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Affinity-purified, polyclonal antibodies to the γ subunit of the dihydropyridine
(DHP)-sensitive, voltage-dependent calcium channel have been used to isolate comple-
mentary DNAs to the rabbit skeletal muscle protein from an expression library. The
deduced primary structure indicates that the γ subunit is a 25,058-dalton protein that
contains four transmembrane domains and two N-linked glycosylation sites, consistent
with biochemical analyses showing that the γ subunit is a glycosylated hydrophobic
protein. Nucleic add hybridization studies indicate that there is a 1200-nudeoride
transcript in skeletal muscle but not in brain or heart. The γ subunit may play a role in
assembly, modulation, or the structure of the skeletal muscle calcium channel.
 

HE DHP-SENSITIVE CA 2+ CHANNEL 
from skeletal muscle consists of four 
subunits: α1 (170 kD), α2 (175 kD, 

nonreduced; 150 kD, reduced), β (52 kD), 
and γ (32 kD) (1). The α1 subunit contains 
the binding sites for the three classes of 
Ca2+-channel blockers (DHPs, phenylalkyi- 
amines, and benzothiazepines) (2) and is a 
substrate for protein kinases, as is the β 
subunit. The α2 and γ subunits are glyco- 
proteins and bind wheat germ agglutinin. 
Upon disulfide bond reduction, the α2 sub- 
unit undergoes a characteristic mobility shift 
by SDS-polyacrylamide gel electrophoresis 
(PAGE) analysis with the concurrent ap- 
pearance of the δ peptides (19 to 30 kD). 
The cDNAs for the α1, α2, and β subunits 
have been isolated and characterized (3-5). 
The α 1  subunit, with 24 putative mem- 
brane-spanning segments, is the principal 
transmembrane subunit of the complex and 
has significant sequence homology with sev- 
eral other members of the voltage-depen- 
dent ion channel family, including the α 
subunit of the Na+ channels and the Dro- 
sophila K+ channel (3, 4, 6). The transmem- 
brane properties of the α2 and β subunits are 
quite different from the α1 subunit, with the 
α2  subunit predicted to have as many as 
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three transmembrane domains (4) and the β 
subunit to have none (5). Although active 
DHP-sensitive Ca2+ channels have been re- 
constituted in lipid bilayers (7) and the 
microinjection of an expression plasmid car- 
rying the α1 subunit cDNA restores a DHP- 
sensitive Ca2+ current and excitation-con- 
traction coupling in dysgenic muscle (8), it 
is unknown which subunits are required for 
a native functional  DHP-sensitive  Ca2+

channel. 
To isolate cDNA clones for the γ subunit 

of the DHP-sensitive Ca2+ channel, affinity- 
purified guinea pig polyclonal antiserum, 
specific for the gel-purified γ subunit (Fig. 
1) (9), was used to screen expression librar- 
ies  constructed from  rabbit  back skeletal 
muscle RNA. Overlapping cDNA clones 
were isolated to determine the nucleotide 
sequence encoding the protein (Fig. 2A) 
(10). 

The 1171-nucleotide (nt)  cDNA se- 
quence contains a 666-nt open reading 
frame coding for 222 amino acids (Fig. 2B). 
The deduced amino acid sequence indicates 
a calculated molecular weight of 25,058, 
which is in approximate agreement with the 
observed molecular mass of 32 kD for the 
glycosylated (1) and 20 kD for the chemical- 
ly deglycosylated forms (11), determined by 
SDS-PAGE. The deduced amino acid se- 
quence agrees with the authentic NH2-ter- 
minus of the γ subunit, as determined by 
protein sequencing of the purified skeletal 
muscle protein (12). An analysis of the 
predicted amino acid sequence of the γ 
subunit for local hydrophobicity revealed 

four putative transmembrane domains (Fig. 
2C). These segments are designated I (resi- 
dues 11 to 29), II (residues 105 to 129), III 
(residues 140 to 155), and IV (residues 180 
to 204). Unlike many of the transmembrane 
segments in the α1 subunit (3), none of the 
above predicted  segments  contain  any 
charged residues. The length of the predict- 
ed transmembrane segments varies from 16 
to 25 amino acids. The NH2-tcrminal se- 
quence docs not resemble a hydrophobic 
signal sequence. 

On the basis of the local hydrophobicity 
and the lack of an NH 2 -terminal signal 
sequence, the predicted secondary structure 
of the γ subunit includes four transmem- 
brane segments separating intracellularly lo- 
cated NH2- and COOH-terminals. Consist- 
ent with biochemical studies (1), the two 
potential N-linked glycosylation sites (Fig. 
2B) reside on the extracellular face of the 
membrane. Of the six consensus phospho- 
rylation sites (Fig. 2B), only Ser2 and Ser214

are predicted to be intracellular. The ob- 
served decreased mobility of the γ subunit 
on SDS-PAGE in the presence of reducing 
agents, and the resistance of the protein to 
proteolytic digestion in the absence of disul- 
fide bond reduction, indicate that disulfide 
bonds play a major role in determining the 
secondary structure of the native protein. 
The deduced primary structure of the γ 
subunit contains ten cysteine residues, one 
in the COOH-terminal intracellular seg- 
ment, five within the hydrophobic trans- 
membrane segments, and the remaining 
four in the first extracellular loop between 

 
Fig. 1. Rabbit skeletal muscle DHP receptor 
subunit composition and γ  subunit antibody 
probe specificity. (A) Coomassie blue-stained, 
reduced SDS-acrylamide gel showing crude (100 
μg of microsomes) (lane 1), enriched (100 μg of 
triads) (lane 2), and purified (20 μg of DHP 
receptor) (lane 3) preparations of DHP-sensirive 
Ca2+ channel (20). (B) Immunoblot of identical 
samples as in (A), stained with GP16 polyclonal 
anriserum that had been affinity-purified (9). Ar- 
rows show the positions of the four subunits; the 
positions of the prestained molecular weight stan- 
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segments I and II. The selection of clone 
λSkMCaChG.2, which encodes the COOH- 
terminal 15 amino acids, with affinity-puri- 
fied antibodies against the purified γ sub- 
unit, indicates that significant proteolytic 
processing of the COOH terminal of the γ 
subunit does not take place, in contrast to 
the α1 subunit of the receptor (13). 

To determine the tissue-specific expres- 
sion of γ-related mRNAs, polyadenylated 
RNA was isolated from different rabbit tis- 
sues for RNA blot analysis (Fig. 3). A 
prominent band of approximately 1200 nt 
was detected in RNA from skeletal muscle. 
A weaker signal of similar size was also 
detected in lung, while no γ-specific hybrid- 
ization was observed in brain, heart, kidney, 
or liver. When the polyclonal antiserum to 
the γ subunit was used as a probe of immu- 
noblots prepared from protein extracts of 
the same tissues, immunoreactive bands 
were present only in the skeletal muscle 
samples. Although the presence of γ-like 
subunits in other tissues cannot be ruled 
out, our data indicate a distribution of the γ 
subunit that is consistent with it contribut- 
ing to the unique properties of the skeletal 
muscle DHP-sensitive Ca2+ channel and its 
postulated  role  in  excitation-contraction 
coupling (14). 

A comparison of the deduced ammo acid 
sequence of the γ subunit with sequences in 
the Swiss-Protein and GenBank nucleotide 
databases revealed no significant homolo- 
gies (15). The highest initial [ink (n)] score 
was obtained with the Na+ channel protein 
from the eel Electroplax (16) [ink (n) = 107, 
15% identity in a 133-amino acid overlap, γ 

Fig. 3. RNA blot analysis of 
rabbit RNA with a γ sub- 
unit cDNA probe. Polya- 
denylated RNA (5 μg) from 
rabbit tissue was electropho- 
resed in a 1% agarose-form- 
aldehyde  denaturing  gel 
(28) and transferred to ny- 
lon filters (ZetaProbe, Bio- 
Rad Laboratories,  Rich- 
mond, California) in 1 × 
SSPE (0.18M NaCl, 0.01M 
NaH 2 PO 4 ,   0.05   mM 
EDTA, pH 7.0). After bak- 
ing under vacuum, the filter 
was washed for 1 hour at 
65°C in 0.l × SSPE, 0.1% 
SDS, and then hybridized 
with the 32P-labeled SkMCaChG.l fragment (nt 
335 to 1074) for 17 hours at 42°C in 5 × SSPE, 
5 × Denhardt's, 50% deionized formamide, 0.2% 
SDS, and sonicated herring sperm DNA (200 
μg/ml) (28). The final washing was at 65°C in 
0.2 × SSPE, 0.1% SDS, and the filter was ex- 
posed to x-ray film for 3 days with one intensify- 
ing screen. 

subunit residues 40 to 168 versus eel Na+

channel residues 462 to 593]. Although 
these database searches did not reveal ho- 
mologous proteins, the presence of small 
(30 to 40 kD) glycoprotein subunits in 
other ion channel complexes (17) suggests 
that these may be homologous in structure 
and function to the γ subunit. 

A functional role for the γ subunit is 
suggested by a report of stable expression of 
the α1 subunit in tissue culture cells (18). 
Although the expression of the α1 subunit 
alone was able to produce DHP-sensitive 
Ca2+ currents, activation was much slower 
than in the native tissue. Thus the γ subunit 

may contribute to channel activation. Skele- 
tal muscle-like Ca2+ channel activity may be 
a result of a multisubunit complex contain- 
ing four subunits, α1, α2, β, and γ. This 
notion is supported by data on the co- 
expression of α1 and α2 cDNA clones (19). 
Higher channel activity was reported when 
the cardiac α1 and skeletal α2 mRNAs were 
coinjected, suggesting that subunits other 
than α1 can play a role in the assembly, 
modulation, or structural formation of the 
channel. 

Now that the cloning and characteriza- 
tion of cDNAs encoding each of the four 
subunits of the rabbit skeletal muscle DHP- 
sensitive Ca2+ channel has been completed, 
it  should  be  possible  to  introduce  these 
cDNAs into heterologous expression sys- 
tems to determine the functional contribu- 
tion of each subunit to the formation of this 
Ca2+ channel. 
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