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2. MATERIALS

L-type calcium channels comprise a group of very
similar yet distinct proteins or protein complexes that
differ in kinetics, voltage dependence and their relative
sensitivity to organic calcium channel blockers (CaCB).
When purified from rabbit skeletal muscle the calcium
channel consists of three main subunits with molecular
masses of 165 000 (CYIsubunit or CaCB receptor), 55 000
(8) and 32000 Da (7) [l-5]. A further polypeptide consisting of a disulfide-linked
dimer of a 130000 (CYZ)and
a 28000 (6) protein is present in this preparation
at a
variable
concentration
[2]. The subunits
have been
reconstituted
to functional
calcium
channels
which
were modulated
by phosphorylation
[6] and by
monospecific
antibodies
for the cyl, the ,8 and the y
subunit
[7,8]. The cDNAs of the CaCB receptor
[9-l 11, the a2 polypeptide
[lo, 121 and the ,8 subunit
[13] have been cloned. The CaCB receptor is the principal transmembrane
subunit, which forms the ion conducting
pore. This protein
binds organic
calcium
channel blockers [2-5,9] and is phosphorylated
in vitro
at Ser-687 by CAMP-dependent
protein kinase [14].
The p subunit is a peripheral
membrane
protein 1131.
Heterologous
expression of the skeletal muscle CaCB
receptor leads to the appearance
of functional
calcium
channels [ 10, 11,15- 171 and restores excitation contraction coupling
[15,16]. It is not known whether these
functions
require the presence of the smaller channel
subunits.
We now report the primary structure of the
y subunit as deduced from the cloned cDNA and the
tissue distribution
of its mRNA.
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channel of rabbit skeletal muscle were Isolated on the basis of peptlde
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METHODS

2.1. Purlfrcatron

of the 7 subunrt and generation of partial ammo
acid sequences
The calcium channel was purified from rabbit white skeletal muscle
as in [l]. The 7 subunit (2OOpg) was separated
from the purified
channel complex by size exclusion chromatography
as described [2].
5 pg were used to sequence the NHz-terminus
(peptide 1). The remainmg
195 pg were dialyzed
at 3°C overnight
against
50 mM
sodium phosphate
buffer, pH 7.2, containmg
6 M urea and Dowex
AGI-X2
resin [13,14]. Dialysis was continued
for 80 h against
10 mM (NHd)HCO,.
The dialyzed material
was lyophllized
and
dissolced in 250~1 of 25 mM Trls-HCI, pH 8.0. Trypsin was added
at a 7 subunit/trypsin
ratio of 40: 1, and the proteins were Incubated
at 37°C for 18 h. The dried tryptic digest was suspended in 0.5 ml
0.1% trifluoroacetic
acid, loaded onto a Macherey & Nagel 300-5C4
column (30 x 4 mm) and eluted with a gradient of 1% acetomtrile
per minute at a flow rate of 0.5 ml/min. One fraction was collected
(Fig. 1) and purified further on a Macherey & Nagel 300.7C4 column
(microbore
125 x 2 mm) (Fig. I, inset) and sequenced (peptide 2).
Ammo acid sequences were determined with a gas phase sequencer as
m [13,14].

2.2. Conslruciron and screening of cDNA lrbrartes
Single-stranded
cDNA was obtained by extension of a synthetic
primer (primer A) with poly(A)+ RNA from rabbit skeletal muscle.
PCR [18,19] was carried out using 6.5 ng of the single stranded
cDNA and 3 4 pg of primer B and primer C, respectively.
A random
primed cDNA library from rabbit skeletal muscle was constructed
[I 1,131 in pUC9 and 5 x 10’ independent
recombinant
clones were
screened with the amplified
cDNA fragment.
Sequencmg
of the
(DNA was performed
on both strands.

2.3. RNA blot analysts (Northern)
Poly(A)’
RNA was denatured
with glyoxal
(1 hl) and 50%
electrophoresed
on 1.2% agarose
gels and
dimethylsulfoxide,
transferred
to Blodyne membranes.
Hybridization
was carried out
with the amphfied
PCR cDNA fragment,
labeled by the random
priming method [20]. If not stated otherwise, all other cloning procedures were carried out according
to [21].
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for cloning the 3 subunit. 48 oligodeoxyribonucleotides
each containing
17 nucleotides
(nt) which are complementary
to all possible cDNA sequences encoding
the amino acid sequence Glu-Ile-Phe-Glu-Phe-Thr
(excluding the third nucleotide residue of the Thr codon)
in peptide 2 were synthesized
(primer A in Fig. 2a).
These oligomers
were used as specific primers
for
reverse transcription
of the 3 subunit
mRNA. The
resulting
single-stranded
cDNA served as target sequence for polymerase
chain reactions,
which were
primed by an equimolar mixture of 192 (primer C) and
128 synthetic 17 nt oligodeosyribonucleotides
(primer
B). Primer C corresponds
to all possible cDNA sequences encoding the NH?-terminus
of peptide 1 (MetSer-Pro-Thr-Glu-Ala,
excluding the third nucleotide of
the Ala codon). Primer B is complementary
to all possible cDNA sequences encoding the amino acid sequence
(excluding
third
the
His-Phe-Asn-Pro-Gly-Glu
nucleotide of the Glu codon) of peptide 2, respectively.
The gel resolved amplified cDNA was eluted, subcloned and sequenced. It consists of 266 nt and includes the
coding region for peptide 1 (excluding the Met codon)
and part of peptide 2. This cDNA fragment was used
as a probe for cloning larger cDNA sequences from a
randomly
primed cDNA library.
The 1268 nt cDNA obtained
contains
an open
reading frame encoding a sequence of 222 amino acids
(Fig. 3A). It includes the two independently
determined
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Fly. 1. Isolation of tryptic peptide 2 from the 7 subunit.
profiles
of the
rechromatography

Elution

reverse-phase
HPLC
of tryptic
peptides
of peptIde 2 (Inset). Solid hne and left-hand
A216.

and
axls

3. RESULTS
3.1.

July 1990

Cloning strategy and isolation of the cDNA for
the 7 subunit

Fig. 2 summarizes
the amino acid sequences of peptide 1 (NHL-terminus)
and peptide 2 and the strategy
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Fig. 2. Partial amino acid sequences (a) and cloning strategy for the 7 subunit (b). (a) Peptide sequences derl\ed from gas phase microsequencmg
with deduced oligodeoxynucleotides
used as primers A, B, C. The primers represent all possible nucleotlde combmatlons
*hxh are complementary
to (A, B) or identical with (C) the nucleotlde sequences encodmg the parts of peptldes 1 and 2 mdxated.
(b) The closed box represents the protein
coding region. Numbers indicate nucleotide positions. Triangles indicate primers A-C used for primer extension (A) and polymerase cham
reactions (B, C). The amplified cDNA sequence chffers from the 7 TubunIt cDNA at five posItIons contributed by the DNA of primer B and C
(nt 4, 5, 12. 264 and 267) suggesting that le,s than perfect matches between template and degenerated
primers led to product rynthesl5.
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A

5'.---cTcTGGCTCACCCGGGCACAC

121

TAAACTTAGCTTCCACCCCCAGCTCCGGAGCCACGGCCACCACCCTAGCCGGGCCGCCAC

-61

CTGCACGGGCAGGCGCCGCCGCCAGACCCTACCTGCAGCACCCACCCCTCTGCAGCCGCC

-1

ATGTCCCCGACGGAAGCCCCAAAGGTCCGCGTGACCCTCTTCTGCATCCTGGTGGGCATC

60

HSPTEAPKVRVTLFCILVGI

120

VLAHTAVVSDHUAVLSPHHE
I
AACCACAAEACCACCTGCGAGGCCGCCCACTTCGGCCTGTGGCGGATTTGCACCAAGCGC

180

NHNTTCEAAHFGLURICTKR
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60

ATCGCCCTGGGCGAGGACAGGAGCTGCGGACCCATCACCCTGCCTGGGGAGAAGAA~TGC
IALGEDRSCGPITLPGEKNC

240

28S-

80

TCCTACTTCCGGCATTTTAACCCAGGCGAGAGCTCGGAGATCTTCGAATTCACCACGCAG
SYFRHFNPGESSEIFEFTTQ

300
100

AAGGAGTACAGCATCTCGGCGGCCGCCATCAGCGTCTTCAGCCTGGGCTTCCTCATCATG
XEYSISAAAISVFSLGFLIM

II
GGCACCATCTGCGCGCTCATGGCCTTCAGGAAGAAGCGGGATTACCTGCTGCGGCCGGCG
GTICALMAFRKKRDYLLRPA

360

18S-

120
420
140

TCCATGTTCTACGTCTTTGCAGGCCTCTGCCTCTTCGTGTCACTGGAGGTAATGCGGCAG

480

SMFYVFAGLCLFVSLEVMRP
III
TCGGTGAAACGCATGATCGACAGCGAGGACACCGTCTGGATCGAGTACTATTACTCCTGG

540

SVKRMlDSEDTVUlEYYYSU

160

180

TCCTTTGCCTGCGCCTGCGCCGCCTTCGTCCTCCTCTTCCTCGGGGGTATCTCCCTGCTG
SFACACAAFVLLFLGGlSLL

600
200

IV
CTCTTCTCCCTGCCTCGAATGCCCCAGAACCCCTGGGAGTCCTGCATGGACGCCGAACCC

660

USLPRMPONPYESCHDAEP

220

GAGCATTAGCCCTCCTGGGGCGCCCAGGGAGCCTCGGCCCAGAACCTTCCAGAAGGGAGG

720

ii

Frg. 4. RNA blot analysts of rabbtt RNA with a 7 subunit
probe. Samples of 1Opg poly(A)+ RNA from heart (lane
skeletal muscle (lane 2) were hybridized
with the amplified
fragment (nt 4-266).

cDNA
1) and
cDNA

222

CAGGAATTGCAAACCTGCCCTGTTCCCATCTGCCTCACCCCGCGACTGCTTCCCTTCCGT

780

GGCTCTGACGGAGCTCCTCTGCTCACAGGGCAAATGGACGCGAGCCCAGCCCTGTCCTGG

840

TTGGACGAGGTGGGCAGGTGGTTGGAGGGGCCCGGCCTTCCACTGAGGCTCAAAGCCGTC

900

CCTGCTGTGCCGGTTCTCCTTGGGAAGCTGGGCCCTGGTAAACCTGGTAAACCTCCCAGG
AGCACCCCGTGCGCGCATGCCGGTGCTGGGTGCCCCCTGTGTGAAAAGCCGGCCCCTCTG

960
1020

TCTTCCCAGCCACCAGAACCTTCGTTGCCTCCCGGAGCTCTGGGAATCAGCATTTTCCAC

1080

CAGGGAGTATCTGACTGTGGTTTGAAATAAAAGCGCTCAGAACACTC----3'

1127

0
0
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Fig. 3. Nucleotrde
and deduced
amino acid sequence
(A) and
hydropathicity
profile (B) of the 7 subumt. (A) The two peptides
determined
by sequence analysis and the predicted transmembrane
segments I-IV are underlined twice and once, respectively.
Predicted
,‘V-glycosylation
sites are indicated
(*). (B) Hydropathy
profile
computed
accordmg
to [22]; the window stze IS 19 restdues, plotted
at one residue intervals.

peptide sequences. The translation
initiation
codon at
position 1 is the first ATG triplet in frame that appears
downstream
of the stop codon TAG (nt -75 to -73).
The surrounding
nucleotide
sequence agrees with the
consensus
sequence for eukaryotic
initiation
codons.
An analysis of the amino acid sequence of the y subunit
for local hydropathicity
(Fig. 3B) reveals the presence
of four typical membrane
spanning regions (segments
of at least 19 residues with an average hydropathicity
index greater than 1.6) [22] which have been designated
segment I (amino acids 1 l-29), segment II (amino acids
107-129), segment III (amino acids 137-155) and segment IV (amino acids 182-202). The y subunit does not
contain
a signal peptide
sequence.
Thus it seems
reasonable
to assume that the amino- and carboxy-

terminus
are localized
intracellularly
whereas
the
hydrophobic
segments I-IV cross the cell membrane.
This model is consistent
with the two potential
Nglycosylation
sites (Asn-43 and Asn-79) being located
on the extracellular
site. In vivo the y subunit is highly
glycosylated
[3]. This glycosylation
accounts
for the
difference
in molecular
mass between the natural
y
subunit
(32000 Da)
and
the
predicted
mature
unglycosylated
polypeptide
(25 058 Da).
3.2. Northern blot analysis
The tissue distribution
of the mRNA for the y
subunit was analyzed by RNA blots of polyadenylated
[poly(A)+]RNA
from several rabbit tissues (Fig. 4).
The probe derived from the coding sequence hybridized
to a [poly(A)+]RNA
species of skeletal muscle with an
estimated size of 1300 nt, which is consistent with the
size of the cloned cDNA (1268 excluding the 80mer
oligo-d(A)
tract). No y subunit specific hybridization
was observed with [poly(A)‘]RNA
from heart, trachea,
lung, aorta or brain (14 h exposure).
4. DISCUSSION
The primary structure of the y subunit lacks significant homology with any protein in the NBRF PIR protein and the GenBank nucleotide
sequence databases.
The protein with the best score in the protein database
was the multidrug
resistance
protein 2 (mdd
or Pglycoprotein)
[23]. 34.1% of the amino acids are identical or conservatively
substituted within the amino acid
residues 105-148 and 86-129 of mdr2 and of the y
subunit, respectively.
Interestingly
mdr2 binds calcium
channel blockers [24]. Although the y subunit does not
155
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bind these compounds
by itself [2-.5,9] it cannot be excluded that the similar amino acid sequences are indirectly involved in calcium channel blocker binding to
the CaCB receptor and the mdd protein, respectively.
In vivo, the skeletal muscle CaCB receptor functions
both as voltage sensor in excitation contraction
coupling [15,16] and as a calcium channel
[15-171. The
similar tissue-specific
expression
of the mRNA encoding the skeletal muscle CaCB receptor (cyt subunit)
[9,12], ,d [ 131 and 3 subunit suggests that the three proteins contribute
to these functions.
With the cDNAs for
the CYI./3 and y subunit available further studies on the
structural
requirements
of these functions
will be
facilitated.
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