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Abstract. The structural determinants of mibefradil in- E462R, and Cgl.2 E462K) were inhibited by similar
hibition were analyzed using wild-type and inactivation- concentrations of mibefradil witftCg,= 55-75umM. The
modified Cg1.2 (@1C) and Cg2.3 (@¢1lE) chan- slower Cg1.2 wild-type and Cgl.2 Q473K channels
nels. Mibefradil inhibition of peak BA currents was responded to higher doses of mibefradil wity,~ 100—
dose- and voltage-dependent. An increase of holding pot20 wm. Mibefradil was also found to significantly
tentials from —80 to —100 mV significantly shifted dose- speed up the inactivation kinetics of slower channels
response curves toward higher mibefradil concentration§/Ca,1.2, CEEE) with little effect on the inactivation ki-
namely from a concentration of 108 + 24 (n = 7)to  netics of faster-inactivating channels (2a3). A open-
288 = 17pM (n = 3) for inhibition of half of the Cal.2  channel block model for mibefradil interaction with
currents [Cso) and fromICyo = 8+ 2 um (n = 9)to 33 high-voltage-activated G4 channels is discussed and
+7 ™ (n = 4) for Ca,2.3 currents. In the presence of shown to qualitatively account for our observations.
mibefradil, Cg1.2 and Cg2.3 experienced significant Hence, our data agree reasonably well with a “receptor
use-dependent inhibition (0.1 to 1 Hz) and slower recov-guarded mechanism” where fast inactivation kinetics ef-
ery from inactivation suggesting mibefradil could pro- ficiently trap mibefradil into the channel.

mote transition(s) to an absorbing inactivated state. In

order to investigate the relationship between inactivatiorkey words: Xenopusoocytes — Receptor-modulated

and drug sensitivity, mibefradil inhibition was studied in hypothesis — Site-directed mutagenesis — Calcium —
inactivation-altered Ggl.2 and Cg2.3 mutants. Mibe-  |nactivation — Use-dependent block

fradil significantly delayed the onset of channel recovery

from inactivation in CEEE (Rep¢a + part of the I-II

linker from Ca,1.2 in the Cg2.3 host channel), in Introduction

EC(AID)EEE (part of the |-l linker from Cgl.2 in the

Ca,2.3 host channel) as well as in a2 E462R, and It has been well established that clinically important

Ca,2.3 R378E (point mutation in thg-subunit binding  drugs, including local anesthetics, some anticonvulsants

motif) channels. Mibefradil inhibited the faster inacti- and antiarrhythmics, exert their therapeutic effects by

vating chimera EGE1-EEE with anlCgy = 7 £ 1 M preferentially altering the inactivated state of voltage-

(n = 3), whereas the slower inactivating chimerasdependent K, Na“, and C&" channels (Hille, 1992).

EC(AID)EEE and CEEE were, respectively, inhibited Frequency-dependent inhibition is central to their action,

With IC5g = 41+ 5pum (n = 4) andIC5y = 68 £ 9um  as drugs become most highly effective when channels

(n = 5). Dose-response curves were superimposable foare repetitively stimulated. State-dependent inhibition

the faster EQG1-§EEE and Ca2.3, whereas interme- was first characterized on Nahannels (Hille, 1977) and

diate-inactivating channel kinetics (CEEE, (a2 is usually inferred from key biophysical properties in-
cluding voltage-dependence of channel inhibition, use-
dependent inhibition, and drug-induced changes in chan-
nel gating (Hering et al., 1998; Yarov-Yarovoy et al.,

S 2001).

Correspondence td-. Parent; email: lucie.parent@umontreal.ca Mibefradil (RO 40-5967) is a Ca-channel antago-



144 G. Bernatchez et al.: Open-Channel Block of ®s Mibefradil

nist that has been used clinically as an anti-hypertensivstill controversial. For Cgl.2, Cg2.1, Cg2.2, and
and antianginal agent (Clozel, Banken & Osterrieder,Ca,2.3 channels expressed Kenopusoocytes, open
1989; Clozel, Ertel & Ertel, 1997). Sold commercially channel block by mibefradil was indicated by drug-
for some years under the brand name Posicor, mibefradinduced acceleration of the inactivation kinetics (Bez-
was later withdrawn by Hoffmann-LaRoche because itorozvanny & Tsien, 1995). This conclusion was appar-
was shown to interfere with cytochrome P450 in theently contradicted by a recent study showing that the rate
liver. The nondihydropyridine calcium blocker exerts a of inactivation in chimeric Cal.2/Cg,2.1 channels does
potent inhibitory effect on T-type Gacurrents in vas- Not correlate with mibefradil block (Aczel et al., 1998).
cular smooth muscle cells (Mishra & Hermsmeyer, The problem might be compounded by the observation
1994), sensory neurons (Todorovic & Lingle, 1998),that mibefradil could accumulate inside mammalian cells
spermatogenic cells (Arnoult, Villaz & Florman, 1998), as the des-methoxyacetyl mibefradil metabolite (Wu et
and adrenal cortisol-secreting cells (Esneu, Gallo-Payedl-, 2000). S

& Payet, 1998; Gomora et al., 2000) as well as on re- _ 10 investigate the state-dependent inhibition by
combinant T-type channels (Klugbauer et al., 1999;Mibefradil, we analyzed the inhibition of wild-type and
Williams et al., 1999; Lacinova, Klugbauer & Hofmann, inactivation-altered Ggl.2 and Cg2.3 channels (Ber-
2000a; Martin et al., 2000; McNaughton et al., zooo;natchgz et al., 20(_)1; Berrou et aI_., 2001). The inactiva-
Monteil et al., 2000: Perchenet, Benardeau & Ertel,t'O” kinetics of high-voltage-activated €achannels
2000a). Nonetheless, mibefradil is also known to blockVere recently shown to be significantly altered by point

: : tations in the |-l linker (Bourinet et al., 1999; Cens
non-T-type calcium currents such as native L-type calMu ) ) ' '
cium currents in rabbit sinus node cells (Protas & Rob-Et &l 1999; Berrou et al., 2001; Parent et al., 2001).

inson, 2000), in myoblasts (Liu et al., 1999) and in pan-f‘skWe r;ac\:/e ;eé:er;]tly sh?wn, gomt mutat|o_rf1_s I?I the tlr_1“
creaticB-cells (Wu et al., 2000) as well as in recombi- Inker of L.a,2.2 channels, and more specitically in the

nonconserved residues of tifiesubunit binding motif,
nant Cgl.2, Cg2.1, Cq2.2, and Cg2.3 channels Lo ) .
(Bezprozvanny & Tsien, 1995: Aczel, Kurka & Hering, disrupted the kinetics and voltage-dependence of inacti-

1998; Jimenez et al., 2000). Recently, it was reporteo‘[’aﬂon’ whereas reverse mutations in, L& accelerated

; : AR - inactivation kinetics (Berrou et al., 2001; Parent et al.
that mibefradil could also inhibit with high affinityu : L . ’
range) the voltage-dependent Khannel hKv1.5 with a 2001). In particular, the E@(D)EEE chimera, with the

; B-subunit binding domain from GA4.2 was faster than
ggogg 0.8 M'\é (Pgrchenet &hCIernIenté(r?honJenne, CEEE, whereas EC31-9EEE was not significantly dif-
). HERG and KvLQT1 channels (Chouabe et al. to ot from Cg2.3 (Bernatchez et al., 2001; Parent et al.,

1998), and voIFage-dependentMannels (Eller etal, 2001). Using these mutants we showed that mibefradil
2000). It remains to be seen whether a unique molecula,hipition increased with faster inactivation kinetics.
motif underlies the_ interaction of mibefradil with all Dose-response curves were superimposable for the faster
these structurally divergent channels. _ _ EC(IS1-§EEE and Cg2.3 channels withCy,= 7-9 M.

_ Studies aimed at determining the mechanisms of inThe channels with intermediate inactivation kinetics
hibition of voltage-dependent recombinant calcmm(CEEE, Cal.2 E462R, and GA..2 E462K) were inhib-
channels by mibefradil have yet to identify the molecularjted py intermediate concentrations of mibefradil with
determinants of mibefradil binding to the channels. Thejc_ = 55-75um, whereas the slower Ga.2 wild-type
observation that mibefradil appears to compete with'Ba zng Cq1.2 Q473K channels responded to higher doses
and C&" ions could suggest that it interacts directly with of mibefradil with ICo = 100-120uM. Significant dif-
the pore region (Martin et al., 2000). An overwhelming ferences were also observed in terms of mibefradil
majority of the studies has demonstrated some voltagemodulating the channel’s inactivation kinetics. Mibe-
and use-dependent block by mibefradil (Bezprozvannyradil significantly sped up the inactivation kinetics of
& Tsien, 1995; Jimenez et al., 2000; Lacinova et al.,slower channels with little effect on the inactivation ki-
2000a) on C& channels. Voltage-dependent block by netics of faster-inactivating channels. Altogether, our
mibefradil was reported for expressed,d& channels, data are compatible with a simple kinetic model where
either the cardiaa:1C-a (Bezprozvanny & Tsien, 1995; mibefradil binding to the channel-open state restricts
Lacinova et al., 1995), the smooth musel&C-b (Well-  transitions back to the closed state.
ing et al., 1995), or the braialC-c (Jimenez et al.,

2000), and for Cg2.3 (Bezprozvanny & Tsien, 1995; )

Jimenez et al., 2000). In terms of the modulated receptoMaterials and Methods

hypothesis (Hille, 1977), the higher efficiency of mibe-

fradil at depolarized voltages was interpreted as prercovsinant DNA TECHNIQUES

dominant drug binding to inactivated channels.

Nonetheless, the molecular mechanism of mibefradil instandard methods of plasmid DNA preparation were used (Sambrook,
teraction with closed, open, and inactivated channels i§ritsch & Maniatis, 1989). ¢cDNAs coding for wild-type rabbit {Ia2
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(«1C or C) (GenBank X15539) anfi3 (Genbank M88751) were indicated otherwise, whole-cell currents were elicited from a holding
kindly donated by Dr. E. Perez-Reyes. The wild-type humap2Ca  potential of -80 mV and measured using 450-msec voltage pulses from
(«1E or E) (GenBank L27745) was a gift from Dr. T. Schneider. The =40 to +60 mV at a frequency of 0.2 Hz (1 pulse every 5 sec) to
rat braina2bd subunit was provided by Dr. T.P. Snutch. The construc- minimize channel accumulation in the inactivated state. Current traces
tion of the C/E chimeras was described elsewhere (Bernatchez et alwere corrected for linear leak and cell capacitance. Tonic inhibition
2001). Briefly, the chimera CEEE was constructed by transposing thevas reported as the ratio of pebk, at any given mibefradil concen-
region included between 87-510 AA from C into E, which correspondstration versus peaks, at O um. Dose-response data points were fitted

roughly to Repeat | plus part of the I-Il linker; ESID)EEE was to a simple one-site inhibition curve using Origin 6.1. Use-dependent
obtained by introducing the 425-510 AA region from C into E and block was measured in the presence of half-inhibitory concentrations of
corresponds roughly to thg-subunit binding motif in the I-1l linker;  mibefradil (either 10Gum or 10 um) using 50-msec depolarizing pulses

EC(S1-6EEE was obtained by swapping the transmembrane segmentapplied from holding potential (HP} -80 mV (Cg,1.2) or —100 mV

from Repeat | (87-425 AA) of C into E. The construction of point (Ca,2.3). Currents were measured at the peak voltage at frequencies
mutations Cal.2 E462R, Cal.2 E462K, Cgl.2 Q473K, and Cg2.3 varying from 0.2 to 4 Hz (Cgl.2) or between 0.2 to 1 Hz (Ga.3).
R378E has been described earlier (Berrou et al., 2001). cDNA condNo significant cumulative inactivation was observed under these con-
structs were linearized at thé 8nd and run-off transcripts were pre- ditions for the expressed channels in the absence of mibefradil.

pared using methylated cap analodG5)ppp(3)G and T7 RNA Isochronal inactivation data (pseutianf) were measured at the
polymerase with the mMessage mMacHinenscription kit (Ambion,  test pulse of 0 mV after a series of 5-sec prepulses applied from —100
Austin, TX). The final cRNA products were resuspended in DEPC- to +30 mV (Parent et al., 1995b).

treated HO and stored at —80°C. )
i 1-Y,

—=1-
zF
1+ {exp—ﬁ-(vm— Eos)}

i O]

FUNCTIONAL EXPRESSION OFWILD-TYPE AND

MUTANT CHANNELS
Pooled data (mean #em) were fitted to the Boltzmann equation 1,
FemaleXenopusdaevis clawed toad (Nasco, Fort Atkinson, WI) were \ynich accounts for the fraction of non-inactivating current v,
anesthetized by immersion in 0.1% tricaine or MS-222 (3- mid-point potentialz, slope parametel,, fraction of non-inactivating
aminobenzoic acid ethyl ester; Sigma, St. Louis, MO) for 15 minutescyrrent;v, . the prepulse potential, amiiT/Fwith their usual meanings.
before surgery, as detailed before (Parent & Gopalakrishnan, 1995a; Recovery from voltage-dependent inactivation was measured us-
Parent et al., 1997; Bernatchez, Talwar & Parent, 1998). Stage V anq,]g mid-inhibitory concentrations of either 1v (Ca,2.3) or 100um
VI oocytes were injected with cRNA coding for thel subunits (chi- (Ca,1.2). Inactivation was produced by a 5-sec pulse to 0 mV and
meras, mutants, and wild-type) along with cRNA coding for rat brain channels were allowed to recover from inactivation for a variable du-
a2bs (Williams et al., 1992), and the rat brai8 (Castellano et al.,  ration (20 msec to 2.5 sec) from a holding potential of ~80 mV. Peak
1993). Oocytes were incubated at 19°C in a Barth's solution for 3-5¢,rrents measured during the test pulse were normalized to the peak

days before experiments. current measured during the control pulse. Relative curréfita/¢re
fitted to equation 2 using Clampfit fitting routines.
SOLUTIONS ~t —t
O (o)) n (el @
Mibefradil was dissolved in kD and stored for one week at —20°C as T1 T2

either 1m, 100 mv, 10 mv, or 1 mv stock solutions. Aliquots of the . T
) . . ) .~ . whereA; andA, account for the respective contribution of each expo-
stock solutions were freshly diluted in the bath solutions at the indi- ) - S S
nential function to the recovery process. Inactivation kinetics were

cated concentrations and used within the same day. Bath solutions i ) :
) uantified usingr300 values or the ratio of the whole-cell current
were perfused at a rate of 1 ml/min and complete bath exchange wa, o )
. L S : remaining at the end of a 300-ms pulse (Peterson et al., 2000; Berrou
achieved within 30 sec. Tonic inhibition was recorded 1 minute after
; et al., 2001).
the perfusion of the drug.

STATISTICS
ELECTROPHYSIOLOGICAL RECORDINGS INOOCYTES

. Results are presented as measet. Independent Studentd'dest was
Whole-cell currents were recorded at room temperature using a WOy, sad for statistical comparison in Figs. 1-5. Paired Studestést was

electrode voltage-clamp amplifier (OC-725C, Warner Instruments, ,qo 1o determine the significance of inactivation data reported before
Hamden, CT) as described earlier (Parent et al., 1995b; Parent et ala’nd after the addition of mibefradil on Figures 6-7

1997; Bernatchez et al., 1998). Unless stated otherwise, currents were
measured with a “10 B&” solution (in mv: 10 Ba(OH); 110 NaOH;
1 KOH; 20 HEPES titrated to pH 7.3 with methane sulfonic acid Results
(MeS)). To minimize endogenous Eaactivated CI currents, oocytes
were injected with 18.4 nl of a 50 mn_EGTA (ethylene egcoI—_bis(b— V/OLTAGE-DEPENDENT INHIBITION OF Ca,1.2 AND Ca,2.3
iT()ln;ﬁt()rlgrlsegr;i;)r;Nt,rl]\léril)\(l -tgtraacetlc acid) .('Slgma, St. Louis, MO) %HANNELS BY MIBEFRADIL
periments. Capacitive transients were erase:

for clarity in the final figures. Ca,1.2 @1C) and Cg2.3 (@1E) were expressed in

Xenopusoocytes in the presence albd and B3 sub-
DATA ACQUISITION AND ANALYSIS units. Mibefradil inhibited whole-cell currents of both
PClamp software (Axon Instruments, Foster City, CA) was used forChannels Ina dose'dEpendem manner betweem@'tb

online data acquisition and analysis. Data were sampled at 10 kHz and mu. _Figure 1A-D shows typical whole-cell traces ob-
low-pass filtered at 5 kHz, using the amplifier built-in filter. Unless tained in the presence of 10wBa" for Ca,1.2 (A) and
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Fig. 1. Dose-dependent inhibition of G&.2 and Ca2.3 channels is voltage-dependent,,C2 and Cag2.3 were expressed Xenopusoocytes

with «2b5 and B3 subunits. A-C) Ca,1.2 data. A) Typical whole-cell current traces recorded in 1&Ba?* at 0 mV from a holding potential

of —80 mV are shown for Ggl.2 in the presence of 0, 1Q0v, and 1 nm mibefradil. The thin trace shows that the peak current was mostly restored
upon the drug washoutB] Dose-response curve was shifted to the right with holding poteitig) & —100 mV. The mid-inhibitory concentration
required to inhibit Cal.2 channels increased froiis, = 108 + 21um (n = 7) atHP = -80 mV to 288 + 17um (n = 3) atHP = -100 mV.

(C) Mibefradil shifted the voltage-dependence of inactivation ig L2 channels. Voltage-dependence of inactivation was measured at the end of
5 sec-prepulses and relative currents were fitted to the Boltzmann equation (1). The additionuof hibefradil shifted the inactivation curve
fromEys = -31+3mVandz = 25+0.3 0 = 11)toEys = -43+3 mV andz = 1.5+ 0.4 6 = 4). (D-F) Ca,2.3 data. D) Typical Cg,2.3

traces recorded at 0 mVHP = -80 mV) in the presence of 0, 10 and 10& mibefradil. The thin trace peak current after drug washout is
indistinguishable from the control currentg) Qose-response curve was shifted to the right with an increase in holding potential. The mid-inhibitory
concentration required to inhibit G2.3 increased fronfiCgy = 8 £ 2 uMm (n = 9) atHP = -80 mV to 33 + 7um (n = 4) atHP = -100 mV.

(F) Mibefradil (10 wm) did not affect the voltage-dependence of inactivation igZa channelsEy g = =72+ 4 mV andz = 2.7 + 0.3 ( = 4)
without mibefradil;Ey s = -73 £ 3 mV andz = 2.7 £ 0.4 ( = 3) with mibefradil. Data are reported as measem.

Ca,2.3 D) at increasing concentrations of mibefradil tion as compared to 97 + 4% (= 4) of the Cg§2.3
from a holding potential of —-80 mV. Drug washout is whole-cell currents.

shown as the thin trace. For 3, the whole-cell cur- Dose-response curves were calculated from data col-
rent measured after washout current was identical to théected at the peak voltage in the presence of 10Ba?*
control value. Under these conditions, &2 appearsto and fitted to a one-to-one inhibition equation (FigB1l

be 10-fold less sensitive to the extracellular applicationE). Addition of mibefradil did not affect the peak cur-
of mibefradil than Cg2.3. As seen, the addition of 10 rent-voltage properties nor the channel’s activation prop-
pM mibefradil inhibited only 11 + 2%r{ = 7) of the erties ¢esults not shown Depolarization between 0 and
Ca,1.2 currentsB) as compared to a robust block of 61 +20 mV increased the affinity of G4.2 channels from

+ 4% (h = 6) of the Cg 2.3 currentsk) measured under 1Cg, = 108 + 21pm to 64 £ 15um (n = 7), which
similar conditions. The drug was clearly less effectipe ( suggests that mibefradil inhibition is state-dependent.
< 0.001) on Cal.2 than on Cg2.3 currents. Mibefradil In contrast, block of Cg2.3 channels was not signifi-
inhibition was rapid (<1 minute) and peak currents werecantly affected by test potentials between -10 and +30
restored to >90% of the control currents within 20-25mV. These data will be analyzed later in greater details
minutes of the drug washout (Fig.A, D). For Cg1.2, (seeFig 7).

92 + 4% ( = 3) of the peak current inhibition was An increase in channel availability decreased mibe-
reversed after the washout period with the vehicle solufradil affinity for both channels (Fig. B, E). As seen,
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Fig. 2. Use-dependent inhibition of G&.2 and Cg2.3 channels. Frequency-dependent inhibition was measured using a series of 100-msec tes
pulses to 0 mV from a holding potential of -80 mV (@a2) or —100 mV (Ca2.3). (A) Ca,1.2 currents were measured under control conditions

(no mibefradil) at a frequency of 1 HZBY Addition of 100uMm mibefradil inhibited currents in a frequency-dependent man@@rTénic inhibition
(measured after the first pulse) was 38 + 58 4) compared with 92 + 4%n(= 4) at the end of the train of stimulation®)(Ca,2.3 currents

were measured under control conditions (no mibefradil) at a frequency of 1H)jzAddition of 10 wm mibefradil inhibited currents in a
frequency-dependent mannef) (Tonic inhibition (measured after the first pulse) was 30 * 6%~ 3) as compared to 94 + 5% (= 3) at the

end of the train of stimulations.

increasing the holding potential from —-80 to —100 mV such as calcium channel antagonists, local anesthetics
shifted the dose-response curve toward higher valuesand antiarrhythmics. Use-dependent blockers will pref-
The mibefradil concentration required to inhibit half of erentially inhibit ion channels during intense electrical
the Cq 1.2 currents|Csy) doubled from a value of 108 activity. Use-dependent block is conditioned by repeti-
+21lpm(n=7)(HP=-80mV)to 288 +17um (n = tive opening of the channel and is enhanced upon in-
3) (HP = =100 mV). In the presence of oM mibe-  creasing the stimulation frequency. Cumulative inhibi-
fradil in the bath, peak Bd inhibition was significantly  tion was obtained by firing a series of 50 test pulses to
different atp < 0.01 between -80 and —-100 mV for the peak voltage of 0 mV at either 1 Hz (Aa3) or 4 Hz
Ca,1.2. In contrast, théCs, quadrupled frm 8 + 2 um (Ca,1.2), using mid-inhibitory mibefradil concentrations
(n=9) HP =-80mV)to33+7pm (n = 4) HP = (Fig. 2). Under control conditions, peak (a2 currents
—100 mV) for C&2.3 (p < 0.004). The larger difference remained relatively stable with3 to 5% variations (Fig.
observed for Cg2.3 channels may be explained in part 2 A). In contrast, we found that increasing the frequency
by a decreased channel availability at a holding potentiabf stimulation from 0.2 Hz to 1 Hz strongly decreased the
of =80 mV coupled to the slower recovery from inacti- peak current generated by (a3 under the same con-
vation induced by mibefradilsge late). ditions. This frequency-dependent rundown observed
Mibefradil slightly shifted the voltage-dependence under control conditions probably reflects its slower ki-
of Ca,1.2 inactivation toward more negative potentials netics of recovery from voltage-dependent inactivation
fromEyg=-31+£3mV h = 11)toE, s = -43+3mV  (see late). At a pulse frequency of 1 Hz, G&.2 and
(n = 4) (p < 0.06), when measured after 5-sec depolarCa,2.3 channels experienced significant use-dependent
izing pulses. The mibefradil-induced shift 810 mV inhibition (Fig. 2B, E). Mibefradil blocked 92 + 4%i{
in the inactivation of Cal.2 was also accompanied by a = 4) as compared to tonic inhibition of 38 + 5% &
decrease in the slope steepness. Under the same condi-of the Cg 1.2 currents, whether stimulated at 1 or 4 Hz
tions, mibefradil did not significantly alter the voltage- (Fig. 2 C). Note that Cal.2 currents inactivated faster

dependence of G&.3 inactivation (Fig. 1C, F). in the presence of mibefradil, as will be discussed later.
Similarly, high-frequency stimulation (1 Hz) in the pres-

USE-DEPENDENT INHIBITION OF Ca,1.2 AND Ca,2.3 ence of mibefradil resulted in a 94 + 5% (= 3) de-

CHANNELS BY MIBEFRADIL crease in Cg2.3 currents as compared to a tonic inhibi-

tion of 30 £ 6% O = 3) (Fig. 2 F). Use-dependent
In addition to voltage-dependent block, use-dependeninhibition confirms the interaction of mibefradil with ei-
inhibition was also reported for clinically relevant drugs ther the open and/or the inactivated state of L2 and
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Fig. 3. Mibefradil slowsl g, recovery from inactivation. Recovery from voltage-dependent inactivation was studied fbr2@ad Cg2.3 channels.

The protocol used to examine recovery from inactivation is pictured with a break in the time scale between 1400 and 4800 msec. Inactivation w
produced by a 5-sec pulse to 0 mV and channels were allowed to recover from inactivation for a variable duration (20 msec to 2.5 sec) from a holdi
potential of -8 mV. (A) Under control conditions, GA.2 recovery was described by a bi-exponential function with 37 + 5% of the channels
recovering with a fast,e ;) = 61 + 15 msecif = 5). (B) After the addition of 10qum mibefradil, fewer than 30%n(= 3) of the Cg1.2 channels

had recovered at the end of a 1200-msec pulse compared with 64 # 2%5) under control conditionsQ) The fractions of the peak Ga.2
currents obtained under control conditions (open circles) and after the addition of mibefradil (filled squares) were plotted against a ldigagithmic
scale. Data were pooled and mean datsew were fitted to the double-exponential equation 2 using the solver routine in OriginD).Ur{der

control conditions, Cg2.3 channels recovered more slowly thar, €& with 41 + 4% @ = 6) channels recovering with, ;) = 392 + 15 msec

(n = 6). (E) Addition of 10 um mibefradil prevented normal Ga.3 recovery. Only 26 + 2%n(= 3) channels had recovered after a 1200-msec
pulse to —-80 mV compared with 61 + 5% & 6) under control conditionsF) The fractions of the peak Ga.3 currents obtained under control
conditions (open circles) and after the addition of mibefradil (filled squares) were plotted against a logarithmic time scale. The lines divenecting
data points were obtained from the best fits to equation 2.

Ca,2.3 channels, but does not permit to distinguish ei-Inactivation was produced by 5-sec pulses to the peak
ther situation, a conclusion also reached for,£4  voltage and channels were allowed to recover from in-
(Jimenez et al., 2000). activation for a variable duration (20 msec to 2.5 sec)
from a holding potential of —80 mV, using the protocol
shown in Fig. 3. In the absence of mibefradil, &2
MIBEFRADIL IMPAIRED |5, RECOVERY recovery was well described by a bi-exponential function
FROM INACTIVATION with 37 £ 3% of the channels recovering with a fast
Trec1y = 61 £ 7 msecif = 5) (Table), suggesting the
Experiments were designed to characterize the effect giresence of two kinetically distinct inactivated states in
mibefradil on the kinetics of recovery from voltage- Ca, 1.2 (Fig. 3A-C). In contrast, Cg2.3-channel activ-
dependent inactivation using mid-inhibitory mibefradil ity recovered more gradually with 50 + 6% & 6) of
concentrations of 1um (Ca,2.3) or 100um (Ca,1.2).  the channels being recovered with. ;) = 395 + 33
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Table. Recovery from voltage-dependent inactivation fok,€8 and Cal.2 wt and mutants

+ a2bd/B3 Mib pum A, T, msec A T, msec
Ca,2.3 wt 0 0.50 £ 0.06 395+ 33 04+ 01 1985+ 346
10 0.41+0.03 1053 + 315 0.3+ 0.2 9543 + 1256
Ca,2.3 R378E 0 0.21 +0.04 213+ 17 0.72+0.08 2536+ 162
10 0.13+0.06 598 + 122 0.7+ 0.1 6137 + 1420
EC(AID)EEE 0 0.49 £0.04 83+ 3 0.45+0.07 3720+ 210
10 0.19£0.05 173+ 10 0.80+0.08 8710 + 2505
CEEE 0 0.45+0.03 115+ 33 0.38£0.08 2150+ 476
100 0.21+£0.02 175+ 21 0.57 £0.09 9567 + 2134
Ca,1.2 E462R 0 0.45+0.04 65+ 3 0.55+0.06 2074+ 63
100 0.14 £ 0.03 143+ 45 0.86 +0.04 2610 +£ 1153
Ca,1.2 wt 0 0.37£0.03 61+ 7 0.54 £0.05 2750+ 236
100 0.11 +0.05 610+ 114 0.72+0.07 9682 + 2356

Recovery from inactivation for G2.3 wt, Cg2.3 R378E, ECAID)EEE, CEEE, Cal.2 E462R, and Gdl.2 wt channels expressed Xenopus
oocytes withw2bd andp3 subunits and recorded in 10nBa>* in the absence and in the presence of the mid-inhibitory concentrations of mibefradil
as indicated. Inactivation was producegld5 sec pulse to 0 mV and channels were allowed to recover from inactivation for a variable duration
(20 msec to 2.5 sec) from a holding potential of =80 mV. The time constants of the recovery from inactivation and their relative amplitudes wer
obtained after fitting the mean data averaging 3—6 individual experiments. Data were fitted to the double-exponential egeafitatrials and
Methods). Fits + standard errors are provided.

msec (0 = 6) (Fig. 3D-F) (Table). The Ca2.3 recov-
ery was also found to significantly improve from a hold-

ing potential of =120 mV, unlike GgL.2 recovery fe- L1l link e .
o ; - er of Ca,2.3 channels, and more specifically in
sults not showhn Although their time course varied quite the nonconserved residues of @eubunit binding mo-

significantly, a 2-sec pulse to —-80 mV succeeded in re-,. o ; o oS
covering about 95% of GA.2 and 70% of Cg2.3 cur- tif, could significantly decrease inactivation klnetlc_s and_
rents. The slower recovery of Ga3 channels under voltage—dependenc_e, vv_her_eas reverse mutations in
control conditions is likely to lock channels in the inac- Ca,1.2 accelerated inactivation kinetics (Berrou et al.,

tivated state, which could explain why use-dependen?om; Parent et 6."" 2001). The CEE.E chimera (Repeat |
block by mibefradil could never be documented at at partof th? -l !|nk¢r from C@'1.2) ‘?'SP'ayed voltage-
frequency higher than 1 Hz. de_pende_nt inactivation properties similar to,C& de-
Mibefradil introduced a significant 100-msec lag in SPit€ being more than 90% homologous tq,£8. The
channel recovery, yielding a drastically altered timeSmaller chimera EQ{ID)EEE, with theB-subunit bind-
course with less than 5% of either channel’s recovery afnd domain from Cal.2 was slightly faster than CEEE
120 msec. In particular, mibefradil completely eradi- Whereas EQG1-QEEE was not significantly different
cated the fast-recovery time constant that was present ifom Ca,2.3 (Parent et al., 2001). Although mutations
Ca,1.2 channels. Only 29 + 1%(= 3) of the Cg1.2  Were performed within and around tBesubunit binding
currents recovered in the presence of mm|befrad|| Site, the mutant channels retained their modulation by
in contrast to 64 + 2%n( = 5) under control conditions. B-subunits. The inactivation state in these mutant chan-
In the presence of 1@ mibefradil, Cg2.3 recovery nels was found to be specifically targeted, as activation
was decreased from 61 + 5% & 6) to 26 + 2% O = properties were not significantly affected.
3) after a 1200-msec pulse to —-80 mV. Similarly, adrug-  Figure 4A—E shows typical current traces obtained
induced delay in the onset of recovery from inactivationat the peak voltage (either =10 or 0 mV) in the presence
has also been reported for the inhibition of recombinan®of 10 v Ba®* from a holding potential of -80 mV at
Ca,1.2 channels by dihydropyridines and phenylalkyl- three mibefradil concentrations (Opim, 10 um, and 1
amines (Hering et al., 1997; Lacinova, Klugbauer & Hof- mm). Peak current-voltage relationships were not af-
mann, 2000b). This observation strongly suggests thafected by the addition of mibefradil to the bath, and peak
the drug is locking channels in an absorbing inactivateccurrents were restored readily upon the drug washout.
state. Mibefradil inhibition was significantly enhanced in
faster inactivating channels, whereas it was significantly
DOSE-DEPENDENT INHIBITION OF INACTIVATION -MODIFIED re_duced In slower channels. In the presence o0
Ca,1.2 AND Ca,2.3 CHANNELS mibefradil, 64 + 3% ( = 4) of EC(S1-QEEE and (_30. *
2% (n = 5) of Ca,2.3 whole-cell currents were inhibited
To address the role of inactivation, we performed a serietn contrast to 11 + 5%n( = 6) for Cg,1.2, 16 £ 2% 0
of experiments with Cgl.2 and Cg2.3 chimeras and = 4)for CEEE, 18 + 4%1{ = 4) for Ca,1.2 E462R, and

mutants with altered inactivation kinetics. As we have
previously shown, point mutations and chimeras in the
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Fig. 4. Dose-dependent inhibition of G&.2 and Ca2.3 mutant channels. G&.2 and Cg2.3 mutants were expressedXenopusoocytes with

«2bd andB3 subunits. Typical whole-cell current traces recorded in 40Ba?" at 0 mV from a holding potential of —-80 mV are shown after the
addition of 0.1uMm, 10 pm, and 1 rm mibefradil. (A) The Q473K mutation in Ggl.2 switched a nonconserved residue from, €2 to Cg2.3 in

the AID binding site in the I-1I linker with little effect on whole-cell inactivation kineticB) (The E462R mutation in GA.2 significantly sped up
inactivation kinetics. C—D) The CEEE and E&(D)EEE chimeras displayed inactivation kinetics significantly slower than the wild-tyg2.Ga

(E) The EC(S1-§EEE chimera inactivated like the wild-type &3 channel.k) Dose-response curves are shown superimposed for wild-type and
mutant channels. The number of independent experiments wa8-9 for each channel. The lines connecting the data points were obtained from
the best fits of the pooled data for each channel to a one-to-one binding equation. The cal@uatedues wee 8 + 2pm (n = 9) for Ca,2.3;
7+1pm (n = 3) for EC(S1-EEE; 31 + 4um (n = 5) for Cq,2.3 R378E; 41 + um (n = 4) for ECAID)EEE; 58 + 7um (n = 6) for Ca,1.2
E462R; 68 + 9um (n = 5) for CEEE; 117 + 12um (n = 3) for Ca,1.2 Q473K; 108 + 21um (n = 7) for Ca,1.2.

28 £+ 7% ( = 4) for ECAID)EEE. Mibefradil inhibi-  to the inactivated state and its recovery. Mutan{,Za

tion was significantly different ap < 0.001 for CEEE R378E behaved like its parent (z&3 (seeFig. 3) with a

and EC(S1-6EEE chimeras, despite their closely- slower recovery than other mutants. Again, mibefradil

related primary structures (>97% identity). The dose-introduced a significant 100 msec-lag in channel reprim-

response curves, calculated from the averaged datag, which was more prominent for Ga.3 R378E but

points, were superimposable for faster EBI-GEEE  remained noticeable for all channels. In the presence of

and Cg2.3 and were indistinguishable for slower mid-inhibitory concentrations of mibefradil, 60 to 75%

Q473K and wild-type Cgl.2 channels (Fig. #). of the channels remained locked in the inactivated state
As seen with the wild-type channels, mibefradil sig- at the end of a 1200 msec pulse to —80 mV as compared

nificantly delayed channel recovery from inactivation in to 30 to 50% in the absence of the drug.

inactivation-deficient CEEE, E@(D)EEE, Cg1.2

E462R, and Cg2.3 R378E channels (Fig. 5). In the ab-

sence of mibefradil, the time course of channel recoveryPRUG-INDUCED CHANGES IN INACTIVATION GATING

for CEEE, ECAID)EEE, and Cal.2 E462R channels

was reminiscent of GAL.2, suggesting that mutations in The inactivation kinetics of GAL.2 and Cg2.3 mutants

the I-1l linker affected in a similar fashion both transition were reported before and after the addition of mid-
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Fig. 5. Mibefradil slows g, recovery for inactivation-deficient channels. Recovery from voltage-dependent inactivation was analyzed in the
presence of 1(um mibefradil (ECAID)EEE and Ca2.3 R378E) or 10Qum mibefradil (CEEE and Ggl.2 E462R). The protocol used was shown

in Fig. 3. The fractions of the peak currents obtained under control conditions (filled squares) and after the addition of mibefradil (grayezicles) w
plotted against a logarithmic time scale. Data were pooled and mean datanrere fitted to a double-exponential equation using the solver routine

in Origin 6.1. A—C) CEEE, ECAID)EEE, and Cal.2 E462R recovered from inactivation following a time course similar tplCaunder control
conditions with a relatively fast onset with < 100 msec. D) Both in the absence and in the presence of mibefradi/2GaR378E displayed the

slow onset of recovery that is typical of G&3. The lines connecting the data points were obtained from the best fits to equation 2. Fit values are
shown in the Table.

inhibitory concentrations of mibefradil in the bath in the fradil accelerated the inactivation kinetics of slower in-
presence of the vehicle solution (10 8ga The r300 activating channels, whereas it seemingly failed to sig-
values reported for the wild-type and mutant channelsiificantly affect the kinetics of fast-inactivating chan-
are comparable to values previously reported, thus sumels.

porting the role of the I-Il linker in the voltage-dependent

inactivation gating of Cg2.3 (Berrou et al., 2001). As

shown in Fig. 6, mibefradil significantly accelerated the Y OLTAGE-INDUCED CHANGES IN MIBEFRADIL AFFINITY
inactivation kinetics of Cgl.2 at -=10 mV p < 0.0005).

Depolarization from —10 to +20 mV further enhanced theThe influence of membrane potential on mibefradil af-
effect of mibefradil on inactivation kinetics. Drug- finity was investigated between 0 and +20 mV. As seen
induced increase in inactivation kinetics was also ob-n Fig. 7, depolarization significantly increased the af-
served to a smaller extent with the CEEE chimera andinity of Ca,,1.2 channels for mibefradil, akCg, de-
with Ca,1.2 E462R p < 0.02). In contrast, the effects of creased from 108 + 2jim at 0 mV to 64 + 15.um at +20
mibefradil on the inactivation kinetics of wild-type mV (n = 7). Addition of 10pm mibefradil inhibited 26
Ca,2.3 as well as on mutant Ga.3 R378E, chimeras = 3% of the Cg1.2 whole-cell currents measured at +20
EC(AID)EEE and ECIS1-EEE, were not significanipp( mV as compared to only 10 + 4% at 0 m¥y € 0.01).

< 0.1), even at +10 and +20 mV. In this regard, mibe-Depolarization also significantly increased mibefradil af-
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Fig. 6. Mibefradil accelerated inactivation kinetics of (da2. The inactivation kinetics of Ga.2 and Ca2.3 mutants are shown before and after
the addition of mid-inhibitory concentrations of mibefradil as a function of the membrane potential. Inactivation kinetics were quantified by
evaluating the ratio of the whole-cell current remaining at the end of a 300-msec 306 Paired measurements were made in 4-9 experiments.
(A—O) Mibefradil (100m) significantly accelerated the inactivation kinetics between =10 mV and +20 mV.@d.€# < 0.0005), Ca1.2 E462R

(p < 0.02), and CEEEQ < 0.02). For Cg1.2,r300 values varied from 0.73 £+ 0.03 to 0.61 + 0.04 (control) and from 0.51 + 0.04 to 0.28 + 0.03
(mibefradil). For Cg1.2 E462Ry300 went from 0.48 + 0.03 to 0.24 + 0.03 (control) and from 0.29 + 0.03 to 0.04 + 0.03 (mibefradil). For CEEE,
r300 amounted to 0.49 + 0.04 to 0.2 + 0.06 (control) and from 0.27 + 0.03 to 0.07 + 0.04 (mibefr@difj) Mibefradil (10 wm) had little effect

on the inactivation kinetics of G&.3-like channels. For G&.3,r300 values dropped from 0.05 + 0.006 to 0.01 + 0.004 (control) and from 0.06
+ 0.01 to 0.004 + 0.003 (mibefradil). For EIS{L-§EEE, r300 dropped from 0.11 + 0.01 to 0.06 + 0.01 (control) and from 0.14 + 0.02 to 0.02
0.01 (mibefradil). For ECKID)EEE, r300 dropped from 0.27 + 0.01 to 0.16 + 0.01 (control) and from 0.24 + 0.03 to 0.09 * 0.02 (mibefradil). Note
that the differences observed at —-10 mV for, 28 and ECIS1-§EEE are not significant gi < 0.1. They-axis scale is different for each graph.
Paired Student-tests were performegy < 0.0005 (***), p < 0.02 (**), andp < 0.1 (*).

finity for CEEE with ICg,going from 68 £ 9um at 0 mV  ability of the data points prevents it from being statisti-
to 31 +4pumat +20 mV @ = 5). In contrast, mibefradil cally significant. Inhibition data points measured at O
affinity for Ca,1.2 E462R, Cg2.3 R378E, EAS1- and +20 mV were not significantly different for G&.2
6)EEE, and Cg2.3 wild-type channels was not signifi- E462R, and were clearly indistinguishable for E€1(-
cantly affected by depolarization between 0 and +20 mVG)EEE and Cg2.3 channels. Mibefradil inhibition of
(as showh and even between -10 and +30 m\qults Ca,3.1 and Ca3.2 channels was also reported to be
not showi). Depolarization appeared to slightly increaseinsensitive to changes in membrane potential, an obser-
mibefradil affinity for Cg,2.3 R378E, but the larger vari- vation that was interpreted as reflecting the relatively
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Fig. 7. Depolarization increased the affinity of (za2 channels to mibefradil. The dose-response curves were measured at a fixed membrane
potential of 0 or +20 mV. Peak currents recorded at these voltages in the presence of mibefradil were normalized to the peak current measured u
control conditions. Paired measurements were made on 4-9 experindetBsDepolarization from 0 to +20 mV significantly increased the affinity

of Ca,1.2 and CEEE channels for mibefradil. For@a2,1Cs,decreased from 108 + 3im at 0 mV to 64 + 15.um (n = 7) at +20 mV. For CEEE,

IC5, dropped from 68 + Qum at 0 mV to 31 * 4um at +20 mV g = 5). (C-F) In contrast, mibefradil affinity for Cgl.2 E462R, Cg2.3 R378E,
EC(S1-6EEE, and Cg2.3 wild-type channels was not significantly affected by depolarization between 0 and +20 mV. The cal€igtedues

were as follows: 58 + um at 0 mV and 47 + Sum at +20 mV f = 6) for Cq,1.2 E462R8 £ 2 pm at 0 mV and 9 £ 2um at +20 mV 6 =

9) for Cq,2.3; 7+ 1um at 0 mV and 6 + 2um at +20 mV f = 3) for EC(S1-6EEE; 31 + 4pum at 0 mV and 25 + Gum at +20 mV 6 = 5)
for Ca,2.3 R378E.

slow on- and off-rates of drug binding (Martin et al., -80 mV and 33 £ 7um (n = 4) atHP = -100 mV.
2000). Ca,1.2 channels were on average 10 times less sensitive,
with anlCgy = 108 £ 21pm (n = 7) atHP = -80 mV
and 288 + 17um (n = 3) atHP = -100 mV. This

Discussion observation is consistent with previous studies, whether
recombinant channels were expressed with ei@lief2,

MIBEFRADIL INHIBITION OF VOLTAGE-DEPENDENT and B3 subunits in oocytes (Bezprozvanny & Tsien,

Ca&* CHANNELS 1995) or in mammalian cells (Jimenez et al., 2000; Mar-

tin et al., 2000). Nonetheless, the dose-response curves
Mibefradil has been reported to inhibit the three genewere typically shifted to higher concentrations in the
families of voltage-dependent calcium channels, includ-0ocyte expression system, suggesting that mibefradil
ing low-activated calcium channels such as T-typemight not diffuse as freely through the oocyte membrane
Ca,3.1, Ca3.2, and Cg3.3 with IC5, = 0.4- 2 pum as it does through the mammalian one.
(Lacinova et al., 2000a; Martin et al., 2000); high-
voltage activated calcium channels,2al and Cg2.3
with 1Cso = 1-10 um (Bezprozvanny & Tsien, 1995 V OLTAGE-DEPENDENT INHIBITION OF Ca,1.2 AND Ca,2.3
Jimenez et al., 2000) and L-type {a2 with ICo, =  CHANNELS BY MIBEFRADIL
20-100puM (Bezprozvanny & Tsien, 1995; Jimenez et
al., 2000; Martin et al., 2000). In our hands, mibefradil Voltage-dependent inhibition of high-voltage-activated
inhibited Ca,1.2 and Cg2.3 channels in a dose- C&" channels by mibefradil has been first suggested
dependent manner. GA.3 displayed a higher affinity from the increased potency of the drug at depolarized
for mibefradil withICzy = 8 £ 2 um (n = 9) atHP = potentials (Bezprozvanny & Tsien, 1995) and most re-
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cently inferred from experiments with Ga.2, Cg 2.1,
and Cg2.3 channels heterologously expressed in the 0. CQ473K+—"

presence ofg3-subunits known to promote voltage- ¢
dependent inactivation (Jimenez et al., 2000). Our ex- +
periments largely confirmed that mibefradil inhibits __ 90+

Ca,1.2 and Cg2.3 channels in a voItage—dependent%_ CEEE

manner. Increasing channel availability by increasing™, . Bt

the holding potential from -80 to =120 mV, decreasedo"’so" CEd6R

mibefradil affinity for Cg,1.2 and Cg2.3 channels. ~ EC(AID)] .-

This decrease was similar in both channel types, suggest- 0. ER378E -+

ing that inactivation enhanced their respective mibefradil E o -

affinity to a similar extent. Furthermore, mibefradil sped 8 iy EC(ZSL- b b
. oo o . - il EC(I51-6)

up inactivation kinetics of Ggl.2 channels as previously 0+ -

reported (Welling et al., 1995) whereas it failed to affect 0.0 0.2 04 0.6 r300
the inactivation kinetics of the faster CA3 channels.

Depolarization also increased the affinity of \{1a2 !
hp Is t ibefradil. but had littl ff ty the inhi andr300 were calculated here from the same set of data at a fiked
channels o mibeiraadil, but had little efrect on the inhi- _ 0 mV. Ther300 values were measured under control conditions

bition of Ca,2.3 wild-type and like channels. before the addition of the drug to the bath. These values V8@ =
Mibefradil failed to significantly alter the voltage- 0.03+0.01 andCy, = 8+ 2 pm (n = 9) for Ca,2.3;r300 = 0.09 +
dependence of G&.3 inactivation, although it caused 0.01 andiCs, = 7 1 pm (n = 3) for EC(S1-6EEE; 300 = 0.33
the Ca1.2 channel to inactivate at slightly more nega-* 0.01 andCs, = 41 +5pum (n = 4) for ECAID)EEE;r300 = 0.49
tive membrane potentials (a shift of =10 mV). In that in%?é a”d'clslo; ?f ng(l:]M (”3; O‘r’r)(ff'fg%ﬁ%ﬂﬁog'sggé’ff
latter case, however, it ls.hould be pointed out that undeg.03 a;°dlcso N 108‘;“21MM (=7 fac*)’r Cal2, I the figure, €
our eXij‘”me,nta,l conditions (5-sec prepulses), Za stands for Cgl.2 and E” stands for Cg2.3. The number of experi-
channel inactivation was not measured under true steadynents varied between 4 and 9. The correlation coefficiemas 0.98
state conditions ang20% of the channels had yet to betweeniCg, values and inactivation kinetics.
inactivate. Although mibefradil altered more signifi-
cantly the inactivation properties of the slow-inactivating
Ca,1.2 than the fast-inactivating Ga.3 channels, both ship between mibefradil affinity and the inactivation ki-
channels were inhibited in a state-dependent manner. netics of wild-type and inactivation-modified ¢h2 and
Ca,2.3 channelsgeeFig. 8). Inactivation-altered mu-
MIBEFRADIL Locks Ca,1.2 AND Ca,2.3 CHANNELS INTO  tants were produced within the I-1l linker, which has
AN ABSORBING INACTIVATED STATE recently emerged as a critical determinant of voltage-
dependent inactivation in high-voltage-activated®Ca
Mibefradil significantly delayed GaL.2 and Cg2.3 re-  channels (Herlitze et al., 1997; Page et al., 1997; Stotz et
covery from inactivation. This delayed recovery was ob-al., 2000; Berrou et al., 2001; Parent et al., 2001). The
served for wild-type and mutant Ga.2 and Cg2.3 slower Cg1.2 wild-type and Cgl.2 Q473K channels
channels alike. The mibefradil-induced delay in the on-were found to display the lowest affinity for mibefradil.
set of recovery from inactivation (Figs. 3 and 5) suggestdntermediate inactivation kinetics for Gh.2 E462K &
that binding of the drug to the open state promotes chanE462R, and CEEE yielded intermedidt@s, (=60 pm)
nel transition into a slow and absorbing inactivated statdor mibefradil. In particular, single-point mutations in
(I0B) (seeFig. 9). Drug-induced delay in the onset of the I-Il linker at position E462 (either E462R or E462K)
recovery from inactivation has also been reported for théncreased 1.8-fold the affinity of mibefradil for G&.2
inhibition of recombinant Cgl.2 channels by dihy- channels. Mibefradil inhibition of chimera ESID)EEE
dropyridines and phenylalkylamines (Hering et al., 1997;and mutant Cg2.3 R378E were shown to occur around
Lacinova et al., 2000b). By analogy with sodium chan-an ICgq value of 30 to 35um. The faster Cg2.3 and
nel interaction with local anesthetics (Hockerman et al. EC(IS1-GEEE channels were the most potently inhibited
2000), slow recovery from inactivation may conse- by mibefradil with alCso= 7 uM. Interestingly, the cor-
quently have an important role in the action of?Ca relation remained extremely good for the “normal-like”

Fig. 8. Mibefradil affinity is correlated with inactivation kinetickC,

antagonists. mutant Cg1.2 Q473K, which lies only a few residues
away from E462 in the I-ll linker, thus diminishing the

CORRELATION BETWEEN FAST INACTIVATION KINETICS possibility that nonspecific changes in the secondary

AND MIBEERADIL AFEINITY structure accounted for the differences in mibefradil af-

finity. Hence, our results suggest that the macroscopic
The most compelling evidence in support of state-rate of transition to the inactivated state is a good pre-
dependent inhibition was provided by the direct relation-dictor of mibefradil affinity for Cg1.2 and Cg2.3 chan-
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nels. However, as measured under whole-cell condi- To provide some insight into the molecular mecha-
tions, the global rate of transition toward the inactivatednism, we solved the “gated access” model that was pro-
state actually results from the net sum of the opgent6 posed to account for the interaction of pharmacological
closed C) as well as theD to inactivated [) transitions  agents with C&" channels according to Hering and coll.
(seeFig. 9 and discussion below). (Hering et al., 1998). The five-state kinetic model is de-
Although it is well established that local anestheticstailed in Fig. 9A and the analytical solution appears in
and antiarrhythmics exert their therapeutic effects bythe Appendix. In this model, mibefradil access to its
preferentially altering the inactivated state of voltage-receptor site is impeded in the closed conformation of the
dependent channels, only a few groups have specificall¢hannel. Depolarization enables mibefradil to interact
investigated the change in drug affinity experienced byith its receptor. Channels that display fast inactivation
inactivated-altered C?é channels. In this regard, the gaung are predicted to be more efﬁcient'y |nh|b|ted be_
correlation between inactivation kinetics and drug affin-cgyse the drug is trapped in the pore. Hence, it is pre-

ity has been extensively characterized in,€4 wild-  gjcted that organic blockers will display a reduced affin-
type and mutant channels for the members of the pheny to slower-inactivating channels.

nylalkylamine, benzothiazepine, or dihydropyridine The model herein described is minimalist since
compound families (Hering et al., 1997). In contrast, channel kinetics in the absence of the drug are described
few data exist to document the consequence of inactivag,, 5 three-state coupled scheme whereby channels have
tion-altering mutations on the channel sensitivity 10 g yansit through the open stat@)(to become inacti-
m'befra.d”tﬁndl\}g%y appear to behconflltt:tlnglj. Ppmt MU-yated (). For simplicity’s sake, direct transitions from
tations in the region were shown to alter Inactiva-y,q ¢|oseq state to the inactivated state, believed to occur

tion kinetics without modifying the channel affinity for in Ca,2.3 channels (Patil, Brody & Yue, 1998) were not

m|pefrad|l (Ac_zel et a!., 1998)'. Nqnetheles;, the Obser'included. Furthermore, transitions to the inactivated
vation that a single point mutation in the I-II linker of the

a1A-b splice variant of Cg2.1 channels (Bourinet et al., state () and the inactivated-open-blocked std@#) are

! . . '._considered irreversible for this analysis.
1999) simultaneously decreased the channel inactivation our model favors the interaction of mibefradil with

kinetics and the channel affinity for mibefradil (Jimenez the channel open state, although a small interaction be-

etal., 2000) agrees with our own data. tween mibefradil and the inactivated state of,C2
channels cannot be entirely ruled out (Bezprozvanny &
Tsien, 1995) as suggested by the mibefradil-induced shift
of -8 mV in the voltage-dependence of inactivation in

lon-channel inhibition by organic blockers is determinedtese channels. However, it should be pointed out that
by the drug binding to the protein itself as well as the dominant drug binding to the mactlvated_ st_ate co!JId_ not
accessibility of the drug to the channel protein. As e|_adeq_uately reprodu_ce our dz_ita at least within the limits of
egantly reviewed by Hering and coll. (Hering et al., the tightly coupled inactivation model we used. _
1998), one of the major challenges facing the elucidation ~ T0 successfully account for our data, channels with
of the molecular mechanisms underlying ion-channeffast inactivation kinetics should display a higher affinity
modulation by pharmaco|ogica| agents is to distinguishto mibefradil. Whole-cell inactivation kinetics could be
between these two processes. The problem is commade faster by increasirigt or decreasing2. The ob-
pounded by the observation that mutations in the DHFserved relationship between inactivation gating and
receptor binding site will also alter the rate of inactiva- mibefradil affinity argues, however, strongly for a fast
tion in Ca,1.2 channels (Hering et al., 1997; Hockermaninactivation process controlled k2 (e.g., the rate of

et al., 1997). Conversely, point mutations that alter thedeactivation). Fast inactivation kinetics as controlled by
pathway by which drugs gain access will also mimica slow deactivation rate will more efficiently trap the
changes in the receptor affinity for the drugs (Hering etdrug into the channel than slow inactivation kinetics.
al., 1998). Such molecular mechanism has been formaln contrast, a high deactivation rate is predicted to limit
ized under the “guarded receptor model” (Starmer &the time spent in the open state thus reducing the acces-
Grant, 1985) which predicts that the drug affinity will be sibility to the inactivation state causing slow inactivation
modulated by the ion-channel gating process. Hereinkinetics and concomitantly decreasing the efficiency of
the effects of mibefradil were studied using previouslythe drug binding. Hence, according to the proposed
characterized inactivation-altered mutants (Bernatchez ehodel, increasing mibefradil concentration will prevent
al., 2001; Berrou et al., 2001). As mibefradil has beenthe deactivation of the channel. The assumption that
shown to inhibit all three gene families of €achannels  mibefradil affects the channel-deactivation rate remains
with a higher affinity for faster-inactivating channels, it to be verified at the single-channel level. Nevertheless,
is tempting to speculate that the inactivation-gatingsimilar models, where transitions back to the resting state
structures of these channels control the drug access. are reduced after the drug binding to the channel open-

MOLECULAR MECHANISMS OF C&* CHANNEL INHIBITION
BY MIBEFRADIL
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Fig. 9. Kinetic model of mibefradil interaction with slow- and fast-inactivating channéiy A proposed model for mibefradil interaction with
high-voltage-gated Ca channels that could account for the higher affinity of fast-inactivating channels. Activation and inactivation are shown as
coupled processes whereby most channels have to transit through the ope®)statbgcome inactivated)( Mibefradil access (symbolized by

the grey ball) is impeded in the closed stai® put is facilitated in the open conformational sta@® (vhere it interacts with its receptor sit®©B).
Channels locked in the open-blocked st&®) become non conducting and eventually accumulate into an absorbing inactivated open-blocked state
(IOB) that is kinetically indistinguishable from the inactivated stteThelOB state, however, must be introduced to account for the slower kinetics

of recovery from inactivation measured in the presence of the drug. In our model, channels that display fast inactivation gating are predicted to
more strongly inhibited because they exhibit a larger probability to be in the open state, thus enhancing the efficiency of the drug binding at simil
concentrations. In contrast, mibefradil will display a reduced affinity to slower-inactivating channels because the latter spend relatiiely litt

in the open state thus severely limiting the transition to the inactivated state as well as drug bB)dTig {ime course of whole-cell current traces

for the faster channel was simulated using the analytical solution to the model sha@wwiih the following time constantkl = 50 sec?; k2

= 0.4 sec’; k4 = k5 = 10 sec”; andk6 = 100 sec* with P(closed)= 1 at time t= 0 usingk3 = k3'[drug] wherek3 = 10 um~* sec* and

the drug concentration is given jtm. The three traces were obtained for three valuds3efith mibefradil concentrations of 0, 20, and B& from

bottom to top. The current traces were computed With NiP(open), where botiN (number of channels) aridunitary current) were adjustable
parameters. For all simulationk, < k, for fast-inactivating channels arg > k, for slow-inactivating ones. It was also assumed ¥t k5,
meaning that the transition rate from the op@&) {o the inactivated state is unaffected by the presence of the dBugirhe course of whole-cell
current traces for the slower channel with the following time constants: 50 sec’; k2 = 400 sec’; k4 = k5 = 10 sec’; andk6 = 100 sec™.

The three traces were obtained for 0, 20, anguBOmibefradil from bottom to top.) The model predicts that the dose-response curves will shift
toward higher concentrations for slow inactivating channels (dotted line) as compared to the fast ones (solid line). As predicted by the model, t
IC5o would be=100 um for the slower channel and10 wm for the faster one.K) The model further predicts that mibefradil will affect more
significantly the kinetics of slow-inactivating channels. The inactivation kinetics were estimated as a function of the drug concentraB00. The
ratios were calculated from whole-cell current traceskfvalues ranging from 0.1 setto 10° sec. As seen, the inactivation kinetics of the slow
channel (dotted line) are predicted to be more strongly accelerated by increasing doses of mibefradil than the inactivation of the fast athannel (s¢
line). The asterisks point to the predicté@y, for mibefradil since the changes in inactivation kinetics shown in Fig. 6 were calculated using
mid-inhibitory concentrations. Simulations were performed\gr= 0 mV by solving the Fourier integral of the inverse matrix of the rates of
transitions (Roux & Sauve, 1985) using Matheméti¢®/olfram Corporation).

state, have been successfully used to explain useime course of whole-cell B4 traces for a fast (Fig.®)
dependent block of native, recombinant, and mutantsnd for a slow (Fig. €) channel at three different mibe-
Ca,1.2 channels by benzothiazepines, dihydropyridinesfradil concentrations (0, 20 and 8§0v) usingV,, = 0
and phenylalkylamines (Armstrong, 1971; Bean, 1984;mV. The predicted dose-response curve is shown to lay
Kass & Sanguinetti, 1984; Hering et al., 1997). at higher concentrations for the slow-inactivating chan-
Simulations were performed using the analytical so-nels compareFigs. 4, 8, ®). Inactivation kinetics of
lution of this model with rate constants that could quali- slow channels are also expected to be more significantly
tatively reproduce the whole-cell inactivation kinetics influenced by the drug concentrationofnpareFigs. 6
(Fig. 9B-E). PanelsB and C reproduced the predicted and E). Hence, the “gated-access” model could account
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for the correlation between fast inactivating kinetics and  ing of «1A subunit gene generates phenotypic variants of P- and
higher mibefradil affinity as well as for the mibefradil- ~ Q-type calcium channelfat. Neurosci2:407-415
induced acceleration of inactivation kinetics that wasCastellano, A., Wei, X., Birmbaumer, L., Perez-Reyes, E. 1993. Clon-
more prominently featured in slow-inactivating {1a2 gﬁ and expression of a third calcium changesubunit.J. Biol.
em.268:3450-3455
and CEEE Chan.nels.' . . . Cens, T., Restituito, S., Galas, S., Charnet, P. 1999. Voltage and cal-
Whereas this kinetic model remains the simplest cium use the same molecular determinants to inactivate calcium
possible one to account for our data, introducing revers- channelsJ. Biol. Chem274:5483-5490
ible transitions and/or including additional closed andchouabe, C., Drici, M.D., Romey, G., Barhanin, J., Lazdunski, M.
inactivated states to the model would enhance its predic- 1998. HERG and KvLQT1/IsK, the cardiac'kchannels involved
tive power. In essence, we believe that these modifica- in long QT syndromes, are targets for calcium channel blockers.
tions would not alter the fundamental results of our simu-  Mol- Pharmacol 54:695-703
lations, fast inactivation kinetics enhances mibefradil af-Clozel J.P., Banken, L., Osterrieder, W. 1989. Effects of Ro 40-5967,
iyt high-volage-actvated CAchannels. Alhough  &0rEschm siagonst onmycardaiurcion rng schers
our dat,a are compatible with a “guarded receptor” son with verapamilJ. Cardiovasc. Pharmacoll4:713-721
mechanism, W_e CannOt,Complet_ely rule out t_hat the mO_Clozel, J.P., Ertel, E.A., Ertel, S.I. 1997. Discovery and main pharma-
lecular determinants of inactivation targeted in our study cological properties of mibefradil (Ro 40-5967), the first selective
(e.g., the I-II linker) are also involved in the mibefradil T-type calcium channel blocked. Hypert.15:517-S25,517-S25
binding site. Eller, P., Berjukov, S., Wanner, S., Huber, |, Hering, S., Knaus, H.G.,
Toth, G., Kimball, S.D., Striessnig, J. 2000. High affinity interac-
tion of mibefradil with voltage-gated calcium and sodium channels.
We are grateful to Drs. J.P. Clozel and M.D. Payet for the generous gift ~ Br. J. Pharmacol130:669-677
of mibefradil. We thank Ms. Julie Verner for expert oocyte preparation Esneu, M., Gallo-Payet, N., Payet, M.D. 1998. Mibefradil, a T-type
and culture; Mr. Claude Gauthier for artwork; and colleagues for dis-  calcium channel antagonist in Y1 celBndocr. Res24:449-454

cussions. L.P. is a Senior scholar from the “Fonds de la Recherche egomora 3.C.. Xu. L. Enyeart, J.A., Enyeart, J.J. 2000. Effect of mibe-
Santedu Quec”. This work was performed with grant MT13390 fradil on voltage-dependent gating and kinetics of T-typ€‘Ca
from the Canadian Research Institutes MT13390 and with a grant from  pannels in cortisol-secreting celld. Pharmacol. Exp. Ther.
the Canadian Heart & Stroke Foundation to L.P. 292:96-103
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According to this scheme, the probability for the channel to be openfor x1 andx2 given by:
(stateO) at timet, knowing that it was closed d@t= 0 is given by:
x1+x2 = k1+ k2 + k3 + k4
k1(k5 + k6 — 4) ot KLKS+ KB~ wy) oot
- ]! —_— X w2
(w1 = 0)(w1 ~ 03) (0 = 01)(w; — w3)
k1(k5 + k6 — »3) .

(03~ 01)(w3 ~ wy)

P(open) = and

oat x1x2 = k1L(k3 + k4)
X w3l
Under conditions where the drug-binding to the channel is poorly re-
wherew; with 1 <i < 3 are solutions of versible k6 - 0), the equation foP(oper) reduces to a summation of
two exponential functions, with time constants correspondingd tand
(w; — k5 = k) (w; = X1) (o; — X2) — k3kBw; — k1) = 0 X2 respectively.



