Y3* Block Demonstrates an Intracellular Activation Gate for the
alG T-type Ca?* Channel
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ABSTRACT Classical electrophysiology and contemporary crystallography suggest that the activation gate of
voltage-dependent channels is on the intracellular side, but a more extracellular “pore gate” has also been
proposed. We have used the voltage dependence of block by extracellular Y** as a tool to locate the activation gate
of the alG (Cay3.1) T-type calcium channel. Y** block exhibited no clear voltage dependence from —40 to
+40 mV (50% block at 25 nM), but block was relieved rapidly by stronger depolarization. Reblock of the open
channel, reflected in accelerated tail currents, was fast and concentration dependent. Closed channels were also
blocked by Y?* at a concentration-dependent rate, only eightfold slower than open-channel block. When extracel-
lular Ca%" was replaced with Ba?*, the rate of open block by Y** was unaffected, but closed block was threefold
faster than in Ca’*, suggesting the slower closed-block rate reflects ion—ion interactions in the pore rather than
an extracellularly located gate. Since an extracellular blocker can rapidly enter the closed pore, the primary

activation gate must be on the intracellular side of the selectivity filter.
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INTRODUCTION

Voltage-dependent channels are crucial for information
processing in neurons and other electrically excitable
cells (Hille, 2001). Ion flow is regulated by “gates,”
coupled allosterically to voltage sensors. In principle, a
gate can be any process that regulates ion flux, but
physical occlusion of a pore by a local conformational
change has long been a popular mechanism. Studies of
K* channel block provided the first evidence for a
gate at the intracellular end of the pore (Armstrong,
1971). This classical electrophysiological result has been
amply supported by site-directed mutagenesis of Shaker
K* channels (Liu et al., 1997; Del Camino et al., 2000).
Even more dramatically, the X-ray crystal structures of
bacterial K* channels exhibit both open and closed
conformations, differing in the orientation of trans-
membrane domains near the cytoplasmic side (Doyle
etal., 1998; Jiang et al., 2002). Although an intracellular
activation gate seems to be widely accepted, there is
evidence for a separate “pore gate” associated with
activation of voltage-dependent K* channels (Chapman
et al., 1997; Zheng et al., 2001). For some channels, a
pore gate may be the primary barrier to ion flow when
the channel is closed, even though there may also be
a gating-associated conformational change near the
cytoplasmic end of S6 (or TM2): cyclic nucleotide-gated
channels (Becchetti et al., 1999; Liu and Siegelbaum,
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2000; Flynn and Zagotta, 2001), SK-type Ca?*-dependent
K* channels (Bruening-Wright et al., 2002), and inward
rectifier K™ channels (Xiao et al., 2003).

Ca?" channels are necessary for vital functions such
as neurotransmitter release and muscle contraction,
and share a distant evolutionary relationship with K*
and Na't channels (Hille, 2001). Are the mechanisms
of Ca?* channel gating conserved with other voltage-
dependent cation channels? Operationally, most of
these channels activate in response to depolarization,
and most subsequently inactivate, although the kinet-
ics of activation and inactivation vary over orders of
magnitude. Molecularly, Ca®* channels have S4 regions
closely resembling those of Na* and K* channels,
suggesting that the mechanism of voltage sensing is
conserved. The pore domain (S5-P-S6) also appears to
be homologous to other channels of the superfamily,
although sequence identity to K* channels is low, espe-
cially in the P loop (MacKinnon, 1995; Jones, 2003).
Fast inactivation involves a cytoplasmic domain in K*
(Hoshi et al., 1990) and Na* channels (Armstrong et
al., 1973), but in contrast to Na* channels (West et al.,
1992), the III-IV linker is not critical for fast inactivation
of T-type Ca?* channels (Staes et al., 2001).

Little is known about the location of the Ca?* channel
activation gate. We have addressed this using Y**, which
blocks Ca?* channels by binding with high affinity to
the selectivity filter (Mlinar and Enyeart, 1993; Beedle
etal., 2002), like many tri- and divalent cations (Lansman
etal., 1986; Yang et al., 1993). We ask a simple question:
can extracellular Y** enter a closed channel? Naively, if
the activation gate is on the cytoplasmic side of the
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Ficure 1. When can an extracellu-
lar blocker enter the selectivity filter?
(A) An intracellular gate predicts
equal access to open and closed
channels. The solid circles represent
Y** ions. Four negative charges are
shown in the Ca?* channel selectivity
filter, located near the extracellular
side of the ion-conducting pore
(Kuo and Hess, 1993; Yang et al.,

1993). (B) Ca’" ions in the pore may slow entry of Y?* into closed channels. Open circles are Ca®* ions, at the selectivity filter, and by
analogy to K* channels (Doyle et al., 1998) in the inner vestibule. (C) A conceptual model for Y** block of T-channels. Full models for
gating of a1G include multiple closed states, and closed-inactivated states (Serrano et al., 1999; Burgess et al., 2002). Solid arrows indicate
transitions that are well established for block of calcium channels by di- and trivalent cations. This paper also considers the possible

C <> CB step, but not OB <> IB or [ <> IB.

pore, Y?* should be able to enter the pore equally well
whether that gate is open or not (Fig. 1 A).

We exploit the ability of strong depolarizations to re-
lieve block (Lux et al., 1990; Thévenod and Jones,
1992). For alG, we show that 1 ms at +200 mV effec-
tively relieves block by Y?*, allowing subsequent analysis
of reblocking of open vs. closed channels. We find that
Y?* can enter a closed channel almost as rapidly as if it
were open. This result supports the idea that an intra-
cellular activation gate is a conserved feature among
the superfamily of voltage-dependent cation channels.
It also constrains the role of a possible pore gate in the
Ca?* channel activation process.

MATERIALS AND METHODS

Standard methods were used for culturing HEK 293 cells stably
transfected with the rat alG T-type Ca*" channel, and for whole-
cell recording (Serrano et al., 1999, 2000). The intracellular (pi-
pet) solution contained 120 mM NaCl, 10 mM HEPES, 4 mM
MgATP, 1 mM CaCly, and 10 mM EGTA (free [Ca®*]; ~ 20 nM),
adjusted to pH 7.2 with NaOH. The normal extracellular solu-
tion contained 140 mM NaCl, 2 mM CaCl,, 1 mM MgCl,, 10 mM
HEPES, 10 mM glucose (pH 7.2 with NaOH). In experiments
comparing Ca?* to Ba** (see Fig. 5, A-D, and Fig. 6, B and C),
MgCl, was omitted to avoid Mg?* block, which is significant in
Ba’" (Serrano et al., 2000). YCl; (99.999%, Sigma-Aldrich) was
applied by local superfusion, and recovery from Y** block was
aided by 0.2 mM extracellular EGTA.

Recordings were made using Axopatch 200 amplifiers and
pClamp v. 8 software (Axon Instruments, Inc.). Sylgard®-coated
electrodes of 1-2 M{) produced access resistances of 3—5 M) be-
fore series resistance compensation (80-90% “correction” and
=60% “prediction”). Data were analyzed by pClamp, Microsoft
Excel, and Visual Basic programs written by S.W. Jones. Current
records shown in figures were leak subtracted (P/—4), and
dashed lines indicate zero current. Measurements are mean val-
ues (except Fig. 5, B and D), and error bars (sometimes ob-
scured by the symbols) are SEM.

Current Isolation

Our experimental protocols include use of extremely strong de-
polarizations (up to +200 mV), which produces very large out-
ward currents, carried by Na* in our experimental conditions.
Two tests indicate that the outward currents are through T-chan-

nels, as we have concluded previously for less extreme depolar-
izations (Serrano et al., 1999; Frazier et al., 2001).

First, in our experimental conditions, currents in untrans-
fected HEK 293 cells were small, 0.14 £ 0.03 nA at +200 mV with
the protocol of Fig. 2 (Fig. S1, available at http://www.jgp.org/
cgi/content/full/jgp.200409167,/DC1). Compared with currents
in cells stably transfected with a1G, that is negligible (<1%).

Second, both in control and in Y?*, the increase in outward
current during strong depolarization was matched by corre-
sponding inward tail currents (Fig. 2 B, arrow). This is shown
quantitatively by the “envelope test” (Fig. S2, available at http://
www.jgp.org/cgi/content/full/jgp.200409167/DC1). When the
duration of a voltage step to +120 or +200 mV was varied (0.3, 1,
3, 10, and 100 ms), the initial tail current amplitudes changed in
parallel with the current at the end of the step.

Throughout this study, tail currents were measured by single
exponential fits, beginning near the peak of the tail current
(typically 0.3-0.4 ms) following 2 kHz Gaussian filtering. The
amplitude was measured at the start of the fit, since extrapola-
tion to zero time would overestimate the tail amplitude, given
filtering and the finite voltage clamp speed. This procedure will
underestimate the true amplitude, especially for faster tail cur-
rents. We estimate that this effect is ~20% at —100 mV in 1 pM
Y3, where 1 = 0.82 = 0.03 ms (n = 7). The error is less at lower
concentrations, so it has a negligible effect on the measured
dose-response relationship, or other measurements presented
in this study.

We note that current isolation was incomplete in “leaky” cells
with >0.2 nA holding current at —100 mV, where the leak cur-
rent was often nonlinear with voltage. This produced artifactual
time-independent outward currents following leak subtraction
(also visible as negative shifts in the apparent reversal potential).
In such cases, the absolute amplitudes of outward currents were
not used for further analysis. However, such cells were included
in the analysis of closed-channel block (see Figs. 5 and 7), since a
time-independent current would not affect the measured time
course. Also, in a small number of cells where leak-subtracted
currents were noisy, the time course of closed block was mea-
sured from currents without leak subtraction.

Online Supplemental Material

Supplemental material for this paper (available at http://
www.jgp.org/cgi/content/full/jgp.200409167,/DC1) consists of
two figures and one table. Fig. S1 shows currents in untrans-
fected HEK 293 cells, and Fig. S2 shows the “envelope test” for
isolation of T-type calcium current. Table SI gives the results of
one- and two-exponential fits to the time course of closed-chan-
nel block in Y3+,
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FiGUrRe 2. Voltage-dependent block by
Y3*. (A) Currents evoked by moderate
depolarizations, recorded before Y3+ (left),
in 1 pM Y** (middle), and following
washout (right). Voltage steps were from
=80 to +20 mV, in 20-mV increments. The
voltage protocol is shown below the record
in Y?*. The Y?*-insensitive transient out-
ward currents at the beginning of the step
are gating currents (Burgess et al., 2002);
off gating currents are not visible, since
channel closing (at —100 mV) is much
slower than opening (at +20 mV). 2 kHz
Gaussian filter. (B) Currents evoked by
strong depolarizations (+40 to +200 mV,
in 20-mV increments). Note effects of Y3+

RESULTS

Voltage-dependent Block by Y°*

We chose to examine Y**, a group 3 metal that is one of
the highest affinity known blockers of T-type Ca*" chan-
nels (Mlinar and Enyeart, 1993; Beedle et al., 2002).
The high affinity allows use of low concentrations (~1
wM), where the rate of block is relatively slow (~1 ms),
thus in the range measurable with whole-cell voltage
clamp recording. We first define the voltage depen-
dence of Y** block. The primary goal was to determine
whether it is possible to use voltage steps to reverse
block by Y?*, in the continued presence of extracellular
Y**. If so, it should then be possible to examine the ki-
netics of reblocking by Y**, under conditions where the
channels are either mostly open, or mostly closed.

Y** potently blocked Ca?* channels activated by mod-
erate depolarizations (Fig. 2 A). 1 uM Y** blocked cur-
rents to 2.1 = 0.1% of the control value (n = 8), judged
from the reduction in the initial tail current amplitude
at —100 mV, following steps to —40 to +40 mV. Dose-
response relationships (30 nM to 3 uM Y*") yielded an
1G5y of 25 nM (Fig. 3 B). This is consistent with previ-
ous reports of Y** block of native (Mlinar and Enyeart,
1993) and cloned (Beedle et al., 2002) T-type Ca?*
channels.

However, stronger depolarization produced dramati-
cally different results (Fig. 2 B). At the most positive
voltage tested (+200 mV), channel activation appeared
to be slightly slower, but the peak outward current was
almost unaffected, as was the subsequent decrease in
current (inactivation). At intermediate voltages, the ap-
parent slowing of channel activation was more dra-
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on tail currents (arrow).

matic (e.g., records at +120 mV; Fig. 2 B, asterisks). In
the absence of Y?*, channel activation is complete by
+40 mV (Serrano et al., 1999), so the initial tail current
amplitudes are constant in Fig. 2 B (left and right pan-
els). In Y?*, the tail currents increase from near zero to
nearly full amplitude over this voltage region (+40 to
+200 mV; Fig. 2 B, arrow).

The level of block depended on both [Y**] and volt-
age (Fig. 3 A). Depolarization to +200 mV reduced the
IC;, for Y>* by ~1,000-fold (Fig. 3 B). The limited con-
centration range used in these experiments could lead
to quantitative error in estimation of 1Cj, values. Thus,
we emphasize two qualitative points, that block at mod-
erate depolarizations is consistent with previous de-
scriptions of Y?* block of T-channels, but strong depo-
larization can produce almost complete relief of block.

Y?* produces complex kinetic effects on T-currents
(Fig. 2 B and Fig. 3 A). We propose a simple explana-
tion: Y** block is relieved by strong depolarization. It
has long been known that block of Ca%" channels by
many di- and trivalent cations can be reversed by strong
hyperpolarization (Brown et al., 1983; Swandulla and
Armstrong, 1989), where the blocking ion is driven
into the cytoplasm. Block can also be reversed by strong
depolarization (Lux et al., 1990; Thévenod and Jones,
1992; Kuo and Hess, 1993; Block et al., 1998; Lee et al.,
1999), where the blocking ion is driven out. We tested
this hypothesis by examining more closely the kinetics
of unblock during depolarization, and reblock upon
repolarization.

The time and voltage dependence of unblock is well
illustrated by current ratios (Y**/control). Calculated
as a function of time, the fractional block by Y% is ini-
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FiGURE 3. Relief of Y?* block at extreme positive voltages. (A) Voltage dependence of block, measured from the initial tail current
amplitudes following 5-ms depolarizations (as in Fig. 2). n = 4-6. (B) Dose-response relationship for Y**, at moderate depolarizations vs.
+200 mV, from A. The curves are fits with ICy, = 25 nM (=40 to +40 mV) and 33 pM (+200 mV). Because of the kinetics of Y** block,
these values are not measured at steady state (see DISCUSSION). (C) Current ratios (Y?*/control) illustrate reversal of Y** block upon
strong depolarization. Ratios are shown from +80 to +200 mV in 20-mV intervals (bottom to top), for the same cell as Fig. 2, for three
concentrations of Y?*. Ratios were blanked during the gating currents (0.2-0.7 ms). 4 kHz Gaussian filter. (D) Time constants for unblocking
at depolarized voltages, measured from current ratios (see C). For clarity, intermediate concentrations (0.1 and 1 wM) are not shown in A
and D. n = 4-7.

tially strong, reflecting the steady-state block at the
holding potential of —100 mV (Fig. 3 C). The initial
level of block (extrapolating the current ratios back to ~ To examine reblocking by Y**, channels were first un-
time zero) agrees well with the average values from the  blocked by a 1-ms step to +200 mV, followed by repo-

Block of Open Channels by Y>*

dose-response relationship for moderate depolariza-  larization to voltages from +80 to —200 mV (Fig. 4). In
tions (Fig. 2 B). This confirms that closed calcium the absence of Y**, the “tail” current through T chan-
channels can be blocked (Swandulla and Armstrong,  nels decays by a combination of inactivation (O — I)

1989), and demonstrates that closed channels can be and deactivation (O — C) (Serrano et al., 1999). At de-
strongly blocked at —100 mV. Subsequently, the cur-  polarized voltages (+80 mV and —40 mV in Fig. 4 A),
rent ratios change with a nearly exponential time course. ~ channels inactivate in a nearly voltage-independent
At the most positive voltages, the ratios approach 1.0  manner (Fig. 4 B, open squares). At more negative volt-
(i.e., full reversal of block). The time constants of these ages, deactivation dominates (—160 mV in Fig. 4 A).

current ratios depend strongly on voltage (Fig. 3 D). T-channel deactivation depends almost exponentially
The concentration dependence is more complicated, on voltage (Herrington and Lingle, 1992; Serrano et
as expected for a bimolecular blocking reaction be- al., 1999), illustrated by a nearly linear relation between

tween Y** and the channel, where 1/7 = k; + ky: near log(7) and voltage from —60 to —200 mV (Fig. 4 B,
+200 mV, the unblocking rate constant (ky) is very fast ~ open squares). The tail current 7’s following steps to
and dominates, but at less positive voltages (where re- +200 mV (Fig. 4 B) agree well with values measured
lief of block is incomplete), Y** can reenter the pore  previously following steps to +60 mV (Serrano et al.,
at a significant rate, so the concentration-dependent  1999), suggesting that brief steps to +200 mV do not
blocking rate (kg) also affects the kinetics. affect channel gating in unexpected ways.
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FIGURE 4. Reentry of Y** into open
channels. (A) Effect of 1 pM Y on tail
currents. A 1-ms step to +200 mV was
used to both activate channels and
relieve Y?* block. Currents are shown
following repolarization to +80 mV,
—40 mV, and —160 mV. Currents at
+200 mV are off scale. 1.5 kHz Gaussian
filter. (B) Acceleration of tail currents
by Y**. Tail currents were fitted by single
exponentials in control conditions, and
in four concentrations of Y**. Values
are not shown at +20 mV, near the
s reversal potential. n = 4-6. (C) Voltage-
and concentration-dependent reblock-
ing. For each cell, at each voltage, the
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Membrane potential (mV)

Reblock by Y** speeds tail currents, in a voltage-depen-
dent manner. The effect is modest at +80 mV but
strong at —40 mV (Fig. 4 A, middle). Even at —160 mV,
where channel closing is already quite rapid in the ab-
sence of Y37, tail currents are visibly faster in Y** (Fig. 4
A). The effect on tail currents over a 280-mV range is
summarized in Fig. 4 B.

To quantitatively explain the effect of Y>* on tail cur-
rents, we assume that channels can leave the open state
either by blocking or by normal gating (inactivation or
closing). If so, the net rate of exiting the open state (1/7y)
is the sum of the rate in the absence of Y** (1/7¢) plus
the rate of Y** block (kg). This allows us to calculate
kg from the time constants measured in Y*" and in
control:

kg = 1/1y— 1/1. (1)

Note that the control time constant at each voltage
(T¢) accounts for both inactivation and deactivation.
However, this calculation neglects the three “back reac-
tions” (channel opening, recovery from inactivation,
and Y?" unblock). That is reasonable, since currents
decay to <2% of the maximal value in control condi-
tions (Serrano et al., 1999), and the Y>* concentrations
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blocking rate was calculated from tail
current time constants in Y** and in
control conditions (Eq. 1).

LA L R
40 0

are well above the IG5, in the voltage range examined,
+80 mV and below (Fig. 3 A). In this voltage range,
simulations suggest that this analysis is not very sensi-
tive to possible effects of Y2* on inactivation (either OB
<> IB or I <> IB pathways; unpublished data). At more
positive voltages, where Y** block is incomplete, tail
currents were biexponential (as expected from a OB <>
O — I pathway, for example).

Calculated from these assumptions, Y3* block closely
follows bimolecular kinetics over a 30-fold concentra-
tion range (Fig. 4 C). The dashed lines in Fig. 4 C are a
fit of the entire dataset from —80 to +80 mV to just two
parameters: the bimolecular rate constant for Y** block
at 0 mV (2.8 X 108 M~Is71) and the voltage depen-
dence of block (e-fold for 76 mV). Y?* enters the pore
more rapidly at negative voltages, as if the barrier to Y3*
entry is ~10% of the electrical distance through the
membrane (Woodhull, 1973). The dependence of the
open channel blocking rate on concentration and volt-
age is strong evidence that Y** inhibits the Ca?* chan-
nel by binding within the ion permeation pathway. Al-
ternative explanations, such as modulation by binding
to a site outside the pore (Zamponi et al., 1996; Beedle
et al., 2002), or binding to surface charge, would pro-
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FIGURE 5. Reentry of Y** into closed channels. (A) Block by 1 pM Y?** was reversed by 1 ms at +200 mV, followed by 1 ms at —200 mV, to
close channels while minimizing reblock of open channels during the tail current (protocol shown in C). A pulse to +80 mV then tested
channel availability, following a variable interval at —100 mV. Intervals of 0, 4, 8, 16, 32, and 64 ms are shown. Currents at +200 and
—200 mV are off scale. 2 kHz Gaussian filter. (B) The time course of closed channel block, from the same experiment as A, on a log time
scale. The data were fitted to a single exponential (dashed curve) or the sum of two exponentials (solid curve). (C and D) Closed block by
1 pM Y, with 2 mM extracellular Ba?* instead of Ca*, shown as in A and B, from the same cell.

duce a relationship that saturates as a function of [Y**],
rather than depending linearly on concentration.

The blocking rate depends exponentially on voltage
over a wide range (—80 to +80 mV), but is less voltage
dependent at more negative voltages. This may reflect
the complexity of ion-ion interactions in a multi-ion
pore, where rate constants need not depend on voltage
in a simple exponential manner. Alternatively, Y>* entry
into the pore may be diffusion limited at those voltages,
since the rate of block is 109 M~1s™!. It should also be
noted that tail currents at extreme negative voltages are
quite fast (Fig. 4 B), and may be affected quantitatively
by series resistance error.

Block of Closed Channels by Y>*

So, following relief of block by strong depolarization,
Y?* can rapidly reenter an open channel. Can extracel-
lular Y?* also enter a closed channel? That was ex-
amined by the protocol of Fig. 5, where an unblock-
ing pulse was followed by a variable period at —100
mV, where channels are strongly closed (Serrano et
al., 1999). Surprisingly, subsequent test pulses demon-
strated that closed channels are rapidly reblocked by
Y?*, over tens of milliseconds (Fig. 5 A). The time
course of closed block was typically biexponential (Fig.
5 B), with a predominant fast component (70% ampli-
tude at 1-3 pM Y**; see Table S1, available at http://

www.jgp.org/cgi/content/full/jgp.200409167/DC1). In
contrast, when this protocol was run in the absence of
Y?*, the unblocking pulse produced 15 * 1% inacti-
vation, which recovered with T = 64 = 8 ms (n =
15), comparable to the recovery observed with more
conventional protocols (84 = 9 ms) (Serrano et al.,
1999). The extent of inactivation is not sufficient to ex-
plain the slow component of closed block observed in
Y?* as blockade of channels following recovery from
inactivation.

The kinetics of currents during the test pulses to +80
mV varied, as expected from the kinetics of open-chan-
nel block at that voltage. Immediately following the un-
blocking pulse, channels start out mostly in the closed
state, and then open rapidly upon depolarization to
+80 mV (time-to-peak in control = 1.08 = 0.02 ms, n =
7). The subsequent decay of current during the test
pulse results from a combination of open-channel block
(kg = 0.11 £ 0.1 ms~!at +80 mV win 1 pM Y?*; Fig. 4 B)
and inactivation (k; = 0.07 ms™!; Serrano et al., 1999).
In contrast, the test pulse currents appear to acti-
vate slowly following long intervals at —100 mV, and do
not exhibit net inactivation (during these 2.5-ms test
pulses). In that case, most channels are initially in the
closed-blocked state, and the kinetics during the test
pulse reflect the partial relief of block at +80 mV (Fig. 3,
A and C). The effects of an unblocking pulse on subse-
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FIGURE 6. Time course of currents at +80 mV in 1 pM Y**.
Currents are shown with (+) vs. without (—) a 1-ms prepulse to
+200 mV. The dotted lines are fits to the sum of two exponentials,
with time constants constrained to be the same for both records
(1 = 5.1 and 30.2 ms). With the prepulse, the channels are primarily
in the open state at the start of the fit, and the current then decays
by a combination of blocking and inactivation. Without the
prepulse, partial relief of block is followed by inactivation. The
effect of the prepulse on kinetics at +80 mV is partially visible
during the brief test pulses in Fig. 5, A and C. 2 kHz Gaussian filter.
Currents at +200 and —200 mV are off scale.

quent gating kinetics at +80 mV are shown more fully in
Fig. 6, using longer (100 ms) depolarizations to +80 mV.

The fast component of closed block depended on
[Y3*] according to bimolecular kinetics (Fig. 7 A). At
—100 mV, where open and closed block could be com-
pared directly, open block was faster, but only by 7.7 =
0.3—fold (n = 19).
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Does this result imply an extracellular activation gate,
albeit a rather weak one? Another possibility is that
ion-ion interactions within the pore affect Y** entry
(Fig. 1 B). When a channel is open, permeant ions flow
rapidly through, so Y** can enter at a rate approaching
the diffusion limit (Fig. 4 C and Fig. 7 A; see Fig. 1 A).
However, if a channel is closed by an intracellular
gate, ions will be bound within the pore; given the
strong electrostatic forces, an ion-free pore is implausi-
ble (Nonner and Eisenberg, 1998). For Y*>* to enter a
closed channel, it must wait for an ion to exit to the
outside, likely a slow process (especially at —100 mV).
We tested this by replacing Ca%" with Ba?*, which per-
meates well but binds less strongly to the selectivity fil-
ter (Serrano et al., 2000) (Fig. 5, C and D). Open block
by 1 uM Y?* was similar in 2 mM Ca?* vs. 2 mM Ba?*
(P = 0.5), but closed block was 2.3 = 0.3—fold faster in
Ba?t (P < 107* vs. Ca%", unpaired ¢ test, n = 11-13).
Correspondingly, open block was only 3.2 = 0.3—fold
faster than closed block in 2 mM Ba?* (Fig. 7 C). This
suggests that faster Ba?* exit allows faster Y** entry into
a closed channel.

The dependence of the rate of Y?* block on per-
meant ions was examined further by varying the con-
centration of Ca?" or Ba?* to 0.5 or 4.0 mM (Fig. 7, B
and C). The open block rate was unaftected by the na-
ture of the permeant ion (Ca?* or Ba?"), but was ~40%
slower at 4 mM than at 2 mM (Fig. 7 B, open symbols).
This effect is relatively weak, compared (e.g.) to the ef-
fect of ~110 mM Ba%" on Cd?* block of L-channels
(Cloues et al., 2000). Closed block was also slower at
higher permeant ion concentrations, and was faster in
Ba?* than in Ca?" at all three concentrations tested.

One attractive explanation is that Y** can enter the
pore only when there is a vacancy in the outermost cat-
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Ca2+

T T LN R | T T T 0'01 _I
03 1 3 0
[Y3*], uM

[Ca?*] or [Ba%*], mM

T T 1 0 L B

[Ca?*] or [Ba2*], mM

Ficure 7. Comparison of open vs. closed block. (A) Rates of open and closed block at =100 mV in 2 mM Ca?*. Rate constants were
calculated as in Fig. 4 C (open block), and as the reciprocal of the fast time constant from the protocol of Fig. 5 (closed block). n = 5-7.
The solid lines are fits to bimolecular kinetics, with rate constants of (6.4 * 0.3) X 108 M~!s™! (open block) and (0.9 = 0.1) X 108 M~1s~!
(closed block). (B) Effect of Ca®* and Ba** concentration on open and closed block rates at —100 mV with 1 pM Y**. Open symbols,
open-block rates; solid symbols, closed-block rates. For both open block and closed block, statistically significant differences from the rate
at 2 mM Ca?®* are shown by single asterisks (unpaired ¢ tests, all P < 0.01). n = 7-13. (C) The ratio of open- to closed-block rates is higher
in Ca®* than in Ba®*, at all concentrations. At 0.5 mM Ba®*, open block was only 2.4 + 0.2—fold faster than closed block (n = 9).
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ion binding site in the selectivity filter. If so, the effec-
tive rate of Y** entry is the intrinsic Y** entry rate, mul-
tiplied by the probability that the outermost site is un-
occupied. That site would be occupied often when the
channel is closed (assuming the ion must exit to the
outside), but not when the channel is open and ions
are flowing rapidly through. When the channel is open,
at —100 mV, occupancy of the site is limited by the rate
of ion flow, which is similar in Ca®* vs. Ba?*, despite the
higher affinity for Ca?" (Serrano et al., 2000). This is
speculative, without data at higher Ca?* or Ba?* con-
centrations, and without a full understanding of ion oc-
cupancy in calcium channel pores. However, these re-
sults clearly show that permeant ions affect Y?* entry
differently in open vs. closed channels. Thus, the three-
to eightfold slower block of closed channels by Y>* can
be explained by ion—ion interactions, without invoking
an extracellular gate near the selectivity filter.

DISCUSSION

Y?* Block

Although we use Y** block primarily as a tool to locate
the activation gate, some aspects of block will be dis-
cussed first. Depolarization beyond +60 mV relieves
Y** block in a voltage- and concentration-dependent
manner (Fig. 2 B and Fig. 3). Although entry of Y3*
into the pore is voltage dependent (Fig. 4 C), relief of
block is primarily due to acceleration of Y3* exit (Fig. 3
D). The voltage dependence can be understood in
terms of a Woodhull model (Woodhull, 1973), for a
blocker that binds within the electrical field of the
membrane. However, for a multi-ion pore, ion—ion in-
teractions can affect the observed voltage dependence
(Hille, 2001). Indeed, it has been suggested that the
voltage dependence is really current dependence, with
outward flow of ions sweeping the pore free of blocker
(Kuo and Hess, 1993). On the other hand, blockade of
N-type Ca?* channels is reversed by strong depolariza-
tion even in the absence of permeant intracellular ions,
arguing for an intrinsic voltage dependence (Thévenod
and Jones, 1992; Block et al., 1998). Reversal of Ni2*
block of T-channels by strong depolarization may in-
volve both current and voltage dependence (Lee et al.,
1999).

We have not examined whether Y** block is also
relieved by strong hyperpolarization, as observed for
many ions that block Ca?* channels (Brown et al., 1983;
Lansman et al., 1986; Swandulla and Armstrong, 1989;
Lansman, 1990; Lux et al., 1990; Kuo and Hess, 1993).
If so, that effect could contribute to the effectiveness of
a l-ms step to —200 mV in preventing reblocking of
open channels (Fig. 5). We do have preliminary evi-
dence (unpublished data) that La®* blocks alG Ca**
channels more strongly near 0 mV than at —100 mV.

However, Mg?* block of T-channels becomes only
stronger with hyperpolarization, at least to —120 mV
(Lux et al., 1990; Serrano et al., 2000). Clearly, closed-
channel block by Y?** is strong at —100 mV (Fig. 3 C),
and the acceleration of tail currents by Y** demon-
strates that open channels can be blocked at voltages as
negative as —160 mV (Fig. 4).

It is worth noting that the time course of Y?* block af-
fects interpretation of the dose-response relationship
(Fig. 3 B). The rate of block is =0.1 ms~! at 100 nM Y**
(Fig. 4 C). Block should be even slower at lower con-
centrations, but this could not be measured directly,
because the kinetics of channel gating interfere (e.g.,
Fig. 4 B). At physiological voltages, near the 1G5, (25
nM), Y** will not have time to equilibrate with the open
channel during the brief 5-ms depolarizations used in
Figs. 2 and 3. Longer depolarizations would not help,
as the channels would inactivate. Thus, that IC;, value
primarily reflects the level of resting block of the chan-
nel at —100 mV, rather than steady-state block at the
test potential. This can explain the apparent lack of
voltage-dependent block at physiological voltages, both
here (Fig. 2 A and Fig. 3, A and B) and in previous stud-
ies (Mlinar and Enyeart, 1993; Beedle et al., 2002).

The existence of resting block confirms that closed
channels can be blocked; that is, a Ca%2* channel can
close while occupied by a blocking ion (CB < OB)
(Swandulla and Armstrong, 1989). The time course of
currents in Y?* at extreme positive voltages appears to
be rate limited by relief of block (Fig. 3, C and D),
which could occur by either CB - OB — O or CB — C
— O pathways (see Fig. 1 C). This implies that either
the CB — OB step, the CB — C step, or both, must be
fast at extreme positive voltages, qualitatively compara-
ble to C— O or OB — O.

We directly compare the rates of Y* block of open vs.
closed channels, but we do not address whether the af-
finity for Y** depends on the state of the channel. Fur-
ther studies will also be necessary to determine whether
inactivation affects blockade by Y** and other cations.
Preliminary results suggest that currents in Y** inacti-
vate more slowly than in control, at least at +120 mV
(Fig. S2) and +80 mV (Fig. 6), which may indicate that
binding of Y?* slows inactivation.

The Location of the Ca?* Channel Activation Gate

We used a conceptually simple approach, asking whether
an extracellular ion can enter the selectivity filter of a
Ca?* channel when the channel is closed. This ex-
ploited the ability of brief, strong depolarizations to re-
lieve channel block, allowing subsequent measurement
of the rate of Y?* entry into open vs. closed channels.
This comparison was greatly aided by the slow deactiva-
tion of alG T-type Ca?* channels, where 7 = 2.5 ms at
—100 mV (Serrano et al., 1999).
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One previous attempt to use this approach, for Cd**
block of N-type Ca?* channels in sympathetic neurons,
produced less clear results. Extracellular Cd** could
block closed N-channels, but block was slow (~0.5 s71)
and not clearly concentration dependent (Thévenod
and Jones, 1992). Rapid deactivation of N-channels also
prevented comparison of open vs. closed block at the
same voltage.

Our results raise the question of whether extracellu-
lar ions can enter the selectivity filter of other closed
channels. This does not appear to have been exten-
sively studied. For Shaker K* channels, cysteine residues
introduced into the selectivity filter by mutagenesis are
accessible to extracellular Ag*, apparently even when
the channel is closed (Li and Miller, 1995). One advan-
tage of our approach is that it exploits a naturally occur-
ring ion binding site (the selectivity filter), which avoids
the necessity of introducing mutations into a highly
conserved region of the protein. The key assumption of
our method is that entry of the blocking ion is regu-
lated by the same factors that regulate entry of per-
meant ions. This method should be applicable to other
channels, if pore blockers with appropriate kinetics can
be found. Recently, it has been suggested that the Na*
channel single-file pore region is accessible to extracel-
lular ions when the channel is closed (Kuo et al., 2004).
However, the results of that study provide evidence for
a CB <> OB <> O pathway, but not for C <> CB.

We do not understand the slow component of closed
block by Y** (Fig. 5, B and D). Itis possible that a closed
channel slowly converts to a closed state that is less ac-
cessible to Y*7, either by a gating process, or by changes
in ion occupancy in the pore. For the purposes of this
study, we emphasize that most channels can be blocked
rapidly by 0.3-3 uM Y?*. This demonstrates that a chan-
nel can be firmly closed at —100 mV, in the sense of not
allowing ion permeation, with little effect on access of
extracellular ions to the selectivity filter. This implies
that Ca?* channel closure need not involve a pore gate.
However, a slowly closing pore gate is one possible ex-
planation for the slow component of closed block. We
also cannot exclude a gate within the pore loop, but on
the cytoplasmic side of the selectivity filter.

A “closed” Ca’?" channel has no detectable perme-
ability to Ca%*, implying that it is closed by a factor
much larger than the observed value of 3 or 8 (Fig. 7).
We are not aware of a quantitative estimate of this for a
Ca?" channel, but a closed Shaker Kt channel allows K™
flux at a rate 10°-fold lower than when the channel is
open (Soler-Llavina et al., 2003). We conclude that the
primary activation gate of a Ca?* channel must be on
the intracellular side of the selectivity filter.
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