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Abstract. The a1 subunit coding for the human brain
type E calcium channel (Schneider et al., 1994) was ex-
pressed inXenopusoocytes in the absence, and in com-
bination with auxiliarya2d andb subunits.a1E channels
directed with the expression of Ba2+ whole-cell currents
that completely inactivated after a 2-sec membrane
pulse. Coexpression ofa1E with a2bd shifted the peak
current by +10 mV but had no significant effect on
whole-cell current inactivation. Coexpression ofa1E

with b2ashifted the peak current relationship by −10 mV,
and strongly reduced Ba2+ current inactivation. This
slower rate of inactivation explains that a sizable fraction
(40 ± 10%,n 4 8) of the Ba2+ current failed to inactivate
completely after a 5-sec prepulse. Coinjection with both
the cardiac/brainb2a and the neuronala2bd subunits in-
creased by≈10-fold whole-cell Ba2+ currents although
coinjection with eitherb2a or a2bd alone failed to sig-
nificantly increasea1E peak currents. Coexpression with
b2a anda2bd yielded Ba2+ currents with inactivation ki-
netics similar to theb2a induced currents, indicating that
the neuronala2bd subunit has little effect ona1E inacti-
vation kinetics. The subunit specificity of the changes in
current properties were analyzed for all fourb subunit
genes. The slower inactivation was unique toa1E/b2a

currents. Coexpression withb1a, b1b, b3, andb4, yielded
faster-inactivating Ba2+ currents than currents recorded
from thea1E subunit alone. Furthermore,a1E/a2bd/b1a;
a1E/a2bd/b1b; a1E/a2bd/b3; a1E/a2bd/b4 channels elicited
whole-cell currents with steady-state inactivation curves
shifted in the hyperpolarized direction. Theb subunit-
induced changes in the properties ofa1E channel were
comparable to modulation effects reported fora1C and

a1A channels withb3 ≈ b1b > b1a ≈ b4 @ b2a inducing
fastest to slowest rate of whole-cell inactivation.
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Introduction

Voltage-dependent Ca2+ channels are multiprotein com-
plexes composed of at least three subunits:a1; a2d; and
b subunits (Catterall, 1991). The biochemistry of skel-
etal muscle Ca2+ channels has provided strong evidence
that thea1 subunit forms a complex with three auxiliary
subunits (a2d, b1, g). Although a minimum voltage-
gated Ca2+ channel can be formed by a singlea1 subunit,
coexpression of the full complement of subunits is re-
quired for the cardiac L-typea1C (Singer et al., 1991);
brain N-typea1B (Williams et al., 1992b; Stea et al.,
1993); brain L-typea1D (Williams et al., 1992a); brain
P/Q typea1A (Sather et al., 1993; DeWaard & Campbell,
1995) to generate Ca2+ and Ba2+ currents with time
course and voltage-dependence similar to the native Ca2+

currents. Recombinant calcium channel kinetics were
shown to be sensitive to interacting subunits. Both acti-
vation and inactivation kinetics appear to be affected by
auxiliary b and a2d subunits in a way that is strongly
dependent upon the molecular identity of the interacting
subunits.

Molecular cloning has shown thatb subunits are
encoded by four nonallelic genes; skeletalb1, heart/brain
b2, brain b3, brain b4 (Ruth et al., 1989; Hullin et al.,
1992; Perez-Reyes et al., 1992; Castellano et al.,
1993a,b). Cross-hybridization ofb subunit cDNA
showed that theb2 subunit (b2a andb2b splice variants)
and theb3 subunit are both expressed in brain (Hullin etCorrespondence to:L. Parent
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al., 1992; Perez-Reyes et al., 1992; Castellano et al.,
1993a). Most expressed combinations ofa1 andb sub-
units known to date result in current amplitude stimula-
tion (Perez-Reyes et al., 1992; Hullin et al., 1992; Mori
et al., 1991; Williams et al., 1992a; Ellinor et al., 1993;
Sather et al., 1993) and/or modifications of whole-cell
current kinetics (Lacerda et al., 1991; Varadi et al., 1991;
Lory et al., 1993; Castellano et al., 1993a,b). The dif-
ferentb subunits have quantitatively distinct effects, in-
dicating that channel assembly has important functional
effects on calcium channel activity. The pattern of in-
fluence of variousb subunits on the rate of inactivation
were shown to be similar for the braina1A (Sather et al.,
1993; DeWaard & Campbell, 1995); and the cardiaca1C

(Hullin et al., 1992) withb3 > b1 > b2 subunits withb3

producing the fastest rate of inactivation.
Thea2 andd subunits are encoded by the same gene

and their disulfide bonds are proteolytically cleaved in
post-translational reactions. Only onea2d calcium chan-
nel subunit gene has been identified but fivea2d splice
variants have been reported in different tissues (Ellis et
al., 1988; Brust et al., 1993) with thea2bd transcript
being predominantly expressed in the central nervous
system (Williams et al., 1992a). The rabbit skeletala2bd
(Ellis et al., 1988) and human neuronala2bd (Williams et
al., 1992a) subunits are 97% identical at the primary
structure level. The most recent topological model
shows thea2d subunit as a mostly extracellular protein
with a single transmembrane segment corresponding to
the sequence of thed subunit (Brickley et al., 1995;
Gurnett, DeWaard & Campbell, 1996). Functional ex-
pression of thea2d subunit results in 2- to 10-fold stimu-
lation of a1C; a1A; a1D current amplitude (Mori et al.,
1991; Hullin et al., 1992; Williams et al., 1992a; Brust et
al., 1993; DeWaard & Campbell, 1995).

Because any of thea1 andb subunit combination is
possible in vivo calcium channels, numerous kinetic
variations can be produced by small differences in sub-
unit interactions. Combinatorial analysis suggests that
20 different neuronal calcium channels can be produced
by the combination of the fivea1 and four b subunit
genes found in brain tissues. This number of possible
channel kinetic behavior could be further augmented by
any significant contribution from the neuronala2bd sub-
unit. We thus undertook a thorough investigation of the
interaction of thea1E subunit with auxiliarya2bd andb
subunits specifically identified in brain. Part of these
results were presented earlier in an abstract form (Rod-
riguez, Schneider & Parent, 1996).

Materials and Methods

RECOMBINANT DNA TECHNIQUES

Standard methods of plasmid DNA preparation are being used (Sam-
brook, Fritsch & Manitas, 1989). The human braina1E subunit

(Schneider et al., 1994) is 96% homologous to the rabbit BII-1 clone
(Niidome et al., 1992) and 94% homologous to the rata1E clone
(Soong et al., 1993). The deduced molecular weight of the proteins are
242 kD (a1C-a); 262 kD (a1E); 68 kD (b2a); 123 kD (a2bd). The wild-
type cardiaca1C-asubunit cDNA (Genbank accession number X15539)
was cloned from rabbit (Perez-Reyes et al., 1990; Wei et al., 1991).
A double-deleted version ofa1C, thea1C DNDC, that has been previ-
ously shown to generate 3 to 5-fold larger currents than the full-length
a1C (Wei et al., 1994a,b) was used in this study. The DNA constructs
a1E anda1C were linearized at the 38 end byHind III digestion. The rat
braina2bd subunit was linearized byEcoR Idigestion and the rat brain
b1..4 subunits byNot I digestion. Runoff transcripts were prepared
using methylated cap analogue m7G(58)ppp(58)G and T7 RNA poly-
merase with the mMessagemMachinet transcription kit (Ambion, Aus-
tin, TX). The cRNA product was resuspended in 0.1M KCl and stored
at −80°C. The integrity of the final product and the absence of de-
graded RNA was determined by a denaturing agarose gel stained with
ethidium bromide.

FUNCTIONAL EXPRESSION OFRECOMBINANT

CALCIUM CHANNELS

FemaleXenopus laevisclawed frog (Nasco, Fort Atkinson, WI) were
anesthetized by immersion in 0.1% tricaine or MS-222 (3-
aminobenzoic acid ethyl ester, Sigma) for 15–30 min before surgery
(Parent et al., 1995a,b). Ovarian tissue was removed via a small inci-
sion in the abdomen and individual oocytes (stage V or VI) free of
follicular cells are obtained after 30–40 min incubation in a calcium-
free solution OR-2 (in mM: 82.5 NaCl; 2.5 KCl; 1 MgCl2; 5 Hepes; pH
7.6) containing 2 mg/ml collagenase (Gibco, Grand Island, NY). Care-
fully selected stage V and VI oocytes were injected 16 hr later with 47
nl of cRNA coding for the givena1 subunit at a concentration of 100
ng/ml (4.7 ng cRNA). When stated, thea1 subunit was co-injected
with the following auxiliary subunits: the rat braina2bd (gift from Dr.
Terry P. Snutch, UBC, Vancouver, Canada) and skeletalb1a (Ruth et
al., 1989) and brainb1b; cardiacb2a(Perez-Reyes et al., 1992); brainb3

(Castellano et al., 1993a); brainb4 (Castellano et al., 1993b) in a 1:1:2
molar ratio (a1/a2d/b). Oocytes were incubated at 19°C under gentle
shaking for 3 to 7 days in a SOS solution (in mM): 100 NaCl; 2 KCl;
1.8 CaCl2; 1 MgCl2; 5 HEPES; 2.5 pyruvic acid; 100 units/ml of
penicillin; 50 mg/ml gentamicin; pH 7.6. Solutions were changed
daily.

ELECTROPHYSIOLOGICAL RECORDINGS

Whole-cell currents were recorded at room temperature with a two-
electrode voltage-clamp amplifier (OC-725B, Warner Instruments).
Voltage and current electrodes (0.5–2MV tip resistance) were filled
with 3 M KCl; 1 mM EGTA; 10 mM HEPES (pH 7.4) and bath elec-
trodes were filled with the same solution in 3% agar. Oocytes were
first impaled in a modified Ringer solution (in mM): 96 NaOH; 2 KOH;
1.8 CaCl2; 1 MgCl2; 10 HEPES titrated to pH 7.4 with methane sul-
fonic acid (MeS), then the bath solution was exchanged with the ap-
propriate test solution. Whole-cell currents were typically measured
with a 10 Ba2+ solution (in mM; 10 Ba(OH)2; 110 NaOH; 1 KOH; 0.5
niflumic acid; 10 Hepes titrated to pH 7.2 with methane sulfonic acid
CH3SO3H); in a 10 CaMeS solution where Ca(OH)2 replaced Ba(OH)2
equimolarly; and in a 120 LiMeS solution (in mM: 120 LiOH; 5 EGTA,
2 KOH; 10 Hepes titrated to pH 7.3 with methane sulfonic acid). Rare
frog batches where endogenous channels generate Ba2+ currents higher
than 50 nA were systematically discarded. To minimize kinetic con-
tamination by the endogenous Ca2+ activated Cl− current, oocytes were
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directly injected with 50 nl of a Bapta (1,2-bis(2-aminophenoxy)ethane
N,N,N8, N-tetraacetic acid) (Sigma, St-Louis, MO) solution (10 mM

Bapta, 10 mM Hepes, pH 7.4) 1 hr prior to experiments. In some
experiments, oocytes were preincubated in the presence of 100mM

Bapta-AM (Calbiochem, San Diego, CA), a membrane-permeable ana-
logue of Bapta, for two hours prior to experiments with similar results.
Oocytes were superfused by gravity flow at a rate of 5 ml/min. Voltage
pulses were applied from a holding potential of −80 mV at a frequency
of 0.2 Hz. Capacitive transients and leak currents were subtracted from
the whole-cell current traces using the residual currents measured in the
presence of 1 mM CoCl2. PClamp software Clampex 6.02 (Axon in-
struments, Foster City, CA) was used for online data acquisition. Un-
less stated otherwise, data were sampled at 10 kHz and filtered at 2
kHz.

DATA ANALYSIS

Steady-state inactivation h` were measured using a multistep protocol
at the end of a 5-sec prepulse (Parent et al., 1995).

i

imax
= 1 −

RT

F

1 − Yo

1 + $exp− z~Vm − E0.5!%
(1)

For each series of experiments, data points were normalzed to the peak
current (i/imax) and were plotted against the prepulse voltage. Steady-
state inactivation data points were obtained from pooled data (mean ±
SEM, n ø 3) and were fitted to the modified Boltzmann Eq. 1 withE0.5,
midpoint potential;z, slope parameter;Yo, fraction of noninactivating
current;Vm, the prepulse potential, and RT/F with their usual meanings.

For the activation and inactivation time constants, leak subtracted
current traces recorded at 10 kHz were fitted to bi- or tri-exponential
functions (Eq. 2) att 4 300 msec using Clampfit (PClamp 6.02, Axon
Instruments, Foster City, CA).
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where I(t) is the current at timet; tact; t1
inact; t2

inact are the time
constants of the activation and inactivation processes;Iact; I1

inact; I2
inact

are the amplitude of these processes; andk andC are fitting constants.
For whole-cell peak current expression (Table 1), data were all col-
lected in the same oocyte batch since mRNA translational efficiency
was found to somewhat vary from batch to batch. The Ca2+ affinity of
a1E channels was measured as previously described (Parent & Gopal-
akrishnan, 1995). Whole-cell currents were measured in a 120 mM Li+

solution (see above) where the free Ca2+ concentration adjusted with
EGTA and CaCl22H2O according to Fabiato and Fabiato (1979). Nor-
malized peak currents were plotted against the log of the free Ca2+

concentration and fitted to single inhibition equations (Parent & Go-
palakrishan, 1995).

Results

EXPRESSION OFFUNCTIONAL a1E CALCIUM CHANNELS

Expression of neuronal calcium channela1A and a1B

subunits alone generally results in low current density
(Mori et al., 1991; Stea et al., 1993; Sather et al., 1993;

DeWaard & Campbell, 1995). In many cases, the cur-
rent densities are so low that accurate biophysical char-
acterization cannot be performed unless auxiliaryb sub-
units are co-expressed. The human braina1E calcium
channel expressesmA of inward Ba2+ currents when ex-
pressed alone inXenopusoocytes. This property makes
the human braina1E a suitable candidate to study subunit
interactions in neuronal calcium channels. Macroscopic
currents recorded from oocytes expressing ofa1E sub-
units are shown in Fig. 1. Contrary to recombinanta1C

channels, everya1E channel combination tested, gener-
ated stable whole-cell currents with <10% rundown over
a 20-min period. In Fig. 1, whole-cell currents were re-
corded in the presence of 120 mM Li+ (top left), 10 mM

Ba2+ (top right), and 10 mM Ca2+ (bottom left). As com-
pared to whole-cell currents recorded from recombinant
a1C channels (Parent et al., 1995),a1E channels inacti-
vated in the presence of Li+ and in the absence of aux-
iliary subunits. Since the biophysical separation between
voltage- and calcium-dependent inactivation has been
classically achieved by characterizing the rate of current
inactivation in the presence of Ba2+ vs. Ca2+, inactiva-
tion of a1E can be said to be mostly dependent upon the
membrane potential. However, the rate of inactivation

Fig. 1. The whole-cell currenta1E kinetics are relatively insensitive to
the nature of the charge carrier. The current traces were measured after
injection of thea1E subunit alone in the presence of (10 mM): 120 Li+

(upper left); 10 Ba2+ (upper right); and 10 Ca2+ (lower left) after
injection of 10 Bapta. Holding potential was −80 mV throughout. 450
msec voltage pulses were applied from −60 to +30 mV. Inactivation
time constants weretinact 4 217 msec (120 mM Li+); t1

inact 4 20 and
t2

inact 4 158 msec (10 mM Ba2+); t1
inact 4 21 andt2

inact 4 137 msec
(10 mM Ca2+) at Vm 4 −10 mV. Capacitive transients were erased for
the first ms after the voltage step. Corresponding normalized peakI-V
relationships are shown at the lower right. Current traces recorded in
the presence of Li+ (v) activated around −50 mV and peaked at −20
mV. Current traces recorded in the presence of 10 mM Ba2+ (h) and 10
mM Ca2+ (d) activated around −40 mV and peaked at 0 mV. Current
and time scales are 1mA and 100 msec throughout.
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was somewhat slower in the complete absence of diva-
lent cations with Li+ < Ba2+ < Ca2+. As seen, the Li+

current (120 mM Li+, 5 mM EGTA) peaked shortly after
the voltage step withtact 4 2 ± 1 msec (n 4 3) and
inactivated during the 450 msec-pulse atVm 4 −10 mV
with 2 time constantst1

inact 4 18 ± 2 msec (n 4 3) and
t2

inact 4 257 ± 34 msec (n 4 3). In contrast, divalent
whole-cell currents were described bytact 4 2 ± 0.5
msec (n 4 7) andt1

inact 4 18 ± 3 msec (n 4 3) and
t2

inact 4 138 ± 27 msec (n 4 3) for 10 mM Ca2+ and
t1

inact 4 18 ± 4 ms (n 4 4) andt2
inact 4 158 ± 18 msec

(n 4 4) for 10 mM Ba2+, which are not significantly
different. Our data contrast with the results reported for
the humana1E-3 expressed in HEK-293 cells, that dis-
played slower inactivation in the presence of Ca2+ (Wil-
liams et al., 1994). Similar results, showing slightly
faster Ca2+ current traces, were also obtained for other
channel combinations such asa1E/a1E, a1E/a2bd/b1aa1E/
b3 and a1E/b2a calcium channels (results not shown).
There is thus a small but notable contribution of the
charge carrier to the inactivation kinetics ofa1E chan-
nels. Recombinant humana1E channels remained none-
theless faster (tinact < 300 msec) than recombinanta1C

channels whether the current was carried by monovalent

or divalent cations. In addition, the normalized peak cur-
rent relationship (Fig. 1, bottom right) shows that the
Ba2+ (h) and the Ca2+ (d) current-voltage relationships
were similar with activation threshold of −40 mV and
peak currents at 0 mV. As expected for monovalent cat-
ions, the Li+ current-voltage relationship was shifted in
the hyperpolarized direction, with an activation threshold
around −50 mV and a peak current at −20 mV.

It is unlikely that the slight increased inactivation
shown in Fig. 1 was caused by a corresponding increase
in macroscopic conductance since whole-cell Li+, Ba2+,
and Ca2+ peak currents were not significantly different.
In contrast to recombinant cardiaca1C channels (Parent
et al., 1995), Fig. 2 (top) shows thata1E carried Ba2+ and
Ca2+ ions with the same whole-cell conductance. The
voltage-dependence of inactivation was not significantly
affected by the nature of the divalent cation between
Ba2+ and Ca2+ (seeFig. 2, bottom panel). Steady-state
inactivation was reported fora1E channels in the pres-
ence of 10 mM Ba2+ or in the presence of 10 mM Ca2+, by
measuring the relative current obtained at the end of a
5-sec prepulse. Fraction of the inactivating current (i/
imax ori relative) was obtained from the ratio of the peak
current measured at the test potential of 0 mV before and

Fig. 2. Upper Panel.Macroscopic current-voltage relationships were recorded in the presence of 10 mM Ba2+ (left) and 10 mM Ca2+ (middle) after
Bapta injection. 450-msec-voltage pulses were applied from a holding potential of −100 mV. Ba2+ and Ca2+ current traces showed similar rates of
inactivation. Furthermore, Ba2+ (n 4 4) and Ca2+ (n 4 5) displayed similar whole-cell conductances as shown on the peak current-voltage
relationship (right). Error bars areSEM. Lower Panel.Steady-state inactivation curves fora1E are identical for Ba2+ and Ca2+ ions. Inactivation was
measured after a series of 14 prepulse (5 sec each) were applied in the presence of 10 mM Ba2+ (left) and 10 mM Ca2+ (middle) after Bapta injection.
Vh4 −100 mV throughout. The relative mean normalized current was fitted to Eq. 1, a Boltzmann-like function described in Materials and Methods
(right). Each curve was obtained from the mean of 4 independent recordings. Error bars areSEM. Whole-cell currents inactivated completely with
a midpoint of inactivationE0.5 4 −54 mV (Ba2+) and −52 mV (Ca2+). Fits were indistinguishable with identical slope factorsz 4 2.2.
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after the 5-sec prepulse. Each set of experiments was
performed in triplicate after preincubation with 100mM

Bapta-AM or after injection of 10 mM Bapta-Hepes (fi-
nal [Bapta]i ≈ 10 mM). The mean fractional current was
then fitted to a modified Boltzmann equation (Eq. 1)
where E0.5 is the mid-inactivation potential. Ba2+ and
Ca2+ macroscopic currents inactivated completely at the
end of a 5-sec prepulse withE0.54 −54 mV for Ba2+ and
E0.5 4 −52 mV for Ca2+. Fits were indistinguishable
with identicalz parameters4 2.2 for inactivation mea-
sured with 10 mM Ba2+ and 10 mM Ca2+.

The pore region of thea1E calcium channel gene
displays high primary sequence homology to othera1

calcium channel genes such asa1C. Among other simi-
larities,a1E possesses the ring of four glutamate residues
known to play a major role in Ca2+/Na+ selectivity in
calcium channels (Yang et al., 1993; Parent & Gopal-
akrishnan, 1995). The presence of the glutamate ring in
pores I, II, III, IV predicts thata1E should also display
high affinity for Ca2+. Experiments performed witha1E

anda1E/b2a channels confirmed that the braina1E chan-
nel has a high affinity, in themM range, for Ca2+. As we
had previously demonstrated for recombinanta1C chan-
nels, whole-cell Li+ current can be progressively blocked
by increasingly larger Ca2+ concentrations added to the
bath. Figure 3 shows the actual current traces. Whole-
cell Li+ currents were large, usually around 4mA, in the
complete absence of added Ca2+ and in the presence of 5
mM EGTA. The addition of Ca2+ to the bath progres-
sively reduced this current with 100mM Ca2+ blocking
all whole-cell currents. Ca2+ block measured under

these conditions was easily reversible after washout with
EGTA in the bath. The relative current plotted as a func-
tion of the free Ca2+ concentration was fitted by a single
inhibition curve with aKd of 0.127mM for a1E and 0.147
mM for a1E/b2a, values which are not significantly dif-
ferent from what we reported for Ca2+ affinity for the
wild-type a1C (Parent & Gopalakrishnan, 1995). Ca2+

affinity was not influenced by the coexpression with the
b2a subunit, however the whole-cell current traces were
significantly slower in the presence of theb2a subunit.
For instance, 60% of the Li+ whole-cella1E currents had
decayed after a 400-msec pulse to −20 mV as compared
to only 30% of the whole-cell current fora1E/b2a chan-
nels. This significant difference in whole-cell current in-
activation kinetics prompted us to study in detail auxil-
iary subunit regulation ofa1E currents.

RECOMBINANT a1E CALCIUM CHANNELS ARE

MODULATED BY a2bd AND b2a SUBUNITS

Previous studies have shown thatb subunits are impor-
tant regulators of thea1 subunit activation and inactiva-
tion kinetics, such thatb are said to ‘‘normalize’’ recom-
binant cardiac Ca2+ channel kinetics (Lacerda et al.,
1991; Singer et al., 1991; Hullin et al., 1992) and phar-
macology (Wei et al., 1995). While the effects ofb sub-
units on a1E channels have been well documented
(Schneider et al., 1994; Olcese et al., 1994),a2d subunit
regulation of a1E calcium channels remains unclear
(Wakamori et al., 1994). To achieve a comprehensive

Fig. 3. Calcium block of whole-cell Li+

currents fora1E (left) anda1E/b2a provided
additional evidence that Ca2+ affinity requires
glutamate residues in the SS2 region of the
P-loop. Ca2+ block was estimated from the
decrease in the whole-cell peak current, as
measured in the presence of 120 mM Li+ + 5
mM EGTA at Vm 4 −20 mV, after perfusion
with a Ca2+ solution. Normalized currents were
plotted against the −log[free Ca2+] and fitted to
single inhibition curves. Data were found to
deviate from the one-site model at higher Ca2+

which could be explained by the multi-ion
nature of the calcium channel pore.
Coexpression withb2a subunit did not alter
channel affinity for Ca2+ although whole-cell
currents appeared significantly slower.Kd 4

0.13 ± 0.02mM for a1E (n 4 3) andKd 4

0.14 ± 0.02mM (n 4 4) for a1E/b2a channels.
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understanding of the mechanisms controlling braina1E

channel properties, we have coexpressed thea1E subunit
with and withoutb1a, b1b, b2a, b3, b4, anda2bd subunits.
Figure 4 shows whole-cell current traces obtained with
the human braina1E subunit (A) coinjected with either
a2bd (B); b2a (C); or both a2bd/b2a (D) subunits in the
presence of 10 mM Ba2+. Corresponding peakI-V curves
are shown to the right (E,F,G). From these experiments,
coexpression with neuronala2bd subunit appeared to
show little influence ona1E channel inactivation kinet-
ics. At −10 mV, the macroscopic currents were de-
scribed by similar time constants withtact 4 2 ± 0.6
msec;t1

inact 4 21 ± 5 msec andt2
inact 4 149 ± 20 msec

(n 4 5) for a1E channels as compared totact 4 2 ± 1
msec;t1

inact 4 22 ± 3 msec andt2
inact 4 169 ± 23 msec

(n 4 3) for a1E/a2bd channels. However, coexpressing

Fig. 4. Modulation ofa1E channels bya2bd andb2a

channels.Left panel.Whole-cell current traces for
recombinanta1E channels were recorded in the
presence of 10 mM Ba2+. From top to bottom, are
shown; (A) a1E alone; (B) a1E/a2bd; (C) a1E/b2a;
and (D) a1E/a2bd/b2a. Triplicate experiments were
carried out on the same day. Holding potential was
−100 mV. Approximately 70% of thea1E currents
inactivated during a 450 msec pulse at +10 mV. In
contrast, only 22% of the current inactivated when
a1E was coexpressed in a 1:1 ratio withb2a. As
seen,a1E/a2bd/b2a kinetics are not significantly
different froma1E/b2a current kinetics. At +20 mV,
whole-cell current activated withtact 4 1 msec (a1E

anda1E/a2bd) andtact 4 4 msec (a1E/a2bd/b2a).
Inactivation time constants weretinact 4 98 msec
(a1E); tinact 4 87 msec (a1E/a2bd); tinact 4 202
msec (a1E/a2bd/b2a). Coexpression with eitherb2a or
a2bd failed to increase the macroscopic bariuma1E

current but coexpression with bothb2a anda2bd

resulted in a 10-fold increase in the whole-cell
current suggesting a synergistic effect of auxiliary
subunits on thea1E subunit.Right panel.(E)
Normalized peak current-voltage relationships (I-V )
are reported fora1E (s) anda1E/a2bd (d). The
mean of 3–5 experiments, for each channel
composition, is shown with theSEM. Error bars
appear smaller than the data point. The neuronal
a2bd subunit showed no discernible effect on the rate
of a1E inactivation but significantly shifted the peak
current from 0 to +10 mV. (F ) Normalized peak
current-voltage relationships (I-V) are reported to
a1E/b2a (j) anda1E/a2bd/b2a (,). Further
coinjection with the neuronala2bd subunit does not
significantly modify the rate of inactivation of
a1E/b2a but shifted the macroscopic current-voltage
relationship back to the right from −10 mV (a1E/b2a)
to 0 mV (a1E/a2bd/b2a). (G) Expression of the
humana1E subunit withb2a anda2bd subunits
increased≈10-fold expression levels, dramatically
slowed current inactivation, and reset the whole-cell
peak current to 0 mV. On this figure as well as on
the following ones,a2 anda2b stand systematically
for a2bd. Time scales are 100 msec throughout.

Table 1. a1E peak current expression as a function ofa2bd andb2a

Subunit
composition

Mean peak current
± SEM

n Batch

a1E −1.3 ± 0.4mA 10 X814
a1E/a2bd −1.6 ± 0.6mA 4 X814
a1E/b2a −1.7 ± 0.5mA 6 X814
a1E/a2bd/b2a −15.3 ± 5.2mA 6 X814

Comparison of the peak current amplitudes obtained for variousa1E

channel compositions. Since mRNA translational efficiency was found
to vary between batches, all data reported here were collected within
the same oocyte batch. The numbern of experiments for each channel
is indicated. Data are mean ±SEM. Currents were measured with 10 mM

Ba2+ as the charge carrier. Holding potential was −80 mV.
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a1E channels witha2bd clearly shifted the peakI-V curve
toward more depolarized potentials (E). Macroscopic
currents peaked at 10 ± 2 mV (n 4 10) for a1E/a2bd
channels as compared to 0 ± 3 mV (n 4 10) for a1E

channels. This result contrasts with the complete ab-
sence of regulation by the samea2bd subunit ona1A

channels when injected in the absence of ab subunit
(DeWaard & Campbell, 1995). In this latter paper it was
shown thata2bd failed to modify the peakI-V curve,
activation and inactivation kinetics ofa1A channels.

Coinjection with the auxiliary subunitb2a from rat
brain (Perez-Reyes et al., 1992) slowed down the rate of
inactivation ofa1E channels. As seen earlier, the time
course of inactivation of thea1E subunit recorded in the
presence of 10 mM Ba2+ can be described by a sum of 2
exponential functions (t1

inact 4 18 msec;t2
inact 4 148

msec) at −10 mV. Coinjection withb2aappeared to have
eliminated the fast component of inactivationt1

inact and
further decreased the slow componentt2

inact to 655 ± 43
msec (n 4 6). Furthermore, the relative contribution of
tinact to tact decreased from 56 ± 8% (n 4 4) for a1E

alone to 19 ± 9% (n 4 6) in a1E/b2a whole-cell current
recordings. This decrease in the rate of inactivation after
coexpression withb2a was observed at all membrane
potentials between −20 to +30 mV. Noteworthy, the
slowing of a1E kinetics was also observed in the pres-
ence of 120 mM Li+ and 10 mM Ca2+ as charge carriers
(results not shown). This observation has important
physiological implications since botha1E andb2a could
be expressed together in neurons. Coinjection withb2a

alone shifted thea1E peak current by −10 mV along the
voltage axis (from +10 to 0 mV) without significantly
affecting expression with peak currents of 1.3 ± 0.4mA
(n 4 10) for a1E alone and 1.7 ± 0.5mA (n 4 6) for
a1E/b2a channels. On the other hand,a1C/b2a channels
displayed a 5-fold increase in peak macroscopic current
expression as compared toa1C channels, a negative shift
in the peak current, but showed little change on macro-

scopic inactivation properties (Perez-Reyes et al., 1992;
Parent et al.,unpublished observations). These results
confirm thatb subunit-regulation of calcium channel ac-
tivity is dependent upon the nature of thea1 subunit.

As seen in Fig. 4A, B, C,coexpression with either
b2aor a2bd failed to significantly increasea1E whole-cell
currents (see alsoTable 1). Nevertheless, coexpression
with bothb2a anda2bd subunits resulted in a 9 ± 2 (n 4
6) -fold increase of whole-cell Ba2+ currents from 1.3 ±
0.4 mA (n 4 10) for a1E to 15 ± 5 mA (n 4 6) for
a1E/a2bd/b2a(Fig. 4D), suggesting a synergistic coupling
between auxiliary subunits ina1E channels. The accrued
current expression with both auxiliary subunits is similar
to what has been reported fora1A/a2bd/b1b vs. a1A/a2bd
anda1A/b1b (DeWaard & Campbell, 1995). In addition,
the macroscopicI-V curve fora1E/a2bd/b2a peaked at 0
± 2 mV (n 4 10) indicating that the +10 mV positive
shift caused bya2bd and the −10 mV negative shift
caused byb2a have canceled each other out ina1E/a2bd/
b2a. Despite their differences in macroscopic peak cur-
rents,a1E/a2bd/b2a anda1E/b2a channels displayed iden-
tical activation and inactivation kinetics, suggesting that
the neuronala2bd subunit does not reverse the effect of
b subunits ona1E kinetics, unlike previously reported for
the skeletala2bd subunit (Wakamori et al., 1994).a1E/
b2a and a1E/a2bd/b2a channel inactivation kinetics are
virtually identical. The results obtained witha1E chan-
nels contrast with the reported effects of the neuronal
a2bd and the skeletala2bd on the activation and inacti-
vation kinetics ofa1C calcium channels (Singer et al.,
1991; Hullin et al., 1992; L. Parent et al.,unpublished
observations).

These changes ina1E channel kinetics were corre-
lated to similar changes in the steady-state properties of
channel inactivation. The voltage-dependence of inacti-
vation fora1E channels was investigated in the presence
of the same channel composition. Figure 5 shows
whole-cell current traces obtained in the presence of 10

Fig. 5 Left panel.Steady-state inactivation of re-
combinanta1E calcium channels. Whole-cell cur-
rents were measured in the presence of 10 mM Ba2+.
Steady-state inactivation was measured at 0 mV af-
ter a 5-sec prepulse applied from −100 to +20 mV.
Current inactivation was measured at the test poten-
tial of 0 mV. Holding potential was −100 mV and
pulses were applied at a frequency of 0.1 Hz. Data
were filtered at 1 kHz. Triplicate experiments were
performed the same day for each experimental con-
dition. Right panel.Inactivation was reported as the
fractional peak current as a function of the prepulse
voltage. Mean data of 3 to 5 independent experi-
ments was fitted to a Boltzmann-like function (Eq.
1). Under these conditions, whole-cell current inac-
tivated completely fora1E with E0.5 4 −44 mV and

for a1E/a2bd with E0.5 4 −38 mV. However, a significant fraction (44%) of the whole-cell current generated bya1E/b2a anda1E/a2bd/b2a remained
after the 5-sec prepulse withE0.5 4 −31 mV. Estimated slope factors from the fit werez 4 2.3 fora1E; z 4 2.5 fora1E/a2bd; z 4 2.4 fora1E/b2a

and fora1E/Ba2+/a2bd.
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mM Ba2+, for a1E; a1E/a2bd; a1E/b2a; and a1E/a2bd/b2a

channels (Fig. 5A–D). Steady-state inactivation was
measured after a series of 5-sec prepulses applied be-
tween −80 to +20 mV from a holding potential of −100
mV. Normalized current amplitudes were compiled for
n 4 4, plotted against the prepulse voltage, and mean
data points were fitted to a modified Boltzmann equation
(Eq. 1). Fits to the mean inactivation data points are
shown. As seen,a1E and a1E/a2bd currents inactivated
completely within the 5-sec prepulse with midpoint of
inactivationE0.5 4 −50 mV fora1E andE0.5 4 −44 mV
for a1E/a2bd channels. The rightward shift observed for
a1E/a2bd channels might be related to the +10 mV shift
of their peak currentI-V curve. Coexpression withb2a

subunit shifted further the midpoint of inactivationE0.5

to the right from −50 mV (a1E) to −31 mV (a1E/b2a) with
a substantial fraction (45%) of noninactivating Ba2+ cur-
rent. Inactivation data points were identical fora1E/b2a

anda1E/a2bd/b2achannels confirming thata2bd has little
additional effect ona1E/b2a channel inactivation, that is

b2a appeared to have a dominant effect ona1E inactiva-
tion.

b SUBUNIT REGULATION OF THE HUMAN BRAIN a1E

To determine whether other cloned brain Ca2+ channel
subunits may functionally interact witha1E channels, we
performed a series of coexpression studies with rat brain
b1b, b2a, b3, andb4 subunits. All subunit channel com-
position were injected in the same oocyte population and
studied within 5 days after injection. Coexpression with
any b subunit increased the average size of the Ba2+

current recorded as compared toa1E anda1E/a2bd cur-
rents measured the same day. Table 2 shows the average
peak current measured for each channel composition.
Figure 6 shows macroscopic current traces recorded after
injection in Xenopusoocytes of mRNA coding fora1E/
a2bd/b3; a1E/a2bd/b1b; a1E/a2bd/b1a; a1E/a2bd/b4; and
a1E/a2bd/b2a. The calcium channela1E/a2bd/b2a is the
only channel combination that produced whole-cell Ba2+

currents with slower inactivation thana1E channels. As
shown in Table 3, all channels activated with a single
time constanttact ranging from 3 to 3.6 msec. Macro-
scopic currents generally peaked between 4 and 7 msec
after the pulse. For alla1E channels but fora1E/a2bd/
b2a, Ba2+ currents were best described by a sum of two
time constants with the most important being the fast
t1

inact in the 10 to 20 msec range and a minor contribu-
tion from the slowert2

inact in the 100 to 160 msec range.
Coinjection withb1b generated whole-cell currents with
inactivation kinetics faster than withb1a. Mean normal-
ized I-V curves show that whole-cell currents activated
sensibly around −40 mV in the presence of 10 mM Ba2+

with no appreciable difference between channel compo-
sition as shown from data obtained from 5 independent
experiments. Whole-cell currents peaked at −10 mV for
a1E/a2bd/b1b; a1E/a2bd/b1a and a1E/a2bd/b2a channels

Table 2. b-induced peak current stimulation ofa1E channels

Subunit
composition

Mean peak current
± SEM

n Batch

a1E/a2bd/b1a −2.9 ± 0.5mA 5 X852
a1E/a2bd/b1b −1.8 ± 0.2mA 6 X852
a1E/a2bd/b2a −3.0 ± 0.4mA 6 X852
a1E/a2bd/b3 −0.7 ± 0.1mA 5 X852
a1E/a2bd/b4 −0.8 ± 0.1mA 6 X852

Comparison of the peak current amplitudes obtained for differenta1E/
a2bd/bx channel compositions. Since mRNA translational efficiency
was found to vary between batches, all data reported here were col-
lected within the same oocyte batch. The numbern of experiments for
each channel is indicated. Data are mean ±SEM. Currents were mea-
sured with 10 mM Ba2+ as the charge carrier. Holding potential was
−80 mV.

Fig. 6. b subunit modulation ofa1E whole-cell
currents measured in the presence of 10 mM Ba2+.
The neuronala2bd subunit was present throughout.
Holding potential4 −80 mV. Current traces
shown were recorded from the same frog donor.
Current traces were fitted to a sum of three (3)
exponential functions;tact; t1

inact; t2
inact. For a

pulse from −80 to −10 mV, the time constants
were the following (tact; t1

inact; t2
inact);

a1E/a2bd/b3 (3 msec; 18 msec; 107 msec);
a1E/a2bd/b1b (3 msec; 23 msec; 126 msec);
a1E/a2bd/b1a (3 msec; 19 msec; 172 msec);
a1E/a2bd/b4 (3 msec; 20 msec; 181 msec). Only
two time constants,tact 4 3 msec andtinact 4

173 msec, were required to fit thea1E/a2bd/b2a

current traces.
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and at 0 mV fora1E/a2bd/b4 anda1E/a2bd/b3 channels.
b-induced rates of inactivation were (from fastest to
slowest)b3 > b1 > b4 @ b2. The potency order was
similar to the one found fora1C (Hullin et al., 1992) and
a1A (Sather et al., 1993) who foundb3 > b1 > b2 in their
respective channels. Since thea1C recombinant channel
has been the most widely studied calcium channel, it
remains the standard forb-subunit induced regulation.
To compare ourb-subunit regulation data ona1E to pub-
lished data, we performed a similar series of experiments
on the recombinanta1C channel. Figure 7 shows whole-
cell current traces recorded in the presence of 120 mM

Li+ (left), 10 mM Ba2+ (middle), and 10 mM Ca2+ (right)
for the rabbit cardiac calcium channela1C/a2b/b1a (first
row), a1C/a2b/b2a (second row),a1C/a2b/b3 (third row),
anda1C/a2b/b4 (last row). The whole-cella1C currents
were typically faster when measured in the presence of
Ca2+ for it is known that this channel exhibits calcium-
dependent inactivation. Nonetheless, as for thea1E cal-
cium channel,b1aandb3 induced faster inactivating cur-
rents thanb2a and b4. This observation holds true
whether currents were measured in Li+, Ba2+ or Ca2+.
Steady-state inactivation data were collected in the pres-
ence of 10 mM Ba2+ using the same pulse protocol. Fig-
ure 8 compares theb-induced modulation of steady-state
inactivation properties fora1C anda1E calcium channels
in the presence of the neuronala2bd subunit. Inactiva-
tion was measured after a 5-sec prepulse to −10 mV from
a holding potential of −60 mV (a1C) or −80 mV (a1E).
Each set of experiments was repeated 4 to 6 times. As
seen, coexpression withb3 or b1b resulted in more com-
plete inactivation than coexpression withb2a for both
a1C and a1E channels. In addition, the voltage-depen-
dence of inactivation was systematically more negative
for b3 or b1b-coexpressing channels. The main differ-
ence turned out inb4-induced channel modulation. In
our experiments, coinjection withb4 produced fast and
complete inactivation ofa1E channels shifting the mid-
point of inactivation from −54 mV fora1E to −60 mV for

a1E/a2bd/b4 channels. However, despite producing a
significant 5-fold increase ofa1C peak currents,b4 had
surprisingly very little effect ona1C channel inactivation
time constants and voltage-dependence. This lack of ef-
fect ona1C inactivation kinetics was unexpected consid-
ering sinceb4 has been previously reported to speed up
inactivation kinetics of rabbita1C calcium channels
(Castellano et al., 1993b). Overall,b-induced regulation
can be said to occur in the following order (from fastest
to slowest) for botha1C anda1E: b3 > b 1 @ b2.

Discussion

In the present study, we have examined the functional
properties of recombinanta1E calcium channels in the
presence, and in the absence of auxiliary subunits. The
high level ofa1E calcium channel expression in the ab-
sence of auxiliary subunits, has made this subunit an
appropriate model to study subunit-subunit interaction in
calcium channels. This feature was especially critical to
rule out kinetic contamination from endogenous calcium

Table 3. a1E/a2bd/bx whole-cell current time constants

Subunit
composition

t activation
(msec)

t1 inact
(msec)

t2 inact
(msec)

n

a1E/a2bd/b1a 3.0 ± 0.1 20 ± 5 145 ± 20 5
a1E/a2bd/b1b 3.6 ± 0.3 17 ± 3 120 ± 18 6
a1E/a2bd/b2a 3.0 ± 0.1 235 ± 31 11
a1E/a2bd/b3 3.5 ± 0.2 16 ± 4 109 ± 13 5
a1E/a2bd/b4 2.9 ± 0.4 20 ± 5 158 ± 15 6

Activation and inactivation time constants measured at −10 mV, from
a1E/a2bd channels coinjected with differentb subunits. Current traces
were fitted to Eq. 2. The time course of inactivation was best fitted by
a sum of 2 exponential functions but fora1E/a2bd/b2a channels. Each
time constant is the mean of 5 to 11 experiments measured with 10 mM

Ba2+ as the charge carrier. Holding potential was −80 mV.

Fig. 7. Whole-cell current traces recorded for the rabbit cardiaca1C in
the presence of 120 mM Li+ (left); 10 mM Ba2+ (middle); and 10 mM
Ca2+ (right) after injection of 10 mM Bapta. Holding potential was −60
mV throughout. 450 msec voltage pulses were applied from −60 to +30
mV. The a1C channel was co-injected witha2bd throughout, andb1a

(top row);b2a (second row);b3 (third row); andb4 (last row). Capaci-
tive transients were erased for the first msec after the voltage step.
Current scales vary between 0.5 and 2mA and time scales are 100 msec
throughout.
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channels inXenopusoocytes which is more likely to be
observed in the presence of auxiliary subunits (Lacerda
et al., 1994). Expression of the humana1E subunit alone
yielded fast inactivating currents. Coexpression with the
human neuronala2bd subunit shifted the peak current
from 0 to +10 mV without increasing peak current ex-
pression or modulating inactivation rate constants. Co-
expression withb subunits modulated whole-cell kinet-
ics with b2a significantly slowing downa1E inactivation.

REGULATION OF a1E INACTIVATION BY THE

CHARGE CARRIER

The humana1E channel studied in this work is a splice
variant of thea1E channel that has been previously func-
tionally cloned and characterized from different species
such as rat (Soong et al., 1993); rabbit (Wakamori et al.,
1994); human (Schneider et al., 1994; Williams et al.,
1994); and marine raydoe-1 (Ellinor et al., 1993). It is
generally agreed that functional expression ofa1E chan-
nels produces fast inactivating Ba2+ currents whethera1E

is expressed inXenopusoocytes (Soong et al., 1993;
Wakamori et al., 1994; Schneider et al., 1994; Ellinor et
al., 1993) or in mammalian cells (Williams et al., 1994).
As suggested by theI-V curves in Figs. 1 and 6, under
physiological conditions in the presence of 1.8 mM Ca2+,
a1E channels would probably activate between −50 mV
(Li+, no Ca2+) and −40 mV (10 mM Ca2+). Thus,a1E

channels would activate at voltages more positive than
−70 mV where low-voltage-activated calcium channels
classically activate (Hille, 1992).

As observed previously, Ba2+ currents showed fast
inactivation kinetics in the absence of auxiliary subunits
(Soong et al., 1993; Schneider et al., 1994; this study), a
fact that was interpreted as to the lack of Ca-inactivation
in this channel (DeLeon et al., 1995). Perhaps the most
striking observation reported herein is that whole-cell
currents generated after expression of thea1E subunit
alone, can display slightly faster inactivation kinetics in
the presence of divalent cations (such as Ca2+ and Ba2+)
than in the presence of monovalent cations such as Li+,
with inactivation being faster for Ca2+ ù Ba2+ > Li+.
Although the charge carrier contribution toa1E inactiva-
tion turned out to be unquestionably less dramatic than
for a1C channels, it was nonetheless significant espe-
cially for a1E alone. This suggests that the calcium-
binding site may exist ona1E with however a much
lower affinity for Ca2+ than ona1C. Recent structure-
function studies identified potential sites on the C-
terminus as the locus for calcium-dependent inactivation
in a1C channels (DeLeon et al., 1995; Zhou et al., 1997).
As reported by others (DeLeon et al., 1995; Zhou et al.,
1997), we however observed that Ca2+ and Ba2+ inacti-
vation seems to occur with similar rates ina1E/b2a chan-
nels (data not shown). It would be highly interesting to
compare the Ca2+ affinity produced by C-terminus-like
peptides of botha1C anda1E channels and study a pos-
sible modulation role by theb subunit.

REGULATION OF a1E CHANNELS BY THE a2bd SUBUNIT

As observed fora1C anda1A calcium channels,a1E ac-
tivation and inactivation kinetics were found to be modu-

Fig. 8. Comparison of steady-state inactivation
curves obtained fora1E (left) and a1C (right).
Steady-state inactivation curves were measured in
the presence of 10 mM Ba2+ after a series of 5-sec
prepulse applied from −80 to +30 mV.Left panel.
a1E current traces obtained withb1a; b1b; b3; b4

inactivated completely after a 5-sec prepulse while
only 60% of thea1E/a2bd/b2a current inactivated
after a pulse to +30 mV. Coinjection withb1a; b1b;
b3 andb4 induced a leftward shift in the midpoint of
inactivationE0.5 from −54 mV; (a1E alone) to; −60
mV (a1E/a2bd/b4); −66 mV (a1E/a2bd/b1a); −69 mV
(a1E/a2bd/b1b); −73 mV (a1E/a2bd/b3). Only coin-
jection with b2a induced a shift to the right with a
midpoint of inactivationE0.5 4 −42 mV. Slope
steepness orz factor were 2.9 (a1E/a2bd/b4); 3.4
(a1E/a2bd/b1a); 3.4 (a1E/a2bd/b1b); 3.3 (a1E/a2bd/
b3); 3.4 (a1E/a2bd/b2a). Right panel.Experimental
conditions were identical but for the holding poten-
tial that was −60 mV fora1C and −80 mV fora1E

channels. Fora1C/a2bd/b3 anda1C/a2bd/b1b, current
traces inactivated completely after a 5-sec prepulse

to 0 mV while only 60% of thea1C/a2bd/b4 anda1C/a2bd/b2a currents inactivated completely. Coinjection withb1b; b2a; andb3 induced a leftward
shift in the midpoint of inactivation from −10 mV fora1C alone; to −16 mV fora1C/a2bd/b2a; to −24 mV for a1C/a2bd/b1b; to −34 mV for
a1C/a2bd/b3. Steady-state inactivation ofa1C/a2bd/b4 currents occurred at voltage more positive withE0.5 4 −3 mV. Slope steepness orz factor;
varied from 2.9 (a1C/a2bd/b4); 3.4 (a1C/a2bd/b1a); 3.4 (a1C/a2bd/b1b); 3.3 (a1C/a2bd/b3); 3.4 (a1C/a2bd/b2a).
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lated byb anda2d subunits although there were subtle
differences in the nature of thea1E channel regulation.
We found that coexpression witha2bd alone had little
effect ona1E inactivation kinetics, and ona1E current
expression. These results are similar to results obtained
on the a1A calcium channel (DeWaard & Campbell,
1995). The only change brought about by the presence
of a2bd, in our experiments, was a small but significant,
positive shift in the voltage-dependence ofa1E activation
as measured from peak current-voltage relationships, and
a similar shift on the voltage-dependence of steady-state
inactivation which were absent in thea1A channel. This
rightward shift in the peak currentI-V thus suggests
some functional interaction between thea2bd and thea1E

subunit. Furthermore, additional coinjection withb2a

was shown to cancel out the effect ofa2bd on thea1E

current-voltage relationship such thata1E/a2bd/b2a and
a1E channels both peaked at 0 mV. To our knowledge,
there is only one published report of aa2d modulation on
neuronal calcium channel macroscopic current kinetics.
In rabbit braina1E channels (BII), coinjection of skeletal
a2ad to a1E/b1 channels produced whole-cell currents
with similar inactivation than rabbit BII channels, which
indicate thata2ad seemingly canceled out the effect of
theb1 subunit (Wakamori et al., 1994). The discrepancy
between the two studies might be explained by the in-
trinsic differences of thea2d splice variant used, for the
skeletala2ad alone is also known to modulate recombi-
nanta1C calcium currents (Singer et al., 1991). Thus,b
subunit-induced shifts of macroscopic current kinetics
were not affected by the presence of thea2bd subunit in
a1A (DeWaard & Campbell, 1995) and in braina1E

channels (this study). Hence,a1E/a2bd/b2a and a1E/b2a

whole-cell currents displayed similar rate of macroscopic
inactivation.

Our experiments showed that coexpression with
both a2bd and b subunits was required to maximally
stimulate functional expression of the human braina1E

channel with a≈10-fold increase in expression levels.
Expression witha2bd was also shown to increase theb1

and theb4 subunit stimulation ofa1A whole-cell currents
(DeWaard & Campbell, 1995; Gurnett et al., 1996). In
other words, the role ofa2bd on whole-cell currents ap-
peared to be more prominent in the presence of ab
subunit suggesting a synergistic effect between the cal-
cium channel subunits on protein expression.

REGULATION OF a1E CHANNELS BY b SUBUNITS

We analyzed the differences in current properties intro-
duced by the presence of the four genes coding forb
subunits and used these differences as an index of the
functional contribution of each of these auxiliary sub-
units ina1E function. Our findings demonstrate thatb1a;
b1b; b2a; b3; and b4 subunits interact functionally with

the a1E subunit. The major effect ofb-subunit induced
changes was to modulatea1E activation and inactivation
kinetics. Our expression data thus nicely mirrored recent
reports that antisense depletion ofb subunits decreased
whole-cell calcium currents and shifted the voltage-
dependence of current kinetics in neuronal cells (Berrow
et al., 1995; Lambert et al., 1996).

The rate of inactivation generally increased after co-
expression withb subunits withb3 > b1 > b4 (from
fastest to slowest) whileb2a actually slowed downa1E

inactivation kinetics.b subunit induced-hyperpolarizing
shifts in the voltage-dependence of inactivation were
also observed with these faster inactivation kinetics with
b3 > b1 > b4 @ b2a. Of all the subunit investigated in
this study,b2a subunit had the most dramatic effect by
slowing downa1E whole-cell currents whether currents
were measured with Li+ (seeFig. 3) or Ba2+ as the charge
carrier. In the presence of 10 mM Ba2+, about 45% of
a1E/b2a channels remained in the activated state at the
end of a 5-sec prepulse as opposed to <1% ofa1E chan-
nels. This observation has also been previously reported
for the humana1E (Olcese et al., 1994) and after coin-
jection of b2a with a1A (Stea et al., 1994; DeWaard &
Campbell, 1995). In the latter, 60% of the Ba2+ whole-
cell current remained fora1A/b2a channels as opposed to
only 11% fora1A channels when measured after a 2-sec
prepulse. Ina1C calcium channels,b2a caused faster ac-
tivation kinetics, faster half-time to peak currents, and
larger macroscopic currents (Perez-Reyes et al., 1992)
but its effect on inactivation kinetics remained difficult
to assess quantitatively, partly becausea1C alone expres-
sion is low, and partly becausea1C already displays slow
inactivation kinetics. At best, one might conclude from
the original whole-cell recordings (Perez-Reyes et al.,
1992; Hullin et al., 1992) that there is no apparent change
in the inactivation kinetics ofa1C after coinjection of
b2a. Despite these dramatic changes ina1E kinetics, co-
expression withb2a did not modify the channel high
affinity for Ca2+. This result further confirms the ab-
sence of modulation of theb subunit on the calcium
channel high affinity binding sites formed by the E resi-
dues in the pore region (Yang et al., 1993; Parent &
Gopalakrishnan, 1995).

According to Neely and collaborators (1993), gating
charge movement indicated thatb2a improved the intra-
molecular coupling between the voltage sensor and the
channel pore opening ina1C. In other words, coinjection
with b2awould speed up the closed-to-open transitions in
a1C which should translate into shorter latencies at the
single channel level. In our experiments,a1E and a1E/
b2achannels activated with the same activation time con-
stant, and displayed similar half-time to peak currents.
Thus, our whole-cell data do not support a role forb2aon
the rate of the closed-to-open transitions ina1E channels.
Our data however indicated thatb2a proceeded to keep
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the channel into the open state for a longer period of time
than any other auxiliary subunit tested in this work. The
slower macroscopic inactivation could result from either
an increased open- to- closed state transition (shorter
mean open time, more frequent reopenings); or from
slower open- to- inactivated state transition (same mean
open time, more frequent reopenings). Additionally, the
situation might be even more complex anda1E channels
inactivation could occur through 2 distinct inactivated
states (as suggested by its 2 time constantst1

inact and
t2

inact). In this last kinetic scheme, the addition of the
b2a subunit could be disrupting the equilibrium between
these two inactivated states such that the ‘‘slower’’ in-
activated state appears to be dominant. The possible ki-
netic models are endless and evidently, our whole-cell
data do not allow us to discriminate between models.
Such information can only be extracted from single-
channel recordings which are beyond the scope of this
paper.

The apparent similarity of the overall gating mecha-
nism between voltage-dependent channels suggests that
molecular mechanisms can also be related. Given the
physical proximity of IS6, the putative locus of voltage-
dependent inactivation in calcium channels (Zhang et al.,
1994), and the I-II linker, whereb subunits are believed
to bind (Pragnell et al., 1994), one can imagine thatb-
induced changes in inactivation can be caused by some
interaction between theb subunit and IS6. In this
scheme,b2a could potentially interfere with the inacti-
vation mechanism ofa1E through some interaction with
its inactivation locus. This model could even be com-
patible with a ball-and-chain mechanism wherebyb sub-
units, in general, could modulate the interaction between
the inactivation ball (which remains unidentified) and its
receptor in IS6 (Zhang et al., 1994).

As reported fora1C and a1A channels, coinjection
with b3 andb1 subunits generatea1E calcium channels
with apparent faster inactivation kinetics (Hullin et al.,
1992; Castellano et al., 1993a; Sather et al., 1993; Stea et
al., 1994; DeWaard & Campbell, 1995). Coexpression
with b1 subunits was also shown to generate faster in-
activation kinetics on the rat braina1E channel (Soong et
al., 1993) and the humana1E channel (Olcese et al.,
1994). Only the rabbit braina1E calcium channel ap-
peared to display slower kinetics after coinjection with
the brainb1 subunit (Wakamori et al., 1994). The effect
of the b4 subunit on channel kinetics turned out to be
more channel-dependent. In neuronal channels, such as
for a1A (Stea et al., 1994; DeWaard & Campbell, 1995)
and a1E (our study), coinjection withb4 appeared to
produce little effect on channel inactivation kinetics de-
spite producing clear negative shifts in theI-V relations
and voltage-dependence of inactivation. These results
sharply contrast with similar experiments performed
with full-lengtha1C channels where it was shown thatb4

produced faster inactivation kinetics without affecting
the voltage-dependence of inactivation (Castellano et al.,
1993b). However, unlike the original report, oura1E

study was performed in the continual presence of the
neuronala2bd which could have affected whole-cell cur-
rent kinetics. This discrepancy thus prompted us to char-
acterize theb-induced voltage-dependence of inactiva-
tion of a1C channels in the presence of thea2bd subunit.
Interestingly, our results witha1C/a2bd/b4 channels con-
firmed the previous observation made by Castellano et
al., (1993b) that coinjection withb4 does not shift the
voltage-dependence ofa1C inactivation. However,a1C/
a2bd/b4 channels displayed slower inactivation kinetics
than previously reported fora1C/b4 channels (Castellano
et al., 1993b). In fact, according to the reports published
by this group,b4 would induce faster inactivation kinet-
ics thanb3 (Castellano et al., 1993a,b). There is still a
slight possibility thata2bd makes a difference although
a2bd has never been reported to slow down inactivation
kinetics. The possibility that the differences between the
2 studies might be explained by lowb4 mRNA transla-
tional efficiency was also ruled out since our whole-cell
a1C/a2bd/b4 currents averaged 2.2 ± 0.3mA (seeFig. 7).
It remains however to be seen whether the kinetics dif-
ferences can be due to the presence of the deleted version
of the a1C (a1C DNDC) channel, although this version
has been shown before to behave mostly like the full-
length channel.

In summary, our results illustrated the wide variety
of biophysical properties that can be generated by a
single calcium channela1 subunit, depending on the as-
sociatingb subunit. This observation was especially apt
in the case of thea1E and theb2asubunits. Expression of
the a1E channel gave rise to fast inactivating channels
while coexpression withb2a subunit yielded channels
with slower kinetics. The combination of expression and
structural data are thus needed to elucidate the nature of
calcium channels present in neuronal cells.
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