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Role of Repeat I in the fast inactivation kinetics of the Cay2.3 channel
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Abstract

The molecular basis for inactivation in Cay2.3 (¢1E) channels was studied after expression of a1E/alC (Cay2.3/Cay1.2)
chimeras in Xenopus oocytes. In the presence of 10 mM Ba?*, the CEEE chimera (Repeat I+part of the I-II linker from
Cay1.2) displayed inactivation properties similar to Cay1.2 despite being more than 90% homologous to Cay2.3. The
transmembrane segments of Repeat I did not appear to be crucial as inactivation of EC(IS/-6)EEE was not significantly
different than Cay2.3. In contrast, EC(A4ID)EEE, with the B-subunit binding domain from Cay1.2, tended to behave like
Cay1.2 in terms of inactivation kinetics and voltage dependence. A detailed kinetic analysis revealed nonetheless that CEEE
and EC(AID)EEE retained the fast inactivation time constant (s = 20-30 ms) that is a distinctive feature of Cay2.3.
Altogether, these data suggest that the region surrounding the AID binding site plays a pivotal albeit not exclusive role in

determining the inactivation properties of Cay2.3. © 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

The influx of calcium through voltage-gated Ca>*
channels regulates a wide range of cellular processes,
including neurotransmitter release, activation of
Ca’*-dependent enzymes and second messenger cas-
cades, gene regulation, and cell proliferation [1]. Cal-
cium channel inactivation is a critical determinant of
the temporal precision of calcium signals and serves
to prevent long term increases in intracellular calci-
um levels. In the L-type Cayl.2 (a1C) channel, in-
activation proceeds mostly in response to a localized
elevation of intracellular Ca’>" providing negative
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Ca’* feedback [2,3]. The dominant Ca>* sensor for
Ca’*-dependent inactivation has recently been iden-
tified as calmodulin (CaM), which appears to be con-
stitutively tethered to the channel complex [4-7]. This
Ca’* sensor induces channel inactivation by Ca’*-
dependent CaM binding to an 1Q-like motif situated
on the carboxyl tail of Cayl1.2 [8].
Voltage-dependent inactivation appears to be the
key mechanism by which non-L-type Ca>* channels
achieve regulation of internal calcium levels. Unlike
the well characterized ball and chain and hinged lid
inactivation mechanisms of voltage-dependent potas-
sium [9] and sodium [10,11] channels, the molecular
mechanisms for voltage-dependent inactivation in
Ca’* channel proteins are incompletely understood.
It has been previously reported that Repeat I plays a
role in voltage-dependent gating of Ca’" channels
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Fig. 1. CEEE was obtained by swapping the 1-3 region between Cay2.3 and Cay1.2. Chimera EC(4ID)EEE was obtained by intro-
ducing the 2-3 region of Cay1.2 into Cay2.3. CEEE and EC(AID)EEE differ from Cay2.3 by 160 and 50 residues, respectively. Chi-
mera EC(IS/-6)EEE was produced using the larger 1-2 region. Identical residues are shown in bold. The pore region is indicated by

a double asterisk (**) and the B-subunit binding site is marked (AID).

with effects on both activation [12,13], and inactiva-
tion gating [14,15]. Studies with Cay2.3/Cay2.1 chi-
meras strongly suggested that Repeat I, and more
precisely IS6, could confer faster inactivation to
Cay?2.1 channels [14]. Repeat II has also been hailed
as a key player in that process [16] although this
conclusion has somewhat been revised in favor of
the I-II linker [17]. We have recently shown that
point mutations in the I-II linker of Cay2.3 chan-
nels, and more specifically in the nonconserved resi-
dues of the B-subunit binding motif, disrupted spe-
cifically the kinetics and voltage dependence of
Inactivation whereas reverse mutations in Cay1.2 ac-
celerated inactivation kinetics [18,19]. The R378 po-
sition in the middle of the AID motif in the human
Cay?2.3 channel was shown to be particularly critical
in that process whereas voltage-dependent inactiva-
tion appeared to be less sensitive to other point mu-
tations in that region [18]. Nonetheless, no point
mutation within the AID motif could completely
eliminate voltage-dependent inactivation in Cay2.3
and revert to the Cay1.2 inactivation phenotype [18].

In view of these differences, we undertook to study
the molecular mechanisms underlying voltage-depen-

dent inactivation in olE (Cay2.3) channels using
Cay2.3/ Cayl.2 chimeras. Our results confirm that
part of the I-II linker of Cay1.2 can confer slower
inactivation kinetics and lesser voltage dependence
onto Cay2.3 channels. In particular, the EC(AI-
D)EEE chimera, which includes the B-subunit bind-
ing domain from Cayl.2 was faster than CEEE
whereas EC(IS/-6)EEE was not significantly differ-
ent than Cay2.3 [19]. The inclusion of the complete
AID motif from Cay1.2 nonetheless failed to com-
pletely convert the inactivation phenotype of Cay2.3
into Cayl.2, thus suggesting a key role for other
regions of the Cay2.3 subunit.

2. Material and methods
2.1. Recombinant DNA techniques

Standard methods of plasmid DNA preparation
were used [20]. To obtain the chimeras, a site Xhol
was first engineered by polymerase chain reaction
into a1C (GenBank 15539) at 1530 nt (Fig. 1, posi-
tion 3). The Cayl1.2 (Xhol) or alC (Xhol) channel
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was not significantly different than the wild-type
Cayl.2 (Table 1). The chimeras ECCC and CEEE
were obtained by swapping Repeat I between the
Clal and Xhol sites (Fig. 1, positions 1-3). The
ECCC chimera never yielded functional calcium
channels after expression in Xenopus oocytes. Chi-
mera EC(AID)EEE was obtained by introducing
the BamHI/Xhol segment (Fig. 1, positions 2-3)
into Cay2.3. The Cayl.2 fragment present in this
chimera extends from the middle of IS6 to the middle
of the I-1II linker. Taking into account that the 3" end
of IS6 is strictly conserved between the two channels,
this Cay1.2 fragment is = 50 amino acids (aa) larger
than the AID motif. Nonetheless, for simplicity’s
sake the resulting chimera is simply referred to as
EC(AID)EEE throughout the text. The actual
CE(AID)CCC chimera in which the eight noncon-
served residues within the AID motif from Cayl.2
were mutated into their counterpart in Cay2.3 (LED-
KLDTQ/IRENRADK) failed to express significant
whole-cell barium currents. These multiple mutations
were introduced directly into the wild-type Cayl1.2
channel using the Quick-Change XL-mutagenesis
kit (Stratagene, La Jolla, CA). Chimera EC(I/S1-6)-
EEE was obtained by introducing the Clal/BamHI
fragment of Cayl.2 (Fig. 1, positions 1-2) into
Cay?2.3. Constructs were verified by restriction map-
ping and recombinant clones were screened by dou-
ble-stranded sequence analysis of the entire ligated
cassette. The nucleotide sequence of the mutated re-
gion was analyzed using automatic sequencing by

Table 1

BioST (Lachine, QC). Run-off transcripts were pre-
pared using methylated cap analog m’G(5")ppp(5")G
and T7 RNA polymerase with the mMessage
mMachine® transcription kit (Ambion, Austin, TX).

2.2. Functional expression of wild-type and mutants
channels

Female Xenopus laevis clawed frog (Nasco, Fort
Atkinson, WI) were anesthetized by immersion in
0.1% tricaine or MS-222 (3-aminobenzoic acid ethyl
ester, Sigma, St. Louis, MO) for 15 min before sur-
gery as detailed before [3,21,22]. Stage V and VI
oocytes were injected with cRNA coding for the ol
subunits (chimeras and wild-type) along with cRNA
coding for rat brain a2bd [23], and either rat brain
B3 [24], rat brain/cardiac 2a [25], or rat brain Blb
[26] using typically a weight ratio of 3:1:1 for al/02/
B. Oocytes were incubated at 19°C in a Barth’s so-
lution for 3-5 days before experiments.

2.3. Electrophysiological recordings in oocytes

Whole-cell currents were recorded at room temper-
ature using a two-electrode voltage-clamp amplifier
(OC-725C, Warner Instruments) as described earlier
[15,18,22]. Unless stated otherwise, currents were
measured with a 10 Ba’* solution (in mM: 10
Ba(OH),; 110 NaOH; 1 KOH; 20 HEPES titrated
to pH 7.3 with methane sulfonic acid (MeS)). Cur-
rents were occasionally recorded in a 10 CaMeS so-

Biophysical properties of o1E (Cay2.3) and alC (Cay1.2) channels and chimeras

Channels with 02b&/83 (10 Ba>*) Inactivation (5 s)

Peak Iy, (UA)

Eys (mV) z
olE wt —64£3 (9) 35104 —37+1.3 ()
EC(ISI-6)EEE —57+2 (4) 3.5+0.5 —34+24 (5)
EC(AID)EEE —30£2 (6)*** 32403 —5.1+1.1(8)
CEEE —23%1 (5)*** 32104 —1.7+1.1 (6)
ECCC N.D. N.D. No expression
alC (Xhol) —23£3 (B)*** 34104 —33+03(9)
alC wt =204 (12)*** 3.1£04 —=39+0.5(17)

Biophysical parameters of channels expressed in Xenopus oocytes with 02bd and B3 subunits and recorded in 10 mM Ba?*. The volt-
age dependence of inactivation was determined from isochronal inactivation data (5 s) as shown in Fig. 4. Relative currents were fit-
ted to Boltzmann Eq. 1. Peak Iz, was determined from /-V relationships measured for the corresponding experiments. The data are
shown as mean* S.E.M. and the number n of samples appears in parentheses. Student ¢-tests were performed between Cay2.3 and

other channels, with P <0.001 (¥**).
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lution where Ca(OH), replaced Ba(OH), equimo-
larly. To minimize endogenous Ca’* activated CI~
currents, oocytes were injected with 18.4 nl of a 50
mM EGTA (ethyleneglycol bis(B-aminoethylether)-
N,N,N' ,N'-tetraacetic acid) (Sigma) 1-2 h before
the experiments.

2.4. Data acquisition and analysis

PClamp software (Axon instruments, Foster City,
CA) was used for on-line data acquisition and anal-
ysis. Data were sampled at 10 kHz and low-pass
filtered at 5 kHz using the amplifier built-in filter.
The currents were elicited from a holding potential
of —80 mV and measured using a series of voltage
pulses from —40 to +60 mV. Current traces were
corrected for linear leak and cell capacitance. Iso-
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chronal inactivation data (pseudo h inf) were mea-
sured at the test pulse of 0 mV after a series of 5-s
prepulses applied from —100 to +30 mV [15].

i 1-Yy
= 1= zF
1 + {exp—ﬁ( Vm_EO.S)}

Pooled data (mean £ S.E.M.) were fitted to the Boltz-
mann Eq. 1 which accounts for the fraction of non-
inactivating current with Ejs;, mid-point potential;
z, slope parameter; Y, fraction of non-inactivating
current; Vi, the prepulse potential, and RT/F with
their usual meanings.

Inactivation time constants were measured at 450
ms. Leak subtracted current traces were fitted to a
multi-exponential equation using a built-in function
in Clampfit 6.2.
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Fig. 2. (Left) Cay2.3, CEEE, and Cayl.2 were expressed with a2bd and either B3, B1b, or f2a subunits in Xenopus oocytes. B3 in-
duced the fastest and the most voltage-dependent inactivation kinetics. (Right) The fraction of the whole-cell currents remaining at
the end of a 300-ms pulse (r300) was computed as a function of voltage with B3 (upper right), f1b (middle right), or f2a (lower
right). In the presence of B3, r300 varied between 0.11 and 0.02 (n=7) for Cay2.3 (1) as compared to 0.67-0.25 (n=135) for CEEE (2)
and 0.69-0.71 (n=7) for Cay1.2 (3). B2a yielded similar r300 values around 0.7-0.8 (n=3-8) for the three channels. Data were re-

ported as mean = S.E.M.
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Fig. 3. Inactivation of CEEE was not modulated by Ca’*. (Upper) Cay2.3 wt, CEEE, and Cay1.2 wt were co-expressed with a2bd
and B3 subunits in Xenopus oocytes and current traces measured in 10 mM Ca>". Voltage pulses (450 ms) were applied from —40 to
+60 mV by 10-mV steps. (Lower) For CEEE, 41 +1% (n=4) of the whole-cell Ca>" currents remained at the end of a 300-ms pulse
to 0 mV which is not significantly different than the 44 2% (n=3) measured in the presence of Ba’*. In contrast, r300 ratios for
Cayl.2 were 0.69 =1 (n=3) in Ba’* and 0.23% 1 (n=3) in Ca>* solutions. Capacitive transients were erased for the first ms after the
voltage step. Holding potential was —80 mV. Current scale varies between 0.1 and 1.0 pA. Time scales are 100 ms throughout.

t—k t—k
I(t) = Iactexp <_—> + Ilinactexp <_ > +

act linact

Izinactexp <_ ok ) +C (2)

T2inact

Current traces were fitted to Eq. 2 where I(¢) is the
current at time £; Tact; T1inact; T2 inact are respectively
the activation, and the fast and slow inactivation
time constants; Luct, 11 inact, 12 inact 1ndicate the relative
amplitude of these processes; k is the time at which
the fit started; and C is a fitting constant.
Inactivation kinetics were quantified using r300
values or the ratio of the whole-cell current remain-
ing at the end of a 300 ms pulse [8]. Capacitive tran-
sients were erased for clarity in the final figures. Re-
sults are presented as meant*S.E.M. Unpaired
Students’s 7-test was used for statistical comparison.

3. Results

To address the role of Repeat I versus the I-II
linker in the voltage-dependent inactivation of

Cay2.3 channels, we have produced Cay2.3/Cay1.2
(EC) chimeric constructs. Fig. 1 shows the primary
sequence alignment in the region encompassing the
5" end of IS1 to the middle of the I-II linker. Within
this region, 180 out of 340 residues are strictly
conserved between Cayl.2 and Cay2.3. Hence,
CEEE is more than 90% homologous to Cay2.3
while EC(AID)EEE differ from Cay2.3 by only
50 residues.

3.1. Part of Repeat I from Cayl.2 slows inactivation
of Cay2.3 Ca’* channels

Whole-cell currents were recorded for Cay2.3,
CEEE, and Cayl.2 expressed in Xenopus oocytes
with 02bd and either B3 (upper traces), Blb (middle
traces), or B2a (lower traces) (Fig. 2). The swapping
of Repeat I in CEEE significantly attenuated the in-
activation kinetics as compared to Cay2.3 when ex-
pressed with either B3 or Bl1b. Co-injection with f2a
blurred the difference in inactivation kinetics since
B2a has been shown to decrease the voltage depen-
dence of inactivation in Cay?2.3 [22,27]. Current den-
sity did not appear to cause the slower inactivation
kinetics of CEEE (Table 1).
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The slower inactivation kinetics of CEEE were
confirmed by the r300 ratio analysis (Fig. 2, right
panel). The inactivation kinetics were modulated by
B subunits in a similar fashion as the wild-type chan-
nels with 3 > B1b> B2a [22]. CEEE tended to be-
have like Cayl.2 under any given condition. None-
theless, the time course of CEEE inactivation
retained a faster component which appears to be a
distinctive feature of Cay2.3 inactivation Kkinetics.
This faster time constant of inactivation, typically
absent in Cayl.2 recordings, was observed with any
B subunit tested. Despite significant changes in the
inactivation Kinetics, activation thresholds (results
not shown) as well as activation kinetics were similar
for CEEE and Cay2.3. Altogether, these results
indicate that modifying Repeat I including part of
the I-II linker, alters the inactivation kinetics of
Cay2.3.

CEEE

R?%ﬂ%l

3.2. CEEE inactivation was not modulated by Ca’"

Swapping Repeat I did not confer calcium-depen-
dent inactivation onto Cay2.3 (Fig. 3). The inactiva-
tion kinetics of CEEE were not significantly different
whether measured in Ba?*, Ca’", or Lit (0 Ca’")
(results not shown) thus ruling out a significant con-
tribution from divalent-induced inactivation kinetics
[28]. The current—voltage properties were similar for
Cay2.3 and CEEE with peak voltages of V,,=+6*1
mV (n=3) for Cay2.3/a2bd/B3 and Vyn =+8+2 mV
(n=23) for CEEE/02bd/B3 in contrast to Vy, =+14+2
mV (n=3) for the Cayl.2/02bd/B3. It should be
noted that Cayl.2 peak currents were =5- to
6-fold smaller in Ca’* than in Ba>" whereas the cur-
rent density of either CEEE or Cay2.3 was not sig-
nificantly modulated by the nature of the charge car-
rier.

F
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1s

r

0.5 uA
1s

AN

0.2 uA 0.0, , , ) i
1s -120 -80 - 0 40
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Fig. 4. Cay2.3, Cayl.2, and CEEE were co-expressed with a2bd and either B3, Blb, or B2a in Xenopus oocytes. Isochronal inactiva-
tion was measured in Ba>" at a test pulse of 0 mV after a series of 5-s conditioning prepulses. The fraction of the non-inactivating
current (i/im,x) is reported in the right panel. Smooth curves were generated using the fit parameters (Eq. 1). In the presence of B3,
z=3.5%20.5 and Ey5=—64*3 mV for Cay2.3 (n=9); z=2.7%£0.3 and Ey5=—23+1 mV for CEEE (n=5); z=3.210.2 and
Eps5=—23+x1 mV for Cayl.2 (n=8). For Blb, z=3.5£0.4 and Eys=—61%x1 mV for Cay2.3 n=5); z=2.3+04 and Eys=—15+1
mV for CEEE (n=6); z=2%1 and Eys=—17*1 mV for Cayl.2 (n=3). For B2a, z=2.720.2 and Ey5=—29%t1 mV for Cay2.3
(n=3); z=2.3+0.7 and Eys=—18%x1 mV for CEEE (n=4); z=2.3£0.7 and Ep5=—17*1 mV for Cayl.2 (n=3). The fit values are

shown with the estimated fit error.
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Fig. 5. (A) CEEE, EC(AID)EEE, and EC(ISI-6)EEE were expressed in Xenopus oocytes in the presence of 02bd and B3 subunits.
Whole-cell inactivation kinetics ranked (from the fastest to the slowest) Cay2.3>EC(/SI-6)EEE > EC(4ID)EEE > CEEE. (B) r300
ratio analysis. The r300 values ranged from 0.05%0.02 to 0.02+0 (n=10) for Cay2.3; 0.1620.02 to 0.15£0.03 (n=5) for EC(ISI-
6)EEE; 0.41+0.04 to 0.32£0.05 (n=06) for EC(AID)EEE; and 0.65%0.04 to 0.27+0.05 (n=06) for CEEE. Paired Student r-tests were
performed with **P <0.05 and ***P <0.001. (C) Isochronal inactivation data. EC(IS/-6)EEE and Cay2.3 inactivated in the same
voltage range. Smooth curves were generated with Eq. 1 with z=3.5204 and Ey5=—57%*1 mV (n=4) for EC(IS/-6)EEE, and
z=3.2%£0.3 and Eps=—30%x1 mV for EC(AID)EEE (n=6). The fit values are shown with the estimated fit error.

More importantly, in contrast to the L-type
Cay1.2 (a1C) channel, the inactivation of the chi-
mera CEEE did not significantly speed up in the
presence of 10 mM Ca?*. Under these conditions,
the fraction of whole-cell CEEE currents remaining
at the end of a 300-ms pulse to 0 mV was 0.41 £0.01
(n=3) which is similar to the r300=0.44+0.02
(n=3) for Cayl.2 in 10 mM Ba?*. The r300 ratios
for Cay2.3 were also relatively similar with a value of
0.10£0.06 (n=3) in Ca** and 0.04£0.02 (n=3) in
Ba’*. These data contrast with the r300 values for
Cay1.2 that were significantly decreased (P <10~%)
in the presence of Ca?t (0.23+0.01, n=3) versus
Ba?* (0.69+0.01, n=3). These observations confirm
that Repeat I in Cay1.2 does not confer calcium-de-
pendent inactivation [3,8] and further suggest that
the molecular determinants of calcium- and volt-
age-dependent inactivation are regulated by distinct

sites on the calcium channel Cay1.2 subunit. Alto-
gether, these results indicate that modifying Repeat I
including part of the I-II linker, significantly de-
creases the voltage-dependent inactivation kinetics
of Cay2.3.

3.3. Chimera CEEE inactivates in the same voltage
range as Cayl.2

CEEE inactivated in the same voltage range as
Cay1.2. The voltage dependence of CEEE inactiva-
tion was significantly shifted toward positive voltages
as compared to Cay2.3 (Fig. 4). Isochronal inactiva-
tion was measured in Ba’" with either B3 (upper
panel), Blb (middle panel), or B2a (lower panel).
The fits to the Boltzmann equation are shown super-
imposed to the pooled data (Fig. 4, extreme right).
As expected [22], the inactivation was typically
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less voltage-dependent in the presence of P2a.
Under any given condition, the inactivation of
CEEE was significantly less voltage-dependent than
Cay2.3.

3.4. Part of the I-II linker alters the inactivation
kinetics of Cay2.3

The relative contribution of the I-II linker to the
inactivation kinetics of CEEE was assessed using
EC(ISI1-6)EEE and EC(AID)EEE chimeras. EC(AI-
D)EEE includes the region surrounding the B-sub-
unit binding site from Cayl.2 (Fig. 1). Typical
Ba?* current traces are shown (Fig. 5A). The
whole-cell I-V properties were similar for the 3 chi-
meras with peak voltages of 01 mV (n=3) for
CEEE, —3+£3 mV (n=4) for EC(AID)EEE, 4+3
mV (n=4) for EC(ISI-6)EEE, and —2+3 mV
(n=13) for Cay2.3. In the presence of B3, inactivation
kinetics ranked Cavy2.3>EC(IS/-6)EEE> EC(AI-
D)EEE > CEEE (from the fastest to the slowest).

] o1E
[l EC(AID)EEE
CEEE

N (2]
o o
! 1
T T

fast tau (ms)
S

0
Fig. 6. (Upper left) Whole-cell Ba>* currents obtained at 0 mV for Cay2.3, CEEE, and EC(4ID)EEE were scaled and superimposed.
(Upper right) Currents were fitted to Eq. 2. The slow inactivation 7 became increasingly slower from Cay2.3 to CEEE going from
96t 14 ms (n=3) for Cay2.3 to 232+t 5 ms (n=3) for CEEE at 0 mV. (Lower left) The fast inactivation 7 remained stable with values
of 22+5 ms (n=23) for Cay2.3, 23+4 ms (n=3) for EC(4ID)EEE, and 31£5 ms (n=3) for CEEE at 0 mV. (Lower right) The rela-
tive contribution of gy decreased from Cay2.3 to CEEE with 0.6+0.2 (n=3) for Cay2.3, 0.47%£0.01 (n=3) for EC(AID)EEE, and
0.18 £0.03 for CEEE at 0 mV. Paired Student ¢-test was performed with **P < 0.01. Scales are 0.2 and 100 ms.

10 20

slow tau (ms)

Fraction fast tau
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The r300 analysis (Fig. 5B) confirms that the in-
activation kinetics of CEEE and EC(A4ID)EEE were
comparable. EC(4ID)EEE was slightly faster than
CEEE at —10 mV (P <0.2) but remained nonethe-
less significantly slower than Cay2.3 and EC(/SI-
6)EEE (P <0.001). EC(ISI-6)EEE chimera behaved
mostly like Cay2.3 although its inactivation kinetics
remained reproducibly a little slower than Cay2.3
(P <0.05). Hence, the AID motif appears to exert
the strongest effect on inactivation kinetics of
Cay?2.3 although the transmembrane segments in Re-
peat I are not completely devoid of influence.

The voltage dependence of inactivation for EC-
(AID)EEE was shifted toward more positive poten-
tials as compared to Cay2.3 although it remained
slightly more negative than CEEE and Cay1.2 inac-
tivation (Fig. 5C). Even though EC(/S/-6)EEE and
Cay2.3 inactivated in the same voltage range, a sig-
nificant fraction (=10%) of the whole-cell currents
from EC(/SI/-6)EEE failed to inactivate after a 5 s
pulse to 0 mV.

[ «1E
B EC(AID)EEE
CEEE

*%

*%

*k

10
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3.5. The I-II linker decreased the slow (100-200 ms)
inactivation 7 in Cay2.3

Within our experimental conditions, the inactiva-
tion kinetics of Cay2.3 could be easily described by a
sum of two exponential functions with the fast inac-
tivation time constant (= 20-30 ms) being predom-
inant. As already observed earlier, a non-negligible
fraction of CEEE and EC(AID)EEE currents re-
tained this trademark fast (= 20-30 ms) inactivation
process (Figs. 2 and 5A). A detailed kinetic analysis
revealed that this fast inactivation time constant
(71 inact OF Trast) remained remarkably constant while
the contribution of s progressively decreased from
the wild-type channel Cay2.3 (=0.65) to EC(A4ID)-
EEE (= 0.45) to CEEE (=0.25) (Fig. 6). Conversely,
the introduction of Cayl.2 fragments into Cay2.3
appeared to increase the slow inactivation time con-
stant (7 jnact OT Tslow) from =90 to 105 ms in Cay2.3
to =190 to 235 ms in CEEE. The persistence of this
fast inactivation time constant in the both chimeras
recordings suggests a small but non-negligible contri-
bution from other regions of Cay2.3 to the inactiva-
tion process.

*kk B3 EC(AID)EEE / a2bd
7] CEEE /02bd

*kk kkk

-10 0 Vm 10 20

Fig. 7. B3 subunit modulation. (Left) CEEE, EC(AID)EEE, and Cay2.3 were expressed with o2bd (extreme left) or o2bd/B3 subunits
(left). B3 sped up inactivation kinetics of either CEEE, EC(AID)EEE, or Cay2.3. (Right) This observation is confirmed by the r300
values. At —10 mV, r300 went from 0.53+0.05 (02bd) to 0.11£0.02 (a2bd/B3) (n=3) for Cay2.3; from 0.90+0.05 (a2bd) to
0.65%0.08 (02bd/B3) (n=3) for CEEE; and from 0.68 £0.09 (a:2bd) to 0.41£0.04 (02bd/B3) (n=5) for EC(AID)EEEE. R300 values
for EC(AID)EEE and CEEE significantly differed (P <0.001) from Cay2.3 when measured upon the same background. Paired Student
t-test was performed using experiments pooled from three independent series of injections with **P < (.01 and ***P < 0.001.

3.6. Inactivation kinetics in the absence of exogenous
B subunits

The AID region plays a critical role in modulating
Ca’* channel function. B subunits are chaperoning
the al subunit to the plasma membrane [29-31] and
are speeding up inactivation kinetics [22,32] by pre-
sumably binding to the AID motif located in the I-1I
linker [33,34]. To evaluate whether B-subunit modu-
lation of inactivation was preserved in our chimeras,
oocytes were injected under paired conditions with
the same endogenous B-subunit background, in the
presence (02bd/B3) and in the absence of exogenous
B3 (with a2bd).

Typical current traces recorded in Ba?* are shown
in Fig. 7. B3 sped up inactivation kinetics as con-
firmed by the r300 analysis (Fig. 7, right panels).
Under all conditions, whole-cell currents were typi-
cally 50- to 100-fold larger than the endogenous
Ca’* currents in oocytes [29]. Peak current expres-
sion was increased in the presence of B3 going from
—0.63+£0.03 pA (n=3) to —2.7+£0.3 pA (n=3) for
Cay2.3; from —1.2+0.3 yA (n=3) to —1.820.3 pA
(n=3) for EC(4ID)EEE; from —0.41£0.01 pA
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(n=3) to —1.4%£0.5 pA (n=3) for CEEE; from
—0.86+0.06 A (n=3) to —2.5+0.4 pA (n=3) for
Cay1.2. Co-injection with B3 induced a typical left-
ward shift of the peak voltage by —10 mV (results
not shown) [22]. Hence, CEEE and EC(AID)EEE
chimeras displayed the typical hallmarks of B-subunit
modulation in Ca?* channels. More importantly, in-
activation kinetics ranked EC(AID)EEE = CEEE <
Cay2.3 (from the slowest to the fastest) whether they
were measured in the absence (Fig. 7, upper right
panel) or in the presence of exogenous B3 (Fig. 7,
lower right panel). Hence, CEEE and EC(AID)EEE
remained distinctively different from Cay2.3 in the
absence of exogenous B3.

4. Discussion

4.1. The role of Repeat I and the I-II linker in the
inactivation kinetics of Cayp2.3

Voltage-dependent inactivation of Cay2.3 (alE)
channels was investigated at the molecular level using
chimeric constructs between two high-voltage acti-
vated Ca?* channels Cay2.3 and Cay1.2. These two
channels inactivate through different mechanisms.
Cay2.3 undergoes fast and mostly voltage-dependent
inactivation [35-37] whereas Cay1.2 experiences very
little voltage-dependent inactivation under most ex-
perimental conditions. It is now widely believed that
Cayl.2 inactivates under physiological conditions
mostly through a calcium/calmodulin dependent
mechanism which could explain its relatively slow
kinetics in the complete absence of Ca’* [22].

Our study focused on CEEE and EC(AID)EEE
chimeras to investigate the contribution of Repeat I
and the cytoplasmic region surrounding the B-sub-
unit binding site to the voltage-dependent inactiva-
tion of Cay2.3 [14,15]. The inactivation kinetics were
significantly slowed when Repeat I of Cay2.3 was
swapped with the same region of Cayl.2 in the
CEEE chimera. The chimera CEEE with Repeat I
from Cayl.2 and EC(AID)EEE, containing AID
from Cayl.2, were co-expressed in Xenopus oocytes
with a2bd and either B3, B1b, or f2a subunits. CEEE
and EC(AID)EEE chimera were modulated by 3 sub-
units which ranked B3> fB1b>f2a with respect to
inactivation kinetics and voltage dependence just

like the wild-type Cay2.3 and Cay1.2 channels [22].
Under most experimental conditions tested, both chi-
meras significantly differed from Cay2.3. In the pres-
ence of 10 mM Ba?*, the r300 values for EC(AI-
D)EEE and CEEE were respectively =0.4 and
~0.65 which are significantly different (P <1073)
from the r300 of =0.1 for the wild-type Cay2.3.
The voltage dependence of inactivation was also sig-
nificantly shifted toward Cay1.2 with mid-points of
inactivation (Eps) set at —23+2 mV for CEEE and
—30%x2 mV for EC(AID)EEE as compared to
—64+3 mV for Cay2.3 and —23+*3 mV for
Cayl1.2. Hence, the change in the inactivation prop-
erties appears to be related to the importance of the
Cay1.2 fragment introduced into the channel host.
Whereas the inactivation kinetics measured the
time course of the channel transitions from the
open to the inactivated state, the isochronal inactiva-
tion data characterized the voltage range where tran-
sitions to the inactivated state occur. It has been
suggested that Cay2.3 channels could inactivate par-
tially from the closed state which is not contradicted
by the mid-point of inactivation of —64 mV featured
in our study [38]. In contrast, the isochronal inacti-
vation data of Cayl.2, CEEE, and EC(AID)EEE
clearly overlapped with their respective activation
properties suggesting that they could inactivate
mostly from the open state. Hence, the changes in
the voltage dependence of inactivation observed in
the chimeras seemed to indicate that AID from
Cay1.2 contains critical elements that prevent inacti-
vation from negative membrane potentials. As AID
contains the high-affinity binding site for B subunits,
we examined the possibility that the slower inactiva-
tion kinetics were caused by a decreased modulation
by the B subunit. Our results showed that the rates of
inactivation for Cay2.3>> EC(4ID)EEE > CEEE
were independent of the exogenous 3. These obser-
vations were not surprising considering that the AID
motif does not constitute the unique interaction site
between [ subunits and Cay2.3 [29] and that B-sub-
unit modulation of Cayl.2 channels could be
achieved without normal B binding to the AID motif
[30,31]. Although our experiments could not com-
pletely rule out subtle alterations in the endogenous
B-subunit modulation, such modifications are un-
likely to account for our data. Endogenous oocyte
B subunits (B3x0) are apparently unable to modulate
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significantly the gating properties of Cay2.3 channels
[29].

Furthermore, all other properties such as peak ex-
pression up-regulation, negative shift in the peak cur-
rent-voltage relationships as well as the negative
shift in the steady-state inactivation curve were main-
tained. Altogether, our data suggest a critical func-
tional role for the cytoplasmic region surrounding
AID in Cay2.3 inactivation.

The role of the cytoplasmic fragment surrounding
the B-subunit binding motif (AID) in the I-II linker
was underscored by the distinct inactivation proper-
ties of EC(ISI-6)EEE and EC(AID)EEE chimeras.
As EC(AID)EEE and Cay2.3 are identical but for
50 residues in the I-II linker, our data suggest that
this region is critical to ensure fast inactivation ki-
netics in Cay2.3 channels. At this point, the system-
atic lack of expression in oocytes from the reverse
chimeras ECCC and CE(AID)CCC prevents us
from concurring about the role of this region in
Cay1.2 inactivation kinetics.

Although the region surrounding the AID motif is
critical, it is clearly not the unique determinant of
inactivation in Cay2.3. EC(4/D)EEE remained re-
producibly faster than CEEE which inactivated at
faster rate than Cayl.2. Furthermore, substitution
of the AID region by its Cay1.2 equivalent appeared
to decrease but not completely eliminate fast inacti-
vation kinetics, indicating that the inactivation gat-
ing of Cay2.3 was not fully accounted for by the I-1I
linker or the Repeat I. Indeed the kinetic analysis of
the chimera recordings revealed the persistence of the
fast inactivation time constant, suggesting a non-neg-
ligible contribution from other regions of Cay2.3.
Furthermore, some voltage-dependent inactivation
remained in the CEEE chimera, suggesting that re-
peat I plus the AID region could not account com-
pletely for the voltage dependence of inactivation.
Finally, the EC(IS/-6)EEE chimera displayed inacti-
vation kinetics slightly slower than Cay?2.3.

4.2. Molecular determinants of inactivation within the
AID motif

In addition to our own data, recent studies have
strongly suggested a critical role for the I-II linker in
the inactivation of voltage-dependent Ca?* channels
(VDCC) [17,39-42]. As the AID motif is conserved

in all non T-type al subunits, this observation sug-
gests a role for nonconserved residues present in the
AID domain. The AID binding site is composed of
18 residues (QQXEXXLXGYXXWIXXXE) and is
strictly conserved in non-T-type Cayl and Cay2 fam-
ilies. We have recently analyzed the role of the non-
conserved residues within that motif [18]. The quin-
tuple mutant Cay2.3 N381K+R384L+A385D+
D388T+K389Q (NRADK-KLDTQ) inactivated like
the wild-type channels. In contrast, point mutations
of R378 in Cay2.3 (position 5 of AID) into nega-
tively charged residues Glu (E) or Asp (D) signifi-
cantly slowed inactivation kinetics and shifted the
voltage dependence of inactivation to more positive
voltages. The reverse mutation E462R in Cay1.2 pro-
duced channels with inactivation properties compa-
rable to Cay2.3 R378E suggesting that the charge of
the nonconserved residue at position 5 of the AID
motif in the I-II linker could significantly alter the
inactivation of Cay1.2 and Cay2.3 channels. Despite
these significant changes, none of these mutations
could completely eliminate voltage- dependent inac-
tivation in Cay2.3 [18].

4.3. Comparison with other studies

Mutagenesis studies of voltage-dependent in Ca**
channels has shed some light regarding the molecular
mechanism of inactivation. In the landmark study by
the group of Tsien, voltage-dependent inactivation
was investigated by inserting Cay2.1 (alA) frag-
ments into the Cay2.3 channel [14]. Their conclusion
supported a critical role for IS6 in the voltage-depen-
dent inactivation of Cay2.1 and Cay2.3 channels
[14]. A careful look into their observations however
suggests some similarities to our own data. Their
DB9 chimera with the Repeat I+part of the I-II link-
er from the slow Cay2.1 conferred slow inactivation
kinetics to the host Cay2.3 in a manner similar to
our CEEE chimera. Their shorter chimera DB19, in
which a 140 aa fragment from Cay2.1 was inserted
into Cay2.3, was larger by 50 aa than our EC(A4I-
D)EEE but stretched over a similar region from the
5" end of IS6 to 52 aa beyond the 3’ end of the AID
motif. Like EC(4ID)EEE, the DB19 chimera, dis-
played slow inactivation kinetics similar to Cay2.1
and seemingly distinct from Cay2.3. Likewise, their
DBI10 chimera, similar to our EC(/SI/-6)EEE, dis-
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played the typical inactivation phenotype of Cay2.3
channels. One of the major difference could reside in
the observation that inserting [S6 from Cay2.3 in the
DBI18 chimera, between the 3’ end of Pore I up to
5" end of the AID motif could significantly accelerate
the inactivation kinetics of Cay2.1. However, both
sets of data are not completely incompatible since
the two most critical residues in the DB18 chimera
were identified in the region stretching between the
middle of IS6 and the AID motif.

The focus has shifted, over recent years, from the
transmembrane regions toward the cytoplasmic link-
ers. Overexpression of mRNA coding for the I-II
linker from Cay2.1, but not for the III-IV linker,
was shown to speed up inactivation of wild-type
Cay?2.1/B2a in Xenopus oocytes [42]. Point mutations
and/or chimeras in that region modified inactivation
kinetics in Cay2.1 [40,43], Cay2.3 [18,39], and
Cayl.2 channels [18,40,41]. It is significant to note
that a single valine insertion in the I-II linker dra-
matically slowed the inactivation Kinetics of a Cay2.1
splice variant [43]. This natural mutation occurs in
the same region covered in our EC(A/D)EEE chi-
mera. Furthermore, insertion of the I-II linker re-
gion from Cay2.3 was shown to accelerate the inac-
tivation kinetics of Cayl.2 and caused a —20 mV
shift in its half-potential of inactivation [17]. This
result agrees with our EC(4ID)EEE data since in-
serting part of the I-II linker from Cayl.2, which
caused a significant decrease into the inactivation
kinetics of Cay2.3. Finally, we have recently shown
that nonconserved residues within the AID motif of
Cayl.2 and Cay2.3 significantly altered voltage-de-
pendent inactivation properties in both channels
[18]. Hence mutations in the 5’ end of the I-II linker
appeared to modify extensively the inactivation
properties of Cayl and Cay2 calcium channel fami-
lies. It remains to be seen whether this molecular
determinant plays a critical role in Cay3 T-type
Ca?* channels which lack the consensus AID motif
in the I-II linker.

By analogy with K* and Na™ channels, we could
speculate that the I-II linker of Cay2.3 could con-
tribute to voltage-dependent inactivation by either
forming a inactivating blocking particle or contrib-
uting to C-type inactivation [44,45]. B subunits could
be envisioned to regulate Ca®* channel inactivation

kinetics by priming the I-II linker into a conforma-
tion more favorable to inactivation. Possible deter-
minants for the receptor of the inactivating particle
could include the C-terminus which has been shown
to modulate calcium- [2,4-6,46] and voltage-depen-
dent [3,47] inactivation.
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