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Voltage-gated calcium (Cay) channels deliver Ca* to trigger cellular functions ranging from cardiac muscle con-
traction to neurotransmitter release. The mechanism by which these channels select for Ca?* over other cations is
thought to involve multiple Ca*-binding sites within the pore. Although the Ca* affinity and cation preference
of these sites have been extensively investigated, the effect of voltage on these sites has not received the same atten-
tion. We used a neuronal preparation enriched for N-type calcium (Cay2.2) channels to investigate the effect of
voltage on Ca®* flux. We found that the ECj, for Ca® permeation increases from 13 mM at 0 mV to 240 mM at 60 mV,
indicating that, during permeation, Ca®* ions sense the electric field. These data were nicely reproduced using a
three-binding-site step model. Using roscovitine to slow Cay2.2 channel deactivation, we extended these measure-
ments to voltages <0 mV. Permeation was minimally affected at these hyperpolarized voltages, as was predicted by
the model. As an independent test of voltage effects on permeation, we examined the Ca?*-Ba* anomalous mole
fraction (MF) effect, which was both concentration and voltage dependent. However, the Ca**-Ba®* anomalous MF
data could not be reproduced unless we added a fourth site to our model. Thus, Ca* permeation through Cay2.2
channels may require at least four Ca*-binding sites. Finally, our results suggest that the high affinity of Ca* for
the channel helps to enhance Ca* influx at depolarized voltages relative to other ions (e.g., Ba® or Na*), whereas
the absence of voltage effects at negative potentials prevents Ca®* from becoming a channel blocker. Both effects

are needed to maximize Ca®* influx over the voltages spanned by action potentials.

INTRODUCTION

Voltage-gated calcium (Cay) channels are involved in pro-
cesses ranging from neurotransmitter release to cardiac
muscle contraction, and mutations in Cay channels have
been shown to cause diseases including migraines, autism,
epilepsy, and cardiac insufficiency (Bidaud et al., 2006;
Catterall et al., 2008; Liao and Soong, 2010; Rajakulendran
etal., 2012; Schmunk and Gargus, 2013). One function
of voltage-gated channels is to produce changes in
membrane voltage. However, Cay channels have an ad-
ditional function, which is to deliver the second mes-
senger Ca* into the cell. Thus, the mechanism by which
these channels selectively allow the permeation of Ca®*
has been a burning question for several decades. Ca*"
has micromolar affinity for the Cay channel pore in
which it functions as a blocker of Na' and K flux
through these channels (Almers and McCleskey, 1984;
Hess et al., 1986; Rosenberg and Chen, 1991). However,
such a strong affinity should preclude Ca** permeation
of the channel. Several models emerged to explain this
paradox, which postulate the existence of a high-affinity
site in tandem with one or more low-affinity sites in the
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channel pore. These additional sites overcome the Ca**
block by either disrupting the bound Ca** via a repulsion
mechanism (Hess and Tsien, 1984) or forcing the block-
ing Ca®* to move inward along lower-affinity binding
sites (Dang and McCleskey, 1998). These models were
developed for L-type (Cayl.2) channels, but their pre-
dictions have not been fully tested, nor were they tested
for other Cay channels such as N-type (Cay2.2) chan-
nels. In addition, the impact of voltage on permeation
has not been completely explored for any Cay channels,
yet Ca®* influx through these channels most often oc-
curs in the context of changing voltages such as those
generated by action potentials.

Most of the information on the voltage control of ions
in the Cay channel pore comes from studies in which a
monovalent cation (e.g., Na") was used as the permeat-
ing ion, while divalent cations (e.g., Ca*") were used as
the blocking ion (Almers et al., 1984; Hess et al., 1986;
Rosenberg and Chen, 1991; Kuo and Hess, 1993a). The
ability of micromolar Ca* or Ba* to block Na' currents
shows that the calcium channel pore has a high-affinity
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binding site for divalent cations (Almers and McCleskey,
1984; Hess and Tsien, 1984; Dang and McCleskey, 1998).
Furthermore, the ionic block at the high-affinity site is
voltage dependent with depolarization increasing the off-
rate of the blocking ion. This indicates that ions at that
site sense the transmembrane electrical field (Hess et al.,
1986; Thévenod and Jones, 1992; Carbone et al., 1997;
Block et al., 1998).

In contrast, studies that have focused on permeation
have shown that voltage has little or no effect on the
movement of ions within the Cay channel pore. Kuo and
Hess (1993b) found that changes in transmembrane
voltage failed to alter the impact of divalent cations, like
Ba?*, on the off rate of another divalent cation (e.g.,
Cd*) from the Cay1.2 channel high-affinity site. Voltage
also had little or no impact on the Na' block of current
generated by Ca® through Cay2.2 channels (Polo-
Parada and Korn, 1997). Permeation of Cay3.1 chan-
nels was examined over a wide voltage range (—120 to
30 mV) and found to have little or no voltage dependence
(Khan et al., 2008).

The apparent difference in voltage dependence be-
tween the blocking and permeation sites might suggest
that only the blocking site is located within the electric
field. One possibility is that large distances separate the
blocking and permeation sites. However, this is at odds
with the recent crystal structure, which shows several ad-
jacent Ca**-binding sites within a Ca**-permeant Nay chan-
nel (Tang etal., 2014). Alternatively, the apparent absence
of a voltage effect on permeation could suggest a very
steep voltage gradient within the pore that includes only
the high-affinity blocking site. One problem is that most
of the permeation studies have previously focused on volt-
ages <0 mV (Kuo and Hess, 1993b,c; Polo-Parada and
Korn, 1997), whereas the blocking studies have used a
wider range of voltages (Hess et al., 1986; Thévenod and
Jones, 1992; Carbone et al., 1997; Block et al., 1998). In ad-
dition, evidence from both simulation and anomalous
mole fraction (MF) effect (AMFE) studies support an ef-
fect of voltage on permeation of Cayl.2 channels at volt-
ages 20 mV (Campbell etal., 1988; Friel and Tsien, 1989).

Here we examine the effect of voltage on the perme-
ation of Ca** and Ba* through Cay2.2 channels using
permeation affinity measurements, anomalous MF, and
computer simulations. We find that voltage impacts the
apparent affinity of these ions for both blocking and
permeating the channel with the strongest effects at
voltages >0 mV. These experimental data were used to
provide parameters for the three-binding-site step model
of Dang and McCleskey (1998), which was able to fit the
effect of voltage on Ca** permeation. However, we could
not find parameters that would reproduce the concen-
tration and voltage dependence of AMFE between Ca®*
and Ba®. The AMFE data were reproduced after we
added a fourth site to the model. Based on our model,
we conclude that four Ca**-binding sites are required to
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produce Ca*" and Ba* flux through Cay2.2 channels,
which is consistent with the recent structural informa-
tion from a calcium channel pore engineered in a bac-
terial voltage-gated sodium channel (Tang et al., 2014).

MATERIALS AND METHODS

Cells

Adult bullfrogs (Rana catesbeiana) were chilled to 4°C, brain pithed,
decapitated, and spine pithed before the paravertebral sympathetic
ganglia were removed. The method of sacrifice was approved by
the Institutional Animal Care and Usage Committee. Neurons
were dissociated with collagenase/dispase digestion and trituration
(Kuffler and Sejnowski, 1983; Jones, 1987; Elmslie et al., 1992).
Cells were maintained for 1-14 d at 4°C in L-15 medium supple-
mented with 10% fetal bovine serum and penicillin/streptomycin.

Recordings

Neurons were voltage clamped in the whole-cell configuration
using an Axopatch 200A amplifier (Molecular Devices). Capaci-
tance and series resistance (ranging from 0.3 to 4 M()) were com-
pensated 80-85%. Experiments were controlled with a Macintosh IT
computer (Apple Inc.) running S3 data acquisition software written
by S. Ikeda (National Institute on Alcohol Abuse and Alcoholism,
National Institutes of Health, Bethesda, MD). Currents were digi-
tized with a MacAdios II analogue-digital converter (GW Instru-
ments) and stored on hard disk. Leak currents were subtracted
using a —P/4 protocol. Voltage steps were 10 ms in length unless
otherwise noted. Step and tail currents were sampled at 50 Hz and
they were typically filtered at 5 kHz. All recordings were performed
atroom temperature (24°C). Pipettes were pulled from Schott 8250
glass (Garner Glass Co.) on a P97 puller (Sutter Instrument).

Data analysis

Data were analyzed using Igor Pro (WaveMetrics) running on a
Macintosh computer. The step current was measured as the mean
of 10 points at the end of a 10-ms voltage step. Tail currents were
measured as the mean of three to five points beginning 300 ps
from the end of the step current.

The affinity (Ky) of ion binding to a certain site will change
with voltage if the binding site is located in the electrical field.
From the trend of those changes in K with voltage, the electric
distance (the fraction of electrical field sensed 1 > & > 0) of the
binding site can be calculated according to the Woodhull equa-
tion (Woodhull, 1973):

K,(0)/ Ky (V) = exp| (—zF/RT) V3|, (1)

where K;(0) and Ky(V) are the apparent K, at membrane poten-
tial 0 mV and any given voltage V, respectively. F, R, and T are
Faraday’s constant, the gas constant, and the temperature in kel-
vin, respectively. § is the fractional electrical field sensed at the
binding site, and z is the valence of the ion that binds to the site.
Because measured EC;, was our best estimate of K,, we substi-
tuted EGC; for K; in the Woodhull equation.

Solutions

To isolate Ca®" currents, Na" and K" were replaced in the internal
and external solutions with the impermeant cation NMDG. NMDG
has been shown to provide better Cay current isolation than inor-
ganic monovalent cations (Jones and Marks, 1989), but some data
can be interpreted as external NMDG producing a small block of
Cay2.2 channels (IC5) = 320 mM; Zhou and Jones, 1995). However,
the impact of this small effect on our results should be minimal
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because our maximum NMDG concentration is 115 mM. The in-
ternal solution (pH 7.2) contained (mM) 61.5 NMDG-CI, 6 MgCl,,
14 creatine phosphate, 2.5 NMDG-HEPES, 5 Tris-ATP, 10 NMDG-
EGTA, and 0.3 Li GTP. The extracellular solution contained
(mM) 110 NMDG-CI, 10 NMDG-HEPES, and 3 CaCl,. For experi-
ments requiring higher divalent cation concentrations, 3 mM Ca®*
was replaced by 10, 30, or 100 mM CaCl,, and the NMDG-CI
concentration was reduced to maintain osmolarity. Some experi-
ments were performed using 300 mM Ca*" in which NMDG-Cl was
replaced by 300 mM CaCl,. We did not attempt to adjust other so-
lutions to match the high osmolarity of the 300 mM Ca*" solution,
but this solution was applied for only short durations because the
Cay current declined with continued application. We did not in-
vestigate the source for this decline, but possible reasons include
(a) CaQ*-dependent inactivation of Cay2.2 channels (Liang et al.,
2003; Goo etal., 2006), as the high [Ca*]; overwhelms the buffer-
ing capacity of EGTA, and (b) the high osmolarity of the external
solution negatively impacting the recording. Except for 300 mM
Ca®, the osmolarity of the external solutions was 240 mOsm and
that for the internal solution was 200 mOsm. All solutions were
titrated to pH 7.2 with NMDG-base. The AMFE measures the in-
terference of one permeant ion with the permeation of another
permeant ion. We investigated AMFE between Ca®* and Ba*" by
mixing external solutions containing the same concentration of
either Ca* or Ba* to obtain Ba®* MFs of 0, 0.3, 0.7, 0.9, and 1. For
these experiments, CaCl, was replaced by an equal concentration
of BaCls.

Some experiments examined divalent cation block of monova-
lent cation current through Cay2.2 channels. For these experi-
ments, methylamine (MA) was used as the charge carrier because
it does not permeate sodium or potassium channels and, thus,
provides excellent isolation of Cay2.2 current (Liang and Elmslie,
2002). The extracellular solution contained (mM) 90 MA-CI, 10
NMDG-HEPES, and 10 nM HEDTA, and the CaCl, concentration
was varied to obtain the desired free Ca®" concentration. The total
Ca* concentration ([Ca*],) was calculated from the desired free
[Ca®], and the stability constant of HEDTA (Martell and Smith,
1974) using computer programs based on Fabiato and Fabiato
(1979). These solutions were titrated to pH 7.2 with NMDG-base,
and the osmolarity ranged from 220 to 250 mOsm.

Limitation of this dataset

There are two problems that could negatively impact our perme-
ation data. One is poor voltage control and the other is Cay2.2
current isolation. Good membrane voltage control is an issue that
requires constant attention when patch clamping. Voltage con-
trol can be degraded when currents become large and fast, as
when tail currents are measured at high divalent cation concen-
trations (Zhou and Jones, 1995). To guard against poor voltage
control, we used low resistance electrodes that yielded series resis-
tances ranging from 0.3 to 4 MQ and compensated the series re-
sistance by 80-85%. We also monitored the tail currents to ensure
monophasic deactivation kinetics as expected from proper volt-
age control (Jones, 1990).

The second potential problem was isolation of Cay2.2 current.
The Cay current in bullfrog sympathetic neurons is comprised of
90-95% Cay2.2 (N-type) current when recorded in 3 mM Ba*
(Jones and Marks, 1989; Elmslie et al., 1992), but 75% when re-
corded in 3 mM Ca* (Liang and Elmslie, 2001). The difference
between Ca® and Ba®" results from the increased impact of a
Cay2.3-like current that we call E; current (Liang and Elmslie, 2001).
E; current is more prominent in Ca®* and at high divalent cation
concentrations (Elmslie et al., 1994; Liang and Elmslie, 2001).
Thus, as Ca** concentration increases, the fraction of Cay current
generated by Cay2.2 channels decreases. One method to address
this problem would be to block E; current using Ni*, which is the
only known blocker. However, there is no Ni** concentration that

would block the majority of E; current without affecting Cay2.2
(Liang and Elmslie, 2001). In addition, Ni** block is dependent
on both [Ca*], and voltage (Zamponi et al., 1996) so that block
will change as we altered these parameters to investigate perme-
ation. Based on previous work, we estimate that impact of E; cur-
rentvaries from 12 to 25% of the total Cay current when changing
from 3 to 100 mM [Ca*], (Liang and Elmslie, 2001), which sug-
gests that Cay2.2 current dominates even at high [Ca*],. For this
reason, we believe that our permeation data primarily reflect the
activity of Cay2.2 channels.

Modeling

The three-site model was written in SCOP (Simulation Resources,
Inc.) by S. Jones (Case Western Reserve University, Cleveland, OH)
based on that published by Dang and McCleskey (1998). The model
has three energy wells and four barriers (Fig. 1). Their depths
and heights, respectively, are constrained by some experimental
data. Lansman et al. (1986) demonstrated that Ca*" enters the
pore at a rate of ~10°/M/s, the value expected from diffusion-
limited ion movement. Thus, the two external barriers were set to
28.6 kT (Almers and McCleskey, 1984). In addition, model pa-
rameters were set to give reasonable single-channel current am-
plitudes of ~1.5 pA at 0 mV in 100 mM Ba®" (Yue and Marban, 1990;
Elmslie, 1997).

Well depth values were obtained from experimental data from
Cay2.2 channels. Those data for Ca®" are presented here, but data
for Ba*" came from other publications. The Ba** ECy for perme-
ation at 0 mV was obtained from Zhou and Jones (1995), whereas
the IC5 for Ba* block of monovalent current was from Liang and
Elmslie (2002). The values for the high-affinity binding site were
set using the IC; for block of monovalent cations, whereas the EC;,
for permeation was used to set the values for the enhancement sites
(Fig. 1). At 0 mV, the electrical field does not affect ion movement.
Therefore, we used data from this voltage to set well depths. For
simplicity, the well depths for the two enhancement sites were iden-
tical in the three=site model (Dang and McCleskey, 1998).

The model calculates current based on ion movement across
cach barrier, which depends on the barrier height and well depth,
electrical distance, and applied voltage. Ion concentration only
affects the rates of entering into the first well from outside and

Diffusion limited
to = 8.6 kKT

Enhancement Enhancement
site site
High affinity
binding site

Figure 1. Diagram of the Dang and McCleskey three-site model.
The model shows the energy barriers and wells of the three-site
model along with labels that define the wells. The internal and
external barriers are set to limit entry into the pore and exit from
the pore by the rate of diffusion (Almers and McCleskey, 1984).
The depth of the high-affinity binding site was estimated from the
ECs, for Ca* block at 0 mV, whereas the depth of the enhance-
ment sites was estimated from the ECs, for Ca?* permeation at 0 mV
(see Results).
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the third well from inside (Fig. 1). Here is the example for calcu-
lating rates of “hopping” over the first barrier:

kla = [a]” * KTh * exp(—barrier height) * exp(—zA *mV * dl/RTF)
kmla = KTh * exp (well depth — barrier height) * exp(z, * mV * dm1/RTF),

where k, T, h, R, and F have their usual thermodynamic mean-

“, ”

ings, [a], is concentration of ion “a” outside, mV is the applied
voltage, z, is the charge of ion “a,” and dl is the electrical dis-
tance of the first well. kla is the forward rate constant (moving
into the channel), whereas kmla is the backward rate constant

over the same barrier (moving out of the channel).

Online supplemental material

Contents include two figures showing how repulsion diminishes
or abolishes the concentration dependence of AMFE. The three-
well, four-barrier model was used, and the energy profiles for Ba*
and Ca® in Fig. S1 were based on physiologically relevant block and
permeation values. Fig. S2 shows results from another simulation
using repulsion with an altered Ba®" energy profile in an attempt
to improve the fits by altering parameters. Online supplemental
material is available at http://www.jgp.org/cgi/content/full/
jgp-201411201/DCL.

RESULTS

Ca?* block

As a first step toward determining the permeation prop-
erties of the Cay2.2 channel, we examined the Ca?" block
of monovalent cation current (MA'; see Materials and
methods; Fig. 2). The blocking [Ca®], ranged from 0.03
to 100 pM, and step voltages ranged from —40 to 80 mV.
As shown in Fig. 2 (A and B), progressively increasing
[Ca*], produced larger block of monovalent cation
current at —20 mV that reached a maximum at 30 pM.
When measured at different step voltages, both the
affinity for Ca®* and maximum block changed. The af-
finity for Ca* decreased with depolarization (ECs, for
block increased), whereas the maximum block decreased
(Fig. 2, C and D). For example, the EC;5, changed from
0.2 pM at —40 mV to 2.5 pM at 80 mV, and the maxi-
mum block decreased from 87 + 7% at —40 mV to 24 + 6%
at 80 mV. Both of these changes are consistent with the
idea that Ca* ions sense the transmembrane voltage when
occupying the high-affinity blocking site. We estimated
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£ 051 g 051 @ -40mV =2
3 ] =] O 20 mV < 21
= S 4 0mV o

. g < 80mV =

01=— ’ . s 01— . ; 01~ . .
0.01 1 100 “ 0.01 1 100 -50 0 50
[CaZ+], [Ca2+], Voltage (mV)

Figure 2. Ca* block of Cay2.2 step currents. (A) Step current traces are shown for control and four different [Ca*], as indicated. The
charge carrier for these Ca* blocking experiments was MA*. (B) The time course of block at —20 mV by Ca** at the indicated concentra-
tions. The black bars indicate when Ca*" was applied. (C) The Ca* block dose-response relationship is altered by step voltage. The mean
fractional block (£SD) from 3-14 neurons is plotted versus [Ca*], for voltages ranging from —40 to 80 mV as indicated in D. The solid
lines are the fits of the fractional block using the Hill equation. The EC; at each of the four different voltages is (nM) 0.2 (=40 mV), 0.3
(=20 mV), 0.7 (0 mV), and 2.5 (80 mV). (D) To better illustrate the shift in ECs, the data shown in C was replotted after normalization
to maximum block as determined from fitting the data using the Hill equation. The EC;, values are the same as those listed for C.
(E) The ratio of EC;5y at 0 mV divided by that at a given voltage (V; EC;,(0) /EC5(V)) is plotted versus step voltage. The smooth line is a
fit to these data using the Woodhull equation (Eq. 1), which yielded an electrical distance for the blocking site of 0.34.
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the electrical distance of the Ca* blocking site using
the Woodhull equation (Eq. 1), which yielded a relative
electrical distance (9) of 0.34 for Ca®* entering from the
extracellular side of the pore (Fig. 2 E).

Ca?* permeation is voltage dependent
The impact of voltage on permeation has yet to be ex-
perimentally investigated at voltages >0 mV, so we wanted
to measure the Ca* ECs, for permeation at different
voltages. However, changing [Ca*],, which is required
to determine the ECs, will also affect the gating of Cay
channels (Brink, 1954; Hille, 1992). This dual effect was
revealed by examination of currentvoltage (I-V) rela-
tionships in different [Ca®], (Fig. 3). With each increase
in [Ca*],, the current increased because of the larger
driving force on Ca*, but the peak of the I-V shifts to more
depolarized voltages as a result of surface charge screen-
ing by divalent cations (Zhou and Jones, 1995). Thus,
step current measurements do not isolate the Ca®* ef-
fects on permeation from the gating effects. Because of
this mixed effect, the peak step current measurements
do not give an accurate estimate of Cay channel perme-
ation (Zhou and Jones, 1995).

Tail currents can be used to isolate gating from per-
meation when changing [Ca?*], because the tail currents
are measured at the same voltage regardless of [Ca*],

+15§ +40
' | 220
—J80mv

Figure 3. The effect of increasing [Ca*], on whole-cell step cur-
rent. (A) The three current records were recorded from the same
neuron in 1, 10, and 100 mM Ca*. The selected voltages are those
that generated peak current at the respective [Ca*],. (B) The IV
relationship in 1, 3, 10, 30, and 100 mM Ca”. Step currents were
plotted versus the applied step voltage.

(Zhou and Jones, 1995; Wang et al., 2005). Using a step
voltage of 100 mV to fully activate the Cay2.2 channels
atall [Ca*],, we measured tail current at 0 mV in differ-
ent [Ca®*], and calculated an ECsy = 16 mM (Fig. 4). In
separate neurons, we conducted similar experiments
while altering the tail voltage to determine whether the
ECs, for permeation is voltage dependent (Fig. 5).

The plot of normalized tail current amplitude versus
[Ca®*], shows that Ca** permeation of Cay2.2 channels
changes with voltage (Fig. 5). The tail current amplitude
at 0 mV reached a maximum at 100 mM Ca*, whereas
that at 40 and 60 mV was clearly smaller in 100 versus
300 mM Ca®'. This observation is borne out by fitting
the data using the mass action equation, which yielded
an EC;5) = 13 mM for 0 mV versus 71 mM for 40 mV. The
EC;, was even larger for 60 mV (240 mM; Fig. 5, B and C).
The ECs;, showed a monotonic increase with voltage,
which further supports voltage-dependent interaction
of Ca® with the Cay2.2 channel during permeation
(Fig. 5, B and C). In an effort to more stringently test
the voltage dependence of permeation hypothesis, we
attempted to fit dose-response curves at different voltages

A Yy

[Ca%*]
o

30
100

—_
(=
(=]

0mV

vy)

ECso= 16 mM

Normalized Tail Current

®)
0.1 1 10 100 1000
[Ca2+], (mM)

Figure 4. The current-concentration relationship measured from
tail currents at 0 mV. (A) Tail currents were generated by repo-
larization to 0 mV after a conditioning step to 100 mV. Current
traces in 1, 3, 10, 30, and 100 mM Ca® are shown. The vertical
dashed line indicates where the tail currents were measured.
(B) Peak tail current measurements from four to five neurons
were averaged and plotted versus [Ca*],. The number of neu-
rons used to generate each point is indicated, and the error bars
show SD. The solid curve is a fit using the Hill equations to yield
the indicated ECs,. The Hill coefficient was 0.9.
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with Hill equations using the same ECs, but different
Kyax values, but this effort was unsuccessful. Thus, Ca**
permeation of Cay2.2 channels appears to be strongly
voltage dependent at voltages >0 mV.

We ran simulations using the three-site well and bar-
rier or step permeation model (Dang and McCleskey,
1998) to determine whether this model could fit our
experimental data. This model has two low-affinity sites
that flank a high-affinity site (Fig. 1), which essentially
function to enhance the off rate of bound ions (en-
hancement sites). The well depth for the high-affinity
site was set to the ECs, for Ca®* block of monovalent cur-
rent at 0 mV (0.7 pM; Fig. 2), whereas the depth of the
flanking enhancement wells was set using the perme-
ation EC;j at 0 mV (13 mM; Fig. 4). We used the values
at 0 mV to exclude the effect of transmembrane voltage.
The position of these wells within the electric field was
adjusted to match the voltage dependence of Ca®* block
and permeation EC5,. With a single set of parameters
(Fig. 5 legend), the model could reproduce the voltage
dependence of permeation. Fig. 5 C shows dose-response
curves (lines) fit to simulated data points (small symbols)

A 4
-

10

30

100
300

[CaZ*], (mM)

® 0mV,EC5)=13 mM
70, WM20mV,ECg =31 mM
A 40 mV, EC5, =71 mM
@ 60 mV, EC5 =240 mM 60 mV
"
3
s 101 40 mV
=
=
J 20 mV
0mV
0+ ‘ ; . ‘
0.1 1 10 100 1000
[Ca®*], (mM)

that also successfully reproduce the experimental data
(large symbols) at all voltages.

We then used the model to predict the Ca® ECs at
voltages <0 mV (Fig. 5 C). At these voltages and high
[Ca%],, the Cay2.2 channels deactivate too rapidly to
permit accurate measurements of tail current ampli-
tude. Surprisingly, the results showed smaller changes
in EC;, with voltages <0 mV compared with voltages
>0 mV with only a slight difference in the ECs, values at
—40versus =60 mV (2.9 vs. 2.3 mM, respectively). Thus,
the step model of permeation, with a single set of param-
eters, predicts minimal voltage dependence of permea-
tion at voltages <0 mV and strong voltage dependence of
permeation at voltages >0 mV (Campbell et al., 1988).

As a test of this model prediction, we needed to over-
come the limitations imposed by fast deactivation to ex-
amine permeation at voltages <0 mV. We used roscovitine
to slow N-channel deactivation sufficiently to allow the
tail measurement at voltages <0 mV (Buraei et al., 2005,
2007; Yarotskyy and Elmslie, 2009). Initially, we had to
exclude the possibility that roscovitine affects permeation.
Therefore, we compared permeation at voltages >0 mV
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Figure 5. The voltage dependence of Cay2.2 channel permeation. (A) Tail currents at different voltages after depolarization to 100 mV
are shown in the indicated [Ca®'],. The arrows show where measurements were made to generate the dose-response curves in B. (B) Tail
current amplitudes were normalized to those in 10 mM Ca** and plotted (mean + SD) against the [Ca®"], for the indicated voltages. The
dose-response curves for each tail voltage were fit using the mass-action equation to yield the indicated ECs, for Ca®* permeation (n=9-14).
(C) The experimental data points (solid black symbols) from B and simulated data points from the three-site model (small gray symbols)
were normalized to the maximum current determined from the mass-action fit of the simulated data. The EC;, for the simulated data
were (mM) 2.3 (—60 mV), 2.9 (=40 mV), 4.9 (—20 mV), 12 (0 mV), 31 (20 mV), 86 (40 mV), and 238 (60 mV). Model parameters (Ca*)
from outside to inside were (in kT) 8.7, —1, —1, and 9.6 for the barriers and —4.6, —14.7, and —4.6 for the wells. The fractional electrical
distances for the wells were (unitless) 0.45, 0.5, and 0.9 (0.25, 0.8, and 0.9 gave similar results).
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with (Fig. 6) versus without (Fig. 5) roscovitine to de-
termine whether EC;, values were altered. The EC;,
values obtained in roscovitine were similar to those
without roscovitine. For example, at 0 mV, the EC;5, = 20
versus 13 mM, and at 40 mV, ECs, = 90 versus 71 mM
for roscovitine versus nonroscovitine datasets (Fig. 6).
Thus, it appears that roscovitine does not modulate
N-channel permeation.

One observation is that the EGs, in roscovitine was
consistently larger than that in control (compare Fig. b
with Fig. 6). Although we do not believe that roscovitine
modulates permeation, this difference could result from
the slower tail currents in roscovitine providing more
accurate measurements at hyperpolarized voltages. An-
other possibility is variability from one dataset to another.
Either way, the differences are fairly small, and the voltage
dependence of permeation at voltages >0 mV is clear from
both the control (Fig. 5) and roscovitine data (Fig. 6).

Because we validated the use of roscovitine to study
Cay2.2 channel permeation, we measured EC;, at volt-
ages <0 mV. As predicted, the Ca** dose-response curves
at voltages <0 mV showed smaller changes with voltage
(Fig. 6). For example, the change in EC;, from 0 to —20 mV
was 4 mM (20 to 24 mM, respectively), whereas the
change from 0 to 20 mV was 28 mM (20 to 48 mM, re-
spectively). One obvious difference between our rosco-
vitine experimental data and our simulated results
(Fig. 5 C) was that the experimental EC5, values were
much larger (Fig. 6). For example, at —40 mV our ex-
perimental ECs5y = 31 mM was 10-times larger than the
ECs = 2.9 mM from the simulated data. Although the
model correctly predicted the smaller change in ECs
with voltage at voltages <0 mV, the discrepancy with the
experimental values suggests that different model pa-
rameters may be needed.
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Electrical distance of the enhancement site

The data show an effect of voltage on permeating Ca*"
ions, which supports the placement of the enhance-
ment (or permeation) sites of the model within the
electrical field (Fig. 1). As with the Ca** blocking data,
we used the Woodhull equation (Eq. 1) to estimate the
electrical distance of the enhancement site (Woodhull,
1973). Fig. 7 shows the relative change in EC;, with voltage
for Ca®* permeation for data with and without roscovitine.
Because the Woodhull equation (Eq. 1) returns a mono-
tonic change in relative ECs, versus voltage, we fit only
the data at voltages 20 mV (Fig. 7) to yield an electrical
distance (9) of ~0.55 for permeating Ca** ions entering
from extracellular side of the channel. This 9 value is
larger than that for the high-affinity site that was ob-
tained from Ca®* blocking data (9 = 0.34). Thus, it seems
likely that the 9 value for permeation includes the elec-
trical distances from multiple Ca**-binding sites. One way
to study multiple binding sites in ion channel pores is by
studying the AMFE.

AMFE

AMFFE is defined as the occurrence of smaller currents
in the presence of a mixture of two permeant ionic spe-
cies, as compared with the currents in the presence of
either one alone (Almers and McCleskey, 1984; Hess
and Tsien, 1984; Hille, 1992). AMFE has been demon-
strated in Ba%"/Ca% mixtures for both Cay1.2 (Almers
and McCleskey, 1984; Hess and Tsien, 1984; Friel and
Tsien, 1989) and Cay2.2 channels (Wakamori et al.,
1998). Thus, AMFE data can provide an independent
dataset with which to probe the concentration and volt-
age dependence of permeation, as well as our perme-
ation model (Fig. 5). As we did with Ca** permeation,
we measured tail currents to examine AMFE so that
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Figure 6. Little or no change in Ca* permeation EC;p at V< 0 mV. (A) The tail currents in 100 pM roscovitine were normalized to the
current in 10 mM Ca® and plotted versus [Ca?'],. The points of the dose-response curves are mean + SD measured from 6-13 neurons.
For a given [Ca®'],, the points at —20 and —40 are not significantly different from each other but are different from those at 20 mV
(P <0.05). The data from each tail voltage were fit using the mass-action equation to yield the indicated ECs, values for Ca®* permeation.
(B) To better visualize the data, the dose-response curves in roscovitine (from A) were normalized to the maximum current values cal-
culated from the mass-action fits to the experimental data. The symbols have the same meaning as in A.
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permeation/block would be isolated from gating effects.
While keeping the total ionic strength of the solutions
equal, the MFs used for this study were 0, 0.1, 0.3, 0.7,
0.9, and 1, which corresponded to solutions with 0, 10,
30, 70, 90, and 100% Ba*', with the balance coming from
Ca”. Fig. 8 shows an example of AMFE in a total Ba* +
Ca* = 10 mM at a tail voltage of 20 mV. The current is
the smallest at MF = 0.7 (70% Ba* + 30% Ca®'). Note
also that the current in 100% Ba** (MF = 1) is roughly
1.3-times larger than that in 100% Ca*" (MF = 0; Fig. 8).

The concentration dependence of AMFE was studied
using total divalent cation concentrations of 3, 10, and
30 mM and the same six MFs listed above. By limiting
the maximum divalent cation concentration to 30 mM,
we were able to resolve tail currents down to —20 mV.
Fig. 9 presents AMFE data normalized to the current in
MF =0 (100% Ca*").

There are several general themes that can be gleaned
from the AMFE data. First, for any given divalent cation
concentration (3, 10, or 30 mM), the largest AMFE
(minimal current) is observed at the most depolarized
voltage (40 mV for these data; Fig. 10). Second, for any
given voltage, the largest AMFE (minimal current) is ob-
served at the lowest divalent cation concentration (3 mM
for these data). Thus, the deepest AMFE minimum was
found in 3 mM divalent cations at 40 mV. In contrast,
there are relatively few conditions that yielded AMFE at
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Figure 7. The electrical distance of the enhancement site. The
EC5) data from both roscovitine and nonroscovitine datasets (A)
were normalized to the ECs) value at 0 mV (for each dataset; B)
and fit using the Woodhull equation (Eq. 1) to yield an electrical
distance of ~0.55. The data at V< 0 mV were not included in the fit.
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divalent cations = 30 mM, which occurred at the most
depolarized voltage (40 mV). Thus, itis clear from these
data that AMFE of Cay2.2 channels is both concentra-
tion and voltage dependent.

One observation that has been consistently made
when recording from both Cayl.2 and Cay2.2 currents
is that the current in Ba* is larger than that in Ca®
(Almers and McCleskey, 1984; Hess and Tsien, 1984; Liang
and Elmslie, 2001; Goo et al., 2006). Although Fig. 10
shows this is the case for most voltages and divalent cat-
ion concentrations, three remarkable exceptions are
shown. In 3 mM divalent cations at 40 mV, the Ca* cur-
rent (MF = 0) is larger than the Ba®* current (MF = 1),
whereas the two currents are roughly equal at 20 mV.
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Figure 8. AMFE in N-type channels. (A) This voltage-clamped
neuron produced a small inward current at 70 mV (step) and a
large tail current measured at 20 mV. [Ba*] + [Ca®*] was held at
10 mM throughout, but the fractions of each were changed. Ba**
currents were larger than Ca?'. The value 0.7 indicates [Ba*]/
([Ba*] + [Ca®*]) = 0.7 and is the fraction giving the smallest tail
current. Tail currents were measured at the arrowhead to yield
the time course in B. (B) The time course of an experiment
changing the MFs at the times indicated by the horizontal bars.
The dashed line is zero current. (C) The mean values of tail cur-
rent plotted versus MF from the data in B. The relative Ca®" and
Ba®* levels are illustrated below.
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The Ca®* and Ba® currents are also equal amplitude at
40 mV in 10 mM divalent cations (Fig. 10). Thus, at some
voltages and divalent cation concentrations, Ca*" will
produce larger currents than Ba®*.

Adding a fourth site to the model reproduces AMFE
Using the three-site model of Dang and McCleskey (1998),
we were able to reproduce our current versus [Ca®*],
relationships at voltages >0 mV. To simulate AMFE, we
needed parameters for Ba** permeation and block,
which we obtained from the literature. We used 23.5 mM
as the ECs, for Ba* permeation at 0 mV (Zhou and Jones,
1995) and 3 pM for the EC;, of block at 0 mV (Liang and
Elmslie, 2002). Adding these Ba** parameters to our
three-site step model, we were unable to adequately fit
our AMFE data (not depicted). To improve the corre-
spondence between the simulated and experimental data,
we altered the well depths, barrier heights, and electri-
cal distances. However, we were never able to fit the
data at all concentrations and all voltages using a single
set of parameters (Fig. 10 A). A set of parameters that
closely reproduces the data at 30 mM severely underes-
timated the AMFE at lower divalent cation concentra-
tions (Fig. 10 A). In contrast, if we fit the data at 3 mM,
the model produced too much AMFE at higher divalent
cation concentrations.

The failure to reproduce our AMFE data at all con-
centrations and voltages suggested that additional model
adjustments were needed. We reasoned that to deepen
the AMFE at lower ionic concentrations, we would add
atleast one binding site. This new site needed to accom-
plish two tasks. The first was to deepen the Ca** block of
Ba?" current at low divalent cation concentrations (i.e.,
stronger AMFE at 3 mM). The second was to increase
the relative Ba** current at depolarized voltages in high
divalent cation concentrations (i.e., 40 mV at 30 mM;
Fig. 10 A). The new site was added to the extracellular side
of the pore and was given the same affinity for Ca*" and
Ba” to limit the number of additional free parameters.

Using the parameters listed in the Fig. 10 legend, we were
able to reproduce the concentration and voltage depen-
dence of AMFE (Fig. 10 B). The failure of the three-site
model along with the success of the four-site model
supports the involvement of four Ca*-binding sites in
permeation of Cay2.2 channels.

DISCUSSION

In this study we investigated the voltage dependence of
calcium channel block, permeation, and AMFE using
electrophysiological recordings and modeling. We found
that (a) Cay2.2 channel block, permeation, and AMFE
are all voltage dependent, (b) the voltage dependence of
permeation is very strong at depolarized voltages but
minimal at voltages <0 mV, (c) the voltage dependence
of AMFE required the addition of a fourth site to our
model, and (d) there are conditions in which Ca* cur-
rents are larger than, or equal to, Ba®* currents.

Voltage dependence of permeation

Studying Cay1.2 channels, Kuo and Hess (1993a) found
no difference in the ECs, for Ba®* permeation at —20
and —40 mV. In addition, Polo-Parada and Korn (1997)
suggested there is no voltage dependence to a site exter-
nal to the high-affinity blocking site of Cay2.2 channels.
These measurements were confined to hyperpolarized
voltages (<0 mV) and were consistent with a theoretical
study that showed little or no effect of voltage on perme-
ation at voltages <0 mV but larger effects at voltages
20 mV (Campbell et al., 1988). Our results expand the
voltage range of both experimental and theoretical
studies to reveal a strong voltage dependence of perme-
ation that was only apparent at voltages >0 mV.

Recent studies of Cay3.1 current showed little or no volt-
age dependence of permeation at voltages up to 30 mV
(Khan et al., 2008), which was reproduced by a two-well-
three-barrier model (Lopin et al., 2010). Although the
apparent absence of voltage effects on permeation is
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Figure 9. AMEFE is voltage and concentration dependent. (A-C) The current measured from tail currents was normalized to that
in 100% Ca®" (dashed line) and plotted versus Ba®" MF. The data were recorded at the voltages (symbols) indicated. Note that the
current in 3 mM Ba?" (A) at 40 mV (diamonds) is smaller than that in 3 mM Ca?'. The number of neurons recorded was n = 6-10 for
3mM (A), n=3-9 for 10 mM (B), and n = 4-10 for 30 mM (C) divalent cations. The relative Ca®" and Ba* levels are illustrated below.
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similar to findings from Cayl.2 and Cay2.2 channels,
there are clear differences in the data from voltages
>0 mV between Cay2.2 and Cay3.1 channels. We find a
robust increase in the apparent ECj5, over these voltages
(Fig. 5), whereas the data from Cay3.1 channels are ba-
sically flat over the same voltage range (Khan et al., 2008).
The reason for this difference is not clear, but it is
notable that the presumed selectivity filter of Cay3.1
channels has two aspartates and two glutamates com-
pared with the four glutamates of Cay2.2 channels (Cens
et al., 2007). In addition, differences between the SH
and S6 regions of Cay channels have been shown to sig-
nificantly contribute to differences in permeation
(Cibulsky and Sather, 2003).

There are several implications to the effect of voltage
on permeation. (a) Slope conductance as a measure of ion
channel permeability should be used with caution be-
cause it combines permeation across a range of voltages
over which the affinity of the channel for the permeat-
ing ions could be changing. Thus, changes in binding
site affinity with voltage, along with driving force, deter-
mine the slope conductance of a Cay2.2 channel.
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(b) Because Ca® is a second messenger, it is impor-
tant to maintain Ca®* influx as much as possible at depo-
larized voltages even though the driving force is low.
The apparent decrease in the affinity of Cay2.2 channels
for Ca*" with voltages >0 mV increases the Ca®* off rate
from its binding sites and, thus, Ca* influx at these de-
polarized voltages, such as during an action potential. In
essence, this mechanism allows the channel to treat Ca*
at depolarized voltages like it otherwise treats Ba** (which
generally produces larger currents than Ca®'; Fig. 9).
Likewise, the affinity of the channel for external Na" is
expected to become even lower at depolarized voltages
to effectively increase the competitiveness of Ca* to
permeate Cay2.2 channels. The relatively increased Ca**
influx from this mechanism may be important for deliv-
ering sufficient and consistent Ca** to trigger neurotrans-
mitter release (Gentile and Stanley, 2005). If Cay1.2
channel permeation is also voltage dependent (Friel and
Tsien, 1989), this mechanism could be critical to deliv-
ering Ca® during the plateau phase of the cardiac ac-
tion potential. This channel mechanism along with the
recently proposed nanodomains that severely restrict
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Figure 10. The AMFE data are reproduced by the foursite model. All four panels show experimental Ba*/Ca* MF data at different tail
voltages (symbols). Total divalent cation concentration (Ba* + Ca*) =30 mM is in A and B and 3 mM is in C and D. (A and C) Simulations
(smooth lines) using the three-site model (insets). The well electrical distances were 0.35, 0.5, and 0.65. For Ba® and Ca*, respec-
tively, the three wells were —2.65, —12.75, and —2.65 and —4.6, —15, and —4.6 kT deep and the four barriers were 8.6, —0.7, —0.7,
and 9.6 and 8.6, —1, —1, and 9.6 kT high. (B and D) The same data were fit with the four-site model with well positions at 0.1, 0.2,
0.5, and 0.9. For Ba* and Ca®, respectively, the four wells were —3.5, —1, —12.3, and —2.5 and —3.5, —4.6, —14.7, and —4.6 kT deep,
while the five barriers were 8.6, —0.7, —0.7, —0.7, and 9.6 and 8.6, —1, —1, —1, and 9.6 kT high. The relative Ca®" and Ba** levels are

illustrated below C and D.
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calcium diffusion (Tadross et al., 2013), together, could
ensure sufficient Ca* levels needed to maintain activa-
tion of Ca*-binding proteins that are coupled to Cay
channels, without causing Ca®* overload.

(c) The affinity of Cay2.2 channels for Ca®* changes
little at voltages <0 mV, which helps to maintain the in-
flux of Ca” at hyperpolarized voltages. If the affinity for
Ca* became too high at these hyperpolarized voltages,
Ca*" would become a blocking ion instead of a permeat-
ing ion. Thus, the limited effect of voltage at hyperpo-
larized voltage helps, along with driving force, to keep
Ca” influx high.

AMFE

The measurement of AMFE in Cay channels has helped
to shape the idea that permeation of these channels in-
volves multiple ions moving through the pore in single
file (Almers and McCleskey, 1984; Hess and Tsien, 1984).
AMFE has been most often studied in L-type (Cayl.2)
channels (Almers and McCleskey, 1984; Hess and Tsien,
1984; Friel and Tsien, 1989; Wang et al., 2005), but one
study used voltage steps to demonstrate a small Ca**-
Ba* AMFE in Cay2.2 channels (Wakamori et al., 1998).

We used AMFE to test the voltage dependence of per-
meation and provide an independent dataset by which
to test our permeation model. The concentration and
voltage dependence of permeation was clearly evident
in our AMFE results. This supports previous work by
Friel and Tsien (1989), who demonstrated using Cayl.2
channels that AMFE could be lost at either high diva-
lent cation concentrations or hyperpolarized voltages.
Their explanation was that AMFE could only be ob-
served under conditions in which the binding sites within
the channels are not saturated. Our results and model-
ing support this conclusion. At any given voltage, if the
affinity of the channel is sufficiently high to bind either
species of divalent cation in the mix, then no AMFE will
be observed. However, AMFE can be observed either by
depolarizing the test voltage (to lower the affinity) or by
reducing the divalent cation concentration (to lower
the occupancy).

The second reason we performed the AMFE experi-
ments was to test our three-site permeation model. How-
ever, after extensive parameter manipulation, we were
unable to reproduce our AMFE data using a single set
of model parameters, which motivated us to produce a
four-site model (see below).

Ca®* current larger than Ba®* current

Nay channels select by exclusion, like a molecular sieve
(Sun et al., 1997). In other words, these channels have
energy barriers that are too high to be overcome by larger
ions, such as K. However, Cay channels developed se-
lectivity by having binding sites, or energy wells, that spe-
cifically accommodate some but not other ions (Hille,
1992). Because of these binding sites, it is thought that

ions with the highest affinity (deeper wells) will have the
slowest mobility to yield smaller currents (Hess et al.,
1986), which is the explanation for larger Na* and Ba**
currents (which have shallower wells) compared with Ca?
currents through Cay channels. Remarkably, at depolar-
ized voltages (40 mV) in physiological concentrations
of divalent cations ~3 mM, we found that Ca®* currents
were larger than Ba®* currents (Fig. 9 A, 40 mV). The
explanation is that even though Ba** binds with a lower
affinity than Ca®" to the sites within the pore, at depolar-
ized voltages this affinity becomes so low that multiple
occupancy of the channel, required for permeation, is
drastically diminished for Ba*". In contrast, Ca*" binds
with a higher affinity than Ba®*, which helps it better
maintain multiple occupancy of the channel to gener-
ate more current at very depolarized voltages.

Permeation models

Multiple models have been proposed to explain the
permeation of Ca®* through Cay1.2 channels. These in-
clude barrier-well models based on Eyring rate theory
(Almers and McCleskey, 1984; Hess and Tsien, 1984;
Dang and McCleskey, 1998) and models based on Poisson-
Nernst-Plank theory (Nonner and Eisenberg, 1998;
Rodriguez-Contreras et al., 2002). We chose to investi-
gate the barrier-well models, but our data on the con-
centration and voltage dependence of Cay2.2 channel
permeation will be useful for testing other models of
Cay channel permeation.

The original barrier-well permeation models postu-
lated two high-affinity binding sites for divalent cations
within the pore (Almers and McCleskey, 1984; Hess and
Tsien, 1984). Permeation was achieved in these models
by including a mutual repulsion factor that accelerated
the exit of divalent cations from the pore. Another ver-
sion of this model added two low-affinity binding sites
to the two high-affinity sites, which helped explain the
block of Ca®* flux by internal Li* (Kuo and Hess, 1993c).
However, these models were abandoned after mutagen-
esis experiments supported only a single high-affinity site
(Yang etal., 1993; Ellinor et al., 1995). In response, Dang
and McCleskey (1998) produced the three-site model
with only a single high-affinity binding site and two
bracketing sites (enhancement sites). The lower affinity
of the enhancement sites produced high rates of Ca**
flux by providing steps, or energetically favorable sites,
from which ions could leave the pore and, thus, did not
require repulsion.

Given the success of the three-site model in reproduc-
ing Cayl.2 channel data, we were interested in testing it
on our dataset from Cay2.2 channels. We were able to
identify a set of parameters that would reproduce the
voltage and concentration dependence of Ca®* perme-
ation, but we could not find a common set of parame-
ters that would reproduce AMFE across different voltages
and divalent cation concentrations. Although we initially
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constrained the parameters for the model by experimen-
tal measurements, we allowed them to vary in our attempts
to reproduce the AMFE data. Again, no single parame-
ter set could be found.

Ions getting into a pore that is already occupied by
another ion (in a different site) may or may not encoun-
ter repulsion from ions already in the pore (Almers and
McCleskey, 1984; Hess and Tsien, 1984). We introduced
repulsion into the three-site model in an attempt to im-
prove the correspondence between our simulated and
experimental AMFE data. Simply adding repulsion to
our model enhanced AMFE at high divalent cation con-
centrations (Fig. SI), whereas other parameter adjust-
ments minimized AMFE at low concentrations (Fig. S2).
Thus, repulsion appeared to make AMFE less concen-
tration dependent, which was opposite of the effect needed
to improve the correspondence with our data.

With the failure of repulsion to improve our simulated
AMFE data, we added a fourth binding site (well) to the
external side of the channel (the loading site; Fig. 11).
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Figure 11. A four-site model of Cay2.2 channel permeation. (A) A
new divalent cation-binding site was added to the three-site model
(Fig. 1) at the extracellular side of the pore to satisfy an apparent
need for a site that could load ions into the pore (the loading
site). The other sites are also labeled. (B) The same model with
the barrier heights and well depths showing the values for Ca*.
The wells are also placed at their electrical distances along the
pore. Those positions are 9 = 0.1, 0.2, 0.5, and 0.9. (C) The same
model showing the values for Ba**. The electrical distances are the
same as those for Ca*".
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We reasoned that adding a fourth site to the extracel-
lular side of the pore would decrease the occupancy of
the external enhancement site, giving rise to a deeper
AMFE. Because of its location, we named this site the
loading site (Fig. 11).

We were able to reproduce our AMFE data using the
foursite model. We set the well depth (i.e., binding af-
finity) for the loading site to be the same for Ca** and
Ba®* (Fig. 11). Without experimental guidance for set-
ting the parameters for this site, we felt it was best to
limit the additional free parameters that would come
with the added site. Therefore, a single value for well
depth and another for the degree of the transmem-
brane voltage sensed at the site were the only parame-
ters added to the model. All intrapore barriers were
given the same energy value (Fig. 11), which also helped
to limit the free parameters for these models.

The addition of the loading site corrected two prob-
lems with the three-site model, which were (1) insufficient
AMFE at low divalent concentrations and (2) small Ba*
currents (MF = 1) at depolarized voltages (Fig. 11). For
the insufficient AMFE at low divalent concentrations,
the foursite model increased the depth of AMFE by de-
creasing the occupancy of the enhancement site by di-
valent ions that now divide their time between the
loading and the enhancement sites. As concluded by
Friel and Tsien (1989), AMFE requires that the binding
sites within the pore be unsaturated. At low divalent cat-
ion concentrations, the loading site allows Ba* to split
its time between the two outside low-affinity wells with-
out leaving the pore, which is energetically less favor-
able. In contrast, the occupancy of the enhancement
site was not sufficiently decreased to prevent perme-
ation. For the second problem, at high divalent cation
concentrations and depolarized voltages, the existence
of the loading site helps Ba*" increase its occupancy of
the enhancement site to create larger Ba®* currents.

The fitting of our AMFE data required adding a
fourth site to the model. Unfortunately, structural infor-
mation is not yet available for any Cay channels, so the
number of binding sites within the channel is not known.
However, a structure was recently obtained from the
bacterial Nay channel that was modified to selectively
allow Ca®* permeation (Tang et al., 2014). Interestingly,
the structures showed two Ca*-binding sites bracketing
the selectivity filter (presumed high-affinity site), with
one or two additional sites at the entrance to the pore.
Future structural studies will provide more detailed in-
formation, but data from this structure and our model-
ing are consistent with a Ca*-selective ion channel
having four or perhaps five ion-binding sites along the
permeation pathway.
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