
TOWARD AN ~N~ER~TAN~~N~ OF THE 
DIHYI>ROPYRIDXNlE-SENSITIVE CATCHUP CHANNEL 

The monocular nature trf di~yd~~~yr~~~~e ~D~~~~~ 
sensitive calcjum channels is being actively studied 
using mu~tidiscipIinary techniques. P~~rrn~c~i~gy, 
b~~ch~m~stry, ~rnrnun~~ogy~ and rnol~cu~a~ biology 
have c~utr~buted to an un~ers~an~in~ of the channel. 
The ~,4”dibydr~p~r~dines have been used as higb- 
af~~~~y probes for the purific~t~~u of the c&urn 
cba~ne~/dru~ receptor complex from skeletaf muscle 
and as many as five putative ~~bu~i~ have beeea 
~de~t~~ed, and designated q, cr2t 6, y and S {l-6]. 
The fu~~-~e~gth amino acid ~~~~~nc~5 of three of 
these pmtive skeletal muscle subunits (q, CYz and 
@) have been deduced from cDNA clones f7-81, 
~rn~~~taut funct~~~a~ roles for the al subunit have 
been ~stabIished, but tbe roles of the other putative 
subunits are unclear. Tissue-specific isoforms of tbe 
LY~ subunit have now been isolated with different 
primary structures and transcript sizes. The identi- 
fication of tissue-s~eci~c isoforns of the (Ye subunit 
necessitates the establis~~~~t of a new stan- 
dard~~~t~~~ af u~~~uc~atu~~. 

Pr~~~~ the ~uater~a~y structure of the DWP- 
sensitive calcium channel remains a cba~~~~~e ta 
investigators who are cba~a~er~~~~g this imp~rtaut 
respiratory protein. ~~~~~ctin~ subunit patterns and 
StQ~cbi~m~t~es of the Dam-seus~tive c~~c~~rn chan- 
nel have fed to disagreements and confusion. 
Nowever, we are in the early stages of uude~sta~d~~g 
the ~t~~~~~~~ of calcium cha~ue~s and the identi- 
fication of the subunits necessary for proper channel 
function. Such was also the case for the nicotinic 
acety~c~u~i~e receptor [IO] and the v~ltage~de~e~- 
dent sodium channef [II]. Early in the study of these 
cba~~eis, there was ~sa~~eern~~t about the subunit 
st~u~ure because of extensive degradat~5n by pro- 
teases, a~~malQu~ rnjg~t~r~ ~~~~v~~~ on poly- 

~cryfarn~d~ gels, and poor sta~~~~~ of subnn~ts. 
Prote~iys~~, however, did not alter ap~rec~ab~~ drug 
and toxin bindings a~t~b~d~ c~~ss~r~c~~v~t~~ sedi- 

* ~o~~e~~o~dence: Dr Arnold Schwartz, University of 

rnen~a~io~ be~viQr~ or mQrph~i~gy* and channel 
~~~t~~~ could be ~ec~~st~tuted in hpid biiayers. 
S~rn~~~~l~~ partiahy degraded calcium channel prep 
arations r~~a~ne~ fu~ct~Q~a1 characteristics, e.g. 
channel activity and ~~c~~rn antagan~st b~~d~~~. 

A pentameric calcium channel complex has 
become ~~~~r~~~~ accepted. An abu~dauce of evi- 
dence fay~rin~ five subunits exists. and there is no 

CUI~~~~~~#~ reascm at this time to discard any of the 
putative ~ub~~jt~. The word “subunit” is ~nre~ded to 
designate the elemeu~ar~ units of a large macro- 
molecuia~ cornptex w~tb~nt indication of a functiona’l 
r&. It is ~rnp~ic~~~ h~w~v~r~ that ah of the sub~~~~s 
are required to bestow the native properties tu the 
protein The putative subunits have been inferred 
from the pur~~~ti~u of skeletal and cardiac muscle 
vQ~ta~e-dependent calcium channels. Figure I shows 
a silver-stained polyacrylamide gel of the DHP-sen- 
sitive calcium channel purified from rabbit skeletal 
muscle, under n~u-~edncjug and disul~de~~e~~c~~~ 
c~~dit~o~s. ~~tb~~gb the st~ichi~metry among the 
putative subn~~ts has not always been sb~~~ to be 
~~~forrn, proteins ~~~r~s~~~d~~g to the five putative 
subunits are jnva~~biy present. The tack of stoi- 
chi~m~try or variable st~icbiQmetry between purifies 
prep~r~ti~~s could resutt from many factors includ- 
ing p~~t~~~ys~s, partial d~ssQc~a~~n of subunits, dif- 
ferent~al staining of ~~~te~ns, and the ~~p~r~~cat~~~ 
of nQ~~sub~~it protein. 

3i~cbemic~~ and ~rnrn~u~~ogjcal data strongly sug 
gest that the ~~P~s~ns~~ive calcium chaanel is an 
oiigcrmer of subunits. ~mmunoprecip~tati~~ of the 
channet pr~~abel~d with a ~~~]dihyd~~~~~idine 
yielded rnu~t~~le subunits fI2-151. Sub~ui~~s~ec~~c 
antibodies ~a~a~nst any of the five putative su~~~~ts~ 
can imrnun~~rec~~~tat~ I”Hfdihydropyfidine-calcitrnr 
channe~~d~g receptor complexes [I&13, Is-IS], 
and some of these ~u~~b#d~es have been sb~wu to 
rn~dul~tE DIP-sensitive channels [14, B-21]_ 

Studies of calcium c~a~~e~s from d~~e~~t tissue 
sources show tissue-s~eci~c Yariati~u. Tissue~s~~~~C 
isoforms of DEW-sensitive calcium channels (“iso- 
channe~~‘9~ have been shown to possess distinct eiec- 
tropb~s~~~~g~ca~, ~ha~rn~c~l~gical, and structural 
propertiesss. Marked differences in their inreractians 
with divatent cations, cond~crance properties, and 
gating kinetics have been found for cardiac and skel- 
etai raw& D~P~se~s~tive calcium channels (Table 
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Fig. 1. Silver-stained sodium dodecyl sulfate-polyacryiamide gel showing the purified dihydropyridine- 
sensitive calcium channel under non-reducing (NEM) and disulfide-reducing (DTT) conditions. The 
positions of the molecular weight markers are indicated on the left side. The labels on the right side 

indicate the putative subunits. 

Table 1. Properties of the cardiac versus skeletal muscle DIP-sensitive calcium channels 

Cardiac muscle Skeletal muscle 

LY, calculated M, (kD) 
a, apparent IW, (kD) 
Mg”’ permeability 
Divalent blockers 
Conductance (110 mM Ba”) 
Activation kinetics 
Mean open time 
Activity at - 100 mV 

242 
19s 
No 

La?+ ) Cd” > Co” > Ca? / 
22.7 ps 
“Fast” 

“Short” 
No 

?I2 
165 
YCS 

Ca” > CcfLe - CJozq 
1U.h ps 
“Slow” 
“Long” 

Yes 

1 summarizes some of these differences) 1221. For among various species of animals. Based upon hio- 
example, the dissociation constants of dihydro- chemical evidence, it appears that cardiac and skel- 
pyridines for the receptor in skeletal muscle are eta1 muscle calcium channels have similar quaternary 
greater (i.e. lower affinity) than those in brain and structures. Although definitive subunit compositions 
cardiac tissue, with the cardiac receptor having the have not been proven for any tissue, the cardiac 
highest affinity [4]. This difference is preserved channel subunits appear to correlate with skeletal 
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muscle subunits. Reports of purified cardiac prep 
arations [23,24] do not clearly define putative sub- 
units, but two CY subunits can be visualized. Like 
many skeletal muscle preparations, the presence of 
smaller subunits is dif~cuIt to determine, 

Molecular biological studies have now revealed 
the primary sequences of both the skeletal muscle 
17, S] and cardiac muscle [25,26] aI subunits. These 
studies show that cardiac and skeletal muscle CY~ 
subunits are similar and share structural features 
with other voltage-dependent cation channels. These 
al subunits, like the rrsubunits of Na+ channels, are 
arranged in four repeating hydrophobic motifs, each 
consisting of six conserved transmembrane domains. 
Within each motif is a segment (S4) which contains 
conserved positively charged amino acid residues 
(Arg or Lys) at every third or fourth position. The 
54 segment is highly conserved between these two 
cyr isoforms and also cloned Na+ and K+ channels 
127,281 and is probably the voltage-sensor of these 
voltage-dependent cation channels [7,29]. Partial 
amino acid sequences from rat brain and rat aorta 
al subunit isoforms reveal structures [30] similar to 
rabbit skeletal muscle and cardiac (or. Differences 
among the species probably represent tissue specific 
variations of the ~yr subunit. Figure 2 shows partial 
amino acid comparisons of these four tissue-specific 
(Y~ subunits. 

Since the full-fength sequences of the cardiac and 
skeletal muscle N, subunits have been deduced, the 
primary structures have now been compared. Inter- 
esting differences exist between cardiac and skeletal 
muscle CX,S. In partictdar, five of the potential protein 
kinase A phosphorylation sites identified in the 
skeletal muscle (Y, primary sequence are absent in 
the cardiac sequence, and four new sites appear 
[25,26]. Among the absent sites is Ser687, which has 
been shown to be rapidly phosphorylated in skeletal 
muscle and proposed to be the in vtvo site of regu- 
lation [31]. Since regulation of the cardiac calcium 
channel by phosphorylation is well known, the 
absence of this putative reguiatory site is noteworthy. 
This suggests three possibilities: (1) the phospho- 
rylation of the skeletal muscle LY~ at Ser687 may not 
have physiologicai relevance, (2) skeletal muscle 
and cardiac calcium channels may be regulated 
differently, and (3) @ subunit phosphorylation may 
be involved in the regulation of both of the channels. 
Major structural differences also exist in regions of 
the proteins which are proposed to be extracellular 
to the membrane. The lack of similarity in these 
regions may help to explain the lack of cross-reac- 
tivity of antibodies which are raised against the skel- 
etal muscle cyi subunits of other tissues /24]. Also, 
differences exist in the length of both 5’ and 3’ ends 
of the cDNA clones encoding the skeletal muscle 
and cardiac isoforms. Both ends are considerably 
longer in the cardiac a1 isoform and encode for a 
much larger open reading frame [25,26], which is 
also consistent with the biochemical data 1241. 

Northern blot analysis with tissue specific probes 
reveal multiple transcript sizes in the tissues studied. 
Table 2 summarizes the transcript sizes detected 
under stringent washing conditions. Three different 
size range of transcripts, (6.5 kb), (8.5-8.9 kb), and 
(10.5-15.5 kb), were found. Of the tissues we have 

studied, only skeletal muscle has a single transc~pt 
size. It is unknown whether the different transcripts 
are derived from different genes with tissue-specific 
promoters or alternate splicing of a single gene. The 
sporatic nature of the simila~ty between the tissue- 
specific clones isolated is evidence in favor of the 
former (see Fig. 2). 

Calcium channel activity 

The importance of the (Y~ subunit for calcium 
channel activity has been demonstrated using 
indirect approaches, which do not preclude the 
requirement of other subunits. For example, injec- 
tion of skeletal muscle 1yr subunit cDNA into dys- 
genie mouse cells restored excitation~ontraction 
coupling and dihydropyr~dine-sensitive calcium 
channel activity [32], These dysgenic mouse cells 
have a low level or apparent lack of the LY$ subunit, 
but other subunits may be present. Further, inhi- 
bition of the calcium current by cadmium did not 
prevent excitation-contraction coupling which indi- 
cates that voltage-sensor activity was also restored, 
Xenopus oocytes injected with mRNA isolated from 
cardiac tissue show robust voltage-dependent cal- 
cium channel activity 1331. In hybrid depletion 
studies, anti-sense oligonucleotides prepared from 
segments of the skeletal muscle [33] or cardiac 12.51 
a1 subunit mRNA suppressed this calcium channel 
activity. For unexplained reasons skeletal muscle 
poly(A)+ RNA when injected into oocytes results in 
only small and undefined calcium currents in oocytes. 
Not surprisingly, no one has successfully expressed 
dihydropyridine-sensitive activity in oocytes using 
the skeletal muscle ~yi subunit mRNA. Therefore, 
although the skeietal muscle and cardiac ty, isoforms 
exhibit strong structural similarities, they are inher- 
ently different in inducing the expression of calcium 
channel activity in oocytes. 

The LY~ subunit appears to contain structural fea- 
tures found in other cation channels. For the sodium 
1271 and the potassium 1281 channels, a single subunit 
directed the expression of channel activity. In one 
recent study (341 calcium channel activity was 
expressed with the skeletal muscle at subunit in 
mouse L cells; dihydropyridine-sensitive (Bay K 
8644) calcium currents were detected with a unitary 
conductance of 6 pS and low levels (50-60 fmol/mg 
of protein) of dihydropy~dine binding. A unitary 
conductance that is about half the value of the native 
channel conductance and the low binding capacity 
may be caused by the lack of other subunits or the 
inef~cient processing of the protein by the expression 
system. The expressed (Ye subunit was larger (kD) 
than that which is isolated from fresh tissue (165 kD). 
Also, the activation half-times of the observed cur- 
rents were as much as ten times slower than that of 
the native channel. 

mRNA made from cardiac ml subunit cDNA 
directed the expression of a dihydropyridine-sen- 
sitive calcium channel in Xenopus oocytes [26]. The 
calcium current exhibited more typical activation 
kinetics and sensitivity to both dihydropyridine agon- 
ist and antagonist. However, single channel measure- 
ments were not reported. Coinjection of the skeletal 
muscle CQ subunit cDNA with the cardiac LY~ subunit 
cDNA resulted in a larger calcium current, but did 
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Fig. 2. Amino acid sequence comparison of the tissue-specific a, subunits of skeletal muscle. brain. 
heart and aorta. The area shown is comprised of parts of the third and fourth motifs of the skeletal 
muscle N, subunits [7]. Solid bars represent transmembrane regions. Blocked in areas rcpreseut regions 

of similarity in all four sequences. The Xs represent an area that has not been cloned. 

not change the drug-sensitivity or voltage-depen- 
dency of the calcium channel. The mechanism under- 
lying the increase in calcium current by coinjection 
of the e2 subunit cDNA is unclear, but this result 

Table 2. Tissue-selective transcript sizes reported for the 
(Y, subunit of the DHP-sensitive catcium channel 

Species Organ Size (kb) Reference 
.~ 

Rabbit Skeletal muscle 6.5 171 
181 

Rabbit Cardiac muscle 8.9 and 15.5 
8.5 and 13.0 /::I . 

Rabbit Brain 8.9 and IS.5 12()1 

Rat Brain X.6 and 10.5 13Q1 

Rat Aorta 6.5 and 8.6 /3(fl 

suggests that the CQ subunit is intimately associated 
with the (Y, subunit and. therefore, part of the dihy- 
dropyridine-sensitive caicium channel. This associ- 
ation is probably shared by cardiac and skeietai 
muscle. We have suggested [S] that the +.subunit 
facilitates the insertion of the CY~ subunit into the 
membrane. Alternativel~~, the crz subunit may sta- 
bilize the N, subunit within the membrane or allos- 
terically modulate the properties of the cat&m 
channel. such as conductance or gating kinetics. 
These hypotheses could be tested using quantitative 
measurements such as radioligand binding or anti- 
body techniques and single channel measurements 
respectively. 

The existing nomenclature (a,. L+ @. y. 6) of the 
putative calcium channel subunits with its usage of 
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numerical subscripts to designate the two large mal- 
ecular weight proteins needs to be modified to allow 
the naming of isoforms of the a1 subunit. The util- 
ization of nnmericai subscripts for the a subunits 
resulted from the preservation of the original 
nomenciature set by Curtis and Catterall [3.5]. The 
resolution of two distinct high molecular weight pro- 
teins necessitated the use of numerical subscripts 
when, ordinarily, numerical subscripts should be 
reserved for isoforms of a gene family of proteins. 
Structurally, the two CY subunits are quite distinct 
and products of different genes [8]. Considering the 
divergent sequences of the skeletal muscle [7,8] and 
cardiac [25,26] ml subunits, the nomenclature 
should be modified to reflect the differences in LYE 
structures, Partial sequencing of rat brain and rat 
aorta &I subunits [30] indicates same structural dif- 
ferences from the cardiac and skeletal muscle (Ye 
subunit sequences as well. For this reason, we pro- 
pose that the new nomenclature should allow for 
expansion as different isoforms are discovered. Also, 
it sh\>uld allow far the possibility that one “tissue 
specific” isoform could be expressed in another tissue 
(e.g. the cardiac isoform being expressed at some 
level in vascular smooth muscle). For these reasons, 
we suggest naming the skeIeta1 muscle isoform LZ,+, 
and the cardiac isoform ata; subsequent isoforms 
should be named similarly, according to the order in 
which they are cloned and shown to be isoforms of 
the dihydropyridine-sensitive calcium channel. Also, 
if isoforms of the cuz subunit are found, then letters 
should be employed for these isoforms as well. 

Alternatively, the existing nomenclature could be 
abandoned and a new system adopted. Confusion 
arises from naming two structurally distinct proteins 
@i and a2, when the use of subscripts generally 
denotes isoforms of one protein. An example of this 
is found in the three forms of the 1y subunit of 
the Na+, K+-ATPase, al. oz and LX~ 1361. All three 
isoforms perform the same function; however, they 
differ in their pharmacology. This is entirely anal- 
ogous to the different CY~ subunits of the DHP-sen- 
sitive calcium channet. For this reason, it may be 
prudent at this point to rename the subunits so that a: 
designates only the 165 kD protein, which previously 
had been named cyi, The subunit that until now was 
named e2 would then become /3* the p would be 
called y, the y would be called 6, and the 6 would 
be called E. Isoforms of the DHP receptor would 
then be called N, for skeletal muscle, ru, for cardiac, 
and subsequently cloned isoforms would follow suit. 
If isoforms of the other subunits are found, subscripts 
would also be used. While initially creating 
confusion, this standardization might help to clarify 
the subject. Any adaptation of new nomenclature 
should be standardized and approved by the scientific 
community. 

The dihydrop~idi~e-sensitive calcium channel 
continues to fascinate scientific investigators. Each 
new discovery leads to more complexity. Further 
work elucidating the molecular structures and func- 
tions of the various isoforms of the channei will lead 

us to a better understanding of its nature. We are 
well on our way towards understanding the molecular 
structure and mechanisms involved in calcium per- 
meability, and the coming decade promises to reveal 
numerous breakthroughs in our understanding of 
this channel. 
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