistance everywhere else because its concentration is low
there. Ca®" conductance through the entire pore is low—despite its high occupancy in the
selectivity filter—because these resistors are in series. The same principle has recently also been
demonstrated in the ryanodine receptor calcium channel [19].

That the model reproduces the experimental data of tonic block is encouraging, but not
proof that the model is correct. However, the model has also reproduced a great deal of
experimental data of the L-type calcium channel (described in Theory and Methods). Moreover,
in the tonic block experiments shown in Fig. 2, there are three cations competing for the pore,
and to our knowledge this is the first ion channel model to reproduce experiments for such a
challenging case. Taken collectively, the model of the L-type calcium channel we use here

seems to capture the dominant physics of selectivity.

Implications for tonic block
The implications of this study are that tonic block is due to the block of permeant cation

current by Gd** because Gd®" competes with these cations for the selectivity filter. Our study
indicates that changes in open probability are not needed to explain tonic block. This view is
consistent with the view of Babich et al., which was developed after a large number of
experiments [5]. We cannot definitively rule out some changes in gating, but in the model the
Gd®" dependence of changes in current can—to first order—be explained by the three cations
competing for the selectivity filter.

Babich et al. suggest that the place where the competition occurs is not the selectivity
filter, but rather at the entrance of the permeation pathway (but still admitting that the actual
location is unknown). Moreover, they suggest that the binding of Gd*" can occur when the
channel is closed. Our very reduced model pore only includes the selectivity filter and
uncharged vestibules, and it only describes an open channel. Therefore, we cannot say
definitively if their view is correct. However, suppose that their view is correct and that the
competition of ions occurs at a binding site extracellular to the selectivity filter when the channel

is closed. When the channel does open and inward current flows (as in the tonic block
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experiments), those ions will move into the selectivity filter where the competition we describe
must occur because, by definition, the selectivity filter has the highest affinity for cations.
Therefore, while the competitive ion binding that occurs when the channel is closed may happen
in another location, the competition that is reflected in the measured current is the one that

happens in the selectivity filter.

Prediction of the model
The model indicates that tonic block by Gd** is due to competitive ion binding in the

selectivity filter. In this view, Gd’" competes away the divalents and Na” from the selectivity
filter as [Gd®'] increases. However, the charge/space competition mechanism also predicts that
the other cations can compete away Gd*" from the pore. For example, this model of the L-type
channel has predicted a Na" concentration dependence of Ca** block [15]; a similar prediction in
the ryanodine receptor calcium channel was experimentally verified [19].

For the tonic block considered here, we propose a Ca®" concentration dependence of Gd**
block. In Fig. 7 we show how increasing [Ca*"] to 100 mM can change tonic block; ~100 pM
Gd’*" is required to decrease the conductance by half, as compared to ~1 uM Gd** for 10 mM
Ca®". On the other hand, having only 1 mM Ca®" makes it easier for Gd’" to occupy the pore,
with 50% conductance reduction at only ~0.1 uM Gd*".

We are not currently equipped to validate this prediction, but we hope to do so in future
work. As with the results shown in Fig. 2, it is probable that the model results will only be
qualitatively accurate. However, the model’s qualitative predictions are clear: there is
competitive binding in the pore so that there is a large dependence of current on [Ca®’].
Specifically, for a 10 fold increase in [Ca®] from 10 mM to 100 mM, the ICsy’s change ~100
fold, but for a 10 fold increase in [Ca2+] from 1 mM to 10 mM, the ICsq’s change only ~10 fold.

CONCLUSION

Trivalent cations alter the permeation and gating properties of calcium channels in
general [7, 37, 38], making them useful laboratory tools [39-41]. In fact, trivalents affect many
kinds of ion channels (e.g., [42, 43]). Here we described a possible mechanism for one of these
effects on calcium channels (tonic block). Specifically, we showed that tonic block’s reduction
of Na" and divalent currents by increasing [Gd®'] can be described by these ions competitively

binding within the selectivity filter. This supports the view of Babich et al. [5] that tonic block
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does not reflect changes in the channel’s gating properties and is in this way distinctly different
from use-dependent block. Our results also give further evidence that selectivity in the L-type
calcium channel stems from a balance of electrostatic attraction of cations into the filter and

excluded volume repulsion of the ions from the crowded filter (charge/space competition).
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FIGURE LEGENDS

1.

Geometry of the model pore. At left, a cross section of the pore is shown. The baths and
simulations cell are several times larger than shown here. At right, the selectivity filter
containing the eight oxygens (large (red) spheres) is shown in a simulation snapshot. Also,
in the filter are one Ca*" (green sphere) and one Na® (blue sphere). The region of
confinement of the oxygens (=5 <z <5 A) is shown with the span of the arrows.

Comparison of the normalized conductances from experiments (large, solid symbols) to those
computed from the model (small, open symbols). The lines are fits of the model results to
Eq. (5). In the simulations, there is 150 mM NacCl, the indicated amount of GdCls, and 10
mM divalent cation: Ca®" solid (black) curve and square (black) symbols; Sr*" dashed (red)
curve and circle (red) symbols; Ba”" dotted (blue) curve and triangle (blue) symbols.

The line density profile ratio n., (z)/n,(z) at different [Gd*]. The results with Sr*" and
y p Ca Na

Ba®" are qualitatively identical.

Individual normalized ion conductances at different [Gd®"]. The lines are fits of simulation
results to Eq. (5). The total conductance is thick (black) line, Na" conductance the thin (red)
line, and Ca”" the dashed (blue) line.

Concentration profiles of ions in the pore: top row (A, D, G) Na'; middle row (B, E, H)
divalent M*"; bottom row (C, F, I) Gd*". The left column (A, B, C) are when the divalent is
Ca2+, the middle column (D, E, F) Sr2+, and the right column (G, H, I) Ba?". The thick black
line is when [Gd**] = 0, the thin black line when [Gd*'] is 0.1 uM, the long-dashed (red) line
when [Gd*'] is 1 uM, and the dotted (blue) line when [Gd*Tis 10 uM. These concentrations
are given in molar instead of the line density used in Eq. (2). The area used to compute this
molar concentration from the line density is the cross-sectional area accessible to the center
of each ion species.

Occupancy of each cation species in the selectivity filter (-5 A <z <5 A in Fig. 1) when
different divalents are present: Ca’" solid (black) curves and square (black) symbols; Sr**
dashed (red) curves and circle (red) symbols; Ba*" dotted (blue) curves and triangle (blue)

symbols. (A) The number of Gd*" in the filter. (B) Na". (C) divalents M*".
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7. A prediction of the model for Ca>" concentration dependence of tonic block. Three different
Ca®" concentrations are shown: 1 mM, black line and square symbols; 10 mM, red line and
circle symbols; 100 mM, blue line and triangle symbols. The 10 mM case is the same as in
Fig. 2 for comparison. In each case, [Na'] is 150 mM and Gd’" is added. The lines are fits to
Eq. (5) with ICs¢’s of 0.12 uM for 1 mM Ca*", 1.6 uM for 10 mM, and 120 uM for 100 mM.
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