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Tissue distribution and possible function of the subunits of the
L-type calcium channels

F. Hofmann, M. Biel, R. Hullin, E. Bosse, V. Flockerzi

Institut far Pharmakologie und Toxikologie der Technischen
Universitat, Biedersteinerstr. 29, D-8000 Munchen 40, Germany

Introduction

L-type calcium channels are present in many tissues and are the
major pathway for voltage activated calcium entry in heart and
smooth muscle and are essential for EC-coupling in skeletal mus-
cle. The transverse tubular membrane of skeletal muscle contains a
high density of the calcium channel protein, the so called recep-
tor for calcium channel blockers (CaCB-receptor) ([1]. The charge
moved during excitation-contraction coupling (EC-coupling) is lo-
cated in the CaCB-receptor and can be blocked by dihydropyridines
and phenylalkylamines [2]. It is likely that in skeletal muscle
the CaCB-receptor functions only as voltage sensor and not as cal-
cium conducting channel since EC-coupling does not require calcium
entry in skeletal muscle.

Component of the skeletal muscle CaCB receptor/calcium channel
The rabbit skeletal muscle CaCB-receptor has been purified to ho-
mogeneity, and contains five proteins with apparent molecular
weights of 165,000 (ay), 55,000 (B), 32,000 (y) and a disulfide-
.linked dimer of 135,000 (ap) and 28,000 (§). The primary sequence
of the subunits has been deduced by cloning of the corresponding
mRNAs from rabbit skeletal muscle [3-7] (Fig.1l).

The aj subunit contains the structural components of a voltage de-
pendent ion channel (3,4), and the high affinity binding sites for
dihydropyridines, phenylalkylamines and benzodiazepine [see 1 for
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references]. High affinity binding to the dihydropyridine sites
requires the presence of pumolar calcium [8]. Phenylalkylamine
binding depence also on the presence of pmolar calcium, although
binding is inhibited by millimolar concentrations of calcium [8].
The dihydropyridine site has been identified by photoaffinity
labelling of the purified receptor with azidopine and nifedipine
[9]. Both compounds label peptides which follow directly the last
putative transmembrane helix (S6) of repeat IV. The phenyl-
alkylamines bind apparently to the same region of the a; subunit.
An antibody raised against aa 1349-1391 of the @; subunit - this
sequence contains the transmembrane helix IV S6 - identified a
tryptic peptide which contained covalently bound [N-methyl-
3H]LU449888, a photoaffinity analogue of devapamil [10].

The deduced sequence of the aj; subunit contains seven consensus
sequences for cAMP-dependent phosphorylation [3]. One of these
sites, Ser-687, is rapidly phosphorylated in vitro by cAMP kinase
[11]. A second serine, Ser-1617, is phosphorylated slowly in vitro
by cAMP kinase. Phosphorylation of these sites may be significant,
since the open probability of the reconstituted skeletal muscle
CaCB-receptor/calcium channel is increased several fold by cAMP
dependent phosphorylation [12-14]. Furthermore, the @; subunit of
isolated rat myocytes is phosphorylated at least at two sites in
response to isoproterenol in vivo [5]. One phosphorylation site
could be identical with Ser-687 suggesting that phosphorylation of
this residue may influence the open probability of the skeletal
muscle calcium channel.

The ap/6 subunit contains three putative transmembrane segments
[4]. In agreement with its behaviour as a glycoprotein several
consensus sequences for glycosylation are present in a large ex-
tracellular domain. The § subunit is identical with the carboxy
terminal part of the cloned a; protein starting at aa 935 of the
predicted sequence [16]. Presumably, the mature a;- and é-protein
are the product of the same gene and arise by posttranslational
processing. The mature aj-protein has two transmembrane domains
and is linked by disulfide bridges to the §-protein which contains
the third putative transmembrane helix.

The fB-subunit is compatible with that of a peripheral membrane
protein of 57,868 Da [5]. It contains four a-helical domains,
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three of which contain a heptad repeat structure. Heptad repeats
have been found in cytoskeletal proteins. This suggests that the g
subunit may be a cytoskeletal protein which anchors the «j subunit
to the cytoskeleton. The deduced amino acid sequence contains se-
veral potential phosphorylation sites. Two of these sites, Ser-
182, and Thr-205 are phosphorylated in vitro by cAMP kinase. Fur-
ther sites may be phosphorylated by cGMP kinase, casein kinase II
and protein kinase C, which rapidly modify the B subunit in vitro
and phosphorylate specific peptides [17].

The y-subunit is an integral membrane protein, of 25,058 Da

[6,7] containing four putative transmembrane domains and two gly-
cosylation sites which are located extracellular. The purified y-
protein is glycosylated, supporting a model, which locates the N-
and C-terminus of the protein on the cytosolic site of the
membrane (Fig.1).

Tissue distribution of the CaCB-receptor subunits

Complete cDNAs for the @; subunit of the CaCB receptor have been
isolated from rabbit heart [18] and rabbit smooth muscle [19]
(Fig.2). Both, the cardiac and smooth muscle cDNAs encode large
polypeptides (2171 and 2166 amino acids in length, respectively)
showing an overall homology of 66% (cardiac) and 65% (smooth mus-
cle) to the skeletal muscle CaCB-receptor. The amino acid sequence
of the smooth muscle CaCB receptor differs from the rabbit heart
receptor at four sites comprising the aminoterminus, segments IS6
and IVS3 and an intervening sequence between repeat I and II [19].
Both channel proteins are differentially expressed. The mRNA of
the cardiac channel is exclusively expressed in heart whereas the

mRNA of the smooth muscle channel is present in airway and vascu-
. lar smooth muscle cells which exist in lung, trachea, heart, aorta
and brain [20]

The skeletal muscle and the cardiac/smooth muscles channels are
the product of two different genes. Analysis of partial clones ob-
tained by PCR suggests that both genes give rise to several
differently splices variants of the skeletal and cardiac muscle
[20,21]. One variable region has been located to the transmembrane
helix S3 and the extracellular connecting loop between S3 and S4

of repeat IV. This location is interesting since the S4 segment
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has been implicated as voltage sensor of the channel. Variation in
this area may, therefore, affect the gating kihetics of the chan-
nel. Further analysis yielded evidence for the excistence of 3 ad-
ditional calcium channel genes ([22].

Northern blot analysis shows [20], that a probe of the skeletal
ay/6 subunit hybridized to an 8.0 kb transcript in poly (A)+RNA
from skeletal muscle, brain, heart, aorta, trachea and lung. In
addition, a weakly hybridizing a; 7.0 kb transcript was observed
in these tissues. The B subunit derived probe hybridized to three
poly (A)+RNA species of skeletal muscle with estimated sizes of
1.6, 1.9 and 3.0 kb. The size of the 1.9 kb species is consistent
with the size of the cloned cDNA (1835 nt) [5]. mRNA species of
similar size as the 3.0 kb species appear to be present in brain
and aorta. A less abundant mRNA population of about 4.8 kb, which
was detected only as a faint band after long autoradiographic ex-
posure, is present in heart. The y-subunit probe hybridized to a
1.3 kb poly (A)+RNA species of skeletal muscle [6,7]. Weakly hy-
bridizing y-transcripts of 1.0 kb (heart) and 1.3 and 1.8 kb
(aorta) were observed. In brain a 1.5 kb signal was clearly visi-
ble after 5 day autoradiographic exposure but not after 16 hours.

Requlation of the expressed al_subunit by the other subunits

Adult cardiac ventricular and smooth muscle myocytes express
mainly high voltage activated calcium channels with slow inacti-
vating properties. These are sensitive to calcium channel
blockers. In agreement with this, microinjected synthetic RNA de-
rived from the cloned cardiac and smooth muscle CaCB receptor aj
subunit cDNA directs the synthesis of similar channels in Xenopus
oocytes [18,19]. These results indicate that the cardiac and
smooth muscle a; subunit of the CaCB receptors alone is sufficient
to induce calcium channel current. The current density approxi-
mately doubles when the cRNA for one aj-subunit is coinjected with
the cRNA for the aj/§-subunit. However, a dramatic about 100fold
increase in current density is observed when in addition to the
cRNA for the «; subunit the cRNA of the skeletal muscle B-subunit
and the a5/8 subunit are coinjected [23,24]. Coexpression of the
cardiac a; subunit with the other skeletal muscle subunits effects
also quite significantly the electrophysiological properties of



93

the channel [24]. The a2/6 subunit doubles the speed of channel
activation and all three subunits (ay/6,8 and y) increase inacti-
vation of the channel at the end of a 200 msec depolarizing pulse.
The coexpression of the a3/6 and B-subunit with the aj subunit
shifts the voltage dependence of activation of Ba-currents by
about 15mV to the left. The y subunit shifts the voltage depen-
dence of the steady state inactivation by 40mV to the left. The
results [24] show that coexpression of a cardiac aj;- subunit with
the a3, B and y-subunit of skeletal muscle has quite dramatic ef-
fects on the electrical properties of the ion channel.

Conclusion

These studies suggest that the aj;-subunit of the cardiac or smooth
muscle calcium channel is the calcium pore forming protein. How-
ever, the properties of this channel depend largely on the coex-
pression with other subunits. With the exception of the aj-sub-
unit, it is unlikely that cardiac or smooth muscle contains iden-
tical subunits as the skeletal muscle. The northern blot analysies
[20] suggests that the expression of these smaller subunits occurs
in a tissue specific manner. The tissue specific expression pro-
vides the basis for a tissue specific regulation of L-type calcium
channels. F. ex., the B-adrenergic receptor stimulates L-type cal-
cium current in cardiac [25] and in tracheal smooth muscle [26].
Both tissues containe almost identical «j-subunits [19]. However,
cAMP-dependent phosphorylation is only demonstrable in cardiac
[25], but not in tracheal smooth muscle cells [26]. It is likely
that this differential regulation is caused by the expression of
distinct small subunits in each tissue. It will be very important,
therefore, to identify these subunits in each tissue.
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Fig. 1

Oligomeric structure of the skeletal muscle calcium channel. The
molecular structures of the o), a3/, B and y subunits were con-
structed from the primary sequences given in Refs. 3-7. The upper
and lower horizontal lines indicate the extra- and intracellular
surface of the plasma membrane, respectively. Rods between these
lines represent transmembrane helices. The S4 segment is indicated
by a +. In vitro phosphorylation is indicated by a P. Note, that
the B subunit is localized intracellularly.
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Fig. 2

Comparison of the primary sequence of the skeletal, cardiac and
smooth muscle aj-subunit of the calcium channel. The sequence is
shown as block. Significant differences between the smooth muscle
and the skeletal muscle or cardiac muscle are indicated by black.
A line between blocks indicates a lack of the sequence in the
respective clone. The putative transmembrane topology is shown at
the bottom. The location of the repeats I-IV, of the phosphory-
lated Ser-687 of skeletal muscle and of the conserved, putative
cAMP-kinase phosphorylation sites are indicated by roman numeri-
.cals, a closed circle and two open circles.
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