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ABSTRACT

Verapamil block of Ca, 1.2 is frequency-dependent and poten-
tiated by Ca®". We examined the molecular determinants of
these characteristics using mutations that effect Ca®* interac-
tions with Ca,1.2. Mutant and wild-type Ca, 1.2 channels were
transiently expressed in tsA 201 cells with B,, and «,8 sub-
units. The four conserved glutamates that compose the Ca®*
selectivity filter in Ca, 1.2 were mutated to GIn (E363Q, E709Q,
E1118Q, E1419Q) and the adjacent conserved threonine in
each domain was mutated to Ala (T361A, T707A, T1116A,
T1417A). The L-type-specific residues in the domain Ill pore
region (F1117G) and the C-terminal tail (11627A) were also
mutated and assayed for block by verapamil using whole-cell
voltage-clamp recordings in 10 mM Ba®* or 10 mM Ca®". In
Ba®*, none of the pore-region mutations reduced the fraction

of current blocked by 30 uM verapamil at 0.05 Hz stimulation.
However, all of the pore-region mutations abolished Ca®* po-
tentiation of verapamil block at 0.05 Hz. The T1116A, F1117G,
E1118Q, and E1419Q mutations all significantly reduced fre-
quency-dependent verapamil block (1-Hz stimulation) in both
Ba®* and Ca®*. The 11627A mutation, which disrupts Ca®"-
dependent inactivation, increased the fraction of closed chan-
nels blocked by 30 uM verapamil in Ba®* but did not affect
frequency-dependent block in Ba®* or Ca®*. Our data suggest
that the pore region of domain Ill may contribute to a high
affinity verapamil binding site accessed during 1-Hz stimulation
and that Ca®* binding to multiple sites may be required for
potentiation of verapamil block of closed channels.

Ca?" influx via voltage-dependent L-type Ca®* channels
(a1, Cayl.2) in cardiac and vascular smooth muscle initiates
contractions and contributes to timing of the cardiac action
potential (Bers and Perez-Reyes, 1999). Ca,1.2 is sensitive to
block by three distinct chemical classes of small-molecule
drugs: dihydropyridines (DHPs), phenylalkylamines (PAAs),
and benzothiazepines (BZPs) (Hockerman et al., 1997b).
These drugs possess vasodilatory activity and are used to
treat hypertension and angina pectoris (Fleckenstein and
Fleckenstein-Grun, 1980). The Ca,1.2 channel is a hetero-
multimer composed of a pore-forming «; subunit and regu-
latory B and a,8 subunits (Jones, 1998). The «; subunit is
composed of four homologous domains (I-IV), each of which
includes six transmembrane segments (S1-S6) (Tanabe et
al., 1987). Each domain also includes a pore-lining region
between segments 5 and 6, containing a conserved motif that
features a Glu residue (EI, EII, EIII, EIV) that contributes to
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the Ca®* selectivity filter (Yang et al., 1993). The large,
intracellular C-terminal tail also contains an IQ calmodulin
binding motif that is critical for the acceleration of the inac-
tivation rate in Ca®" relative to Ba®" (i.e., Ca®"-dependent
inactivation) (Peterson et al., 1999; Zuhlke et al., 1999).
The PAA verapamil blocks Ca,1.2 at low micromolar con-
centrations in both primary cardiac myocytes (Lee and Tsien,
1983) and heterologous expression systems (Johnson et al.,
1996). Quaternary amine derivatives of verapamil and me-
thoxyverapamil block Ca, 1.2 channels in smooth muscle cells
only when applied to the intracellular side of the membrane,
whereas a quaternary amine derivative of desmethoxyvera-
pmil blocks Ca,1.2 from either side of the membrane (Ber-
jukov et al., 1996). Block of closed channels by desme-
thoxyverapamil involves specific amino acid residues in
transmembrane segments IIIS6 and IVS6 that are unique to
L-type channels (Hockerman et al., 1995, 1997a; Doring et
al., 1996). PAAs preferentially block Ca,1.2 channels under-
going high-frequency depolarizations, a property called fre-
quency-dependent block (Lee and Tsien, 1983), which is the
result of a higher drug affinity for the inactivated state of the
channel (Johnson et al., 1996; Nawrath and Wegener, 1997).

ABBREVIATIONS: DHP, dihydropyridine; PAA, phenylalkylamine; BZP, benzothiazepine; WT, wild-type; GFP, green fluorescent protein; D888,

desmethoxyverapamil; ANOVA, analysis of variance.
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Verapamil is not highly selective for L-type channels, be-
cause Ca, 1.2, Ca 2.1, and Ca,2.3 channels show little differ-
ence in sensitivity to verapamil (Cai et al., 1997). Thus, the
binding site for PAAs may be substantially conserved across
voltage-gated Ca®?" channels. Indeed, mutation of two of the
conserved Glu residues to Gln in the selectivity filter of
Ca,1.2 (EIIIQ or EIVQ) reduces the affinity of desme-
thoxyverapamil for closed channels in Ba?" (Hockerman et
al., 1997a). We assayed Ca,1.2 channels in which the con-
served Glu residues were mutated to Gln [E363Q (EIQ),
E709Q (EIIQ), E1118Q (EIIIQ), E1419Q (EIVQ)], or the ad-
jacent conserved Thr residues to Ala [T361A (TIA), T707A
(TIIA), T1116A (TIIIA), T1417A (TIVA)] for closed-channel
block and frequency-dependent block by verapamil in Ba?*.
We found that none of the mutants tested significantly re-
duced the sensitivity of closed channels to block by verapamil
but that EIIIQ, EIVQ, and TIIIA displayed a significantly
lower extent of frequency-dependent block than did WT
Ca,1.2.

The conserved Glu residues that compose the selectivity
filter of Ca,1.2 bind Ca®" ions as they pass through the
channel pore, thus largely excluding monovalent cations
when Ca®" ions are present (Yang et al., 1993). However, the
Ba®" conductance of Ca,1.2 is higher than that for Ca®*
because Ca®" binds more tightly to the pore Glu residues
(Almers and McCleskey, 1984). Ca®* binding by Ca,1.2 also
modulates drug binding. All three chemical classes of L-type
Ca®" channel blockers are more potent when Ca®*, rather
than Ba®", is used as the charge carrier (Lee and Tsien,
1983). The conserved Glu residues in domains III and IV, as
well as an adjacent Phe residue in the pore region of domain
III in Ca,1.1, mediate the Ca®* potentiation of DHP (Peter-
son and Catterall, 1995) and diltiazem affinity (Dilmac et al.,
2003). Furthermore, the IQ domain mutant 11627A potenti-
ates diltiazem block of closed channels in Ba%?", and Ca?*-
dependent inactivation is not required for Ca®" potentiation
of diltiazem block (Dilmac et al., 2003). We report here that
Ca®" potentiation of verapamil block of closed Ca, 1.2 chan-
nels is disrupted by any of the EQ or TA mutations. Further-
more, frequency-dependent block of Ca, 1.2 by verapamil in
either Ba®* or Ca®" is also reduced in mutants with single
amino acid substitutions at three adjacent positions in do-
main III (TIIIA, F1117G, EIIIQ) and in EIVQ. The C-termi-
nal tail mutant 11627A increased the sensitivity of closed
Ca,1.2 channels to block by verapamil in Ba®" but did not
affect frequency-dependent block in either Ba®* or Ca®".

Materials and Methods

Construction of Wild-Type and Mutant Ca?* Channels. The
Ca,1.2 (Snutch et al., 1991) and mutant channels were subcloned
into pcDNAS3 (Invitrogen, Carlsbad, CA). Mutations were introduced
as described previously (Hockerman et al., 1997a) or using a modi-
fication of the QuikChange site-directed mutagenesis procedure
(Stratagene, La Jolla, CA). The desired mutations were verified and
the integrity of the clones was confirmed by ¢cDNA sequencing and
extensive restriction digest analysis.

Cell Culture. Human tsA 201 cells, a simian virus 40 T-antigen-
expressing derivative of human embryonic kidney 293 cells, were
maintained in Dulbecco’s modified Eagle’s medium/Nutrient Mix-
ture F-12 (Invitrogen) enriched with 10% fetal bovine serum.

Expression of Ca?" Channels. Human tsA 201 cells were co-
transfected with WT and mutant Ca,1.2 «, subunits, B;, (Pragnell et

and Frequency Modulation of Verapamil Block of Ca,1.2 1237
al., 1991) and «,8 (Ellis et al., 1988), and enhanced green fluorescent
protein (GFP) (BD Biosciences Clontech, Palo Alto, CA) such that the
molar ratio of the plasmids was 1:1:1:0.8. Cells were transfected
using Lipofect AMINE 2000 per the manufacturer’s protocol (Invitro-
gen); cells were replated at low density for electrophysiological re-
cording 20 to 24 h after transfection. Experiments were conducted 20
to 48 h after replating.

Electrophysiology. Transfected cells were recognized by GFP
fluorescence at 510 nm with excitation at 480 nm. Barium and
calcium currents through Ca2* channels were recorded using the
whole-cell configuration of the patch-clamp technique. Patch elec-
trodes were pulled from VWR micropipettes (VWR, West Chester,
PA) and fire-polished to produce an inner tip diameter of 4 to 6 um.
Currents were recorded using an Axopatch 200B patch-clamp am-
plifier (Axon Instruments Inc., Union City, CA) and filtered at 1 or 2
kHz (six-pole Bessel filter, —3 dB). Voltage pulses were applied and
data were acquired using pClamp8 software (Axon Instruments
Inc.). Voltage-dependent leak currents were subtracted using an
on-line P/—4 subtraction paradigm. Verapamil, dissolved in bath
saline, was applied to cells using an RSC 160 fast perfusion system
(Bio-Logic, Claix, France) with constant exchange of the bath solu-
tion. I, current was measured in the bath saline containing Tris
(150 mM), MgCl, (4 mM), and BaCl, (10 mM). I, current was
measured in the same bath solution, except that Ca®" (10 mM)
replaced Ba?". The intracellular saline buffer contained N-methyl-
D-glucamine (130 mM), EGTA (10 mM), HEPES (60 mM), MgATP
(2 mM), and MgCl,, (1 mM). (*+)-Verapamil (Sigma/RBI, Natick, MA)
concentrations were made from 100 mM stock solution in 70% eth-
anol. The pH of both solutions was adjusted to 7.3 with methanesul-
fonic acid. All experiments were performed at room temperature
(20-23°C).

Data Analysis. Data were analyzed using Clampfit (Axon Instru-
ments, Inc.) and SigmaPlot and SigmaStat software (SPSS Inc.,
Chicago, IL).

Results

Frequency-Dependent Drug Block and Ca®* Poten-
tiation of Drug Block in Ca 1.2 Channels. Previous stud-
ies (Lee and Tsien, 1983) demonstrated that BZPs and PAAs,
but not DHPs, show frequency-dependent block properties.
Frequency-dependent block of the DHP nicardipine, the BZP
diltiazem, and the PAA verapamil was assessed in our ex-
perimental system (Fig. 1A). Verapamil and diltiazem show
strong frequency-dependent block of Ca,1.2 channels,
whereas the charged DHP nicardipine does not. Frequency-
dependent drug block was measured in the presence of ap-
proximately IC;, concentrations of the indicated drugs in 10
mM Ba?*. Whole-cell currents through WT Ca, 1.2 channels
were measured using 100-ms depolarizations to +10 mV
from a holding potential of —60 mV in the absence or pres-
ence of the indicated drug concentrations at 0.05 Hz. In cells
to which drug was applied, block was allowed to reach equi-
librium for several minutes at 0.05-Hz stimulation. The stim-
ulation frequency was then increased to 1 Hz for 20 pulses.
This procedure was applied in all subsequent experiments
measuring frequency-dependent drug block.

Block of DHPs, BZPs, and PAAs is also potentiated by
Ca?" (Lee and Tsien, 1983). That is, the same concentration
of drug will block a larger fraction of Ca, 1.2 channels when
Ca?", rather than Ba®", is used as the charge carrier. Figure
1B shows Ca®" potentiation of 30 uM verapamil block of WT
Ca,1.2. To determine Ca®* potentiation of drug block, closed-
channel block was measured as described at 0.05 Hz in 10
mM Ba?* or 10 mM Ca?*. Verapamil (30 uM) blocked a
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greater fraction of Ca®" current in Ca®* than in Ba®* (62%
versus 34%). Thus, these two properties of verapamil block,
frequency dependence and Ca®* potentiation, are reconsti-
tuted in our experimental system.

Structural Features and Sites of Mutation in Ca 1.2.
The mutations in the pore region and C-terminal tail of
L-type Ca,1.2 channels used in this study are indicated and
highlighted in Fig. 2, A and B. We used single amino acid
mutants at each of the four highly conserved glutamates that
form the selectivity filter. Negatively charged Glu residues
were replaced with neutral Gln residues, individually, at the
positions E363Q, E709Q, E1118Q, and E1419Q (EIQ, EIIQ,
EIIIQ, and EIVQ) in each domain. Note that the structure of
verapamil includes a tertiary amino group that is predomi-
nantly charged at physiological pH and could potentially
interact with the acidic Glu side chains (Fig. 2C). Replacing
glutamates with glutamines could potentially disrupt elec-
trostatic interactions between the pore glutamates and both
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Fig. 1. Calcium potentiation of verapamil block and frequency depen-
dence of block of WT Ca, 1.2 by structurally distinct drugs. A, frequency-
dependent block of WT channels by approximately IC;, concentrations of
the calcium channel blockers. Frequency-dependent block of WT chan-
nels was measured in the absence (closed symbols) or presence (open
symbols) of 500 nM nicardipine, 50 uM diltiazem, and 30 uM verapamil.
A frequency-dependent protocol was applied in which cells were depolar-
ized from a holding potential of —60 mV to +10 mV for 100 ms every
second. Note that, although nicardipine (charged DHP) did not show any
frequency-dependent block accumulation, diltiazem (BZP) and verapamil
(PAA) showed significant frequency-dependent drug block accumulation
at the end of a 20-pulse stimulation. Block was brought to equilibrium
with the indicated concentration of each drug at 0.05 Hz followed by a
20-pulse train of depolarizations given at 1 Hz. The asterisks indicate
significant differences between the current remaining at the end of the
train in the absence and presence of diltiazem or verapamil. B, verapamil
block of WT channels at 0.05 Hz in Ba®>" or Ca®*. Representative Ba®>" or
Ca?" currents recorded from tsA 201 cells expressing WT channels in the
absence (control) or presence of 30 uM verapamil. Current was elicited
using depolarizations to +10 mV from a holding potential of —60 mV for
100 ms every 20 s (0.05 Hz) (Student’s ¢ test; *#x*, P < 0.001) (mean + S.E,
n = 3-8).

verapamil and Ca®" ions. It is proposed that the negatively
charged Glul118 and Glul419 residues may interact with
the positively charged PAA desmethoxyverapamil via elec-
trostatic interactions (Hockerman et al., 1997a). We also
mutated the four highly conserved threonine residues adja-
cent to the critical Glu residues. These hydrophilic residues
are conserved across all high-voltage-activated Ca®* chan-
nels and are invariably located two positions upstream of the
conserved Glu residues in each domain. Therefore, we singly
mutated amino acids Thr361, Thr707, Thr1116, and Thr1417
to Ala (TIA, TIIA, TIIIA, and TIVA). In addition, we studied
a mutant in which the L-type-specific residue in domain III,
Phel117, was mutated to Gly (F1117G). We previously dem-
onstrated that the F1117G mutant disrupts frequency depen-
dence and Ca®" potentiation of Ca,1.2 by diltiazem (Dilmac
et al., 2003). Finally we studied the IQ motif mutant, I1627A,
in the C-terminal tail of Ca,1.2, because we previously re-
ported that this mutant increases the affinity of the channel
for diltiazem. Of all of these mutants, only TIA did not
express functional channels.

Closed-Channel Block of the Glu-to-Gln Mutants by
Verapamil in Ba?* WT and mutant EIQ, EIIQ, EIIIQ, and
EIVQ Ca,1.2 channels were coexpressed along with the «,3,
B, and GFP in tsA 201 cells by transient transfection.
Forty-eight hours after transfection, whole-cell Ba®* cur-
rents were measured in cells expressing the GFP marker.
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Fig. 2. Structural features of the «; subunit of Ca,1.2. A, topology of
Ca,1.2 (o). Cylinders represent transmembrane segments (1-6) orga-
nized into four homologous domains (I-IV). The C- and N-terminal do-
mains are intracellular. Boxes highlight the putative pore-lining regions
that contain the elements of the Ca, 1.2 selectivity filter. B, the amino acid
sequences surrounding the Glu residues in each homologous domain that
compose the selectivity filter. The conserved Glu and Thr residues are in
bold italic type, as is the L-type-specific Phe residue directly adjacent to
the conserved Glu residue in domain IIT (box). The approximate location
of Ile 1627 and elements of the IQ Ca?*/calmodulin binding domain are
shown. C, chemical structure of verapamil. Note the ionizable tertiary
alkylamino group.
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Ca?* and Frequency Modulation of Verapamil Block of Ca,1.2

Closed-channel block was measured from a holding potential
of =60 mV using 100-ms depolarization to +10 mV at a
frequency of 0.05 Hz. Increasing concentrations of verapamil
(1, 5, 10, 50, or 100 uM) were applied to cells under voltage
clamp. Representative traces recorded from WT in increasing
verapamil concentrations in Ba®>* are shown in Fig. 3A. Drug
block was brought to equilibrium for each dose, and current
amplitude in the presence of drug was normalized to current
amplitude in the absence of drug (Fig. 3B). Normalized cur-
rent amplitudes at each verapamil concentration for several
cells were averaged and plotted against drug concentration
(Fig. 3B, inset). The verapamil IC;, value for WT was 40.5 +
0.9 uM. The IC;, value for EIQ was not significantly different
from that for WT channels (data not shown). Figure 3C shows
the percentage of control current amplitude remaining for
WT Ca,1.2 and each of the EQ mutants in 30 uM verapamil
at 0.05 Hz. The percentage of current remaining for all EQ
mutants was not significantly different from that of WT
Ca,1.2. Thus, the mutation of any of the conserved glutamate
residues does not change the sensitivity of the channel to
closed-channel block by verapamil.

Frequency-Dependent Block of Glu-to-Gln Mutants
in Ba®*. Although none of the Glu-to-Gln mutants affected
verapamil block of closed channels, we examined each mu-
tant for frequency-dependent block by verapamil. Current
was measured in the absence and presence of 30 uM vera-
pamil in 10 mM Ba?". In the presence of drug, block was
brought to equilibrium at 0.05 Hz followed by a train of 20
depolarizations at 1 Hz as described for Fig. 1. The peak
amplitudes of the resulting current traces were normalized to
the peak amplitude of pulse 1 of the 20-pulse train, and the
averaged data were plotted against pulse number. Mutation
of the conserved glutamate residues exhibited distinct effects
on the frequency-dependent block of verapamil. Although
EIQ and EIIQ did not significantly affect frequency-depen-
dent block (Fig. 4A), accumulation of frequency-dependent
block by verapamil was significantly reduced in EIIIQ and
EIVQ (Fig. 4, B and C).

Ca?* Potentiaion of Verapamil Block in WT and EQ
mutants. We next assessed verapamil block of WT Ca,1.2
and the Glu-to-Gln mutant channels using 10 mM Ca®* as
the charge carrier. First, we measured the percentage of
control current remaining in the presence of 30 uM vera-
pamil at 0.05 Hz (closed-channel block) and compared these
values for each channel to those measured in 10 mM Ba?*
(Fig. 5A). Verapamil block of WT Ca,1.2 was potentiated in
Ca?" relative to Ba®?" such that only 37.8 + 1.5% of current
remained in the presence of 30 uM verapamil in 10 mM
Ca?", whereas 58.6 *= 2.6% of current remained in 10 mM
Ba®*. In contrast, the percentage of current remaining in the
presence of 30 uM verapamil was not different in 10 mM
Ba®?" or 10 mM Ca®" in each of the Glu-to-Gln mutants.
Thus, Ca®" potentiation of verapamil block was eliminated in
all of the Glu-to-Gln mutants, indicating that neutralization
of any of the selectivity filter Glu residues uncouples Ca®*
binding from an increase in verapamil affinity.

We also examined frequency-dependent verapamil block in
the Ca, 1.2 WT and Glu-to-Gln mutations using 10 mM Ca?®*
as the charge carrier (Fig. 5, B and C). As we observed in
Ba®", the EIQ and EIIQ mutants were not different from WT
Ca,1.2 in the extent of verapamil block accumulation by the
end of a 1-Hz, 20-pulse train of depolarizations. However, the
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Fig. 3. Verapamil block of WT and the mutant channels EIQ, EIIQ,
EIIIQ, and EIVQ at 0.05 Hz in Ba®*. A, representative Ba®>" current
recorded from a tsA 201 cell expressing transiently transfected WT chan-
nels in the absence (control) or presence of the indicated concentrations of
verapamil. Pulses were from a holding potential of —60 mV to +10 mV for
100 ms every 20 s. B, dose-response relationships for WT channels. The
averaged, normalized current amplitudes at 1, 5, 10, 50, and 100 uM
verapamil were plotted against the corresponding drug concentration,
and the IC,, value was determined by fitting the averaged relative
current values at each verapamil concentration to the equation, relative
current = 1 — {1/[1 — (IC;./[verapamil])]} (inset). The IC;, value of the
WT channels was 40.5 = 0.9 uM. C, percentage of remaining currents of
WT and the mutant channels in 30 uM verapamil. The remaining current
values for each case (mean + S.E. and n = 5-7) were: WT = 58.6 * 2.6%;
EIQ = 58.3 = 6.5%; EIIQ = 56.3 = 4.6%; EIIIQ = 64.7 = 3.4%; EIVQ =
49.2 *+ 1.9%. None of the mutant channels were significantly different
from the WT channel in sensitivity to block by verapamil under these
conditions (one-way ANOVA).
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Fig. 4. Frequency-dependent verapamil block of WT and the mutant EIQ,
EIIQ, EIIQ, and EIVQ Ca,1.2 channels. A to C, whole-cell Ba** currents
were recorded in the absence and presence of 30 uM verapamil using depo-
larizations to +10 mV for 100 ms from a holding potential of —60 mV, at a
frequency of 1 Hz for 20 pulses. Current measured in the presence of
verapamil followed equilibration of block by 30 uM verapamil at 0.05 Hz.
Relative peak current (mean = S.E., n = 3-8) in each successive depolariz-
ing pulse is plotted against pulse number in the absence (closed symbols) or
presence (open symbols) of 30 uM verapamil for WT and the indicated
mutant channels. Smooth lines are fits of the data to a single exponential
equation, and these fits indicate that block reaches equilibrium at 25, 51,
and 34% of control current for WT, EIIIQ, and EIVQ, respectively. The
asterisks indicate that the fraction of current remaining at the end of the
20th pulse was statistically different from that of WT Ca,1.2 channels
(Student’s ¢ test; *, P < 0.05; **x, P < 0.001).
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Fig. 5. Verapamil block of WT and Glu-to-Gln mutant Ca 1.2 channels in
Ca?". A, Ca®" potentiation of verapamil block at 0.05 Hz. Verapamil (30
M) was applied to tsA 201 cells expressing WT and the mutant channels
under voltage clamp, as in Fig. 3C, using either 10 mM Ba?* (closed bars)
or 10 mM Ca®" (open bars) as the charge carrier. The percentage of
current remaining in each case was: WTy, = 58.6 = 2.6; WT, = 37.8 =
1.5; EIQg, = 58.3 = 6.5; EIQ., = 584 = 0.6; EIIQ,, = 56.3 = 4.6;
EIIQ., = 59.9 = 4.7; EIlIQg, = 64.7 = 3.4; EIIIQ., = 68.7 = 6.4;
EIVQg, = 49.2 + 1.9; and EIVQ, = 59.6 + 4.7. The asterisks indicate
significant differences between current remaining in Ba?* and Ca®*. B
and C, frequency-dependent block of the indicated channels in the ab-
sence (closed symbols) and presence (open symbols) of 30 uM verapamil
was measured as described in Fig. 4 except that Ba?* was replaced with
10 mM Ca?*. Smooth lines are fits of the data to a single exponential
equation, and these fits indicate that block reaches equilibrium at 17, 40,
and 30% of control current for WT, EIIIQ, and EIVQ, respectively. EITIQ
and EIVQ channels were blocked to a significantly lesser extent than WT
channels under these conditions (mean + S.E, n = 3—8; Student’s ¢ test;
*, P < 0.05; x%x, P < 0.001).
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EIIIQ and EIVQ mutations both exhibited less accumulation
of verapamil block under the same conditions. Surprisingly,
we also observed that the extent of frequency-dependent
verapamil block was not significantly different in the WT
Ca, 1.2 channel whether we used 10 mM Ba®* (23 *= 1.6%
current remaining) or 10 mM Ca?" (19 = 2.0%; P = 0.09) as
the charge carrier (see Figs. 4 and 5).

Kinetic Analysis of Depolarized Channel Block of
WT and EIIIQ. To better understand the reduction in the
frequency-dependent block of EIIIQ by verapamil, we com-
pared the verapamil modulation of the voltage dependence
and kinetics of inactivation in WT and EIIIQ. The voltage
dependence of steady-state inactivation of WT and EIIIQ
channels was measured in the absence and presence of 30
uM verapamil in Ba®?" (Fig. 6A). From a holding potential of
—80 mV, cells were held at the indicated conditioning volt-
ages for 10 s, followed immediately by a 100-ms test pulse to
+10 mV. Normalized current amplitudes during the test
pulses were plotted against the conditioning voltages. The
data were fit to a Boltzman equation, and the voltage at
which half the channels were inactivated during the condi-
tioning pulse (V,,,) was calculated. For WT and EIIIQ chan-
nels, V,,, was not significantly different in the absence of
verapamil (—13.7 = 0.5 mV versus —15.9 = 0.6 mV, respec-
tively). However, the leftward shift in V,,, induced by 30 uM
verapamil was significantly greater in WT channels than in
EITIQ (—43.7 = 0.8 mV versus —32.9 = 0.4 mV, respectively)
indicating that the EIIIQ mutant disrupted verapamil inter-
action with the inactivated state of the channel.

We also examined the time course of WT and EIIIQ chan-
nel recovery from depolarized channel verapamil block.
Whole-cell Ba®* current was equilibrated with 30 uM vera-
pamil using 100-ms depolarizations to +10 mV from a hold-
ing potential of —60 mV at 0.05 Hz. After the current reached
steady state, a 1-s depolarization to +10 mV was applied in
the continued presence of drug, followed by a return to —60
mV. The recovery of the current after a 1-s depolarization to
+10 mV in the presence or absence of drug was measured by
depolarizing cells to +10 mV for 50 ms from —60 mV at
intervals 0f 0.01, 0.1, 0.5, 1, 10, 20, and 30 s. To determine the
fraction of WT and EIIIQ channels recovered from verapamil
block, recovered current was expressed as a fraction of the
peak current during the 1-s depolarization, plotted against
recovery interval in the absence or presence of 30 uM vera-
pamil, and fit to a double-exponential function (Fig. 6, B and
C). The fast phase of recovery from inactivation (i.e., in the
absence of drug) was similar in both WT and EIIIQ channels
(WT: 7o, = 283 ms, [, = 0.60; EITIQ: 7o, = 213 ms, froe =
0.46), whereas the slow phase of recovery was slower for
EIIIQ (WT: 14, = 6.88 s; EIIIQ: 74, = 16.9 s). For the WT
channel in the presence of 30 uM verapamil, both time con-
stants for recovery were increased (WT: 7., = 1.83 s, g0 =
41.0; s frse = 0.54). For EITIQ, 30 uM verapamil slowed the
fast phase of recovery (7, = 1.91 s; fr,sr = 0.46), but the time
constant for the slow phase of recovery was actually acceler-
ated in comparison to EIIIQ in the absence of drug (7,,, =
8.07 s). Thus, our results suggest that the marked decrease in
frequency-dependent block of EIIIQ by verapamil compared
with WT could be the result of faster dissociation of vera-
pamil from EIIIQ at —60 mV. Recovery of current after a 1-s
depolarization to +10 mV for EIIQ was not different from
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that for WT in either the absence or presence of 30 uM
verapamil (data not shown).

Verapamil blocks Ca,1.2 channels with higher affinity at
depolarized potentials. As shown in Fig. 7, A and B, even
after bringing current to steady state in the presence of 30
uM verapamil with depolarizations to +10 mV at 0.05 Hz,
both WT and EIIIQ channels are rapidly and completely
blocked during a 1-s depolarization to +10 mV. We compared
the rate of current decay during a 1-s depolarization to +10
mV, from a holding potential of —60 mV, in the absence or
presence of 30 uM verapamil for the WT and EITIQ channels.
Current traces were normalized to peak current and fit with
a double-exponential function. In the absence of drug (Fig.
7B, filled bars), both WT and EIIIQ channels inactivated
with virtually identical fast and slow time constants, and
fractions of channels inactivating with each time constant
(WT: 7 = 0.16 £ 0.02 8, 740, = 1.78 = 0.11 8, fre = 0.10 =
0.02, fiow = 0.70 = 0.13; EIIIQ: 7¢o, = 0.15 = 0.06 8, 700 =
1.46 = 0.53 s, frast = 0.12 * 0.04, {10 = 0.62 = 0.07). In the
presence of 30 uM verapamil (Fig. 7B, open bars), WT and
EIIIQ channel inactivation followed a single time constant
and was virtually complete (WT: 7= 0.29 + 0.02 s,/ = 1.02 =
0.02; EITIQ 7= 0.21 £ 0.02 s,/ = 1.05 = 0.01 s). Thus, in both
WT and EIIIQ channels, 30 uM verapamil blocks virtually all
channels with a time course that resembles the fast-inacti-
vating state, leading to complete inactivation by the end of a
1-s depolarization.

Effect of the F1117G and I1627A Mutants on Closed-
Channel and Frequency-Dependent Block. Because
both Phel117 and I1e1627 have been implicated in modula-
tion of Ca,1.2 channel function by Ca®* (Peterson and Cat-
terall, 1995; Zuhlke et al., 1999), we examined their roles in
both Ca®" potentiation and frequency dependence of vera-
pamil block. Block of closed F1117G and I1627A channels
was measured at 0.05 Hz in 30 uM verapamil in Ba®" or
Ca®* (Fig. 8A). Like the conserved pore glutamate mutants,
the F1117G mutant disrupted Ca®" potentiation of vera-
pamil block such that current remaining in the presence of 30
uM verapamil was the same whether Ca®* or Ba®* was the
charge carrier. Likewise, the extent of closed-channel vera-
pamil block of the 11627A mutant was not different when
measured in Ba®* or Ca®" from a holding potential of —60
mV. However, the percentage of [1627A current remaining in
the presence of 30 uM verapamil in either Ba®>* or Ca®* was
not different from that of WT in Ca®". From a holding poten-
tial of —80 mV, the percentage of 11627A current remaining
in 30 uM verapamil was not different from that of WT in
either Ba®" (70.1 + 4.7) or Ca®* (71.0 = 2.4). Frequency-
dependent block was measured in Ba®* and Ca®* in 30 uM
verapamil at 1 Hz as described in Figs. 4 and 5. Although the
11627A mutant did not significantly affect accumulation of
frequency-dependent block in either Ba®" or Ca®", the
F1117G mutant significantly reduced frequency-dependent
block by verapamil at the end of a 20-pulse, 1-Hz train of
depolarizations in either Ba®* or Ca®* (Fig. 8, B and C).
Thus, whereas F1117G disrupts both Ca®* potentiation and
frequency dependence of verapamil block, I11627A enhances
closed-channel verapamil block in Ba®* to the level of that
seen in Ca®* with WT Ca,1.2.

To better understand the basis for the observed differences
in verapamil block of F1117G and 11627A, we measured the
voltage dependence of inactivation for these two mutants in
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Fig. 6. Verapamil modulation of inactivation in WT and EIIIQ Ca,1.2 channels.
A, steady-state inactivation was measured by depolarization of tsA 201 cells to
+10 mV for a 100-ms test pulse immediately after a 10-s conditioning pulse at
the indicated potentials from a holding potential of —80 mV. Measured Ba®*
current was plotted against the conditioning pulse voltage in the absence (closed
symbols) or presence (open symbols) of 30 uM verapamil. The data were fit to
the equation, relative current = 1/{1 — expl(V — V,,)/kl}, where V is the
conditioning potential, V,,, is the voltage at which half of the channels are
inactivated, and % is a slope factor (potential required for an e-fold change). V,,
values for WT channels in the absence and presence of 30 uM verapamil were
—13.7 = 0.5 and —43.5 * 0.8 mV, respectively. V,, values for EIIIQ channels

the absence and presence of 30 uM verapamil in 10 mM Ba?*
(Fig. 8D). Although the V,,, values in the absence of drug for
both channels were shifted to more negative potentials com-
pared with WT (F1117G, —23.4 = 0.5 mV; [1627A, —28.4 +
0.8 mV), the leftward shift in the presence of 30 uM vera-
pamil was ~30 mV for both WT and 11627A channels but
only ~12 mV for F1117G. Thus, despite the observation that
both mutants cause a leftward shift in V,,,, they are mark-
edly different in the manner in which they interact with
verapamil.

Frequency Dependence and Ca®>* Potentiation in
the TA Mutants. Because mutation of two of the four selec-
tivity filter Glu residues and the L-type-specific Phel117
residue markedly reduced frequency dependence and Ca®*
potentiation of verapamil block, we examined the role of the
adjacent, conserved Thr residues in each domain. We found
that mutation of Thr361 in domain I to Ala is apparently not
tolerated, because neither this single point mutant, nor a
quadruple mutant, with the conserved Thr in each domain
changed to Ala, yielded functional channels. A hydrogen
bond donor/acceptor in this position may be a critical channel
function because the T361C mutant channel was found to be
functional (Wu et al., 2000). Closed-channel verapamil block
of TIIA, TIIIA, and TIVA was measured in Ba%?" and CaZ" at
0.05 Hz as described above (Fig. 9A). The TIIA, TIIIA, and
TIVA mutants did not differ from WT channels in the frac-
tion of current remaining in the presence of 30 uM verapamil
when 10 mM Ba®* was used as the charge carrier. In Ca®",
TIIA, TIITA, and TIVA were all less sensitive to verapamil
block at 0.05 Hz than WT channel (i.e., Ca®" potentiation of
verapamil block was disrupted). In Ba®*, only TIIIA among
the TA mutants accumulated significantly less frequency-
dependent verapamil block at the end of a 20-pulse, 1-Hz
train of depolarizations (Fig. 9B). In Ca®", both TIIA and
TIITA significantly reduced the accumulation of verapamil
block at 1 Hz (Fiig. 9C). Thus, whereas TIIA, TIIIA, and TIVA
all reduced the sensitivity of closed channels to verapamil in
Ca®", only TIIA and TIIIA disrupted frequency-dependent
block.

Inactivation and Ion Permeability in the Thr-to-Ala
Mutants. Since the Thr-to-Ala mutations had the unex-
pected effect of disrupting Ca®* potentiation of closed-chan-
nel verapamil block, we examined the effect of these muta-
tions on Ca®* acceleration of inactivation kinetics and ion
permeability. Figure 10A shows normalized, averaged cur-

V.,Vk]}, where V is in the absence and presence of 30 uM verapamil were
—15.9 = 0.6 and —32.9 = 0.4 mV, respectively. For WT channels, % values were
—7.2 and —10.3 in the absence and presence of verapamil, respectively. For
EIIIQ channels, % values were —10.8 and —8.4 in the absence and presence of
verapamil, respectively. Time course of recovery from inactivation for WT (B)
and EIIIQ (C) channels in the absence (closed symbols) and presence (open
symbols) of 30 uM verapamil. Recovery from inactivation produced by a 1-s
depolarization to +10 mV from a holding potential of —60 mV was measured
using 50-ms test pulses to +10 mV after recovery intervals of 0.01, 0.1, 0.5, 1, 10,
20, and 30 s at —60 mV. The fraction of current recovered was plotted against
the recovery interval. In both cases, the time course of recovery was fit to a
double-exponential equation, representing fast and slow phases of recovery. For
WT channels in the absence of verapamil, the time constants of recovery were
Test = 0.28 s and 7, = 6.88s, and the fraction of channels recovering with the
fast time constant (f;,.,) was 0.60. In the presence of 30 uM verapamil, 7, =
1.83 s, 740w = 41.0 s, and f,, = 0.54. In the absence of verapamil, the time
constants and the fraction of channels recovering for EITIQ channels were 7, =
0.21s, 740 = 16.9 s, and f;,, = 0.46. In the presence of 30 uM verapamil, the
time constants for EIIIQ recovery were 7, = 1.91s, 7, = 8.07 s, and fj,,, =
0.61.
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rent traces for WT and the Thr-to-Ala mutants in 10 mM
Ba®* or Ca®*. We compared the extent of inactivation in
these channels by measuring the percentage of peak current
inactivated at the end of a 1-s depolarization to +10 mV from
a holding potential of —60 mV (Fig. 10B). No significant
difference in the extent of inactivation was observed among
WT, TIIA, TIIIA, TIVA, and the domain III mutant F1117G
in Ba%*. In Ca®*, only the TIIA mutant exhibited a decrease
in the percentage of current inactivated at 1 s compared with
WT. However, Ca®?" significantly increased the extent of
inactivation at 1 s compared with Ba®* in all three Thr-to-
Ala mutants (i.e., Ca®"- dependent inactivation was intact).

We also examined the permeability of the Thr-to-Ala mu-
tants for Ba®* relative to Ca®". Figure 11A shows whole-cell
currents recorded in the same cell in the presence of 10 mM
Ba®" or Ca®" in tsA 201 cells expressing WT and the indi-
cated mutant Ca,1.2 channels. Current was elicited by
100-ms depolarizations to +10 mV at 0.05 Hz, from a holding
potential of —60 mV while the extracellular solution was
switched between 10 mM Ba®* and 10 mM Ca®*. With Ca®*
as the charge carrier, the peak amplitude current measured
in WT and TIVA channels was reduced relative to the peak
current measured in Ba®*. In contrast, the peak current
amplitudes measured in Ca®* were greater than those mea-
sured in Ba®* for the TIIA and TIIIA mutants. Figure 11B
shows the relative change in current amplitude, for each of
the channels tested, upon switching from Ba®*- to Ca®*-
containing extracellular solution. Thus, whereas the Thr-to-
Ala mutations disrupt Ca®" potentiation of verapamil block
of closed channels, they do not eliminate Ca®"-dependent
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inactivation. Furthermore, the TIIA and TIIIA mutations
mediate an increased permeability of Ca, 1.2 for Ca®>* rela-
tive to Ba®".

Discussion

Distinct Effects of Selectivity Filter Mutants on Ca®*
Potentiation of Closed-Channel Block and Frequency-
Dependent Block

We have shown that mutation of any of the selectivity filter
glutamates does not reduce the sensitivity of Ca, 1.2 channels
to closed-channel verapamil block in Ba®* (Fig. 3). In a pre-
vious study, EITIIQ and EIVQ increased the IC;, of the nearly
identical compound, desmethoxyverapamil (D888), by 15-
and 20-fold, respectively, at a stimulation frequency of 0.1 Hz
in 10 mM Ba?". D888 is more potent than verapamil in
blocking Ca,1.2 (Hockerman et al., 1995) and binding to
Ca,1.1 (Goll et al., 1984). A binding site between I11S6 (Hock-
erman et al., 1997a) and IVS6 (Hockerman et al., 1995) was
shown to account for the higher affinity of D888 for Ca, 1.2 at
low-frequency stimulation. Furthermore, mutation of the
three amino acids in IVS6 critical for high-affinity D888
block of Ca,1.2 did not affect the potency of verapamil block
at 0.1 Hz (Johnson et al., 1996). Thus, the present study
supports previous work suggesting that D888 and verapamil
interact with distinct binding determinants on closed Ca, 1.2
channels (i.e., at low-frequency stimulation).

11627A is unique among the mutants used in this study
because it is in the cytoplasmic C-terminal tail, not, appar-
ently, in the vicinity of the transmembrane segments com-
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Fig. 7. Onset of verapamil block of depolarized WT and EIIIQ channels. A, representative traces of Ba®>* current through WT (left) and EIIIQ (right)
channels measured during a 1-s depolarization to +10 mV, from a holding potential of —60 mV, in the absence (control) or presence of 30 uM
verapamil. B, time course of inactivation in the absence (filled bars) and presence (open bars) of 30 uM verapamil for WT Ca,1.2 (left) and EIIIQ (right).
In the absence of verapamil, WT inactivation was fit by a double-exponential equation with a fast time constant (7, = 0.16 * 0.02 s) and a slow time
constant (t4 = 1.78 = 0.11 s) corresponding to the fraction fast (fz = 0.10 = 0.02) and the fraction slow (fg = 0.70 = 0.13). In the presence of 30 uM
verapamil, WT inactivation was single-exponential with a relatively fast time constant (7, = 0.29 * 0.02 s). In the absence of drug, EIIIQ channel
inactivation was fit to a double-exponential equation with a fast time constant similar to that of WT channels (7 = 0.15 = 0.06 s; fi = 0.12 = 0.04)
and a slow time constant (1g = 1.46 = 0.53 s; fg = 0.62 = 0.07). In the presence of 30 pM verapamil, EITIQ channels displayed a single fast component
of inactivation (7 = 0.21 * 0.01 s). The asterisks indicate significant differences between the indicated parameter in the presence and absence of 30
uM verapamil (Student’s ¢ test; **x, P < 0.01) (mean * S.E., n = 3-6; #, not detected).
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posing the small-molecule drug binding sites. However, as we
previously observed with diltiazem (Dilmac et al., 2003),
11627A increased the sensitivity of closed Ca,1.2 channels to
verapamil block in Ba?*, whereas frequency-dependent block
was not different from WT in Ba®?" or Ca®". The 11627A
mutation shifted the voltage dependence of inactivation by
approximately —20 mV compared with WT. Because we
found that closed-channel block of I11627A by 30 uM vera-
pamil from a holding potential of —80 mV was not different
from that of WT measured from a holding potential of —60
mV, it seems that the increase in sensitivity to verapamil in
11627A at —60 mV results from the shift in voltage depen-
dence of inactivation. However, Ca®* potentiation of closed-
channel block of I11627A by verapamil is abolished at both
potentials. These results suggest that Ca®"-calmodulin bind-
ing to the C-terminal 1Q motif, which is disrupted in 11627A
(Zuhlke et al., 1999), may be required for Ca®>* potentiation
of closed-channel verapamil block. The loss of Ca®" potenti-
ation of closed-channel block in all of the EQ mutations
suggests that Ca®* potentiation also requires Ca®* binding
in the channel pore. Taken together with our previous obser-
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vation that Ca®*-dependent inactivation is disrupted in the
EQ mutations (Dilmac et al., 2003), these results also suggest
that the consequences of Ca®"-calmodulin binding to the
C-terminal tail of Ca,1.2 may include conformational
changes in the pore region of the channel.

Ca®" potentiation of closed-channel verapamil block was
disrupted by mutation of any of the Glu-to-Gln mutants,
F1117G, and all of the Thr-to-Ala mutants. The modulation
of verapamil block by Ca®" is distinct from what we previ-
ously observed for diltiazem (Dilmac et al., 2003), where
EIIIQ, EIVQ, and F1117G, but not EIQ or EIIQ, disrupted
Ca®" potentiation of closed-channel diltiazem block. How-
ever, the effect of the Thr-to-Ala mutations on this property
of diltiazem block was not examined in that study. Similar to
diltiazem, DHPs bind in a pocket composed of IIIS5, I1IS6,
and IVS6 (Hockerman et al., 1997c). Moreover, Ca®" poten-
tiation of DHP binding also requires Glu1118, Glu1419, and
Phel117 but not Glu363 or Glu709 (Peterson and Catterall,
1995). Taken together, these data suggest that Ca®" binding
to a site in domains III and IV modulates the diltiazem
(Hockerman et al., 2000) and DHP (Hockerman et al., 1997c¢)
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Fig. 8. Frequency and Ca®" modulation of verapamil block in F1117G and I11627A. A, verapamil (30 pM) block of WT, F1117G, and 11627A Ca,1.2
channels in 10 mM Ba®* (closed bars) or 10 mM Ca®" (open bars) at 0.05 Hz. The percentage of current remaining (mean + S.E., n = 3-9) in each
case was WTy, = 58.6 = 2.6; WT, = 37.8 = 1.5; F1117Gy, = 61.4 * 6.2; F1117G, = 65.5 * 3.3.; [1627A;, = 36.4 + 2.4; and [1627A., = 31.0 +
0.3. The percentage of current remaining for 11627A when measured from a holding potential of —80 mV was 70.1 + 4.7 (n = 5) in 10 mM Ba?", and
71.0 = 2.3 (n = 4) in 10 mM Ca?*. Asterisks indicate a significant difference between current remaining in Ba®>* and Ca®" (Student’s ¢ test; x*x, P <
0.001). The percentage of current remaining in Ba®* for [1627A was significantly different from both WT and F1117G when measured from a holding
potential of —60 mV (one-way ANOVA with Tukey’s post hoc test; ++, P < 0.01). The percentage of current remaining for F1117G in Ca®* was
significantly different from both WT and 11627A (one-way ANOVA with Tukey’s post hoc test; # # #, P < 0.001). B and C, frequency-dependent block
of the indicated channels (mean + S.E., n = 3—8) was measured as described in Figs. 4 and 5 in Ba®* or Ca®" in the absence (closed symbols) and
presence (open symbols) of 30 uM verapamil. Smooth lines are fits of the data to a single-exponential equation, and these fits indicate that block
reaches equilibrium at 25, 28, and 22% of control current in Ba®>*, and at 17, 43, and 21% of control current for WT, F1117G, and I1627A, respectively.
In either Ba?* or Ca®", only F1117G was significantly different from WT in the extent of block at the end of the 20-pulse, 1-Hz train of depolarizations
(Student’s ¢ test; *xx, P < 0.001). D, the voltage dependence of inactivation was measured as described in Fig. 6A. Measured Ba®* currents were plotted
against the conditioning pulse voltage in the absence (closed symbols) or presence (open symbols) of 30 uM verapamil. The data were fit to a Boltzman
equation as in Fig. 6A. V,,, values for WT channels in the absence and presence of 30 uM verapamil were —13.7 = 0.5 and —43.5 = 0.8 mV,
respectively. V,,, values for F1117G channels in the absence and presence of 30 uM verapamil were —23.4 *= 0.5 and —35.4 = 0.3 mV, respectively.
V., values for I1627A channels in the absence and presence of 30 uM verapamil were —28.4 + 0.8 and —57.4 + 0.9 mV, respectively. Slope (k) values
for WT were —7.2 and —10.3 in the absence and presence of verapamil, respectively. Slope (k) values for F1117G were —5.8 and —6.0 in the absence
and presence of verapamil, respectively. Slope (k) values for I1627A channels were —11.52 and —10.39 in the absence and presence of verapamil,
respectively.
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Fig. 9. Frequency and Ca?" modulation of verapamil block of TIIA, TIIIA,
and TIVA. A, Ca®>" potentiation of verapamil block at 0.05 Hz in 30 uM
verapamil was measured as described in Fig. 5A, using either 10 mM
Ba?" (closed bars) or 10 mM Ca®* (open bars) as the charge carrier. The
percentage of current remaining in each case was (mean + S.E.): WT, =
58.6 = 2.6; WT, = 37.8 = 1.5; TITIAg, = 45.3 = 3.2; TIIA, = 80.2 + 4.2;
TIIIAg, = 73.0 = 6.1; TIIIA, = 73.5 = 3.6; TIVA,, = 56.5 = 3.4; and
TIVA_, = 65.7 = 6.8. The percentage of current remaining in Ba*?* was
not significantly different among WT and all of the mutants (one-way
ANOVA). The percentage of current remaining in Ca®* in each of the
mutant channels was significantly different from that of WT (one-way
ANOVA with Tukey’s post hoc test; ##, P < 0.01; # # #, P < 0.001). The
asterisks indicate significant differences between current remaining in
Ba?" and Ca?* for WT and TIIA (Student’s ¢ test; **x, P < 0.001). B and
C, frequency-dependent verapamil block of WT and the Thr-to-Ala mu-
tant channels. Frequency-dependent verapamil block (percentage of cur-
rent remaining; mean * S.E, n = 3-8) of the indicated channels was
measured as described in Figs. 4 and 5 in Ba?* or Ca®" in the absence
(closed symbols) and presence (open symbols) of 30 uM verapamil.
Smooth lines are fits of the data to a single-exponential equation, and
these fits indicate that block reaches equilibrium at 25, 39, 22, and 19%
of control Ba%* current and 17, 35, 27, and 25% of control Ca®* current for
WT, TIIIA, TIIA, and TIVA, respectively. The TIIIA mutant was blocked
to a significantly lesser extent than WT channels in both Ba?* and Ca®*,
whereas the TIIA mutant was blocked to a significantly lesser extent
than WT in Ca?" (Student’s ¢ test; *, P < 0.05).
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binding sites, which include IIIS6 and IVS6, whereas Ca®*
binding to multiple sites in the selectivity filter is required
for high-affinity verapamil block of closed channels. This
scenario is consistent with a binding site for verapamil on
closed channels that is distinct from that for DHPs and
diltiazem.

Frequency Dependence of Verapamil Block in Ba®*
or Ca®*. In contrast to our results using low-frequency stim-
ulation (0.05 Hz), we found that multiple mutations clustered
in the domain III region of the selectivity filter markedly
disrupted frequency-dependent verapamil block (Figs. 4, 5, 8,
and 9). Disruption of block was similar whether Ba®* or Ca®*
was used as the charge carrier. Surprisingly, we found that,
unlike our previous observations with diltiazem (Dilmac et
al., 2003), frequency-dependent block of Ca,1.2 is not appre-
ciably potentiated by Ca®* in our experimental system. In
addition, the F1117G and EIIIQ mutations both significantly
decreased the leftward shift in V;,, induced by 30 uM vera-
pamil [F1117G, A = ~12 mV (Fig. 8D); EIIIQ, A = ~17 mV
(Fig. 6A)] compared with that observed in WT Ca,1.2 [A =
~30 mV (Fig. 6A)]. Furthermore, the EIIIQ mutation in-
creases the rate of recovery from depolarized-channel vera-
pamil block compared with WT Ca, 1.2 (Fig. 6, B and C) but
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Fig. 10. Inactivation properties of WT and the mutant channels TIIA,
TIIIA, and TIVA in Ba?" and Ca?*. A, averaged, normalized current
traces for WT channels and each of the indicated mutant channels elic-
ited during a 1-s depolarization to +10 mV from a holding potential of
—60 mV in extracellular solution containing 10 mM Ba?* (left) or 10 mM
Ca?" (right) are shown. B, summary of the percentage of channels inac-
tivated at the end of a 1-s depolarization in Ba?" or Ca®". All channels
tested displayed significant increases in the percentage of channels inac-
tivated at the end of a 1-s depolarization in Ca®* compared with Ba®"
(mean *= S.E, n = 3-7; Student’s ¢ test; x, P < 0.05; *#x*, P < 0.001). There
was no significant difference in the percentage of inactivated channels in
Ba?" among WT and mutant channels (one-way ANOVA). In Ca?*, the
percentage of channels inactivated at 1 s was significantly less in TIIA
than in WT channels (WT, = 91.1 = 1.7%, n = 7; TIIA., = 77.0 = 1.6%,
n = 5; ###, P < 0.001; one-way ANOVA with Tukey’s post hoc test).

0202 ‘9z Afeniged uo sfeulnor 134S YV e Blio'sfeulnofiedse wieydjow wio.) papeojumoq


http://molpharm.aspetjournals.org/

1246

Dilmac et al.

does not affect the shift of channels to the fast-inactivating
state induced by verapamil (Fig. 7B). Our finding that vera-
pamil accelerates the inactivation of Ca,1.2 channels and
increases the fraction of channels inactivating is consistent
with previous studies (Johnson et al., 1996; Sokolov et al.,
2001). However, our results with EIIIQ are in contrast to
observations with mutations in IVS6 which accelerated both
verapamil block and recovery from verapamil block at +10
mV (Johnson et al., 1996). The effect of the F1117G mutation
on frequency-dependent verapamil block seems to be Ca®*-
dependent, because a fit of the data to a single exponential
function indicates that steady-state block of F1117G in Ba®*
is not different from that of WT Ca, 1.2, although the current
remaining at the 20th pulse is clearly different from that of
WT (Fig. 8B). We examined the inactivation rate of F1117G
in the presence and absence of 30 uM verapamil in Ba®* and
did not find any significant difference from WT (N. Dilmac
and G. H. Hockerman, unpublished data). It is not clear how
the F1117G mutant is specifically slowing development of
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Fig. 11. Permeability of Ca®" relative to Ba?* in WT and mutant Ca, 1.2
channels. A, current traces recorded from single tsA 201 cells expressing
WT, TIIA, TIIIA, and TIVA mutant channels recorded in 10 mM Ba®* or
10 mM Ca?*. Current was elicited using a 100-ms depolarization to +10
mV from a holding potential of —60 mV. Note the increase in peak current
in Ca®" relative to peak current in Ba?* in the TIIA and TIIIA mutants.
B, change in peak current amplitude measured at +10 mV from a holding
potential of —60 mV when the extracellular solution is switched from 10
mM Ba®" to 10 mM Ca?*. The values shown are mean + S.E. (n = 3-10)
for WT Ca,1.2 channels and each of the indicated mutants.
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frequency-dependent verapamil block in Ba®*. However, it is
clear that F1117G decreases affinity for verapamil in Ca®",
because both the steady-state block determined from a fit of
the data and the current remaining at the 20th pulse are
clearly different from that of WT (Fig. 8C). Likewise, TIIA
disrupts both closed-channel and frequency-dependent vera-
pamil in Ca®" but not in Ba®?" (Fig. 9). Our data support a
scenario in which frequency-dependent verapamil block of
Ca,1.2 channels (i.e., channels in the open and/or inactivated
state) involves binding to a site that includes Thr1116,
F1117G, Glu1118, and Glu1419, which may be accessed from
the intracellular mouth of the pore. Taken together, our
results suggest that verapamil may block closed channels
and open/inactivated channels by binding to distinct sites,
which include TIIA as a common determinant in Ca?". This
scenario was proposed previously based upon experiments
using a membrane-impermeable, quaternary ammonium de-
rivative of D888. These experiments suggested that closed-
channel block was mediated by a binding site accessible from
the extracellular surface of the channel, whereas frequency-
dependent block was mediated by a binding site accessible
from the intracellular side of the membrane (Berjukov et al.,
1996). In addition, our finding that, with the exception of
Phel117, the molecular determinants for frequency-depen-
dent verapamil block are conserved among voltage-gated
Ca®* channels (i.e., Thr1116, Glul118, Glul419) may ex-
plain the relatively low discrimination of L-type and non-L-
type Ca®" channels by verapamil (Diochot et al., 1995; Ishi-
bashi et al., 1995).

Conserved Residues Thr707, Thr1116, and Thr1417
and Ca,1.2 Activity in Ca®*. Our observation that the
conserved Thr residues adjacent to the selectivity filter glu-
tamates contribute to Ca?" modulation of verapamil block of
closed channels was unexpected. We had previously shown
that the EIIQ, EIIIQ, and EIVQ mutations disrupt Ca®*-
dependent inactivation, and EIIIQ and EIVQ increase the
permeability of Ca®* relative to Ba?" (Dilmac et al., 2003).
Therefore, we examined these properties of channel activity
in the Thr-to-Ala mutants. Our finding that none of the
Thr-to-Ala mutations disrupts Ca®?"-dependent inactivation
(Fig. 10) is consistent with our observations with the F1117G
mutant, which disrupts Ca®* modulation of diltiazem and
verapamil block but does not disrupt Ca®?"-dependent inac-
tivation. Our observations with the Thr-to-Ala mutants also
further highlight the specific role of the selectivity filter Glu
residues, among other adjacent residues, in mediating Ca®*-
dependent inactivation. However, Thr707 and Thr1116, as
well as Phell17, apparently play a role in forming the ion
permeation pathway, because mutation of these residues in-
creases the permeability of Ca®* relative to Ba?" (Fig. 11).

In summary, we have shown that Ca®" potentiation of
closed-channel block of Ca,1.2 by verapamil requires all four
selectivity filter glutamates, whereas amino acid residues
adjacent to the selectivity filter in domain III contribute to
the high-affinity binding of verapamil to the depolarized
state of the channel. Furthermore, because Ca®"* does not
potentiate frequency-dependent verapamil block, Ca®* is not
likely to potentiate binding of verapamil to the depolarized
state of the channel. Our results further differentiate the
molecular mechanisms of verapamil and diltiazem block of
Ca, 1.2, suggest that distinct binding sites may mediate ve-
rapamil block of closed and depolarized channels, and sug-
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gest that common molecular determinants may mediate the
block of non-L-type voltage-gated Ca®" channels by vera-
pamil.
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