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Abstract. The dihydropyridine-sensitive calcium channel of the rabbit skeletal 
muscle is the first voltage-gated calcium channel which has been purified and 
biochemically characterized. The a,-subunit. a 165 kDa protein, of the purified 
dihydropyridine receptor contains all regulatory sites of a L-type calcium chan
nel and the calcium conducting unit. The purpose of this review is to summarize 
and discuss recent findings on the structure and possible function of the skeletal 
muscle calcium channel subunits. 
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Introduction 

Regulation of the influx of calcium through voltage-dependent channels is 
important for the control of many cellular functions. Well-known examples of 
cellular functions regulated by the influx of calcium include excitation-contrac
tion coupling in cardiac and smooth muscle as well as hormone and trans
mitter release in neurons and other secretory cells (Reuter 1983; Tsien et al. 
1987; Hofmann et al. 1987). Three classes of calcium channels (L-, N- and 
T-types) have been identified which differ in their electrophysiological proper
ties, specific sensitivity to organic calcium channel blockers, and their ability to 
be regulated by the membrane potential and by hormone receptors (Nowycky 
et al. 1985). The electrophysiological properties of calcium channels have been 
studied in great detail in many cell types. However, their biochemical charac
terization has been limited in general to the skeletal muscle, where L-type 
channel like structures, i.e. the charge carriers have a particular high density 
(Galizzi et al. 1986). Mammalian skeletal muscles contain at least two separate 
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calcium channel subtypes (Cognard et al. 1986). One class of channels is 
activated at —65 mV and produces a transient inward current. This channel is 
not sensitive to organic calcium channel blockers. The activation of the second, 
a L-type channel, leads to a large and long lasting conductance and inactivates 
slowly. This channel is blocked by organic calcium channel antagonists (Aimers 
et al. 1985). Adult skeletal muscle contains a third structure, the charge carrier, 
which is blocked by the organic channel blockers and its function appears to be 
essential for excitation-contraction coupling (Rios and Brum 1987; Adams and 
Beam 1989). The availability of organic calcium channel blockers and their 
radiolabeled forms have allowed the identification, purification and biochemical 
characterization of the L-type calcium channel of the skeletal muscle, the subject 
of this review. 

Purification and functional reconstitution of the L-type Ca2+ channel 

Voltage-dependent calcium channels in the skeletal muscle have been identified 
in vitro by three separate, allosteric linked drug binding sites which are specific 
for calcium antagonist drugs such as 1,4-dihydropyridines. phenylalkylamines 
and benzodiazepines (Hofmann et al. 1987). The skeletal muscle receptor for 
1.4-dihydropyridine is localized at the transverse tubular membrane which 
contains high densities of these sites (Jorgensen et al. 1989). The receptor has 
been purified from rabbit skeletal muscle by several laboratories (Curtis and 
Catterall 1984; Flockerzi et al. 1986a: Takahashi et al. 1987; Leung et al. 1988). 
The purified receptor contains three polypeptides of 165 (a,), 55 (fi) and 32 
(y)kDa. A stoichiometric ratio of 1:1:1 was determined for the a-, f3- and 
/-subunits. suggesting that they may belong to the same molecular structure 
(Sieber et al. 1987). A single 170 kDa glycoprotein that upon reduction forms 
two polypeptides of 135 (o :) and 32 (Ô) kDa was also identified in the purified 
receptor complex. The relationship of this protein to the other three subunits is 
unknown. 

The purified receptor complex reconstitutes to a L-type calcium channel of 
20 pSi (Flockerzi et al. 1986b; Pelzer et al. 1988; Talvenheimo et al. 1987). This 
calcium channel is blocked by organic and inorganic calcium channel blockers. 
The open probability of the channel is increased by the calcium channel activa
tor Bay K 8644 and by phosphorylation with cAMP-kinase (Nunoki et al. 1989; 
Hymel et al. 1988; Pelzer et al. 1988; Flockerzi et al. 1986b). A second channel 
with a lower conductance has also been observed, eventually indicating the 
presence of several distinct calcium channels (Ma and Coronado 1988). Binding 
experiments with dihydropyridines. phenylalkylamines and diltiazem have 
shown that the reconstituted receptor complex contains the binding sites for all 
three major classes of calcium channel antagonists (Flockerzi et al. 1986a; 
Striessnig et al. 1986; Sieber et al. 1987). 
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Fig. 1. Rabbit microsomes from various tissues and purified calcium channel of the rabbit skeletal 
muscle were subjected to SDS-PAGF under reducing conditions. Proteins were then transferred to 
an Immobilon (PVDF) membrane and stained with anli <2,-subunit mAB-8B7 (left panel) of anti 
yS-subunit mAb-7C3 and goal anti mouse IgG alkaline phosphatase conjugate (right panel). A: pure 
calcium channel (0.4pg). B skeletal muscle (12.5//g), C: heart (303 pg), uterus (500 pg) and trachea 
(500 pg). 

Biochemistry of the L-type calcium channel subunits 

arsubiinit 

The a, -subunit has an apparent molecular mass of 165 kDa on SDS-PAGE. The 
protein molecule is poorly glycosylated. The a,-subunit contains the specific 
sites for calcium channel blockers as determined by labeling with photoaffinity 
ligands for dihydropyridines, phenylalkylamines and benzothiazepines (Sieber 
etal. 1987; Striessniget al. 1987; Takahashi et al. 1987). The o,-subunit contains 
also specific phosphorylation sites, which in vitro are phosphorylated by cAMP-
kinase, protein kinase C, Ca3+-calmodulin-kinase, casein kinase II and cGMP-
kinase (Róhrkasten et al. 1988; Jahn et al. 1988). The primary amino acid 
sequence of the o,-subunit has been deduced from its cDNA and is consistent 
with a 212 kDa protein (Tanabe et al. 1987; Ellis et al. 1988). It contains four 
repeated transmembrane units of high homology, which are composed of six 
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Table 1. Immuno cross-reactivity of monoclonal antibodies against the ar or /?-subumt of the 
rabbit skeletal muscle calcium channel with skeletal muscle microsomes from different species 

Human Rabbit Rat Mouse G.pig Sheep Cow Pig Chick Frog 
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Microsomes were prepared from the skeletal muscles by ultracentnfugation. The microsomal 
proteins were separated by SDS-Page under reducing conditions. The proteins were then transferred 
to a Immobilon (PVDF) membrane and stained with the monoclonal antibodies as described in 
legend to Fig. I 

transmembrane a-helices. The S4 segment contains a positively charged helix 
and could be the voltage sensor of the calcium channel. This unit is also found 
in other ion channels. The deduced amino acid sequence has a high degree of 
homology to other voltage-dependent ion channels, particularly to the sodium 
channel. The functional importance of the a,-subunit for the calcium channel 
activity was shown in dysgenic muscle cells of mice where the a,-subunit is 
greatly reduced. Injection of cDNA for the a,-subunit restores a dihydropy-
ridine- sensitive slow calcium channel in these cells (Tanabe et al. 1987). More
over, one monoclonal antibody to the a,-subunit inhibited the dihydropyridine-
sensitive calcium channel in cultured muscle cells (Morton et al. 1988). These 
results show that the a,-subunit is the channel forming protein, containing all 
regulatory sites known to effect the L-type calcium channel in vivo, i.e. sites for 
organic calcium channel blockers, activators and cAMPdependent pho
sphorylation. The a,-subunit of the skeletal muscle channel differs from that of 
other excitable tissues. Thus, Northern blots carried out with an oligonucleotide 
probe obtained from the cDNA of the skeletal muscle a,-subunit show crosshy-
bridization to 8.2 kb mRNA in brain, heart and smooth muscle and to a 6.3 kb 
mRNA in skeletal muscle (Mikami et al. 1989; Biel et al. 1989). Similarly, 
monoclonal antibodies against the a,-subunit do not detect the a,-subunit in 
other tissues including heart, brain, lung, trachea, and uterus (Fig. 1). In con
trast, these antibodies detect the a,-subunit in the skeletal muscle from human, 
rabbit, mouse, rat, guinea pig, hamster, sheep, cow, pig, chick, and frog 
(Table 1) (Schmid et al. 1986; Norman et al. 1987). This suggests that differences 
exist in the primary sequence of the a,-subunit from different tissues. 
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P-subunit 

The /?-subunit has an apparent molecular mass of 55 kDa. The protein is 
apparently not glycosylated (Takahashi et al. 1987). The /?-subunit contains 
several specific phosphorylation sites, which are phosphorylated by cAMP-
kinase (at Ser 182) and other sites may be phosporylated by protein kinase C 
and cGMP-kinase (Jahn et al. 1988). The primary amino acid sequence of the 
/?-subunit has recently been deduced from its cDNA which codes for a 57 kDa 
protein (Ruth et al. 1989). It contains four hydrophilic o-helices, each consisting 
of a homologous unit of eight amino acids. The deduced sequence is compatible 
with a peripheral membrane protein. A monoclonal antibody to the /^-subunit 
can activate the calcium channel reconstituted into a planar lipid bilayer and can 
modulate the calcium channel of cultured cells (Vilven et al. 1988). These results 
and the phosphorylation studies support a modulatory role for the /^-subunit. 
It is not known as yet, whether the /?-subunit is present in other tissues. A 
monoclonal antibody to the /?-subunit does not detect the subunit in other 
tissues including heart, brain, lung, trachea and uterus. But this antibody 
cross-reacts with a protein similar to the /?-subunit in human, rabbit, rat, guinea 
pig, cow, pig, mouse and sheep (Table 1). However, other results suggested that 
mRNA and a protein similar to the /?-subunit of the skeletal muscle may be 
present in brain. It is therefore possible that ^-subunit like proteins are also 
present in some tissues. 

y-subunit 

The y-subunit of the dihydropyridine-sensitive calcium channel is a heavily 
glycosylated protein with an apparent molecular mass of 32 kDa on SDS-
PAGE (Flockerzi et al. 1986a; Takahashi et al. 1987). Although, the car
bohydrate content of the y-subunit is 30 %, the subunit is very hydrophobic. An 
antibody to the y-subunit inhibited the calcium channel activity, suggesting that 
the y-subunit has also modulatory functions (Campbell et al. 1988). The pri
mary structure of the y-subunit is not known. 

a2- and 8-polypeptide 

Previously it was suggested that the a2-polypeptide was the receptor for calcium 
channel blockers (Barhanin et al. 1987). It is now known that the protein does 
not bind calcium channel blockers nor does it have the primary structure of an 
ion channel protein. The or2-peptide is heavily glycosylated (Takahashi et al. 
1987). After reduction, its apparent molecular mass decreases from 165 kDa to 
135 kDa due to dissociation of disulfide linked proteins of a molecular mass of 
about 28 kDa. The 28 kDa protein has been termed c>-subunit (Leung et al. 
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1987). The primary sequence of the os-polypeptide has been deduced from its 
corresponding cDNA. The deduced sequence of the a:-protein is compatible 
with that of a heavily glycosylated membrane protein (Ellis et al. 1988). The 
^-polypeptide and the attached <S-polypeptide are not phosphorylated in vitro. 
The functional role of these proteins is not yet known. Antibodies against the 
a.-protein of the rabbit skeletal muscle specifically detect an identical or similar 
protein in a wide variety of tissues including brain, heart, skeletal muscle and 
smooth muscle (Schmid et al. 1986; Norman et al. 1987). Similarly, the cDNA 
of the a,-protein hybridizes with the mRNA of other tissues in Northern blots 
(Ellis et al. 1988). Therefore, it is clear that an identical a:-protein is present in 
most tissues. This result supports the notion that the arprotein may not be an 
essential part of the calcium channel. 

Conclusion 

The purified 1.4-dihydropyridine receptor of the skeletal muscle forms a func
tional L-type calcium channel after reconstitution into artifical membranes. The 
functional unit of the purified calcium channel is the a,-subunit. The o,-subunit 
has most properties of a dihydropyridine-sensitive L-type calcium channel: 
binding sites for the organic calcium channel blockers, i.e. 1,4-dihydropyridines, 
phenylalkylamines and benzodiazepines, phosphorylation sites for cAMP-
kinase and protein kinase C, the primary structure of a voltage-dependent ion 
channel and forms a L-type calcium channel after reconstitution. The », -subunit 
of heart and smooth muscle are similar proteins. However, they differ consider
ably in those parts which are exposed to the intracellular compartment (Mikami 
el al. 1989). Antibodies raised against these structures do not crossreact with the 
a,-subunit from different tissues. This suggests that different genes code for the 
a] -subunit of skeletal muscle and heart or smooth muscle. The role of the /?- and 
y-subunit is unclear. But, several lines of evidence suggest that they are part of 
the calcium channel and modulate the channel function. Thus, the /?-subunit 
contains specific phosphorylation sites for cAMP-kinase and protein kinase C. 
Antibodies against the j3- or y-subunit modulate in vivo and in vitro the dihyd
ropyridine-sensitive calcium channel of the skeletal muscle. It is unlikely that the 
same proteins are present in other tissues. This and other evidence raise the 
possibility that these proteins may be essential for the function of the a,-subunit 
as charge carrier in skeletal muscle. This interpretation would be in line with the 
finding that antibodies against the a,-subunit stain an identical protein at two 
distinct localizations in skeletal muscle (Jorgensen et al. 1989). Further work is 
required to support this notion. 
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