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Abstract The classic sieving experiment for estimating
an ion channel’s diameter with successively larger ions is
re-examined. Using a very reduced model of a calcium
channel, it is shown that sieving experiments measure a
combination of three mechanisms: the cross-sectional area
available to the sieving ions (the classic interpretation), the
exclusion of the sieving ions from a pore crowded with
amino acid side chains that protrude into the permeation
pathway, and competitive selectivity of the sieving ions
with other ions in the bath (even if those are present only at
trace concentrations). The latter two can be called sieving-
by-crowding because they stem from the excluded vol-
ume of the amino acids in the permeation pathway. The
model shows that—to a first-order approximation—sieving
experiments measure the available volume inside a selec-
tivity filter, rather than the available cross-sectional area.
The two are only the same if the narrow part of the pore
does not have flexible amino acid side chains interacting
directly with the permeant ions; this may be true of potas-
sium channels, but not calcium, sodium, and other channels
with “crowded” selectivity filters.
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Introduction

Ion channels facilitate vital cellular functions such as ini-
tiating and propagating neuronal action potentials and
initiating muscle contraction (Hille 2001). This conduction
of ions is passive (i.e., it does not require ATP) down the
ions’ electrochemical potential gradients. But channels are
not simply holes in the cell membrane that allow anything
and everything to flow through. Many channels are highly
selective, statistically allowing only one particular kind of
physiological ion through.

The diversity in ion selectivity (e.g., potassium, sodium,
and calcium channels) necessarily requires a diversity in
channel structure, particularly in the selectivity filter. For
example, the selectivity filter of potassium channels is
lined with backbone carbonyl oxygens because the side
chains’ terminal groups face away from the permeation
pathway (Doyle et al. 1998). On the other hand, the
selectivity filter of calcium channels has the terminal
groups of their aspartates and glutamates in the permeation
pathway, directly interacting with the permeating ions
(Koch et al. 2000; Wu et al. 2000).

These two channel types are then two fundamentally
different “holes in the wall.” The selectivity filter of K*-
selective pores (both potassium channels and valinomycin)
has a relatively empty permeation pathway lined with
carbonyl oxygens, while that of calcium channels has a
permeation pathway filled with flexible side chains. In this
paper we argue that this fundamental difference between
“empty” and “crowded” pores makes the interpretation of
sieving experiments, at least in calcium channels, difficult.
The distinction between empty and crowded is, of course,
mostly conceptual since potassium channels shrink in size
in the absence of KV [although valinomycin does not
(Varma et al. 2008)].
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Sieving experiments attempt to estimate the diameter of
the narrowest part of the channel to be the diameter of the
largest particle to pass through the channel. There is a
natural inclination to assume that the pore diameter is static
[e.g., Dwyer et al. (1980) and its 124 citations over the
past decade]. Sieving experiments on calcium channels
(the focus of this article) have used this idea to define
a lower bound for the “minimum pore radius” (Tinker
and Williams 1993) at the “narrowest point” of the pore
(McCleskey and Almers 1985). However, pores are pro-
teins and therefore probably flexible enough to adapt their
size to the permeating ions. Sieving experiments would
then give a lower bound for the dynamic diameter.

In this paper we examine the possibility that even the
concept of the dynamic radius may not be appropriate for
all channels. Specifically, we show that large sieving ions
can be excluded from a model calcium channel selectivity
filter with no confinement at all (radial or otherwise) due to
crowding from the amino acids in the permeation pathway.
There is no pore diameter in this model, but the results
show a maximum ion radius (which depends on the con-
centration of the amino acids), similar to those of sieving
experiments. In this model, the only steric constraint on the
sieving ions is the space available between the amino acids,
suggesting that this is measured in sieving experiments of
crowded pores.

We demonstrate this with a “toy” model of a calcium
channel selectivity filter where the content of the selectivity
filter is a bulk (homogeneous and infinite in all directions)
fluid so that there are no geometric constraints of pore size.
Instead, the model selectivity filter contains the amino acid
side chains that interact with the ions in the permeation
pathway. Defining the concentration of these charged
amino acids is the only way that the geometry of the pore
contributes in the model we use. While this model of a
selectivity filter is obviously oversimplified, it does capture
the essential selectivity properties of calcium channels
(Nonner et al. 2000) because, to a first-order approxima-
tion, it is the concentration of amino acids—not the shape
of the selectivity filter—that determines the binding
selectivity properties of such a pore (Malasics et al. 2009).

This model is useful for reconsidering sieving experi-
ments because it strips away any radial constraints on the
sieving ions. Instead, this model reduces the problem to
partitioning of the sieving and other ions into the selectivity
filter. This kind of competition between ions has been
studied in the L-type calcium channel (with high Ca**
affinity), the ryanodine receptor (RyR) calcium channel
(with relatively low Ca®" affinity), and other calcium-
selective pores (Boda et al. 2000, 2001, 2002b, 2006, 2007b,
2008, 2009; Gillespie 2008; Gillespie and Boda 2008;
Gillespie et al. 2005, 2008, 2009; Gillespie and Fill 2008;
Malasics et al. 2009; Miedema et al. 2004, 2006; Nonner
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et al. 2000, 2001; Nonner and Eisenberg 1998; Rodriguez-
Contreras et al. 2002). These studies have shown that
competition between ion species for the selectivity filter of a
calcium channel is determined (to first order) by a balance of
cations entering the filter to screen the negative amino acids
and a lack of space in the crowded filter. The ions that bind in
the selectivity filter because of this charge/space competi-
tion are those that screen the amino acids while occupying
the least volume (i.e., small, divalent cations such as Ca2+).
This selectivity mechanism has also been proposed for
sodium channels (Boda et al. 2002a, 2007a).

Here, we find that this balance of electrostatics and
entropy (i.e., ion size) determines how large a sieving ion
can fit into the selectivity filter. Our results show that the
concentration of amino acids within the selectivity filter
plays a critical role in determining the size of the ions that
can fit between the amino acid side chains (and therefore
that are conducted). The larger the sieving ion, the more
free energy it takes to fit it between the amino acid side
chains. Even though the pore is highly charged to attract
cations, it becomes energetically favorable to exclude large
cations. Instead, other, smaller cations (e.g., Ca”) enter
the pore—even when those are only present in trace
(micromolar or less) concentrations.

This ion size dependence on amino acid concentration is
oversimplified in our model, but the general conclusions
remain valid: the same charge/space competition that
defines the other selectivity properties of calcium channels
also defines the rejection of large ions because they cannot
fit into the selectivity filter crowded with amino acid side
chains. Therefore this “sieving-by-crowding” mechanism
approximately measures the volume (not area) available in
the smallest part of the pore. In real calcium and sodium
channels, the situation will be more complicated. There,
sieving measurements are probably a combination of the
traditional radial size limitations of the pore and sieving-
by-crowding.

Theory and methods
Model of the selectivity filter

The model of the selectivity filter we use was introduced by
Nonner et al. (2000). It simplifies an ion channel in equi-
librium to a system of two macroscopic fluids in equilib-
rium and separated by a semi-permeable membrane. One
fluid represents the bath far away from the membrane and
the other represents the electrolyte inside the selectivity
filter. Here, the dielectric constants of the two fluids are
taken to be the same (78.4) because we are not attempting
to model a real channel, merely to demonstrate principles.
This assumption ignores the effect of the dehydration of
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ions as they enter the filter, but this does not affect any of
the general conclusions of this paper.

The filter is defined by a fluid of ions that model the
amino acids of the channel protein, producing its selec-
tivity properties. In calcium channels, the selectivity
properties are conveyed by a combination of glutamates
and aspartates, both in highly selective surface membrane
channels (e.g., L- and T-type calcium channels) and
intracellular channels (e.g., RyR and inositol trisphosphate
receptors). Each of the glutamates and aspartates has a
terminal COO™ group that Nonner et al. and we model as
two half-charged, independent oxygen atoms (O'?") that
cannot leave the selectivity filter. Although a very reduced
model of amino acids, this model has successfully modeled
calcium selectivity in the pores described in the “Intro-
duction” section. It has also reproduced and predicted
experimental data in many cases (Boda et al. 2009;
Gillespie 2008; Gillespie and Boda 2008; Gillespie and Fill
2008; Gillespie et al. 2009, 2005; Miedema et al. 2004,
2006; Nonner et al. 2000; Rodriguez-Contreras et al. 2002).
Since we are interested in qualitative results, we ignore the
effects of the exact mobility and tethering of the carboxyl
oxygens, which are likely to affect selectivity.

The channel geometry is defined by the concentration of
oxygens po,. This concentration makes no distinction
between n oxygens in a selectivity filter volume v or an
oxygens in a proportionately larger volume ov. Because the
fluid representing the selectivity filter is infinite in all
directions, the only steric constraint for sieving and other
ions is the space between the oxygens.

As described below, pg, defines the selectivity proper-
ties of the model channel. On the face of it, it may seem
that the shape of the selectivity filter should have first-order
effects on the binding selectivity of the filter. However, a
recent study has shown that this is, in fact, not the case; the
concentration of oxygens within a confining cylinder is the
major determinant of how many ions accumulate in that
cylinder, as opposed to whether the pore is long and narrow
or short and wide (Malasics et al. 2009).

Figure 1 shows that this model produces calcium
selectivity. Specifically, in the figure and in the rest of this
paper we consider three filters with different levels of
calcium selectivity: the weakly calcium selective with
pox = 10 M, moderately calcium selective with pg, =
25 M, and strongly calcium selective with py, =40 M.
For each, Fig. 1 shows the normalized concentration of
Nat and Ca®" in the filter when [Na'] in the bath is
100 mM and [Ca*"] varies.

The affinity of the pore Ca®* can be quantified by the
bath [Ca2+] at which these two lines cross. The lower
the concentration of the oxygens, the lower the affinity of
the filter is for Ca*". Specifically, the “cross-over” con-
centration of Ca™ is ~500, 50, and 5 pM for the weakly,

normalized concentration in filter

0.0 —rmap==r” e =
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log[Ca?*] (M)

Fig. 1 The reduced model selects Ca’"™ over Na™. The filter
accumulates Ca’*t as [Ca2+] increases and displaces Na™ for all
three filter types: weakly selective with po, = 10 M (solid lines),
moderately selective with pg, =25 M (dashed lines), and strongly
selective with po, =40 M (dotted lines). The concentrations are
scaled so that the Na™ concentration in the filter is 1 when [Ca2+] is 0.
In the bath, [Na™] = 100 mM. The Ca>" affinity of each filter can be
quantified by the [Ca®*] for which the Ca®" and Na™ concentration
lines intersect. The intersection is circled and the Ca>" affinity for
that filter is indicated with an arrow

moderately, and strongly selective filters, respectively. This
Ca®" affinity is greater than similar models of calcium
channels that include the pore outside of the selectivity
filter and do not strictly enforce charge neutrality (see
below). In those models, the same pg, will produce lower
Ca”" affinity because ions accumulate in the regions just
outside the selectivity filter, leaving some space charge in
the filter. For example, in RyR, only ~3 monovalent cat-
ions will accumulate in the selectivity filter (which has ~4
negative charges) (Gillespie 2008; Gillespie et al. 2005).
This is even more pronounced in narrower channels (Boda
et al. 2002b, 2006, 2007b, 2009). However, when the
permeation pathway is surrounded by a low-dielectric
protein—something that energetically favors (promotes)
charge neutrality in the filter—the Ca”" affinity is similar
to that calculated here (Boda et al. 2007b). Therefore, the
results of the Nonner et al. (2000) model should only be
interpreted as qualitatively correct as it generally includes
the same principles of the more complex models.

The mean spherical approximation

The model system is divided into a “bath” and a “filter.”
The permeant ions (subscript i) are at a given concentration
p?a‘h in the bath and a given concentration of oxygens poy
is in the filter. The output of the model is the concentration

pilter of the permeant ions in the filter. In equilibrium,
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P = o exp (16 ({01 }) (o (1)) (1)

where pf* is the excess chemical potential of species i.
Specifically,

W=
= ziegV + 43¢ + 'S

(2)

where, for the hard-sphere ions we use, the hard-sphere
(HS) term describes the entropic component due to ions not
being able to overlap and the electrostatic (ES) terms
include a mean electrostatic potential V and a screening
(SC) term that describes electrostatic correlations. Below
we describe how each term is computed.

For the HS term we use the formulation of Salacuse and
Stell (1982):

,uLHS _ 3&0k + 307 9& 07
kT A 2A?
+&o <1 L 35;) —In(A) .
T T T e

where the o, is the diameter of ion species &,
T n
= g Z Pjo;, (4)
J

and

For the SC term we use the mean spherical
approximation (MSA) of Blum (1975, 1980) with the
formulas taken from Nonner et al. (2000) where several
typos were corrected:

SC 62 21—‘ 27 — 2 2
M 0 Gy no; Sk — M% | N%
kT AreegkT |1 + oy 14+ I'oy 3
(6)

where the z; is the valence of ion species k, ¢ the dielectric
constant, &, the permittivity of free space, and kT the
thermal energy. The screening parameter (similar to the
Debye-Hiickel screening parameter) is given implicitly by

2

2\ 2
e Zk — No
4rr =2 Xk 7
ssokTXk:pk(l—&—l"ak) ( )
with
n 1 ZkPiOk
“20A Zk: 14 Toy ®
and
1 3
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In the bath, the concentrations of the permeant ions are
given and V = 0. This completely defines the excess
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chemical potential (Eq. 2) in the bath. In the filter,
however, pg, is given and the concentrations of the
permeant ions and V (the Donnan potential, denoted Vp)
must be to determined. If there are N permeant ion species,
this gives N + 1 unknowns, but only N equations (Eq. 1).
Another equation is needed. For this we choose charge
neutrality of the electrolyte in the filter because it is a
homogeneous fluid. Specifically, we require

0 — ZOxpOx _|_ Z Z pfllter. (10)

Equations 1 and 10 (in conjunction with Eq. 7) are
solved numerically with Newton’s method.

Results

The model of the selectivity filter that we use assumes that
the filter is charge neutral (Eq. 10) so that the Donnan
potential, Vp, in the filter can be determined (Eq. 2).
Therefore, if we only consider sieving cations and their
associated anions in the bath, then (assuming for simplicity
that the pore is perfectly cation selective) the sieving
cations will always accumulate in the filter at the same
concentration, namely the one that neutralizes the con-
centration of the oxygens. However, a larger and larger
Donnan potential develops and soon becomes unphysically
large. This continues until the sieving cations cannot
physically fit between the oxygens (discussed below).
Therefore, we will include another cation species (Ca®h)
against which the sieving cations must compete.

On the face of it, this appears to be different from how
sieving experiments are done where only the sieving cation
and its associated anion are in the bath [e.g., McCleskey
and Almers (1985) and Tinker and Williams (1993)].
Below we will show that even trace concentrations
(<1 nM) of Ca** affect the accumulation of sieving cations
in the selectivity filter. Most importantly, when the sieving
cations become large enough, they cannot fit between the
oxygens and even a trace amount of Ca®" will accumulate
in the filter in significant amounts. This produces results
that look similar to those of actual sieving experiments—
but without any radial geometric constraints of the channel
protein (because our channel is homogeneous in all direc-
tions). These results are then significant because de-ionized
water contains ~1 uM Ca®", and even with calcium buf-
fers in the system it is possible to have nanomolar Ca®"
concentration.

To demonstrate this effect of trace amounts of Ca2+, we
consider three kinds of calcium channels: weakly calcium
selective with pg, = 10 M, moderately calcium selective
with po, =25 M, and strongly calcium selective with
Pox = 40 M. These concentrations of oxygens correspond
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Fig. 2 Normalized concentration in the filter of sieving cations of
different diameters in the presence of 1 uM Ca”". The sieving cations
have a concentration of 100 mM in the bath

to a wide range of space-filled fractions, that is the per-
centage of the available volume taken up by the oxygen
atoms:

)
Pox 3 2

(11)

where 00yx/2 is the radius of each oxygen. At 10 M the
oxygens occupy 6.9% of the available space—a gas-like
density—while at 40 M they occupy a liquid-like 27.7%.
The 25 M filter has an intermediate value of 17.3%.

We first analyze the competition of 100 mM sieving
cations of various sizes with 1 pM Ca®" in these three
channels. The results are shown in Fig. 2. For all the
channels, when the sieving cations are small enough, the
size of these ions does not affect their concentration in
the filter. This is what would be expected from the tradi-
tional view of sieving. However, at larger sizes, the con-
centration of the sieving ions goes down and eventually
reaches 0. For the weakly, moderately, and strongly
selective channels this occurs when the sieving cations
have a diameter of ~8, 5, and 4 A. Moreover, the more
selective the pore is for Ca2+, the sharper the transition to
sieving particle exclusion.

As the sieving cation size increases, it is Ca®" that is
accumulating in the selectivity filter and excluding the
sieving ions (data not shown). This kind of competitive
selectivity depends on the concentrations of all the ions. In
Fig. 3, the effect of [Caz+] is shown for all three calcium
channels types: (a) weakly selective, (b) moderately
selective, and (c) strongly selective. In all cases, the higher
the Ca®" concentration, the smaller the sieving particle that
is totally excluded. Moreover, even nanomolar [Ca”]
affects all the pores to some extent. The arrow indicates the
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Fig. 3 Normalized concentration in the filter of sieving cations of
different diameters in the presence of 1 nM (solid lines), 1 M
(dashed lines), and 0.1 mM Cat (dotted lines). The sieving cations
have a concentration of 100 mM in the bath. Three kinds of model
calcium channels with different Ca>* affinity are considered:
a weakly calcium selective with pgy, = 10 M, b moderately calcium
selective with pgo, =25 M, and ¢ strongly calcium selective with
Pox = 40 M. The arrow indicates the largest diameter for which the
model filter admitted sieving ions in the absence of Ca**
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largest sieving ion that would fit into the filter when
[Ca®"] = 0.

The competition between ions also depends on the
valence of the sieving ions; a more highly charged ion will
compete more effectively with Ca®" for the pore. This is
shown in Fig. 4 for the moderately selective filter with the
valence of the sieving cation +1, +2, and +3. However,
for all three kinds of selectivity filters, even the high-
valance sieving cations are eventually displaced from the
filter completely (data not shown).

Discussion

The results shown in Figs. 1-4 show that large ions can be
excluded from a calcium-selective homogeneous fluid by
trace amounts of Ca’". This is because the larger the
sieving ions, the more difficult it is to fit them in between
the oxygens of the filter fluid at the densities required by
charge neutrality. To see this, consider the percentage of
the total volume taken up by the oxygens (subscripted Ox)
and the sieving cations (subscripted S) (i.e., their packing
fraction):

_4n (O‘OX)3 n (65)3
n= 3 2 Pox 2 Ps
T 3 |zox| %)

= —Pox | 0¢ X + oq |-
6p0 ( O Zs S
A graph of the total space-filled fraction from Eq. 12 is
shown in Fig. 5. Note how rapidly # increases because of

its dependence on the cube of the sieving cation diameter
gs.

(12)

normalized concentration

\ \
\
N
z.=42\  z.=+3"
S S ~
1 M 1

6 8

sieving ion diameter (A)

Fig. 4 The effect of sieving cation valence on the exclusion of the
sieving ion from the moderately selective filter for zg = +1 (solid
line), +2 (dashed line), and +3 (dotted line). The Ca** concentration
in the bath is 1 uM and the sieving ion concentration is 100 mM
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Fig. 5 The total space-filled fraction from Eq. 12 for different
sieving cation diameters

For spheres of equal size the recently proven Kepler
conjecture gives that n < 74.05%. For unequally sized
spheres the exact answer is not known, but certainly 1 must
be less than 1. This latter estimate indicates that the
diameter of the sieving ions cannot be greater than ~ 8.4,
5.9, and 4.9 A for the weakly selective, moderately selec-
tive, and strongly selective filters, respectively. These are
similar to the sizes when Ca>* was present, but, as shown
in Fig. 2, Ca’" competes with the sieving cations and
accelerates their exclusion for the filter.

Energetics of sieving ion exclusion

In the simplified model of the selectivity filter, even well
below these sizes of sieving ions, the crowding of large
ions and oxygens requires a large energy to bring in the
sieving ions. Large ions are repelled by the filter because it
is difficult to fit them in; the hard-sphere term of the
electrochemical potential (ﬂ?s in Eq. 3) becomes large and
positive. However, charge neutrality of the filter is required
in our model so cations must go into the filter. Conse-
quently, one of two things occurs: other cations such as
Ca’t go into the filter or, in the absence of other, smaller
cations, the electrostatic potential in the filter (the Donnan
potential Vp) becomes more negative to overcome the
positive (repulsive) potential of fitting in more large ions.
When both the oxygen concentration and the sieving ions
are large enough, even trace amounts of other cations
(Ca®" in our case) enter the filter because this becomes
more energetically favorable than packing more large ions
into an already crowded environment.

This can be seen quantitatively by rearranging the terms
of Egs. 1 and 2 (Gillespie 2008). For an ion species i to
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partition out of the bath and into the filter so that
philter > pbath *the difference between the filter and bath
excess chemical potentials (Auf*) must be negative
because

Pﬁher filt bath

i X ex,filter ex,bal

ln<pbath) = —Aw; :_(ﬂi B )
AufS A

kT kT

(13)

This can be subtracted for the two species competing for
the pore, namely the sieving ions (S) and Ca®" (Gillespie
2008):

binding selectivity number advantage  total electrostatic advantage

— ——
pglter pl():ath 1 ES ES
a _ a
In ( pgilter> = In < pgath> T (Aus® — Augy)
excluded volume advantage

1
T (Aus® = Augy) -

This equation then decomposes the binding selectivity
(the logarithm of the partitioning) into three energetic
components (advantages). In this case, a positive advantage
indicates the term favors Ca®" accumulation in the pore
and a negative advantage sieving ion accumulation.

Figure 6 shows the results of this energetics decompo-
sition for the moderately selective filter with sieving cat-
jons at 100 mM and Ca*" at 1 pM in the bath. The only
term that favors sieving ions accumulating in the filter is
the large number advantage they have over Ca”". The Ca®"
is energetically favored in the filter (relative to the sieving
cations) because of its smaller size and larger charge; its
+2 charge attracts it into the filter via the negative Donnan
potential and its size makes it more easily coordinated by
the oxygens and allows it to more easily fit into the
crowded filter environment (Gillespie 2008). On the con-
trary, the larger the sieving cations, the larger their
excluded-volume term in the filter becomes, soon tipping
the energetics balance in favor of Ca?* accumulating in the
filter. This balance of energy (electrostatics) and entropy
(excluded volume) is the charge/space competition mech-
anism of selectivity, and the exclusion of large ions is an
extension of this principle. As shown in Fig. 3, this
exclusion of large ions is sensitive to the amount of Ca®"
because that reduces the number advantage the sieving ions
have (horizontally hatched bar in Fig. 6).

A similar result was found for the RyR calcium channel
where micromolar Ca®" significantly affected the current
of the large cation Cst (3.40 A diameter), but 10 times
more Ca®" was needed for a similar effect on the smaller
Na* (2.00 A diameter) (Gillespie 2008). In the RyR model,
the differences in monovalent cation versus Ca’" selec-
tivity were predominantly due to a ~1 kT change in the

20 binding
advantage
15 4
2A
10 1
£ 51
0

number advantage

R

Fig. 6 Energetics of sieving ions competing with Ca®" for the
moderately selective filter. The Ca®" concentration in the bath is
1 pM and the sieving ion concentration is 100 mM. Each of the terms
in Eq. 14 is shown for the indicated monovalent cation diameter:
number advantage (horizontal hatch), total electrostatic advantage
(cross hatch), excluded-volume advantage (solid), and their sum, the
binding advantage (line)

total electrostatic advantage QRS
exclude-volume advantage

excluded-volume advantage when Ca’" was competing
with the small Na® as compared to competing with the
large Cs™. The predictions of this model were later con-
firmed by experiments, providing evidence that the ener-
getics calculated by the RyR model are relatively accurate
(Gillespie 2008; Gillespie and Fill 2008; Gillespie et al.
2009, 2005).

Connecting the simple model to reality

While the RyR model also produces selectivity by the
charge/space competition mechanism like the simplified
model we use here, a major difference in the models is that
here we assume the electrolyte in the filter to be a homo-
geneous, charge-neutral fluid. In real channels that is clearly
not true. As discussed earlier, the charge neutrality condition
overemphasizes the Ca>" selectivity compared to models
where the selectivity filter is a narrow part of a pore that
directly connects two baths. In those models, the selectivity
filter is generally not charge neutral because it is more
energetically efficient to have the preferentially selected
jons (e.g., Ca*™) in the filter while the less preferred ions
(e.g., large monovalents) accumulate at the mouths of the
pore (Boda et al. 2002b, 2006, 2007a, 2007b, 2009; Gillespie
2008). In fact, the ions in those accumulation sites can have
concentrations well above bath values even though they are
rarely, if ever, in the selectivity filter itself.

However, the models that enforce charge neutrality in
the filter and those that do not both produce the same
qualitative result: large ions are excluded because they do
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not fit in between the oxygen ions of the filter—even if they
can fit into an empty pore—and other, smaller cations are
in the selectivity filter. This is because, to be conducted, an
ion must pass through the selectivity filter and compete for
space with the amino acids in the permeation pathway. The
space available between the amino acids is primarily
determined by their concentration and not the confining
protein (Malasics et al. 2009). Therefore, even though
charge neutrality is enforced in this paper, the qualitative
results are identical to those of less restrictive models.

Those other models, in fact, reproduce experimental
results well and are consistent with the interpretations of
this paper (Boda et al. 2009; Gillespie and Boda 2008). The
sieving cations do not produce a current because they
cannot pass through the selectivity filter. Only the other,
smaller cations will produce a current, but these are, by
experimental design, at extremely low bath concentration
so their current will be immeasurably small (Gillespie et al.
2009).

This “sieving-by-crowding” then gives the same
experimental measurements, but the interpretation of the
experiment is a generalization of the traditional view. The
results of this study show that large ions can be entropically
rejected from a homogeneous fluid containing a concen-
tration of particles. Therefore, the mechanism must also
apply in the more complicated case of a selectivity filter
that is crowded with amino acid side chains (in addition to
any other ion selection/rejection effects). This process is
increased when the sieving ions compete with more pre-
ferred ions.

In our study, the only steric effect for sieving ion
rejection is through the volume accessible between the
oxygens (or amino acids in general). Sieving ions are
excluded because the space-filled fraction of the amino
acids and ions gets large. In the nanocosm of a channel, if
amino acids form a fluid in the permeation pathway, then
similarly a sieving experiment is a measure of how much
volume is accessible in the selectivity filter, rather than how
much cross-sectional area is accessible. When the pore
does not contain amino acids (the empty pipe channel),
then the two are the same; the ion can fit into the pore if
and only if the pore is wide enough. However, when amino
acids do interact with the ions in the permeation pathway,
the ions must fit in between them. This depends (to first
order) on the volume of the ion.

Conclusion
In a simplistic system without radial confinement (and
therefore without the concept of a dynamical pore radius),

we have demonstrated that there is a maximum radius of
ions that enter a selectivity filter crowded with amino acids.

@ Springer

We do not suggest that there is no dynamic radius of a
channel, but our example does point out that this may be a
fuzzy concept. We do, however, suggest that the physical
mechanism of large ion rejection in our model is significant
in interpreting sieving experiments. Certainly many things
affect ion exclusion (e.g., Na™ is excluded from potassium
channels) and therefore there are many things that influ-
ence the outcome of a sieving experiment. However, fitting
large ions between crowded amino acids is probably a
dominant effect because of the fundamental physical limit
of having a ~75% space-filled fraction and because of the
large amounts of free energy required to fit a large particle
into a dense system (even if it is infinite and homogeneous
in all directions).

Therefore, sieving-by-crowding is likely to be a mech-
anism present in any ion channel where amino acid side
chains protrude substantially into the permeation pathway.
As shown with our weakly selective example, charged side
chains at a low packing fraction attract counterions to high
enough packing fractions to exclude them from the selec-
tivity filter. This is because the packing fraction scales with
the cube of the ion’s radius. As a result, it is possible for the
selectivity filter to be rather wide and still exclude sieving
ions that would easily fit into an empty cylinder of the same
width. We therefore propose that sieving experiments be
interpreted to approximately indicate the available volume
within a selectivity filter instead of the available area
unless there is independent evidence that the pore is an

“empty pipe.”
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