
lar surface of the molecule bv antibodies as 
well as by polypeptide neurotoxins from 
scorpion, sea anemone, coral, and snail (12, 
20). Evidently, inactivation of Na+ channels 
is a transmembrane conformational change 
involving both intracellular and extracellular 
segments of the channel protein. 
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Sequence and Expression of mRNAs Encoding the or, 
and a2 Subunits of a DHP-Sensitive Calcium Channel 

Complementary DNAs were isolated and used to deduce the primary structures of the 
cwl and a2 subunits of the dihydropyridine-sensitive, voltage-dependent calcium 
channel from rabbit skeletal muscle. The cwl subunit, which contains putative binding 
sites for calcium antagonists, is a hydrophobic protein with a sequence that is 
consistent with multiple transmembrane domains and shows structural and sequence 
homology with other voltage-dependent ion channels. In contrast, the cw2 subunit is a 
hydrophilic protein without homology to other known protein sequences. Nucleic acid 
hybridization studies suggest that the cwl and cw2 subunit mRNAs are expressed 
differentially in a tissue-specific manner and that there is a family of genes encoding 
additional calcium channel subtypes. 

T HE L-TYPE BUT NOT THE T-TYPE OR 

N-type Ca2+ channels are sensitive 
to "ca2+ antagonist" drugs, includ- 

ing the dihydropyridines (DHPs). Skeletal 
muscle DHP-sensitive ca2+ channels (L- 
type) comprise at least two large polypep- 
tide subunits, a1 and (YZ, which copurify 
with equimolar stoichiometry (2-5). The a1 
subunit, which may be weakly glycosylated, 
contains receptor sites for at least two classes 
of ca2+ antagonists, the dihydropyridines 
and the phenylalkylamines, and has a molec- 
ular mass of 155 to 170 kD under both 
reducing and nonreducing conditions. The 
a2 subunit, which is extensively glycosylat- 
ed, does not bind either DHP or phenylal- 
kylamine Ca2+ antagonists and has a molec- 
ular mass of 165 to 175 kD under nonre- 
ducing conditions and of 135 to 150 kD 
under reducing conditions. Two additional 

been reconstituted in vitro (9). it is un- 
\ ,, 

known which subunits are required for a 
functional DHP-sensitive ca2+ channel. 

We describe here the sequences and tis- 
sue-specific expression of the cwl and a2 
subunits of a DHP-sensitive ca2+ channel 
determined by using cloned cDNA se- 
quences. To isolate the cDNA clones, 
monoclonal antibody IIF7, specific for the 
a1 subunit from rabbit skeletal muscle triads 
(6), and guinea pig polyclonal antisera, spe- 
cific for the gel-purified a2 subunit ( 4 ) ,  were 
each used to screen 1.0 x lo6 recombinant 
phage of a rabbit back skeletal muscle cDNA 
library. Overlapping cDNA clones were iso- 
lated to determine the DNA sequence en- 
coding each subunit (Fig. 1). 

S. B. Ellis, M. E. Williams, N. R. Ways, R. Brenner, M. 
M. Harpold, The Salk Institute Biotechnology/Industrial 
Associates. Inc. ISIBIA). 505 Coast Boulevard South. La " 

subunits may also be present, a nonglycosy- ~ u & ( $ $ , O ~ ~ ,  
K. p, Depit 

lated (3 subunit (50 to 55 kD) and a glycosy- of Physiology and Biophysics, University of Iowa, Iowa 
lated r subunit (30 to 33 kD) (2,3, 6, 7). In 

F%$e2t,4$, J ,  Koch, A, A, schwm, Depur. addition, the and (3 subunits are sub- ment of Pharmacology and Cell Biophysics, University 
strates for protein kinases, whereas the a2 ~f,-$$~innati College of Medicine, Cincinnati, O H  

and y subunits are not (7, 8). Although 43LO/.  
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- 
634 ~ G c c c T T G ~ i ~ E E : 2 f ~ E ~ ~ 2 ~ ~ ~ E i ~ t : ~ ~ ~ ~ ~ E ~ ~ ~ ~ " , E " , E ~ E ~ " , E E ~ ~ E ~ E ~ E ~ ~ ~ ~ ~ ~ l ~ : ~ E ~ E : : ~ ? f  1::; ACA ATA ACT CAG GCC A M  TAT TCA G?A ACA CTG CPA CCG GAT AAT l l T  GAA GAA TCT GGC :96: 

~CCAGAGCCCAGCGCCGCCGTTC~CCGCCGCCGCC~CCCGCCCGCGCGCCGTTCGCCGCCGCCGCCGCCCGCGGG -80 l n r  l l e  Tnr G1n A1a hrg T ~ r  Ser  G a lnr - e J  L Y s  2r3 A s n  Pne G1- G 1 ~  Ser G1> 
A $ ~ G C C G C T C G G T C C C C G G C C C C G G G G C C G G C T G G G G G G C G G T C G G G G C G T G G G G G C T T G C T C C C A G C C G C G  - 1  654 

TAC ACA TTC CTA GCA CCA AGA GAT TAC TGC AGT GAC CTT AAA CCT TCA GAT AAT AAC ACT 2010 
if; GCT GCG GGC CGC CCG CTG GCC TGG ACG CTG ACA CTT TGG CAG GCG TGG CTG ATC CTG 
M e t  A l a  A l a  G l y  A r g  P r o  L e u  A l a  T r p  T h r  L e u  T h r  L e u  T r p  G l n  A l a  T r p  L e u  I l e  L e u  

- I  61 14 
ATC GGG ccc TCG TCG GAGIGAG CCG TTC CCT TCA GCC GTC ACT ATC AAG TCA TGG GTG GAT 
I l e  G l y  P r o  S e r  S e r  G l u  G l u  P r o  Phe  P r o  S e r  A l a  V a l  T h r  I l e  L y s  S e r  T r p  V a l  A:? 

34 
AAG ATG CAA GAA GAC CTG GTC ACA CTG GCA AAA ACA GCA AGT GGA GTC CAT CAG CTT GTT 
L y s  M e t  G l n  G l u  A s p  L e u  V a l  T h r  L e u  A l a  L y s  T h r  A l a  S e r  G l y  V a l  H i s  G l n  L e u  V E ~  

GAT ATT TAT GAG AAA TAT CAA GAT TTG TAT ACT GTG GAA CCA AAT AAT GCA CGT CAG C?G 
A s p  I l e  T y r  G l u  L y s  T y r  G l n  A s p  L e u  T y r  T h r  V a l  G l u  P r o  Asn  A s n  A l a  A r g  G l n  L e u  

74 
GTG GAA ATT GCA GCC AGA GAC ATT GAG AAG CTT CTC AGC AAC AGA TCT AAA GCC CTG GTG 
V a l  G l u  I l e  A l a  A l a  A r g  A s p  I l e  G l u  L y s  L e u  L e u  S e r  A j n  A r g  S e r  L y s  A l a  L e u  V;! 

>. 

CGC CTG GCT TTG GAA GCA GAG AAA GTT CAA GCA GCC CAC CAA TGG AGG GAA GAT TTT GCA 
A r g  L e u  A l a  L e u  G l u  A l a  G l u  L y s  V a l  G l n  A l a  A l a  H i s  G l n  T r p  A r g  G l u  A s p  Phe  A l a  

114 ..- 
AGC AAT GAA GTT GTC TAC TAT AAC GCG AAG GAT GAT CTT GAT CCT GAA AAA AAT GAC AGT 
S e r  A s n  G l u  V a l  V a l  T y r  T y r  Asn  A l a  L y s  A s p  A s p  L e u  A s p  P r o  G l u  L y s  A j n  A s p  S e r  1 94 

GAA CCA GGC AGC CAG AGG ATC AAA CCT GTT TTC ATT GAC GAT GCT AAC TTT AGA AGA C ~ A  
G l u  P r o  G l y  S e r  G l n  A r g  I l e  L y s  P r o  V a l  Ph9  I l e  A s p  A s p  A l a  A s n  Phe  A r g  A r g  G l n  

1 r;4 

GTA TCC TAT CAG CAC GCA GCT GTC CAT ATC CCC ACT GAC ATC TAT GAA GGA TCG ACA A ~ c  
V a l  S e r  T y r  G l n  H i s  A l a  A l a  V a l  H i s  I l e  P r o  T h r  A s p  I l e  T y r  G l u  G l y  S e r  T h r  I l e  

174 
GTG TTA AAC GAA CTC AAC TGG ACA AGT GCC TTA GAT GAC GTT TTC AAA AAA AAT CGA GAG 
V a l  L e u  A s n  G l u  L e u  A j n  T r p  T h r  S e r  A l a  L e u  A s p  A s p  V a l  Phe  L y s  L y s  A s n  A r g  G l u  

194 
GAA GAC CCT TCA CTG TTG TGG CAG GTG TTT GGC AGT GCC ACT GGC CTG GCC CGG TAT TAC 
G l u  A s p  P r o  S e r  L e u  L e u  T r p  G l n  V a l  Phe  G l y  S e r  A l a  T h r  G l y  L e u  A l a  A r g  T y r  T y r  

Old 

CCA GCT TCT CCA TGG GTT GAT AAT AGC CGA ACC CCA AAC AAG ATT GAT CTT TAT GAT Gii 
P r o  A l a  S e r  P r o  T r p  V a l  Asp  A m  S e r  A r g  T h r  P r o  A s n  L y s  I l e  A s p  L e u  T y r  A s p  V a l  

791  

CGC AGA AGA CCA TGG TAC ATC CAA GGT GCT GCA TCC C C T  AAA GAT ATG CTT ATT  CTG liiG 
A r g  A r g  A r g  P r o  T r p  T y r  I l e  G l n  G l y  A l a  A l a  S e r  P r o  L y s  A s p  M e t  L e u  I l e  L e u  V a l  

254 
GAT GTG AGT GGA AGC GTT AGT GGA CTG ACA CTC AAA C T C  ATC CGG ACA TCC GTC TCC GAA 
A s p  V a l  S e r  G l y  S e r  V a l  S e r  G l y  L e u  T h r  L e u  L y s  L e u  I l e  A r g  T h r  S e r  V a l  S e r  G l u  

274 
ATG TTG GAA ACC CTC TCA GAT GAT GAT TTT GTG AAC GTG GCT TCA TTT AAC AGC AAT GCT 
M e t  L e u  G l u  T h r  L e u  S e r  A s p  A s p  A s p  Phe  V a l  Asn  V a l  A l a  S e r  P h e  Asn  S e r  A s n  A l a  

9Pd 

CAG GAT GTA AGC TGC TTT  CAG CAC CTT GTC CAA GCA AAT GTA AGA AAT AAG AAA GTG i i d  
G l n  A s p  V a l  S e r  C y s  Phe  G l n  H i s  L e u  V a l  G l n  A l a  Asn  V a l  A r g  A s n  L y s  L y s  V a l  L e u  

314 
AAA GAT GCA GTG AAT AAT ATC ACA GCA AAA GGA ATC ACA GAT TAT AAG AAG GGC TTT AGT 
L y s  A s p  A l a  V a l  Asn  A j n  I l e  T h r  A l a  L y s  G l y  I l e  T h r  A s p  T y r  L y s  L y s  G l y  Phe  S e r  

334 
TTT GCT TTT GAG CAG CTG CTT AAT TAT AAT GTA TCC AGA GCC AAC TGC AAT AAG ATT ATC 
P h e  A l a  P h e  G l u  G l n  L e u  L e u  A s n  T y r  A j n  V a l  S e r  A r g  A l a  A s n  C y s  Asn  L y s  I l e  !!: 

Jd. 

ATG TTG TTC ACG GAC GGA GGA GAA GAG AGA GCC CAG GAG ATA TTT GCC AAA TAC AAT AAA 
M e t  L e u  P h e  T h r  A s p  G l y  G l y  G l u  G l u  A r g  A l a  G l n  G l u  I l e  P h e  A l a  L y s  T y r  A s n  L y s  

914 

GAC AAG AAA GTA CGT GTA TTC ACA TTC TCA GTT GGC CAA CAT AAT TAC GAC AGA GGA Gi 
A s p  L y s  L y s  V a l  A r g  V a l  Phe  T h r  Phe  S e r  V a l  G l y  G l n  H i s  Asn  T y r  A s p  A r g  G l y  P r o  

941  

ATT CAG TGG ATG GCT TGC GAA AAT AAA GGT TAT TAT TAT GAA ATT CCA TCC ATT GGA ~ C C  
I l e  G l n  T r p  M e t  A l a  Cys  G l u  Asn  L y s  G l y  T y r  T y r  T y r  G l u  I l e  P r o  S e r  I l e  G l y  A l a  

414 
ATA AGA ATT AAT ACT CAG GAA TAC CTA GAT GTT CTG GGA AGA CCG ATG GTT TTA GCA GGA 
I l e  A r g  I l e  A s n  T h r  G l n  G l u  T y r  L e u  A s p  V a l  L e u  G l y  A r g  P r o  M e t  V a l  L e u  A l a  G!y 

434 
GAC AAA GCT AAG CAA GTC CAAl GG ACA AAT GTG TAC CTG GAT GCA CTG GAA CTG GGA CTT 
A s p  L y s  A l a  L y s  G l n  V a l  G l n l  r o  T h r  A s n  V a l  T v r  L e u  A s 0  A l a  L e u  G l u  L e u  G l v  

439 

GTC ATT ACT GGA ACT CTT CCG GTC TTC AAC AT IACT GGC CAA TTT GAA AAT AAG ACA AAC 
V a l  I l e  T h r  G l v  T h r  L e u  P r o  V a l  Phe  A j n  I 1  I T h r  G l y  G l n  P h e  G l u  A j n  L y s  T h r  A s n  

474 

T y r  T h r  P h e  L e u  A l a  P r o  A r g  A s p  T y r  C y s  S e r  A s p  L e u  L y s  P r o  S e r  A s p  A f n  Asn  T h r  
6," 

GAA TTT CTT  TTA AAT TTC AAT GAG TTT ATT  GAT AGA AAA ACT C C A  AAC AAC CCA TCC iii; 
G l u  P h e  L e u  L e u  A s n  Phe  A s n  G l u  Phe  I l e  A s p  A r g  L y s  T h r  P r o  A5n A t n  P r o  S e r  C y s  

604 
AAT ACA GAC TTG ATT  AAT AGA GTC TTG CTG GAT GCA GGC TTT ACA AAT GAA CTT GTT Cii 
Asn T h r  A s p  L e u  I l e  A s n  A r g  V a l  L e u  L e u  A s p  A l a  G l y  Phe  T h r  A s n  G l u  L e u  V a l  G l n  

714 
AAT TAC TGG AGT AAG CAG AAG AAT ATC AAG GGA GTG AAA GCA CGG TTT GTT GTG ACT GAi 
A s n  T y r  T r p  S e r  L y s  G l n  L y s  Ann  I l e  L y s  G l y  V a l  L y s  A 1 a  A r g  P h e  V a l  V a l  T h r  A s p  

734 
GGT GGG ATT ACC AGA GTT TAT CCC AAA GAG GCT GGA GAA AAT TGG CAG GAA AAC CCA GAG 
G l y  G l y  I l e  T h r  A r g  V a l  T y r  P r o  ~ y s  G l u  A l a  G l y  G l u  A s n  T r p  G l n  G l u  A s n  P r o  G l u  

12d 

ACA TAT GAA GAC AGC TTC TAT AAA AGG AGC CTC GAT AAT GAT AAC TAC GTT TTC ACT G:; 
T h r  T y r  G l u  A s p  S e r  Phe  T y r  L y s  A r g  S e r  L e u  A s p  Asn  A s p  A s n  T y r  V a l  Phe  T h r  A l a  

774 
ccc TAC TTT AAC AAA AGT GGA C C T  GGG GCC TAT GAG TCA GGC ATT  ATG GTA AGC AAA G c i  
P r o  T y r  Phe  A j n  L y s  S e r  G l y  P r o  G l y  A l a  T y r  G l u  S e r  G l y  I l e  M e t  V a l  S e r  L y s  A l a  

794 
GTA GAA ATA TAT ATC CAA GGA AAA CTT CTT AAA CCT GCA GTT GTT GGA ATT AAA ATT GAT 
V a l  G l u  I l e  T y r  I l e  G l n  G l y  L y s  L e u  L e u  L y s  P r o  A l a  V a l  V a l  G l y  I l e  L y s  I l e  A s p  

Q , "  

GTA AAT TCT TGG ATA GAG AAT TTC ACC AAA ACT TCA ATC AGG GAT CCG TGT GCT GGT 
V a l  Asn  S e r  T r p  I l e  G l u  A t n  Phe  T h r  L y s  T h r  S e r  I l e  A r g  A s p  P r o  C y s  A l a  G l y  P r o  

n2& 

GTT TGT GAC TGC AAA CGA AAC AGT GAT GTA ATG GAT TGT GTG ATT CTA GAT GAC GGT E66 
V a l  C y s  A s p  C y s  L y s  A r g  Asn  S r A s p  V a l  M e t  A s p  Cys  V a l  I l e  L e u  A s p  A s p  G l y  G l y  8 Rr;d 
TTT CTT TTG ATG GCC AAC CAT GAT GAT TAT ACC AAT CAG ATT GGA AGA TTC TTT GGA E ~ G  
Phe L e u  L e u  M e t  A l a  A s n  H i s  A s p  A s p  T y r  T h r  A s n  G l n  I l e  G l y  A r g  Phe  Phe  G l y  G l u  

0." 

ATT GAT CCA AGC TTG ATG AGA CAC CTG GTC AAT ATA TCA GTT TAT GCC TTT AAC AAA %; 
I l e  A s p  P r o  S e r  L e u  M e t  A r g  H i s  L e u  V a l  A j n  I l e  S e r  V a l  T y r  A l a  P h e  A$n L y s  2; 
TAT GAT TAT CAG TCG GTG TGT GAA CCT GGT GCT GCG CCA AAG CAG GGA GCA GGG CAC ?;; 
T y r  A s p  T y r  G l n  S e r  V a l  Cys  G l u  P r o  G l y  A l a  A l a  P r o  L y s  G l n  G l y  A l a  G l y  H i s  Arp 

Y l 4  
CG GCT TAT GTG CCA TCA ATA GCA GAC ATA CTG CAG ATT GGA TGG TGG GCC ACT GCT GCT 
e r  A l a  T v r  V a l  P r o  S e r  I l e  A l a  A s p  I l e  L e u  G l n  I l e  G l v  T r p  T ~ D  A l a  T h r  A l a  A l a  

934 
ICAG CAG TTT CTG TTG AGT TTG ACT TTT CCA CGG CTC CTT GAG GCA 
l G l n  G l n  Phe  L e u  L e u  S e r  L e u  T h r  P h e  P r o  A r g  L e u  L e u  G l u  A l a  

954 
GCT GAT ATG GAG GAT GAC GAC TTC ACT GCC TCC ATG TCA AAG CAG AGC TGC ATC ACT GAG 
A l a  A s p  M e t  G l u  A s p  A s p  A s p  Phe  T h r  A l a  S e r  M e t  S e r  L y s  G l n  S e r  Cys  I l e  T h r  G l u  

01" 

CAA ACC CAG TAT TTC TTC GAT RAT GAC AGC AAA TCG TTC AGT GGG GTA TTA GAC TGT ;& 
G l n  T h r  G l n  T y r  P h e  Phe  A s p  A j n  A s p  S e r  L y s  S e r  Phe  S e r  G l y  V a l  L e u  A s p  C y s  G l y  

o o a  
AAT TGT TCC AGA ATC TTT CAT GTA GAA AAG CTC ATG AAC ACC AAT TTA ATA TTC ATA ;;; 
A j n  C y s  S e r  A r g  I l e  Phe  H i s  V a l  G l u  L y s  L e u  M e t  A s n  T h r  Asn  L e u  I l e  Phe  I l e  M e t  

i n i d  
GTA GAG AGC AAG GGG ACA TGT ccc TGT GAC ACA CGG CTG C T C  ATA CAA GCA GAG CAA-ACT 
V a l  G l u  S e r  L y s  G l y  T h r  Cys  P r o  C y s  A s p  T h r  A r g  L e u  L e u  I l e  G l n  A l a  G l u  G l n 3 i $ y  

I">* 

TCT GAT GGA CCA GAT CCT TGT GAT ATG GTT AAG CAA CCC AGA TAT CGA AAA GGG CCA GAT 
S e r  A s p  G l y  P r o  A s p  P r o  C y s  A s p  M e t  V a l  L y s  G l n  P r o  A r g  T y r  A r g  L y s  G l y  P r o  A s p  

3 ° C "  

GTC TGC TTT GAC AAC AAT GTC CTG GAG GAT TAT ACT GAC TGC GGT GGG GTC TCT GGA'Y?; 
V a l  C y s  P h e  A s p  A s n  Asn  V a l  L e u  G l u  A s p  T y r  T h r  A s p  Cys  G l y  G l y  V a l  S e r  G l y  L e u  

1074 
AAT CCT TCC CTG TGG TCC ATC ATC GGG ATA CAG TTT GTA CTG CTT TGG CTG GTT TCT GGC 
A j n  P r o  S e r  L e u  TrD.::' I l e  I l e  G l v  I l e  G l n  P h e  V a l  L e u  L e u  T r D  L e u  V a l  S e r  G l y  

IUOU 

TGA CCTTCTAAAACCAAATCTCCATAATTAAACTCCAGACCCTGCCACAACATG 

ATCCCTCCGTTATGTTAAAGTAGGGTCAACTGTTAAATCAGAACATTAGCTGFGCCTCTGCCATGGCAGAGCCCTAAGG 
CGCAGACTCATCAGGCACCCACTGGCTGCATGTCAGGGTGTCC . . . . . . 3 

TTA RAG AAC CAG CTG ATT CTT GGA GTG ATG GGA GTT GAT GTG TCT TTG GAA GAT ATT AAA 1500 Figrn 1, Restriction maps of the (A) a, and (B) a2  cDNA. The heavy 
L e u  L y s  A s n  G l n  L e u  I l e  L e u  G l y  V a l  M e t  G l y  V a l  A s p  V a l  S e r  L e u  G l u  A s p  I l e  L y s  

494 line represents the coding sequence. The cDNAs were isolated from an 
AGA CTG ACA CCA CGT TTT ACA CTC TGC CCC AAT GGC TAC TAT TTT GCA ATT GAT CCT AAT 1560 oligo-d~-primed expression c~~~ library constructed in ~ ~ 1 1  (23) from A r g  L e u  T r P r o  A r g  Phe  T h r  L e u  C y s  P r o  A s n  G l y  T y r  T y r  Phe  A l a  I l e  A s p  P r o  A s n  b 514 
GGT TAT GTG TTA TTA CAT CCA AAT CTT CAG CCA AAG CCT ATT GGT GTA GGT ATA CCA ACA 1620 

young adult rabbit back skeletal muscle poly(A)+ RNA. Double-stranded 
G ~ Y  T y r  V a l  L e u  L e u   is P r o  A s n  L e u  G l n  P r o  LYS P r o  I l e  G ~ Y  V a l  G ~ Y  I l e  P r o  T h r  cDNA was synthesized, Eco RI adapters (24) were added, and fragments 

534 
ATT AAT TTG AGA AAA AGG AGA CCC AAT GTT CAG AAC CCC AAA TCT CAG GAG CCA GTG ACA 1680 nt were On a Se~harose CL-4B and ligated into 
I l e  A s n  L e u  A r g  L y s  A r g  A r g  P r o  Asn  V a l  G l n  A s n  P r o  ~ y s  S e r  G l n  ~ l u  P r o  V a l  T h r  A g t l l .  Two al cDNA clones were identified by Screening with monoclond 

554 
TTG GAT TTC CTC GAT GCA GAG TTG GAG AAT GAC ATT AAA GTG GAG ATT CGA AAT AAA ATG 1740 Ab IIF7 (6). Each clone contained an -500-nt insert and was related by 
L e u  A s p  P h e  L e u  A s p  A l a  G l u  L e u  G l u  Asn  A s p  l l e  L y s  V a l  G l u  I l e  A r g  A s n  L y s  M e t  

574 
cross-hybridization. One clone (ASkMCaCHal.3) was sequenced (11). The 

ATC GAT GGA GAA AGT GGA GAA AAA ACA TTC AGA ACT CTG GTT AAA TCT CAA GAT GAG AGA 1800 453-nt cDNA insert encodes amino acid residues 950 to 1100. On the basis 
I l e  A s p  G l y  G l u  S e r  G l y  G l u  L y s  T h r  Phe  A r g  T h r  L e u  V a l  L y s  S e r  G l n  A s p  G l u  Arg of the identification of this clone with Ab IIF7. we conclude that the 

3 Y V  

TAT ATT GAC AAA GGA AAC AGG ACA TAC ACG TGG ACT CCT GTC AAC GGC ACA GAT TAT AGC 1860 IIF7 epitope is encoded by this portion ofthe protein sequence. The CDNA 
T y r  I l e  A s p  L y s  G l y  A j n  A r g  T h r  T y r  T h r  T r p  T h r  P r o  V a l  A j n  G l y  T h r  A s p  T y r  S e r  

614 library was rescreened with the ASkMCaCHa1.3 insert (25). (C) DNA 
AGT TTG GCC TTG GTA TTA CCA ACC TAC AGT TTT TAC TAT ATA AAA GCC AAA ATA GAA GAG 1920 Sequence 26) and predicted amino acid sequence of the rabbit skeletal 
S e r  L e u  A l a  L e u  V a l  L e u  P r o  T h r  T y r  S e r  Phe  T y r  T y r  I l e  L y s  A l a  L y s  I l e  G l u  G l u  

muscle Ca + channel a z  subunit. A presumptive amino acid signal peptide 
is shown as the first 26 amino acids (residues -26 to - 1). An arrow identifies the proposed cleavage site and posit&e numbering starts with t&e p;oposed 
NH2-terminal residue of the mature protein. The NH2-terminal amino acid sequence previously determined (4) is shown in bold sequence; Thr8, TrpI2, 
and AspI4 were not previously determined. An in-frame upstream stop codon is underlined, as well as the start and stop codons of an upstream short open 
reading frame. Three putative transmembrane regions are enclosed in boxes. Potential N-glycosylation and phosphorylation sites are identified by an asterisk 
(*) below Asn residues and P below the Ser and Thr residues, respectively. Three a2  cDNA clones were identified by screening the kgtll  rabbit back skeletal 
muscle cDNA library with guinea pig antisera to a2. Two clones, ASkMCaCHa2.2 (2.5 kb) and ASkMCaCHa2.4 (3.6 kb), overlapped to encode 4.75 kb of 
an -8-kb transcript (Fig. 3B). An additional 14 overlapping clones encoding a total of -7850 nt were isolated by DNA hybridization. Only 176 nt of -4224 
nt of 3' untranslated sequence was confirmed in both directions and are reported. 
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The a1 subunit CDNA contains a 5619- 
nudeotide (nt) open reading frame that 
encodes a sequence of 1873 amino acids 
tFig. 1A). This CDNA sequence is consist- 
ent with an -6500 nt DHP receptor a1 
mRNA (see Fig. 3A). Although the nucleo- 
tide sequence of this CDNA is 99.4% identi- 
cal to the CDNA sequence of the DHP 
receptor reported by Tanabe et al. (lo), a 
number of differences were determined. Nu- 
deotide differences were identified at 33 
positions (1 I), of which three result in ami- 
no acid changes. The amino acid differences 
occur at residues 1808 (Thr to Met), 1815 
(Ala to Val), and 1835 (Ala to Glu). 

We also cloned approximately 7850 nt of 
a 2  CDNA (Fig. lB), which is consistent 
with an -8000-nt a 2  mRNA (see Fig. 3B). 
Three hundred and eight nudeotides of 5' 
untranslated sequence, a 3318-nt open read- 
ing frame, and 176-nt of 3' untranslated 
sequence are shown in Fig. 1C. The 5' 
untranslated sequence of the a 2  D N A  is 
unusually long (12). The open reading frame 
encodes a sequence of 1106 amino acids 
(Fig. 1C). The deduced amino acid se- 
quence yields a calculated molecular weight 
of 125,018 for the a 2  subunit, which con- 
trasts with the observed molecular mass of 
165 to 175 kD (under nonreducing condi- 
tions) determined by SDS-polyacrylamide 
gel electrophoresis (2,3, 6, 7). However, the 
agreement between the sequence of amino 
acid residues 1 to 17 (Fig. 1C) with the 
pamal amino-terminal sequence of the a 2  

subunit (4) indicated that we cloned the 012 

subunit. We propose that the 012 subunit has 
a &amino acid (residues -1 to -26) 
signal sequence. Although this proposed 
signal sequence is hydrophobic and of an 
appropriate characteristic length (U), it has 
ap unusually short central hydro hobic re- 
gion de6ned by GIU-' and Ghln%. The ar 
subunit contains 18 potential N-glycosyla- 
tion sites (14) and two potential adenosine 
3',5'-monophosphate (cAMP)-dependent 
phosphorylation sites (15) (Fig. 1C). 

The 012 subunit lacks significant homolo- 
gy with any protein in the Dayhoff protein 
sequence database or with other sequences 
of ion channel and receptor proteins. An 
analysis of the 012 subunit sequence for re- 
gional hydropathy (16) reveals that, in con- 
trast to the a1 subunit, this protein is sub- 
stantially hydrophilic, although it does con- 
tain a number of hydrophobic regions that 
may represent transmembrane domains 
(Fig. 2). These segments are designated I 
(amino acid residues 422 to 445), II (resi- 
dues 895 to 919), and III (residues 1056 to 
1075) in Figs. 1C and 2. Ifthe proposed a 2  

subunit signal s uence is, in fact, deaved '3 between the Glu and Glu" residues (Fig. 
lC), the amino tenninus would be extracel- 

lular. Furthermore, assuming that the three 
hydrophobic segments (Fig. 2) are trans- 
membrane domains and that there are only 
three such domains, the &xyl terminus 
would be intracellular. Such a transmem- 
brane topography would result in 8 of the 
18 potential N-glycosylation sites being 
extracellular and the two potential phospho- 
rylation sites being intracellular (Fig. 2) and 
would be consistent with biochemical stud- 
ies on the a 2  subunit (2, 3, 68).  

To determine the tissue-specific expres- 

sion of a1 and a 2  mRNAs, total RNA was 
isolated from a variety of rabbit tissues for 
RNA blot analysis (Fig. 3). For the a1 

subunit, a prominent 6.5-kb transcript was 
detected in total RNA from skeletal muscle, 
while a much weaker hybridizing transcript 
of the same size was observed in aorta (Fig. 
3A). Upon longer exposure. of the autora- 
diograms, a weakly hybridizimg 6.5-kb tran- 
script was also observed in total RNA from 
heart; however, no al-specific hybridization 
was observed with total RNA from ileum or 

Fig. 2. Hydrophilicity profile of the a2 subunit 
computed according to Kyte and Doolittle (16); 
the window size is 19 residues plotted at one- 
residue intervals. Potential glycosylation sites (*) 
and phosphorylation sites (P) are indicated. Thm , , . , . , . , , , , 
transmembrane domains are proposed: I, amino 16; 500 1000 
acid residues 422 to 445; 11, amino acid residues Amlno acid number 
895 to 919; and III, amino acid residues 1056 to 
1075. Transmembrane regions are proposed based on their hydropathy value, polarity index, and 
hydrophobic moment analysis (16,27). The proposed signal sequence is indicated by the hatched box 
above residues - 1 to -26. 

Fig. 3. RNA blot analysis of 
rabbit total RNA with (A) 
a1 and (B) a2 subunit 
cDNA probes. Total RNA 
was isohted fiwn the tissues 
indicated, and 10 pg of 
RNA per lane was decao- 
phorcsed in a 1% agarose- 
formaldehyde denaturing 
gel and transferred to nitro- 
cellulose 61ters (28). The fil- 
ters were hybridized with 18s- 
the reswctive cDNA  robes 
and \;ash4 in 0 : 0 1 5 ~  a! 
NaU, 0.0015M sodium ci- 
trate, 0.1% SDS, pH 7.0, at 
37°C for a, and 50°C for a2. The al and a2 cDNA probes, the Eco W a c  I fkgment (nt 1006 to 
5314) of pSkMCaCHal.7, and the cDNA insert (nt 133 to 3494) of ASkMCaCHa2.3 were labeled by 
random priming. Autoradiogra hy was for 7 days with an imens@ing screen, except for the RNA from 
ileum and aorta hybridized wig  the a2 cDNA probe, which was exposed to x-ray film for 14 days. 

Flg. 4. DNA blot analysis of 
rabbit and human genomic 
DFA with (A) al and (B) 
a, subunit cDNA probes. 
DNAs were dgested with 
the indicated restriction en- kb 

o R1 Barn HI 
I 5 - i -  
1 6 7 8  

B a2 
Eco R 

I rn 
1 

ymes and 15 pg of digested 
DNA was elecnophoresed ' 
in a 0.8% agarose gel and 
transferred to nitrocellulose. 6.6 - 
Blots were hybrid&d at 4.3- 

42°C in 0.25 mM EDTA. 

I Barn HI E 
?'RH'' 
2 3 4  

coRl Bam HI 
R n  
5 6 7 8  

0.05M N ~ H , P ~ ~ . H ~ o ;  
0.9M NaCl, pH 7.0 [5 X sa- 
line sodium phosphate ''O- 

(SSPE)], 5 x Denhardr's so- 1.4 - 
lution, 50% deionized for- - 
marnide, 0.2% SDS, and 0.9- 

sonicated herring sperm 
DNA (200 pglml) (29). (A) 
a,; hybridization with pSkMCaCHal.7 (25) cDNA probe. (B) a2; hybridization with cDNA insert of 
XSkMCaCHa2.3 (26) subdoned into pIBI24 as probe. High stringency washing b a r  consisted of 
0 . 1 ~  SSPE, 0.1% SDS, 65°C (lanes 1 to 4). Low stringency washq buffer consisted of l x  SSPE, 
0.1% SDS, 50°C (lanes 5 to 8). R, rabbit genomic DNA; H, human genomic DNA. 
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brain. In contrast, an 8.0-kb transcript spe- 
cific for the a 2  subunit was detected in total 
RNA from each of the tissues examined 
(Fig. 3B). In addition, a weakly hybridizing 
a2 7.0-kb transcript was observed in skeletal 
muscle and the hippocampal region of the 
brain. The intensity of the a 2  hybridization 
signals also varied.among the different tis- 
sues. This variability of the a1 and a 2  hy- 
bridization signals may result from the ab- 
sence or lower concentrations of the a ,  and 
a2 transcripts in these tissues relative to 
skeletal muscle. Alternatively, the lower hy- 
bridization signals, or lack thereof, in certain 
tissues may be due to the presence of tran- 
scripts with varying degrees of sequence 
homology encoding a, and a2 subunit- 
related subtypes. - 

To investigate the existence of gene se- 
quences related to those encoding the skele- 
tal muscle a1 and a2 subunits, rabbit and 
human genomic DNAs were digested with 
various restriction enzymes and DNA blots 
of these DNAs were hybridized with radio- 
labeled cDNA clones specific for the a1 or 
the a2 subunits (Fig. 4). Under conditions 
of high stringency, very few hybridizing 
bands were observed in rabbit genomic 
DNA with either the al- or a2-specific 
probes (Fig. 4, A and B, lanes 1 and 3) 
indicating a low copy number, perhaps only 
a single copy each, of the a1 and a2 subunit 
genes. DNA blots of the same DNA prepa- 
rations were also  robed under conditions 
of low stringency with the same a,- and a2- 
specific probes (Fig. 4, A and B, lanes 5 and 
7). Although more bands were observed 
with the a1 cDNA probe than in the high 
stringency condition, no additional bands 
were observed with the a2 cDNA probe. In 
addition, similar results were obtained with 
human genomic DNA (Figs, 4-4 and 4B, 
lanes 2, 4, 6, and 8), which suggests sub- 
stantial conservation of the DNA seauences 
encoding the a1 and a 2  subunits between 
rabbits and humans. These results, together 
with those of the RNA blot analyses, sug- 
gest that the a l  subunit of the skeletal 
muscle DHP-sensitive Ca2+ channel may 
share homologous sequences with rabbit 
and human genes encoding distinct subtypes 
of ca2+ channels. Additionally, these results 
confirm and extend those of recent peptide 
mapping and immunological studies that 
indicate that significant homology exists be- 
tween the skeletal muscle a2 subunit and a 
similar subunit associated with heart and 
brain L-type ca2+ channels (17). 

The sequence and structural homologies 
of the DHP receptor a1 subunit with the a 
subunit of Na' channels (18) and a region 
of Drosophila K' channel proteins (19) sup- 
port the conclusion that the a1 subunit is 
part of a voltage-dependent ca2+ channel. 

Biochemical and ultrastructural evidence 
demonstrates that the a? subunit interacts 
with the a1 subunit, and perhaps also with 12. 
the p and y subunits, with equimolar stoi- 13. 

chiometry as a complex localized in the T 14. 

tubules (3, 5-7). The apparent inability of 15. 
mRNA derived from an a1 subunit cDNA 

16, 
to induce the expression of voltage-depen- 
dent ca2+ channel activity in Xenopus oo- 17. 

cytes (20) suggests that, in contrast to Na' 
(18) and Kt (19) channels, the skeletal 18. 
muscle DHP-sensitive ca2' channel mav 
function only as a multiple subunit complex. 
Ion transport proteins and ligand-gated ion 
channels, such as Na+,K+-ATPase (21) and 19. 

the nicotinic acetylcholine receptors (24, 
require multiple, distinct subunits for func- 
tions. For example, the a 2  subunit of the 20, 
DHP-sensitive Ca2+ channel may be analo- 
gous to the p subunit of the Na+,K+- 

21. ATPase, an extensively glycosylated protein 
with a single putative membrane spanning 22. 
region, which has been proposed to be ,, La. 
required for the insertion of the a subunit 
into the membrane (21). 

24. 
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