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Selecting lons by Size in a Calcium Channel: The Ryanodine Receptor Case
Study
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ABSTRACT Many calcium channels can distinguish between ions of the same charge but different size. For example, when
cations are in direct competition with each other, the ryanodine receptor (RyR) calcium channel preferentially conducts smaller
cations such as Li* and Na™ over larger ones such as K* and Cs™. Here, we analyze the physical basis for this preference using
a previously established model of RyR permeation and selectivity. Like other calcium channels, RyR has four aspartate residues
in its GGGIGDE selectivity filter. These aspartates have their terminal carboxyl group in the pore lumen, which take up much of
the available space for permeating ions. We find that small ions are preferred by RyR because they can fit into this crowded

environment more easily.

INTRODUCTION

Calcium-selective ion channels have a wide range of selec-
tivity, permeation, and gating properties. From the selectivity
and permeation point of view, there are roughly two general
classes of calcium channels: 1), the surface-membrane cal-
cium channels (e.g., L-, T-, P/Q-, and N-type channels),
which tend to have a micromolar Ca*" affinity (1,2) and
relatively smaller conductance (3); and 2), the intracellular
calcium channels (e.g., the ryanodine receptor (RyR) and
the inositol triphosphate receptor (IPsR)), which have a
much weaker millimolar Ca®" affinity (4—7). These two cal-
cium channel types share very little homology, but both have
a mixture of four glutamates and aspartates in their selec-
tivity filters (8—13).

While selectivity and permeation of Ca*" is the main
physiological function of these channels, monovalent cat-
ions also play an important role. For example, RyR and
IPsR’s poor Ca" selectivity allows them to simultaneously
conduct K* countercurrent to prevent large changes in
membrane potential during Ca®" release (14,15). Nonphy-
siological monovalent cations are also important because
by studying them, we can improve our understanding of
ion channel selectivity and permeation.

Selectivity among different monovalents has become an
important topic in the years since the structure of the potas-
sium channel was published (16). The potassium channel’s
physiological selectivity hinges on distinguishing between
ions of different size, with one of the primary determinants
being the dehydration energy difference between Na™ and
K™ (17-20). Interestingly, RyR shares a relatively large ho-
mology with the potassium channel in the selectivity filter
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(21-24). However, there are significant differences between
the two pores, namely, the eight negative charges of RyR
(11-13) and the 2-3 times larger diameter of RyR (25,26).
This leads to a RyR selectivity in favor of the smaller
Na* over the larger K (27,28) (this study), the opposite
of what happens in the potassium channel. Therefore, under-
standing size selectivity in RyR gives us a broader picture of
selectivity in all channels.

In the last few years, selectivity in calcium channels has
been studied with various methods, and two distinctly
different models of the selectivity filter have emerged. The
model proposed by Nonner et al. (29) describes the gluta-
mates and aspartates, as well as their negatively charged, ter-
minal carboxyl (COO") groups, as protruding into the lumen
of the selectivity filter, whereas the model of Corry et al. (30)
describes the carboxyl groups as being in the protein, outside
of the permeation pathway. In the first model, the pore is a
liquid-like environment because the glutamates and aspar-
tates are flexible and so the carboxyl groups can rearrange
around the permeating cations. The role of the fluctuations
of the carboxyl groups is to coordinate the ions; the better
the coordination, the better the selectivity. In the second
model, the lumen of the selectivity filter contains only the
permeating cations and the carboxyl groups cannot rearrange
to screen them. Selectivity in this model is almost exclusively
the result of electrostatics (30) and therefore it cannot distin-
guish between two ion species of the same valence (31,32).
The model pore of Nonner et al. (29), however, predicts large
differences in affinity between monovalent cations
(28,29,33-37).

The difference in selectivity between these models of
the L-type calcium channel is due to the direct (i.e., very
close-range) interactions of the carboxyl groups with the
permeating cations; only with the carboxyl groups in the
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permeation pathway does the pore have micromolar Ca*"
affinity (38). The carboxyls in the pore make a highly
charged environment that attracts cations, while at the
same time making a very crowded, liquid-like environment
where ions must compete for space with each other and the
carboxyls. In this charge/space competition (CSC) mecha-
nism, selectivity is a balance of electrostatic and
excluded-volume forces (i.e., two ions cannot overlap)
(28,29,33-42).

The importance of this balance of forces has recently
been studied in RyR using a Poisson-Nernst-Planck/density
functional theory (PNP/DFT) model. That analysis showed
the bulk of the energetics that favors Ca*" over monovalent
cations is provided by the screening of the permeant ions by
the carboxyls (28). It was also found that, with all else being
equal, when monovalents compete with Ca®" for the pore,
the smaller ones compete much more effectively because
it is energetically easier to insert a small ion than a bigger
one (28). In this work, we continue the study of selectivity
in RyR by considering monovalent versus monovalent
selectivity using the same RyR model.

The advantage of using this model is that it reproduces all
the known experimental permeation and selectivity data of
RyR from two major labs in more than 180 ionic mixtures
and several mutants, including the new experiments des-
cribed here (28,37,43,44). Other calcium channel models,
at best, reproduce a very small amount of experimental
data (30,38) and in many cases only consider ion binding
in the selectivity filter, not current (29,33-36,38,40-42).
The RyR model also predicted (before experiments
confirmed them) all of the known anomalous mole fraction
effects of RyR (28,37) and how they change with voltage
and concentrations (43). In addition, the model predicted
and experiments confirmed that Ca®" selectivity of RyR
actually decreases with increasing luminal Ca®" concentra-
tion (44). Collectively, these results strongly suggest that
the model captures the physics of both permeation and selec-
tivity when one, two, or (as we show here) three cation spe-
cies compete for the pore. The PNP/DFT approach has an
additional advantage over the particle simulations used in
the other calcium channel model: it naturally decomposes
the energetics of selectivity into distinct energy terms that
allow one to understand selectivity.

Using this approach, we find that there are large dif-
ferences only for the nonelectrostatic energy terms; the elec-
trostatic energies, from both the mean electrostatic potential
and the ions’ ability to screen other ions, were very similar
across the ion species we studied. The only large energetic
difference between monovalent cations is in the term that
quantifies how easily the ions fit between the carboxyl
groups that are inside the selectivity filter lumen. Small
ions are preferred by RyR because they fit much more easily
than larger ions. While small ions can get closer to other
ions to screen their charge better, this advantage is
secondary.
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THEORY AND METHODS
Experiments

Single channel measurements were performed as previously described using
Mueller-Rudin-type planar lipid bilayers containing a 5:3:2 mixture of
bovine brain phosphatidylethanolamine, phosphatidylserine, and phosphati-
dylcholine (25 mg of total phospholipid/ml n-decane) (12). Proteoliposomes
containing the purified RyRs were added to the cis (cytosolic) chamber of
the bilayer apparatus and fused with the lipid bilayer. Single-channel cur-
rents were measured with the indicated buffer solutions on both sides of
the lipid bilayer, and 2-20 uM Ca®" and 1 mM or no ATP in the cis chamber
of the bilayer apparatus. The frans (luminal) side of the bilayer was defined
as ground. Electrical signals were filtered at 2 kHz, digitized at 10 kHz, and
analyzed as described previously (12). All data are from the RyR2 (cardiac
muscle) isoform.

Models

In this work, we used our previously published model (28) without any
changes. The geometry of the pore and the locations of the amino acids
used in the model are shown in Fig. 1. Further details may be found in
Gillespie (28).
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FIGURE 1 Geometry of the model RyR pore. In the experiments and

calculations, the lumen of the sarcoplasmic reticulum (SR) is electrically
grounded. The circle around each labeled amino acid is meant to illustrate
the range of the motion of the terminal carboxyl group. Aspartates (thick
circles) and glutamates (thin circles) are given a radius of 5 A and 7 /u\,
respectively. Only the amino acids of one of the four identical RyR sub-
units is shown. Asp-4945, Asp-4938, Asp-4899, Glu-4900, and Glu-4902
are the only amino acids explicitly modeled in the theory. The GGGIG
sequence (4894-4898 in the numbering) at the cytosolic end of the selec-
tivity filter is only a reference point for readers familiar with the RyR
sequence. Throughout, we use the RyR1 numbering scheme of the amino
acids (34).
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The ions are modeled as charged, hard spheres and their flux through the
pore is described by a combination of 1D Poisson-Nernst-Planck theory and
density functional theory (PNP/DFT) of fluids (45):

du;
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where p; and y; are the concentration and electrochemical potential, respec-
tively, of ion species i throughout the pore and baths; J; is the flux of species
i; and A(x) is the area of the equi-chemical potential surfaces that is estimated
as previously described (46,47). In the pore, this corresponds to the cross-
sectional area whose radius is shown in Fig. 1. The dielectric constant & of
the system is 78.4. & is the permittivity of free space, & is the Boltzmann con-
stant, and 7=298.15 K is the temperature. The functions ¢ and D; are the mean
electrostatic potential and the diffusion coefficient of species i, respectively.
The 1D description of Eqs. 1 and 2 assumes that there are no significant
radial effects on the concentrations, for example those caused by a hard-
wall model of the lumen/protein interface. Such a simple ion size/rigid
pore model is not used here. Instead, we assume that the walls are relatively
flexible. This is supported by experiment; large cations with diameters of
~7 A flow through RyR with low conductance (25), but the pore can stretch
to conduct the ~10-A-diameter neomycin with sufficiently high voltage (26).

DFT of ions

The electrochemical potentials u; are described by DFT of electrolytes
(39,48), which decomposes them into four terms:
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where /; is the thermal de Broglie wavelength, a constant that will drop
out later since potentials are only defined up to a constant. These terms
represent the different contributions to the energy required to insert an
ion of species i at location x.

If ions were point charges, the ideal gas and mean electrostatic potential
terms would make the familiar Poisson-Nernst-Planck theory of drift-dif-
fusion (49,50). The size of the ions is described by the screening and
excluded-volume terms. The excluded-volume term describes the energetic
penalty to find space for an ion among all the other ions. It is a penalty (i.e.,
a positive energy) because other ions (and waters) will overlap with the new
ion, which is not allowed, and therefore must move out of the way. The
screening term, on the other hand, is a favorable term (i.e., a negative en-
ergy) because it measures how well ions rearrange to screen each other
to minimize the instantaneous electrical potential. Roughly speaking, the
more perfectly screened the ions are, the easier it is to insert another ion,
and small ions do a better job of screening because they approach closer
to the charge. It found that the screening term is important for RyR Ca®"
versus monovalent cation selectivity (28). It is also what gives ions an ac-
tivity coefficient that is generally <1 (51).

One important aspect of all of the terms in Eq. 3 is that they are not
instantaneous measures of these energies. Rather, they are long-time aver-
ages at each location, just like the concentrations on which they depend.
Therefore, the mean electrostatic potential, given by the Poisson equation
(Eq. 2), is the average electrostatic potential, not an instantaneous electro-
static potential. Because of this, ¢(x) affects all of the monovalent ion con-
centrations equally strongly (Eq. 3).
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Some important aspects of the instantaneous electrostatic potential are lost
in a mean-field theory where only the mean electrostatic potential is consid-
ered. For example, small ions will bind closer than large ions to the side
chains of the aspartate and glutamate residues, and therefore they will expe-
rience a stronger electrostatic interaction and at the same time screen the
charge more effectively. While mean-field theories such as PNP miss this ef-
fect, this is exactly the interaction that is captured in the screening term:
u3€(x) averages the Coulombic interactions using the radial distribution
function (which includes ion sizes) (51), whereas PNP does not.

RyR and ion dehydration

Something not included in the model is ion dehydration/resolvation. In
many channels, ions must shed their hydration shells of nearest waters to
enter the channel; this is an energetic penalty. They are then resolvated
by the channel protein when the side chains or backbone carbonyl oxygens
interact directly with the ions as the waters would have; this is generally
energetically favorable because the protein side chains or carbonyl oxygens
tend to be at least partially charged. Since it takes a lot of energy to dehy-
drate an ion, this can be a very important part of the energetics of selectivity
(e.g., in the potassium channel (17-20)).

In RyR, however, empirical evidence shows that ion dehydration is not a
significant component of selectivity or permeation. For example, Mg>" per-
meates the RyR equally as well as Ca®" (5). This is significant because the
Gibbs energy of solvation of Mg>" is 130 kT larger than that for Ca>* (52).
This very large difference is enough to prevent Mg®" permeation through
the L-type calcium channel (3). The fact that the large dehydration energy
of Mg*" is not a hindrance to its conduction is one indication that ion dehy-
dration is not a major factor in RyR.

This may seem somewhat surprising given the well-established homol-
ogy between the RyR selectivity filter and that of the potassium channel
(21-24). RyR is, however, significantly wider; large-ion conduction exper-
iments indicate a minimum RyR pore radius of ~7 A (25,27) that can stretch
to 10 A (26). This makes the need to strip waters off ions significantly less
than in the much narrower potassium channel (53).

The model also lends credence to this idea. Because the model is based
on physics and not data fitting of individual data points, if ion dehydration/
resolvation played a major role, then the model should fail to reproduce the
experimental data. Only nine data points were used to establish the model
parameters, so all of the other hundreds of data points are purely the result
of the physics that is in the model (28,37). By ignoring ion dehydration, we
are hypothesizing that ion dehydration is much smaller than the other terms
in Eq. 3, for example, that the electrostatic energy of being surrounded by
carboxyl groups in the selectivity filter is much more favorable than ion
dehydration is a penalty.

As described in the Introduction, this PNP/DFT model reproduces and pre-
dicts the current/voltage relations of native RyR in more than 120 previously
published ionic solutions (28,37.43.44) and another 60 ionic solutions pre-
sented here, as well as the current/voltage relations of various charge-neutral-
izing mutations (28,37). If ion dehydration/resolvation were a significant
contributor to either permeation or selectivity, one would surmise that a model
that did not include this would not be able to reproduce or predict data over the
wide range of conditions as this model has (e.g., micromolar to molar concen-
trations, + 150 mV voltage ranges, and hundreds of various mixtures of Li",
Na®, K", Rb", Cs*, Mg®", and Ca®"), even if under some conditions there
may have been a cancellation of errors. This indicates that the model correctly
describes, at least to first order, the physics of RyR permeation and selectivity.

Energetics of selectivity

To study binding selectivity (i.e., the amount of an ion species that accumu-
lates at one location in the pore), we consider identical baths and zero
applied voltage so that the ions are in equilibrium. Then, all of the electro-
chemical potentials are constant everywhere and there are no ion fluxes
from any species. In Eq. 3, the left-hand side is then a constant, namely,
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the electrochemical potential of the baths. The right-hand side contains the
components of the electrochemical potential as they change with location in
the baths and into the channel and selectivity filter. Because the left-hand
side is constant at equilibrium, any change with location in one term on
the right-hand side must be countered with a change in the opposite direc-
tion by the other terms.

We will examine how the components of the electrochemical potential
compare among monovalent cations of different size. To do that, Eq. 3

for ion species i is rewritten as
SC HS
+ Ao (x) + Aw(x)

()
“)

where AuS€(x) indicates the screening chemical potential at x minus the
bath value, and similarly for the HS term. To compare two different ion spe-
cies (e.g., K and Cs™), Eq. 4 for the two species can be subtracted:
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Eq. 5 defines the binding selectivity (the left-hand side) in terms of the
ratio of concentrations at the same location x. (In this example, a positive
term favors the binding of Cs* whereas a negative term favors K*.) To
have one ion species at a higher concentration, at least one of the four
components on the right-hand side must favor that ion species. In line
with previous work (28,54), we call these terms advantages because
they reflect which ion species has an energetic advantage for ion binding
in each term. The number advantage describes which ion species has a
higher bath concentration and is therefore more likely to enter the chan-
nel. The mean (i.e., long-time averaged) electrostatic advantage favors
the ion species with the higher valence. Here, all of the ions are mono-
valents, so this term is always zero. The screening advantage favors
small, high-valence ions because they neutralize the charge of other
ions (screen) better than large, low-valence ions. This is one way in
which ion size comes into selectivity; the other way is through the
excluded-volume advantage.

This same type of analysis has been used previously to understand Ca>"
versus monovalent selectivity in RyR (28). That work showed that RyR is a
Ca®" channel because of its electrostatic advantages, both in the mean electro-
static advantage and in the screening advantage. Moreover, the model predicted
that RyR calcium selectivity diminishes as [Ca?"] increases because the pore
becomes more charge-neutral. This decreases the mean electrostatic advan-
tage, whereas the screening advantage was predicted to remain unchanged.
This was recently verified experimentally (44), showing that breaking the en-
ergetics into these contributions correctly captures the reasons for selectivity.

Lastly, we describe an aspect of the electrochemical potential that we will
use later. Each component in Eq. 3 (except the ideal gas term) for species i
depends on the concentrations of all ion species, not just species i. This
means that even if an ion species is present at only trace concentrations,
its electrochemical potential at any point in space is not zero; it takes energy
to insert even one ion into the mix of ions already present at that point.
Later, we will use this idea to compare the electrochemical potentials of
three different ions (Na*, K*, and Cs™) even if only two of them (e.g.,
Na' and K™) are in the baths.
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Assumptions and approximations

Like all models, this model includes assumptions and approximations. They
generally fall into two categories: the description of the channel and the
physics used to describe the ions and the ion current.

The structure of the channel was inferred from experimental mutation
data as previously described in detail (28,37). This was necessary (and con-
tinues to be so) because although a low-resolution structure of RyR has
been well established for some time (21-23), a high-resolution structure
has not yet been determined (55) (Montserrat Samso, Virginia Common-
wealth University, personal communication, 2014), especially not for the
selectivity filter. So far, structures that include the pore have a resolution
of ~10 A and only certain isolated domains (e.g., the N-terminal domain
(56-58)) have yielded high-resolution x-ray crystallographic structures.
Given these limitations, the overall structure of the selectivity filter and
pore shown in Fig. | was chosen to reflect the well-established structural
homology with the potassium channel (21-24) and the fact, as described
above, that the RyR pore is significantly wider, in line with a previous
molecular dynamics study by Shirvanyants et al. (59). That study showed
large fluctuations in the selectivity filter diameter from 0 to 6 A. One short-
coming of our model is that these fluctuations are not included in the 1D
model used here, which necessarily requires a fixed diameter.

On the physics side, the use of mean-field equations, like the PNP equa-
tions, has been criticized as not being valid in narrow channels (60). How-
ever, in a recent study by one author of Ref. 60, the opposite was found
when the size of the ions was taken into account (61). Specifically, when
the density profiles were taken from Brownian dynamics simulations
(whose description of ions is very similar to that used here), even a 1D
Nernst-Planck theory reproduced the full current-voltage curve of the
Brownian dynamics simulation. Therefore, the permeation physics of the
Nernst-Planck equation is probably correct because we are not considering
single-file channels where conservation of momentum is important. Com-
parisons with simulations show that DFT correctly computes the profiles
of hard-sphere ions in many systems (62,63). Moreover, our 1D DFT
RyR profiles are very similar to cross-sectional averages of full 3D simula-
tions (Dezsé Boda, University of Pannonia, personal communication,
2014), so it is probable that the 1D Nernst-Planck equation used here is
applicable. However, more studies on crowded channels should be done,
which is work we plan to continue (64—66).

One also cannot rule out the possibility that approximations that underlie
the DFT (e.g., the mean spherical approximation) may scale similarly to
physics that is not included (e.g., ion dehydration), resulting in a cancellation
of errors. We have tested this previously (67) and are continuing to do so.

RESULTS

In this work, we examine the competition of monovalent
cations for the RyR pore. Specifically, we analyze the ener-
getic differences between Na™, K™, and Cs™, which differ in
both size and RyR conductance; their unhydrated crystal di-
ameters are 2.04, 2.76, and 3.40 A (68), respectively, and
their experimentally measured conductances in 250 mM
symmetric conditions are 481, 800, and 519 pS (37), respec-
tively. We also conducted experiments using Li*, which has
a crystal diameter of 1.33 A and conductance of 210 pS.

Comparing the model with experiments

The first thing to know is whether the model can success-
fully compute the competition between multiple monova-
lent cations. Previous studies using the same RyR model
compared model and experimental results when two cation
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species competed for the pore, but only under a limited set In Fig. 2, we show more comparisons of the model with ex-

of conditions. Specifically, they considered bi-ionic condi- periments. For all of the results shown in the figure
tions and two mole fraction experiments where the relative (described below), none of the previously published param-
concentrations of two cation species was changed (28,37). eters of the model (28) were changed in any way.
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FIGURE 2 (A-D) Comparison of the model with experiments in which two (A) or three (B—D) monovalent cations compete for the pore. (A) Salting-out
experiment in which XCl is added to 250 mM CsCl. Conductance is plotted as [X '] is changed for X = Li* ((J), Na™ (x), and K* (). Below the main
figure, the Na™ curve (x) is redrawn on a different scale to show its minimum. (B) Two sets of experiments in which Na*, Cs*, and Li* compete for the pore
or Na™, Cs*, and K™ compete for pore while all three ion species’ concentrations are changed. The mole fraction of Na™ is changed as [Na™] + [Cs*] is
constant at 250 mM (x and thick solid line). For the other curves, 50 mM (box symbols), 100 mM (circles), or 250 mM (triangles) of either Li* (open sym-
bols) or K (solid symbols) is in the bath in addition to the Na™/Cs™* mixture. The error between theory and experiment is largest for the top dotted line, but
the relative error for that line is always less than 6%. Below the main figure, the Na™ curve (x) is redrawn on a different scale to show its minimum. It also
shows the number of recordings in parentheses and error bars. The point at mole fraction 0.6 was shown earlier to be statistically significantly smaller than its
two neighbors (denoted with *), experimentally verifying the minimum. (C) Li*, K*, and Cs* compete for the pore while all three ion species’ concentrations
are changed. The mole fraction of Li™ is changed as [Li*] 4 [K] is constant at 250 mM (x and solid line). For the other curves, 100 mM (@) or 250 mM
(A) of Cs* is in the bath in addition to the Li*/K" mixture. (D) Li*, Na*, and Cs™ compete for the pore while all three ion species’ concentrations are
changed. The mole fraction of Li" is changed as [Li"] 4 [Na'] is constant at 250 mM (x and solid line). For the other curves, 100 mM (@) or
250 mM (A) of Cs™ is in the bath in addition to the Li"/Na* mixture. In all panels, both the cytosolic and luminal baths are identical. All standard error
bars are approximately the size of the symbol or smaller.
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One kind of experiment we conducted was a salting-out
experiment in which [CsCl] was kept at 250 mM while
more and more LiCl, NaCl, or KCI was added to the baths.
This is the experiment shown in Fig. 2 A. Not only does the
model reproduce the large changes in conductance when
Li* or K" are added, but the model also reproduces the min-
imum in the conductance when Na™ is added to the Cs™. This
minimum is similar to the anomalous mole fraction effect
(AMFE) that was predicted by the model for this mixture of
these two ion species (37), shown as the thick solid line in
Fig. 2 B. Both of these curves are redrawn below the main
graphs in Fig. 2, A and B, to explicitly show their minima.

In Fig. 2, B-D, three monovalents are competing for the
pore. The model predicts all of the features of the experi-
mental results. For example, the Na*/Cs™ AMFE (Fig. 2
B, thick solid line) disappears when either Li*™ or K is pre-
sent in addition to the Na*/Cs™* mixture (Fig. 2 B, box sym-
bols). Also, the model reproduces the crossing of the curves
in Fig. 2 C and the crossover concentration. The relative er-
ror between the model and experiments is always less than
6% when three cations are competing for the pore.

All experiments were done after the calculations were
performed. Therefore, the curves shown in the Fig. 2 are
predictions of the model based on the physics of ion perme-
ation and selectivity contained in the model. While one can
never eliminate the possibility of canceling errors, one can
infer that if the physics in the model is wrong (e.g., if ion
dehydration plays a major role or if drift-diffusion does
not correctly describe ion permeation), then the model
should fail to reproduce experiments. Fig. 2 shows that the
model seems to get the proportions of the three cations in
the pore correct, which would not be possible if many of
the energies were several kT off. Given how well the model
predicted these challenging and nonlinear results, we will
now use the model to analyze how RyR selects among
monovalent cations of different sizes.

One cation species competing for the pore

To start the analysis of selectivity, let us first consider the
concentration profiles of the individual ions when they are
not competing with each other for the pore, that is, when
there is only one cation species in the baths. This is shown
in Fig. 3 A for 250 mM symmetric conditions.

Overall, the profiles are very similar. They reach a
maximum of ~13 M in the selectivity filter where the protein
charge is the highest. Other local bumps in concentration of
~5 M occur near the other charged amino acids (shown in
Fig. 1). All of the ions have the same concentration in the
charged regions because the negative charges of the amino
acids must be neutralized as much as possible. As previ-
ously shown, there are always approximately three monova-
lents in the filter (37).

A more nuanced examination of the profiles shows that
the larger the ion, the more oscillations there are. Cs ™", espe-
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FIGURE 3 (A) Concentration profiles throughout the pore of Na™ (solid,

black), K (long-dashed, red), and Cs" (dotted, blue). For each curve, XCI
(X =Na, K, or Cs) is at 250 mM in both baths and the other two cations are
not represent. (B) Profiles of the terms in Eq. 4: excluded volume AufS(x)
(black), screening AuS€(x) (purple), and mean electrostatic potential
ziegp(x) (green). Each group has a curve for the three cations: Na't (solid),
K" (long-dashed), and Cs* (dotted). To see this figure in color, go online.

cially, has two distinct peaks in the selectivity filter (be-
tween x = 15 A and 25 A) and another on the cytosolic
side of the filter (between x = 10 A and 15 A). This is a
commonly found feature of large ions. In regions where
ions must be present to neutralize a charge, their large
size prevents other ions from being near them. This results
in distinct layers of ions, seen in the profiles as peaks
of high concentration and troughs of low concentration
(69-71).

The idea that it is more difficult for large ions to find
space in regions crowded with charged amino acid groups
(the COO™ terminal groups of the aspartates and glutamates)
and other ions is reflected in the energetics. This is shown in
Fig. 3 B, where the excluded volume, screening, and mean
electrostatic potential terms from Eq. 4 are plotted.

For all of the ions, the excluded volume term is positive
because the pore is more crowded than the bath. Therefore,
it is more difficult for the ions to find space in the pore than
in the bath, resulting in an energetic penalty (a positive
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energy in Fig. 3 B). Conversely, because the pore is charged,
there is a negative electrostatic potential pulling the cations
in. Similarly, screening is easier when more negative charges
are around, and thus the screening term is negative (favoring
ions accumulating in the pore).

The biggest difference among the three cations is in the
excluded volume and mean electrostatic potential terms;
the differences in the screening term are relatively small
in comparison. In the excluded volume term, the largest
ion (Cs™) has the largest energetic penalty, as expected,
whereas the smallest ion (Na™) barely has any excluded vol-
ume penalty.

Since all of the ions have roughly the same concentrations
throughout the pore as they try to neutralize the protein
charge, it follows from Eq. 4 that any differences between
the cations in one energetic term must be counteracted by
another term. In this case, the difference in the excluded vol-
ume terms is made up by the mean electrostatic potential.
Specifically, because the large Cs* has more difficulty in
finding space, a larger (more negative) electrostatic poten-
tial is necessary to pull in sufficient numbers of Cs™.

Two and three cation species competing
for the pore

Now, let us examine what occurs when the ions compete
with each other for the pore. Fig. 4 shows the concentration
profiles for the three cations as the bath K™ concentration is
increased from 0 mM (A) to 125 mM (B) and 250 mM (C)
whereas the Na™ and Cs™ concentrations remain constant at
125 mM each.

In the absence of K*, only Na* and Cs™ are competing
for the pore, and even though they are at the same concen-
tration in the baths, there is a large discrepancy in their con-
centrations in the pore; there are far more Na*t than Cs*
(Fig. 4 A). This is also true when all three cations have the
same bath concentration (Fig. 4 B); the ions’ concentrations
are inversely related to their size. In fact, only when [K*] is
twice [Na™t] is the K+ concentration in the selectivity filter
the same as the Na™ concentration (Fig. 4 O).

A10< B1o~
. [Na*] =125 mM [Na*] =125 mM
S 81 [KY=0mMm 81 [KY=125mM
= [Cs*] =125 mM [Cs*] =125 mM
® 61 61
=
[}
o
& 41 4
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24 24
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The energetic origin of this difference is shown in Fig. 5.
There, the excluded-volume and screening terms of Eq. 4
are shown for all six mixtures of cations examined so far
in Figs. 3 A and 4. In this case, only these two terms are
shown because now we want to consider the differences in
energetics between ion species, as in Eq. 5. Since all of
the ions have the same charge, their mean electrostatic po-
tential is the same in each experiment. Fig. 5 A shows the
profiles along the pore of the two terms, whereas Fig. 5 B
shows the values in the middle of the selectivity filter for in-
dividual experiments.

The aggregate results of Fig. 5 A show how the excluded-
volume and screening terms behave in general. Specifically,
it can be seen that the screening terms are approximately
the same for all cations under all conditions. This is signifi-
cant because smaller ions are better screeners, something
that usually gives them an energetic advantage. However,
here this advantage is relatively small compared to the
excluded-volume term. Unlike the screening term, this
term stratifies into three layers, one for each cation, indi-
cating significant differences among the ions. Collectively,
this shows that the only substantive difference between the
cations is how their size makes it difficult for them to find
space, rather than how their size makes it difficult to screen;
this screening effect is secondary.

This is borne out in the results of the individual experi-
ments shown in Fig. 5 B. In each case, the smaller ions
are marginally better screeners, but more importantly, they
have a significantly smaller energetic penalty for finding
space in the selectivity filter. Specifically, the screening
advantage of the small Na™ over the large Cs* is always
<0.25 KkT. This is about five times larger than bulk, indi-
cating that Na™ has a significant increase in screening abil-
ity because its charge can get closer to the negative carboxyl
groups. However, its excluded volume advantage is consis-
tently larger at ~1 kT. These energetic differences may seem
small, but the ratio of Na™ to Cs™ concentration is the expo-
nential of this difference when these two ions compete head
to head, creating an ~3.5-fold difference in concentration in
the selectivity filter (Fig. 4).

c 104
[Na*] =125 mM
Nat 81 [K*1=250 mM
[Cs*] =125 mM

15
x(A)

FIGURE 4 The concentration profiles throughout the pore of Na* (solid, black), K" (long-dashed, red), and Cs™ (dotted, blue) as [K'] in both baths is
increased from 0 mM (leff) to 125 mM (middle) to 250 mM (right). In all panels, [Na*] and [Cs*] are 125 mM. To see this figure in color, go online.
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FIGURE 5 (A) Profiles of the excluded-volume and screening terms in
Eq. 4 for Na* (black), K" (red), and Cs™ (blue) for the six conditions whose
concentration profiles are shown in Figs. 3 A and 4 (enumerated at the
bottom of panel B). The group of lines for the excluded-volume term is pos-
itive, whereas the group for the screening term is negative. (B) Bar graph
of the values of the lines in panel A in the middle of the selectivity filter
(x =20 A). To see this figure in color, go online.

DISCUSSION

Whether an ion channel spans intra- or extracellular mem-
branes, it faces a sea of ions from which it must pick ions
to conduct. The atomic cations tend to be monovalent
(Na* and K™) or divalent (Ca*" and Mg”") and so a channel
must be able to select among ions of the same charge whose
main difference is size. Many monovalent cation-selective
channels, such as the neuronal sodium and potassium chan-
nels, exclude essentially all other physiological ions; their
selectivity is for their namesake ion only (72). Similarly,
many extracellular calcium channels have such high Ca®"
affinity that they exclude virtually all other ions under phys-
iological conditions, even if they do conduct monovalent
cations in the absence of Ca*" (3,27).

Intracellular calcium channels like RyR and IP3R offer a
more nuanced view of size selectivity. They conduct both
monovalent and divalent cations, even in mixtures. Both
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RyR and IP;R have a Ca*" to K permeability ratio of
only ~7, and both conduct Mg>" (5.6). In fact, the conduc-
tance of K™ and Mg”" at the same time as Ca®" is important
for their physiological roles in intracellular calcium release
(14,15,44). Moreover, these channels can distinguish be-
tween monovalents of different size, preferring small ones
to large ones (27).

This can be seen, for example, in experiments with RyR
where Ca®>" was added to symmetric 100 mM NaCl and
separately to 100 mM CsCl (28). Individually, Na* and
Cs" have approximately the same conductance through
RyR (480 and 520 pS, respectively, as shown in Fig. 2 B),
so there is little difference in how fast the ions move through
the channel. However, only 10 uM Ca”" significantly affects
Cs™ current, while ten times more is needed to affect Na™
current (28). Viewed in terms of ion competition for the
pore, Cs™ is more easily displaced by Ca®" than Na™.
Consistent with this idea, the block of these monovalent
cation currents by Ca’" was significantly weaker with
Na™ (28) and virtually nonexistent with the smaller Li* (43).

In RyR experiments involving only combinations of
monovalent cations under bi-ionic conditions, there is
consistently a current from the small cation at zero applied
potential (73). In other words, even though there are equal
concentrations of, say, K™ on one side of the channel and
Cs™ on the other, there is a net K current unless a
voltage is applied that opposes K* movement. With Li*
instead of Cs™, Li" current flows. In both cases, it is the
smaller cation that is favored. Also, as shown in Fig. 2 A,
the addition of Li™ to Cs™ produces a much steeper change
in conductance than the addition of K*, which is larger
than Li", suggesting that small ions more easily displace
larger ones.

By what mechanism do smaller cations displace larger
ones? To illustrate, consider the addition of Na™ to
250 mM Cs™. For reference, the energetics profiles of Cs™
in the absence of Na™ are shown in Fig. 3 B. Initially, at
very low [Na'], very few Na® are present in any part of
the channel (e.g., the selectivity filter or the cytosolic vesti-
bule). As [Na'] increases, more Na™ are drawn in by the
electrostatic potential. This mean electrostatic potential,
however, applies equally strongly to both the Na® and
Cs™ ions, and therefore this force will not favor one ion spe-
cies over the other (it disappears in Eq. 5).

The one difference between these ion species is that Na™
has a crystal diameter that is 1.36 A smaller than that of the
Cs™" (68) and therefore has only 18.2% the volume of Cs*.
The smaller radius allows the charge of the Na™ to get closer
to another charge and therefore screen it better. This differ-
ence in the instantaneous electrostatic potential felt by Na™
(compared with Cs™) gives Na™ an advantage in the SC term
of Eq. 5. Moreover, the smaller volume allows the Na™ to
squeeze into a crowded space more easily. This gives it an
even larger advantage in the HS term of Eq. 5. To under-
stand how these terms change as the [Na™] increases
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continuously, we can also look at the ratio of the Nat and
Cs' concentrations in different parts of the channel
(Fig. 6). Specifically, we consider crowded and relatively
uncrowded parts of the channel, namely, the selectivity filter
and the cytosolic vestibule (Fig. 1).

The blue line in Fig. 6 depicts what would happen if there
were no differences between Na™ and Cs™, for example, if
electrostatic forces dominated as in the model of Corry
et al. (30). In that case, the concentration ratios in each
part of the channel would be the same as in the baths;
only the number advantage term in the Eq. 5 would matter.
However, both the excluded volume and screening advan-
tages of Na™ affect the final Na* to Cs™ ratios. Specifically,
in Fig. 6, the red line/symbols show the effect of having only
the screening term and ignoring the excluded-volume term,
while the black line/symbols include the effects of both the
excluded-volume and screening terms.

In both the crowded selectivity filter (/ines in Fig. 6) and
the much less crowded vestibule (symbols), the screening
term favors Na™; the red line and symbols in Fig. 6 are above
the blue line. Moreover, the screening is almost identical in
both parts of the channel; the red line and red symbols are
virtually the same. This means that the screening is more
or less independent of crowding. On the other hand, the
excluded-volume term favors Na® a lot more in the selec-
tivity filter than in the vestibule; the black line and symbols
in Fig. 6 are very different. This means that the ability to
find space in the selectivity filter crowded with three perme-
ating ions and eight oxygens leads to large discrimination
between Na® and Cs*. Put another way, in the densely
packed selectivity filter, Na* having a much smaller volume
is a substantial advantage over Cs™, whereas in the less
crowded vestibule this is less so.

Overall, the same conclusions hold for all combinations
of different monovalent cations (data not shown). The larger
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FIGURE 6 Ratio of Na* to Cs™ concentrations in the selectivity filter
(solid lines) and in the cytosolic vestibule (symbols) as a function of their
bath concentration ratio. The effect of the screening advantage (SC) is
shown in red and the effect of the excluded-volume term (HS) is shown
in black. The blue line, shown for reference, is the bath concentration ratio.
To see this figure in color, go online.
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the size difference between these ions, the more the smaller
one is favored in the selectivity filter because it can find
space in the selectivity filter more easily, and not because
it screens the carboxyl groups of the channel protein better.
This preferential accumulation of small ions in the selec-
tivity filter is then reflected in the current because the selec-
tivity filter is the bottleneck for permeation. This makes
reproducing the experimental results in Fig. 2 significant,
because it requires the model to compute the correct propor-
tions of three species, something that has not been done by
other models (30).

The fact that RyR by and large selects monovalent cations
by size (27) is due to both this mechanism and RyR’s
apparent small dehydration/resolvation penalty for ions,
unlike the much narrower potassium channel. This probably
makes RyR relatively unique among selective ion channels,
since sodium, potassium, and other calcium channels tend
to be narrow compared to nonselective channels like
a-hemolysin. RyR is wide enough to conduct a large cur-
rent, but still narrow enough to have substantial Ca®t selec-
tivity (albeit much weaker compared to the L-type calcium
channel).

In channels where ion dehydration/resolvation is impor-
tant, the selectivity sequence will not be smallest to largest.
Because it is significantly easier to strip waters off a large
ion than a small one, channels in which this is important
can have a selectivity sequence of largest to smallest. There-
fore, crowded channels are quite likely to have a range of
very different selectivity sequences because each will bal-
ance small ion selectivity based on finding space with the
penalty for ion dehydration in a different way. This was
recently explored in a study that showed that almost all
Eisenman selectivity sequences were possible, with the
addition of several new ones (74). RyR is then very useful
because it allows one to strip away the competing factor
of ion dehydration and understand the physics of a relatively
simpler system.

CONCLUSIONS

Experiments show that RyR can distinguish among many
kinds of monovalent cations by size. Here, we used a model
of RyR permeation and selectivity to understand why this
happens, and found that it occurs because the selectivity
filter has much of the lumen taken up by amino acid groups
from the protein and the smaller ions fit better. Other kinds
of calcium channels, as well as many other channel types,
can also distinguish between ions of the same charge but
different size. Therefore, this study may also help to illumi-
nate the physics of selectivity and permeation in those
channels.

D.G. was supported by NIH grant RO1-AR054098 (Michael Fill, principal

investigator). G.M. was supported by NIH grants AR 018687 and HL
073051.
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