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Neuronal voltage-dependent calcium channels undergo inhib-
itory modulation by G-protein activation, generally involving
both kinetic slowing and steady-state inhibition. We have
shown previously that the b-subunit of neuronal calcium chan-
nels plays an important role in this process, because when it is
absent, greater receptor-mediated inhibition is observed
(Campbell et al., 1995b). We therefore hypothesized that the
calcium channel b-subunits normally may occlude G-protein-
mediated inhibition. Calcium channel b-subunits bind to the
cytoplasmic loop between transmembrane domains I and II of
the a1-subunits (Pragnell et al., 1994). We have examined the
hypothesis that this loop is involved in G-protein-mediated
inhibition by making chimeras containing the I–II loop of a1B or
a1A inserted into a1E (a1EBE and a1EAE, respectively). This
strategy was adopted because a1B (the molecular counterpart

of N-type channels) and, to a lesser extent, a1A (P/Q-type) are
G-protein-modulated, whereas this has not been observed to
any great extent for a1E. Although a1B, coexpressed with a2-d
and b1b transiently expressed in COS-7 cells, showed both
kinetic slowing and steady-state inhibition when recorded with
GTPgS in the patch pipette, both of which were reversed with
a depolarizing prepulse, the chimera a1EBE (and, to a smaller
extent, a1EAE) showed only kinetic slowing in the presence of
GTPgS, and this also was reversed by a depolarizing prepulse.
These results indicate that the I–II loop may be the molecular
substrate of kinetic slowing but that the steady-state inhibition
shown by a1B may involve a separate site on this calcium
channel.
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Voltage-dependent calcium channels are hetero-oligomers con-
sisting of a number of subunits: a1, which is the pore-forming
subunit, and several accessory subunits, including a2-d and b
(Dolphin, 1995). Cloning has revealed six different a1-subunits,
termed A, B, C, D, E, and S (Tanabe et al., 1987; Snutch et al.,
1990). C, D, and S correspond to L-type channels (for review, see
Dolphin, 1995), and a1B corresponds to the v-conotoxin (CTX)
GVIA-sensitive N-type calcium channel (Dubel et al., 1992). In
contrast, the physiological counterparts of the a1A and a1E
calcium channels are less clearly established (Sather et al., 1993;
Soong et al., 1993; Schneider et al., 1994; Stea et al., 1994; Berrow
et al., 1997; Stephens et al., 1997).
Neuronal and neurosecretory subtypes of calcium channels,

including N, P, Q, and L, have been shown to be inhibited by
various neurotransmitters and modulatory agents (Kleuss et al.,
1991; Menon-Johansson et al., 1993; Mintz and Bean, 1993;
Zhang et al., 1993). The modulation involves activation of a
G-protein that is usually, but not invariably, pertussis toxin-
sensitive (Hille, 1992; Dolphin, 1995). In many systems evidence
has been obtained that the G-protein involved is Go (Kleuss et al.,
1991; Wang et al., 1992; Campbell et al., 1993). Recent expression

studies have reconstituted G-protein modulation of cloned a1A
and a1B, but not a1E, calcium channels by several receptors
(Bourinet et al., 1996; Toth et al., 1996). The main mechanism of
modulation is thought to be membrane-delimited (i.e., not involv-
ing a soluble second messenger) and to be attributable to a direct
interaction between activated G-protein subunits and one of the
calcium channel subunits (Hille, 1992). The calcium channel
b-subunits are intracellular proteins that bind to the cytoplasmic
loop between domains I and II of the a1-subunit of all calcium
channels (Pragnell et al., 1994). We have obtained evidence, by
antisense depletion of calcium channel b-subunits from cultured
rat dorsal root ganglion neurons, that coupling of calcium chan-
nels to G-proteins may involve direct or indirect competition
between the activated G-protein and the calcium channel
b-subunit for binding to the calcium channel a1-subunit (Berrow
et al., 1995; Campbell et al., 1995b). This was confirmed in a
coexpression study of calcium channel subunits in Xenopus oo-
cytes, in which it was found that G-protein modulation of a1A by
activation of expressed opiate receptors was greater in the ab-
sence of a coexpressed calcium channel b-subunit (Bourinet et al.,
1996). Recent studies also suggest that G-protein subunits in-
volved in interaction with a1A and a1B are the Gbg-subunits
(Herlitze et al., 1996; Ikeda, 1996). It is therefore possible that
these G-protein subunits interact with the I–II loop of calcium
channel a1-subunits to produce modulation of the channel.
The hypothesis that the I–II loop of a1A and a1B calcium

channels is involved in G-protein modulation has been tested in
the present study by creating a chimera, which consists of a1E
with the I–II loops from a1A or a1B, to determine whether the
ability to be modulated by G-protein activation in this way can be
conferred on the a1E calcium channel.
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MATERIALS AND METHODS
Construction of chimeras. The rat a1A (GenBank accession number
M64373), a1E (L15453), and b1b (X61394) cDNAs (Starr et al., 1991;
Soong et al., 1993; Tomlinson et al., 1993) were provided by Dr. T. Snutch
(University of British Columbia, Vancouver, Canada) in a modified
pMT2 expression vector (Genetics Institute, Cambridge, MA). The rabbit
a1B (D14157) (Fujita et al., 1993) was provided by Dr. Y. Mori (Seiriken,
Okazaki, Japan); the full-length rat a2-d (neuronal splice variant,
M86621) (Kim et al., 1992) was provided by Dr. H. Chin (National
Institutes of Health, Bethesda, Maryland). The S65T mutant of GFP was
a gift from Dr. S. Moss (University College London, London, UK). All
DNAs were subcloned, using standard techniques, into the pMT2 vector
for transient expression in COS-7 cells.
To produce chimeras containing the I–II loop of a1A or B substituted

for the same region of a1E, we performed PCR on a1E subcloned into
the EcoRI site of the pcDNA3 vector (Invitrogen, San Diego, CA).
Chimeric primers were directed against regions of the IS6 and IIS1
domains conserved between a1E, a1A, and a1B. Rat a1A and rabbit a1B
I–II loops were amplified using the primers GGAACTGGCTGTACT-
TCATCC (at position 1024 in a1E, 1010 in a1A, and 1112 in a1B) and
CACTCAGGACGATCCAGTAGAA (position 1500 in a1E, 1492 in
a1A, and 1594 in a1B) to give 482 base pair (bp) fragments. Then the 482
bp products were used as primers in two individual second-stage PCR

reactions in the presence of a1E, one containing the pcDNA3 forward
primer, CTCACTATAGGGAGACCCAAGC, and the other containing
the reverse primer, GACTTCATGGAGCTCATCAAGG (position 1852
in a1E). These PCR products (of 1430 and 834 bp) were combined in a
third-stage reaction, in the absence of a1E, and extended to give a
full-length product of 1782 bp. To facilitate subcloning, we put a 3314 bp
fragment (between XbaI nucleotide 822 and ApaI 4134) into the XbaI–
ApaI sites of pcDNA3. The 1782 bp product was digested with the
enzymes XbaI and AccB7I, and the 980 bp DNA was subcloned back into
the 3314 bp fragment in pcDNA3. All PCR was performed using the
proofreading Pfu polymerase (Stratagene, La Jolla, CA) for 30 cycles of
958C for 30 sec, 548C for 1 min, and 758C for 2 min. The sequence of the
chimeras between the XbaI (822 bp, a1E) and AccB7I (1802 bp) sites was
verified by the SequiTherm Cycle Sequencing kit (Epicenter Technolo-
gies, Madison, WI). The 3314 bp XbaI–ApaI DNA was subcloned back
into the remainder of the a1E pMT2 vector. This resulted in chimeras
with substitution of the I–II loop of a1E for that of a1A or B. Part of IS6
also was substituted, but this is identical in the three sequences, except for
V293 in a1E, which is substituted by M in a1A, B, and the chimeras.
Transfection of COS-7 cells. COS-7 cells were cultured and transfected

by electroporation essentially as described previously (Campbell et al.,
1995a). In all, 15, 10, 5, and 1 mg of the pMT2-a1, a2-d, b1b, and GFP
constructs, respectively, were used for transfection. If all subunits were

Figure 1. IBa was recorded from cells transfected with a1E, a1B, and a1EBE, together with a2-d and b1b. A, Schematic diagram of the chimera a1EBE.
B, The holding potential VH was 2100 mV, and 20–30 msec steps to increasing test potentials Vt were applied to maximally activate IBa without any
inactivation. Tail current amplitudes were measured after repolarization to 280 mV. The tail current I–V relationships were normalized to the maximum
tail current amplitude, and the mean 6 SEM of four, seven, and three experiments for a1B (f), a1E (Ç), and a1EBE (E) are given. The curves were
fit (dotted lines) with a Boltzmann equation of the form: Inorm 5 1/{11exp[(Vt2V50)/k]}, in which V50 is the voltage for 50% activation and k is the slope
factor. The values for the parameters are given in Table 1 for the mean 6 SEM of the individual activation curves. C–E, Cells were held at 2100 mV,
and 1500 msec steps to voltages between 230 and 0 mV (C, D) or 235 to 25 mV (E) (D V 10 mV) were applied to examine the rate of inactivation of
IBa. tinact values are given in Table 1.
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not transfected, the total 31 mg of cDNA was made up by pMT2 vector.
Successfully transfected cells were identified for electrophysiological
studies by expression of GFP, and recordings were made between 2 and
4 d after transfection.
Electrophysiology. Recordings were made at room temperature (20–

228C) from COS-7 cells that had been replated between 1 and 16 hr
previously, using a nonenzymatic cell dissociation medium (Sigma, St.
Louis, MO). Only small cells with a circular morphology were used. Mean
cell capacitance was ;20 pF. Cells were viewed briefly with a fluorescein
filter block, and only fluorescent cells expressing GFP, which were spa-
tially isolated and with a compact morphology and smooth surface as
visualized by Hoffmann optics, were used in experiments. The internal
(pipette) and external solutions and recording techniques are similar to
those previously described (Campbell et al., 1995b). The patch pipette
solution contained (in mM): Cs aspartate 140, EGTA 5, MgCl2 2, CaCl2
0.1, K2ATP 2, GTP 0.1, and HEPES 10, pH 7.2, 310 mOsm with sucrose.
GTPgS (100 mM) was included where stated. The external solution
contained (in mM): tetraethylammonium (TEA) bromide 160, KCl 3,
NaHCO3 1.0, MgCl2 1.0, HEPES 10, glucose 4, and BaCl2 10, pH 7.4, 320
mOsm with sucrose. Pipettes of resistance 2–4 MV were used, and the
holding current at 2100 mV was normally ,20 pA. Cells were used only
where series resistance was compensated to 80%, and space clamp was
adequate as judged by graded activation of IBa. The voltage errors from
the residual uncompensated series resistance were ,1 mV for the largest
currents, and no further correction was made. An Axopatch 1D or Axon
200A amplifier was used, and data were filtered at 2–5 kHz and digitized
at 5–20 kHz. Analysis was performed by pClamp 6 and Origin 3.5. Data
are given as mean 6 SEM, and current records are shown after leak and
residual capacitance current subtraction (P/4 or P/8 protocol).

RESULTS
Characteristics of a1E and a1B expressed in
COS-7 cells
The a1-subunits A, B, and E and the a1EBE chimera (Fig. 1A)
were transiently expressed with accessory subunits a2-d and b1b
in COS-7 cells. The properties of a1E and a1B were clearly
distinct from each other in terms of both voltage dependence of
their activation (Fig. 1B) and kinetics of inactivation (Fig. 1C,D).

a1E was activated at slightly more negative potentials than a1B,
the midpoint for activation being 5 mV more hyperpolarized, and
it showed a slightly steeper voltage dependence (Fig. 1B, Table 1).
Most strikingly, it also showed a much greater degree of inacti-
vation than a1B during 1500 msec steps (Fig. 1D compared with
Fig. 1C). However, the steady-state inactivation profiles of a1E
and a1B were very similar (Table 1). The chimera a1EBE, the
sequence of which was identical to that of a1E except for replace-
ment of the entire intracellular loop between domains I and II
with that of a1B and one substitution in IS6 (Fig. 1A; see Mate-
rials and Methods), showed a more depolarized voltage depen-
dence of activation than a1E, similar to a1B (Fig. 1B). Its steady-
state inactivation parameters were similar to a1E and a1B (Table
1); it showed inactivation kinetics intermediate between those of
a1B and a1E (Fig. 1E, Table 1). The current densities resulting
from expression of a1E, a1B, and a1EBE were similar (Table 1),
but the percentage of GFP-positive cells expressing a1E was
greater (;80%) than for a1B (;40%). The percentage of cells
expressing a1EBE was similar to that for a1E.

Comparison of the effect of GTPgS on the kinetics of
activation of a1B, a1E, and a1EBE
To examine the effect of G-protein activation on the expressed
calcium channel currents, we included 100 mMGTPgS in the patch
pipette, and currents were recorded after it had diffused into the
cell for 2–5 min. GTPgS produced a clear slowing of the activation
of a1B, but not a1E, currents as compared with control currents
recorded in the absence of GTPgS (Fig. 2A compared with 2B),
indicative of G-protein modulation of a1B, but not a1E, currents.
This was most evident from examination of the time constant of
activation (tact) at depolarizations between 220 and 0 mV when
the current amplitude is submaximal (Fig. 2D).
Because of the possibility that the site of G-protein modu-

Table 1. Biophysical parameters of calcium channel currents resulting from expression of a1B, a1E, a1EBE, and a1EAE with b1b and a2-d in
COS-7 cells

Control a1B a1E a1EBE a1EAE

Peak IBa pA/pF 230.9 6 7.2 (8) 229.8 6 7.2 (10) 225.6 6 7.6 (8) 248.5 6 11.4 (9)
Current activation
V50 mV 211.4 6 3.9 (4) 216.4 6 1.9 (7) 29.1 6 7.1 (3) 214.0 6 3.0 (7)
k mV 6.0 6 0.7 (4) 4.3 6 0.8 (7) 6.6 6 0.7 (3) 6.6 6 0.7 (n 5 7)

Steady-state inactivation
V50 mV 261.3 6 7.1 (3) 259.7 6 3.6 (3) 256.8 6 4.1 (4) ND
k mV 26.6 6 1.1 (3) 211.5 6 1.3 (3) 25.5 6 1.7 (4) ND
tinact at 210 mV msec 1021 6 648 (6) 210 6 25 (5) 503.4 6 68.8# (7) 438 6 65# (10)

GTPgS a1B (GTPgS) a1E (GTPgS) a1EBE (GTPgS) a1EAE (GTPgS)

Peak IBa pA/pF 218.7 6 6.1* (6) 231.6 6 7.0 (7) 220.3 6 4.3 (12) 245.0 6 10.9 (6)
Current activation
V50 mV 27.9 6 5.3 (4) 216.1 6 2.5 (6) 210.7 6 4.7 (3) 29.2 6 5.4 (4)
k mV 7.6 6 1.1} (4) 4.7 6 1.1 (6) 7.3 6 0.65r (3) 6.2 6 0.5 (4)

Steady-state inactivation
V50 mV 258.5 6 4.5 (3) 258.3 6 3.2 (3) 254.7 6 3.5 (3) ND
k mV 26.4 6 0.6 (3) 29.9 6 1.3 (3) 26.6 6 1.2 (3) ND
tinact at 210 mV msec 1377 6 405# (7) 218 6 24 (5) 470.8 6 91.7} (6) 513 6 82# (5)

Peak IBa was determined from I–V relationships. Activation data were determined from tail currents as described in the legend to Figure 1B. For steady-state inactivation, cells
were held at 2100 mV, and depolarizing prepulses of 15 sec duration were applied between 2100 and 0 mV (D 10 mV) before recording the maximum IBa at 25 to 110 mV.
Values were expressed as a fraction of the maximum IBa seen in each cell, and V50 and k were determined from a Boltzmann relationship of the form given in the legend to
Figure 1. tinact was determined from 600–2000 msec steps to 210 mV, as shown in Figure 1C–E. Data are given as mean 6 SEM, with the number of determinations in
parentheses. Significance of difference between data in the presence of GTPgS compared with control data for each calcium channel clone is given by *p , 0.05, **p , 0.01.
Significance of difference of a1B and the two chimeras from a1E is given by }p , 0.05, #p , 0.01. ND, Not determined.
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lation of calcium channels resided on the I–II loop of the
a1B-subunit, we examined the ability of the a1EBE chimera to
be modulated by G-protein activation. GTPgS now produced a
slowing of the activation of the a1EBE calcium channel current
similar to that found for a1B (Fig. 2C,D). Thus the incorpora-
tion of the I–II loop from a1B into a1E endows the chimera
with the ability to be modulated by G-proteins. However, a
comparison of the current–voltage relationships from cells
recorded in the absence or presence of GTPgS in the patch
pipette indicates that G-protein activation has had a greater
inhibitory effect on the amplitude of a1B currents (Fig. 3A)
than is evident for the a1EBE chimera (Fig. 3B). No effect was
observed of GTPgS on the current–voltage relationships for
a1E (Fig. 3C), and there was no effect of G-protein activation
on the steady-state inactivation parameters for any of the
calcium channel clones (Table 1).

Effect of depolarizing prepulses on activation of
parental a1E, a1B, and chimeric a1EBE
calcium channels
Depolarizing prepulses previously have been shown to reverse the
G-protein modulation of calcium currents (Tsunoo et al., 1986;
Grassi and Lux, 1989). This protocol was used in the present study
to examine the extent of calcium channel current modulation by
GTPgS for both parental and chimeric channels. Depolarizing
prepulses to varying voltages (180 to 1140 mV) markedly en-
hanced calcium current activation and amplitude of a1B currents
in the presence of GTPgS while having less effect on a1B currents
in the absence of GTPgS. The maximum enhancement was ob-
served with 100 msec depolarizing prepulses to 1120 mV (results
not shown). For subsequent experiments, a constant prepulse to
1120 mV was used, and test pulses of increasing amplitude were
applied immediately before (P1) and 10 msec after (P2) the

Figure 2. IBa was recorded from cells transfected with a1B (A), a1E (B), and a1EBE (C), together with a2-d and b1b. Cells were held at 2100 mV, and
100 msec steps from 220 mV (D 5 mV) were applied to examine the kinetics of activation of IBa. The examples given are from different cells recorded
either in the absence or in the presence of GTPgS in the patch pipette. Mean amplitudes of the maximum IBa are given in Table 1. A single exponential
was fit to the activation phase of the current, initiated after the transient positive-going current had decayed back to baseline, to quantify the rate of
activation. Examples of single exponential fits (heavy dotted lines) are given for the maximum currents at 0 mV for the two families of traces in A. The
time constant of activation (tact) is 7.9 msec for control and 11.0 msec for the GTPgS-containing cell. D, The tact values were plotted against voltage for
a1EBE (E), a1B (M), and a1E (Ç), both under control conditions (open symbols) and in the presence of GTPgS (closed symbols). The mean 6 SEM is
shown for the number of cells given in parentheses on the figure. It is clear that only a1B and a1EBE show slowed activation in the presence of GTPgS,
particularly at submaximal voltages for IBa activation. Statistical significance (Student’s t test) of GTPgS groups from their respective controls is given by
*p , 0.05, **p , 0.01 for a1EBE, #p , 0.05 and ##p , 0.01 for a1B.
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depolarizing prepulse. Thus the effect of the depolarizing prepulse
on current–voltage and tact–voltage relationships was examined.
For a1B, in GTPgS-dialyzed cells, the prepulse produced a
marked enhancement of the calcium channel current amplitude
and its rate of activation, particularly at small depolarizations
(Fig. 4A–C). Therefore, the prepulse shifted the voltage for
half-activation of the current by approximately 26 mV. At 220
mV, the P2/P1 ratio was 0.61 6 0.04 (n 5 6) for tact and 1.76 6
0.23 (n 5 6) for IBa amplitude. No significant effect was observed
either on tact or IBa amplitude in the absence of GTPgS
(Fig. 4D–F).
For a1E, there was little effect at any potential of a depolarizing

prepulse, either on tact or on current amplitude in the presence or
absence of GTPgS. For example, at 220 mV in control cells, tact
was 5.7 6 0.6 msec and 4.5 6 0.4 msec before and after the
prepulse, respectively. The P2/P1 ratio was 0.816 0.05 (n5 6; p,
0.05, paired t test). The corresponding values were 5.4 6 1.7 msec
and 4.66 1.2 msec in the presence of GTPgS, giving a P2 /P1 ratio
of 0.89 6 0.04 (n 5 5). At the same potential, the P2 /P1 ratios for
the current amplitudes were 0.99 6 0.06 in control cells and
1.03 6 0.04 in GTPgS-dialyzed cells. Thus we conclude that a1E
is not subject to G-protein modulation in this system, although
there is a small degree of prepulse facilitation of the control
activation kinetics.
In marked contrast with its effect on the parental a1E, the

depolarizing prepulse significantly enhanced the rate of activation
of the chimera a1EBE calcium channel current (Fig. 5), particu-
larly in the presence of GTPgS (Fig. 5A,C). For example, at 220

mV, P2/P1 for tact was 0.636 0.05 (n5 8; Fig. 5C) in the presence
of GTPgS and 0.75 6 0.08 (n 5 5; Fig. 5F) under control
conditions. Clearly, there is some prepulse facilitation of the
activation kinetics of a1EBE IBa in the absence of GTPgS, but this
is increased greatly in its presence. However, there was no effect
of the prepulse on current amplitude, either in the presence or
absence of GTPgS (Fig. 5B,E).

Characteristics of chimeric a1EAE expressed in
COS-7 cells
Because there is evidence in the literature that a1A also may be
G-protein-modulated, although to a more limited extent than a1B
(Bourinet et al., 1996), a similar chimera also was made contain-
ing the intracellular I–II loop of a1A, replacing the I–II loop of
a1E (a1EAE). We previously have described the properties of the
a1A clone expressed in the COS-7 cell expression system (Berrow
et al., 1997). It was not examined further in this study, because its
low expression levels precluded direct comparison. The properties
of the a1EAE chimera are shown in Figure 6 and Table 1. The
voltage dependence of activation was similar to a1E (Table 1) and
much more negative than a1A (V50 19.5 mV; Berrow et al.,
1997). The inactivation kinetics were intermediate between a1E
and a1B, being similar to a1EBE (Fig. 6A, Table 1). A compar-
ison of tinact between a1EAE and data previously obtained for
a1A was difficult because of the differences in their voltage range
for activation, given the voltage dependence of inactivation kinet-
ics. However, at 110 mV, tinact was 297 6 54 msec (n 5 8) for

Figure 3. Mean current–voltage relationships were determined for cells under control conditions (open symbols) and in the presence of GTPgS (closed
symbols) for a1B (M, 8; f, 6), a1EBE (E, 12; F, 9), and a1E (Ç, 6; å, 6). The data are the mean 6 SEM for the numbers given in parentheses. Statistical
significance between control and GTPgS groups is given by *p , 0.05 (Student’s t test).
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a1EAE, as compared with 414 6 15 msec (n 5 5) at 115 mV for
a1A (Berrow et al., 1997).
A small effect of GTPgS was observed on the kinetics of activation

of a1EAE (Fig. 6B, Table 1), tact for IBa at220 mV being 9.76 1.6
msec (n 5 7) in control cells and 14.4 6 2.1 msec (n 5 5) in cells
recorded in the presence of GTPgS. In agreement with this, in
GTPgS-dialyzed cells a depolarizing prepulse to 1120 mV applied
before a test pulse to220 mV decreased tact from 9.16 2.0 msec to
7.16 2.1 msec (n5 5; p, 0.01, paired t test; Fig. 6C). However, the
same depolarizing prepulse produced no facilitation of the amplitude
of IBa (50.9 6 20.7 pA/pF to 55.6 6 20.6 pA/pF; n 5 5; Fig. 6C). In
control cells, no effect of the same depolarizing prepulse was ob-
served either on the amplitude or tact of IBa.

DISCUSSION
G-protein regulation of a1B and a1EBE in COS-7 cells
The most significant result of the present study is that the
cytoplasmic loop between domains I and II of the B-type
calcium channel a1-subunit is sufficient to confer aspects of
G-protein sensitivity on the a1E calcium channel clone, which
itself shows no or little G-protein modulation (Bourinet et al.,

1996; Toth et al., 1996; Yassin et al., 1996). It was first neces-
sary for us to demonstrate classical G-protein modulation of
the a1B calcium channel expressed in COS-7 cells. Because of
the lack of suitable endogenous receptors in COS-7 cells, we
have chosen to produce G-protein activation by dialysis of
GTPgS from the patch pipette. The expressed a1B currents
exhibited both of the classical characteristics of G-protein
modulation: reduced amplitude and slowed activation in the
presence of GTPgS. Furthermore, both of these effects could
be reversed by a depolarizing prepulse. This has been shown
previously for opiate modulation of a1B in oocytes (Bourinet
et al., 1996) and for somatostatin modulation of a1B in a stable
HEK293 cell line (Toth et al., 1996). Although COS-7 cells
contain no Gao, they have several Gai species as well as Gaq
and Ga11 (Boyer et al., 1989). GTPgS is able to bypass the
specificity for Go of receptor-mediated modulation of calcium
channels (McFadzean et al., 1989; Kleuss et al., 1991; Campbell
et al., 1993) and will liberate Gbg from all available sources.
Recent evidence suggests that this is the G-protein species
responsible for modulation of the neuronal calcium channels
a1A and a1B (Herlitze et al., 1996; Ikeda, 1996).

Figure 4. Cells were transfected with a1B, a2-d, and b1b and recorded after 3–4 d in culture. IBa was examined immediately before (P1) and 10 msec
after (P2) application of a depolarizing prepulse to 1120 mV, according to the voltage protocol given in A and D. P1 and P2 both were augmented at 0.05
Hz from 240 mV with D 10 mV to activate currents in cells recorded in the presence of GTPgS (A) or in control cells (B). The IBa amplitude and tact
were determined for the currents evoked by P1 (M) and P2 (F), and these are plotted against the step potential of P1 and P2 for IBa and tact in
GTPgS-modulated (B, C) and control (E, F ) cells, respectively. The mean6 SEM is given for six GTPgS-modulated and seven control cells. The statistical
significance of difference between both tact and IBa amplitude evoked in P1 and P2 was determined by paired t test; *p , 0.05, **p, 0.01.
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Role of the cytoplasmic I–II loop of a1A and a1B in
G-protein modulation
The cytoplasmic I–II loop contains the major binding site for the
calcium channel b-subunit (Pragnell et al., 1994; De Waard et al.,
1995; Witcher et al., 1995), the association of which modifies the
properties of calcium channel a1-subunits (Lory et al., 1993;
Neely et al., 1993; Stea et al., 1993; Berrow et al., 1995). We have
shown previously that the presence of the calcium channel
b-subunit reduces the ability of native neuronal calcium channels
to be modulated by G-protein activation, because depletion of
calcium channel b-subunits from dorsal root ganglion neurons by
antisense oligonucleotide injection enhanced the ability of the
calcium current to be modulated by GABAB receptor activation
(Campbell et al., 1995b). This result was confirmed in an oocyte
expression study (Bourinet et al., 1996) in which the coexpression
of a calcium channel b-subunit with a1A decreased the modula-
tion observed as a result of activation of expressed opiate recep-
tors. We put forward the proposal that there is either direct or
allosteric competition between the activated G-protein subunits
and the calcium channel b-subunits for binding to the calcium
channel a1-subunit (Campbell et al., 1995b). It is, therefore,
feasible to speculate in the light of the present results that the I–II
loop of the calcium channel a1B- and a1A-subunits contains an
essential site of interaction required for G-protein modulation.

Therefore, because our results indicate that the I–II loop of a1B
and, to a lesser extent, a1A confer G-protein sensitivity on the
a1E calcium channel, it would seem likely that the G-protein
subunits mediating this effect (Herlitze et al., 1996; Ikeda, 1996)
bind to a region on the I–II loop of a1B. We have preliminary
evidence that Gbg mediates the observed effects associated with
the I–II loop (G. J. Stephens, N. S. Berrow, A. C. Dolphin,
unpublished observations).

Kinetic slowing, but not steady-state inhibition, is
conferred on a1E by the I–II loop of a1B or a1A
Insertion of the I–II loop of a1B into a1E conferred on the
resultant chimeric calcium channel one key characteristic of
G-protein modulation, that of slowed activation and reversal of
this slowing by depolarizing prepulses. The I–II loop of a1A
produced a similar, although less marked, effect. However, the
other response observed in a1B, inhibition of the steady-state
current amplitude, was not present in a1EBE or a1EAE. Several
groups previously have noted differences between these two prop-
erties: kinetic slowing and scaled or steady-state inhibition (Cir-
anna et al., 1993; Diversé-Pierluissi et al., 1995). It has been
suggested that the kinetic slowing represents voltage-dependent
inhibition, possibly a dissociation of activated G-protein from the
channel at depolarized potentials (Boland and Bean, 1993). Oth-

Figure 5. Cells were transfected with the a1EBE chimera, together with a2-d and b1b, and experiments were performed exactly as described in the
legend to Figure 4. The mean 6 SEM is given for nine GTPgS-modulated and five control cells. The statistical significance of difference between both
tact and IBa amplitude evoked in P1 (M), and P2 (F) was determined by paired t test; *p , 0.01, **p , 0.001.
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ers have found the steady-state inhibition to be a voltage-
independent process (Luebke and Dunlap, 1994), although in
many instances prepulse facilitation of G-protein-modulated cur-
rents not only restores the control rate of activation of the current
but also markedly increases its amplitude (Ikeda, 1991, 1996). A
number of pieces of evidence have been put forward to suggest
that the two processes involve different calcium channel subtypes
(Ciranna et al., 1993), although this would seem unlikely here,
because both effects are observed for cloned a1B. However, it also
has been suggested that they involve different mechanisms
(Diversé-Pierluissi et al., 1995), kinetic slowing being a direct
G-protein-mediated process and steady-state inhibition resulting
from Gbg activation of the protein kinase C pathway. The present
results would support the hypothesis of two separate mechanisms
and would suggest further that whereas kinetic slowing involves
the I–II loop of a1B and, to a lesser extent, a1A, another region
apart from this loop may be responsible for the G-protein-
mediated steady-state inhibition of calcium channel current. How-

ever, it is also clear that the kinetics of inactivation of the channel
will affect the ability to observe prepulse potentiation of calcium
currents, and we have shown in the present experiments that
a1EBE shows more rapid voltage-dependent inactivation than
a1B. In this context additional experiments are in progress to
examine the properties of the mutant a1BEB, with the I–II loop
of a1E inserted into a1B.

Role of the cytoplasmic I–II loop and IS6 in
determination of inactivation kinetics
Different calcium channel a1-subunits show different intrinsic
inactivation rates (Ellinor et al., 1993), a1E being the most rapidly
inactivating. Furthermore, the binding of different calcium chan-
nel b-subunits to the a1-subunit modifies inactivation in a
subunit-specific manner (Ellinor et al., 1993; Olcese et al., 1994).
b2a, in contrast to the other b-subunits, produces a marked
reduction in inactivation rate (Ellinor et al., 1993; Olcese et al.,
1994). It has been found that the extreme N terminus of the
b-subunit is responsible for determining its inactivation properties
(Olcese et al., 1994), whereas the binding domain for the inter-
action with the I–II loop of the a1-subunit is in the center of the
b-subunit sequence (De Waard et al., 1994). In a previous study
on chimeras between the slowly inactivating a1A and the rapidly
inactivating a1E (doe-1), it was found that a region including IS6
and stretching 19 amino acids into the I–II loop was important for
determining the inactivation properties of the a1-subunit (Zhang
et al., 1994). A subsidiary result observed in the present study is
that the I–II loop of a1B, when inserted into a1E, produces a
current phenotype with inactivation kinetics intermediate be-
tween a1B and a1E, again implicating this loop in determination
of inactivation properties. Similar results also were found for the
I–II loop of a1A inserted into a1E. The only alteration in trans-
membrane segment IS6 was V2933M, as described in Materials
and Methods. Thus, from the present and previous result (Zhang
et al., 1994) it is likely that the inactivation properties of the
channel are determined both by the b-subunit and intrinsically by
sites in IS6 and on the I–II loop, probably lying N terminal to the
b-subunit interaction domain.
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