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A polyctang! antibody, CR2, prepared using the C-terminal peplide of the @l subusit of the rabbit cardiae RDHP-sensitive Ca channel, spesifically

immunaprecipituted the {"H]PN200.1i5-labeled Ca ehannel solubilized from cardine micrasomes. The anlibody recognized 250 and 200-kDa cardiac

mivrasomal proweing s determined by immunablotting. and cAMPedependemt protein kinase phosphorylated the 250-kDig, bul not the 200.kDa

pratein in vitra, CHO eells, trunsteeted with the aasdisc ;. subunit ¢DNA carried by an expression veetor, synihesized a 250-5Da proicin which

was recagnized by CR2, Adding db-cAML or lorskolin to the transformed CHO eeils induced phosphorylation of the 250-kDa protein and

stimuluted the DHP-sensitive Ba eurrens under puteh-clamp conditions. These results suggested that the cardiac DHPssensitive Ca channel was
regulited by cAMP-dependent phosphorytution of the al subunit.

Cardine Ca chunael: Dihydropyridine: cAM P-dependent phesphorylation; Ca channel modulation

1. INTRODUCTION

Stimulation of Ca*" influx through the DHP-sensi-
tive Ca chunnel into cardinc musgcle is essential for the
isotropic effect causcd by f-adrenergic drugs [1]. The
activation of the S-udrenergic receptor induces the cle-
vatian of intrucellular cAMP followed by the activation
of PKA [2]. There is much evidence indicuting that the
PKA-mediuted phosphorylation participates in the
stimulation of the Ca current [3.4]. however,
phosphoproteins involved in this regulation remain to
be identilied.

The DHP-sensitive Ca channel has been purified
from skeletal muscle and is compesed of al, «32, 8, ¥
and & subunits (5], All subunits have been investigated
by ¢cDNA cloning and their primary amino-acid se-
quences hive been determined (6-9). The «1 and 2 sub-
units of the purified skeletal muscle Ca channel are
phosphorylated by PKA accompanicd by stimulation of
the Cu channel function [5.10-12]. The el subunit was
further shown to be phosphorylated ir Ser-687 by PKA
{13}, The cardiac DHP-sensitive Ca channe] has been
partially purified and contains &1 and a2 subunits, how-
ever the precise subunit composition has not been estub-
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lished [Ll4=18). Several reports have shown that the al
subunit in partially purified cardiac Ca channels is not
phosphorylated by PKA (14-168] and its corresponding
Ser-687 region of the skeletal muscle al subunit is not
a phosphate acceptor {17). From the amino acid se-
quence. there are several possible sites of PKA mediated
phasphorylation in the C-terminal region of the cardiac
@l subunit {17). The melecular mass of the al subunit
of partially purified cardiac Ca channel is about 200
kDa [14-16] and is much smaller than that deduced
from the amino acid sequence (M, 242,771), leading to
the notion that the C-terminal region cantaining poten-
tial phosphorylation sites is cleaved from the el subunit
during partial purification. We investigated the phos-
phoryiation of the &1 subunit in rabbit heart and CHO
cells expressing the al subunit and the effect of db-
cAMP and forskolin on the Ca current in CHO cells.

2. EXPERIMENTAL

2.1. Preparation of the pelyelonat antibody, CR2

The 2.0-kb BpA1 (4892) BunMl (vector) fragment from pCARD3
[17] was cloned into the Bamb1 site of pAR 3032 {18] to yield pCASSY,
in which the cDINA insert wis posilioned downsiream of and in the
sume orientation as the 10 promster for T7 RNA polymerase, The
generaled expression plasmid pCAS9 coniains the 549 amino geid-
coding region of the C tarminus in the el subunit of the rabbit cardiac
Ca channsl, fused insframe, with the translation initiation codon pro-
vided on the pAR3038. E. cofi BL2i transformed with pCAS® was
cullured and the fusion protein obtained as an insoluble pellit {19].
The fusion protein {(G.22 mg per rabbit) was further purified by SD3-
PAQE. The fusion prolein, which localed on the gel by eopper chlo-
ride staining [20}. was frgmented and injeeted into multiple sites an
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the buck af rabbit with Freund's somplese sdjuvant. Immuniztion
without adjuvant was repeated every 3=3 weeks and biood was tuken
7 10 10 days alter cach booster.

2.2, Iratution of CHO colls expressing thee @l sibunit of rabbit cardine
DH Pesensitive Co chunnel

The 72.0:kb Mind1Il fragment containing the enlire protein-coding
sequense of the curdiac @l subunit of DH P-seasitive Cu channel from
pCARDI {17] was claned into the Mindl1L sile of pRNH {21] to yield
pCCAR, CHO oolls were tranalested with Prl-cleaved pCCAR,
Ciones CCARA21T and CCARNA were isoluted by seresning GalK-
resistant clones by RINA blotting using the ¢DNA of ¢ardine el sub-
unit us the probe, Cells were maintained in MEM & medium (Gibeo,
no, $10-1900) supplemented with 10% &l scrum.

1.3, Membrane prepeiation

Cardiue membrines were prepured from rmbbil ventrickes (22}, CHO
and CCAR ccils were homogenized in NEH selution (125 mdd NaCl,
I mM ERTA, and 25 mM HEPES-Tris, pH 7.4) by sonieution. The
homogenates were centrifuged at 540,000 % g for 10 min at 4°C und
the membrane pellet was washed ance with 0.5 M RCUNEH, resus-
pended in NEH und stored at =806°C. Protease inhibitors ¢(1 mM
pheaylmethinesulfonyl fluoride, 1 a4bl pepstutin A, 1 mM 1,10.
phenanthraling, | fp/nl antipain and | 2p/ml ldupeptin} were added
throughout the preparation.

24, Imnwnoprecipitation aad iomumeblatting af the Cu channel pro-
telas with CR2

The PHIPN200-1 10-Inbeled rabbit encdine Cit chuniels were preeips
italed #4 previously dessribed (23). lnmunebloling was performed ns
described in [34] excopt using w semi-dey transblotting apparalus.
Transblot SD (Bio-Rad} and a blotting sclution containing 20% meth-
anol, 48 mM Tris, 38 mM glycine, and 1.3 mM SDS at pM 9.2, The
ECL Western bloting detection rengent (Amersham) was used for
detection.

2.3, Phasphorylation of the a1 subunit in vitre and in vive

Membranes were solubilized with 1% digitonin in NEH and the Ca
channel proteing were immunoprecipitated with CR2 or contsol rabbit
3G and phosphorylated with a catalytic subunit of PKA (35.7 U) ax
described in [14). The phosphorylated proieins were nnalyzed by SDS-
PAGE und u Fuli Bioimage-analyzer BAS 300G (Fuji Photo Film Ca.)
using an imuging plate (23}

Bhaosphorylation af the a! subunit in vivo was measured by
backphosphorylation {26). CCAR cells (2 x {0* per 35 mm plastiv
culture dish. Corning) were incubated in 4 low-K" solution (140 mM
Nucl, 4.7 mM K& 1.2 M KH,FO, 2.5 mM CACL. 5.2 mM
MgSO,, 11 mM glucose. and 15 mM MERES.Tris. pH 74) in the
prasence or absence of db-cAMP (5 mM) or forskolin (100 M) far
various perieds nt 37°C. The cells were solubilized with 3% CHAPS
in NEHDPF (75 mM NaCl. 50 mM Nu.phosphate, 2.5 mM EDTA,
20 mM NaF, 50 mM HEPES-Tris. and the protease inhibitors, ptd 7.4)
and insubated with cither CR2 ar gontral rabbit 130 for 2 h a1 4*C.
The antigen-antibody complex wus absorbed onto protein A-Sephar
rose, wakhed three times by centrifugation with the same solution and
three Limes with phasphorylation buffer {0.1% CHAPS, 6 mM EGTA,
& mM MgCL,, and 50 mM HEPES-Tris, pH 7.4}, Lhen incubated in
phospharylation bufTer canlaining 2 M [r-**PIATP (5 4Ci) and the
catalytic subunit af PXA {16 U) for 10 min at 30*C. The reaction was
siopped by adding cold 0.2% CHAPS in NEHDPF and the
phosphorylated proteins were analyzed as described abovs,

2.6. Efvctrapharesis
Proleins were separated by SDS-PAGE as described previously [23)
wing @ tnear 3-12% aoylamide gradient get (Tefeol,

2.7, Electraphysiolagical measurenicnis

The membrane current was measured by menns of the putch-chump
methed [27] using a pipeite solution cantaining 65 mM CsCl, 60 mM
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CsOH, 55 mM napantic asid, § mM MpCli S mM EGTA, § mM
ATP, § mM phosphesrestine and 10 mM HEPES i pH 7.4 with
CsOH. Cells were seeded in the chamber mounted an the inverted
microscope, and perfused with Cu™*.free Tyroce's sotution (136.9 mM
Wul, 5.4 mM KCL 0.5 mM MgaCl., 0,33 mM NaH,PO,, 5 mM
plucose and & mM HEPES ut pH 7.4 with NaOH). When the whols
cell contiguration was achicved, the xolution was replaced with BAY-
recording solution (136.9 mM tetructhyl ammonium chlotide, 5.4 mM
CiClL 0.5 mM MgCl, 633 mM NaH, PO, 10 mM BaCl; and § mM
HEPES at pH 7.4 with tetracthyl ammonium hydraxide] ta oblain o
high enough amplitude ol /i, through the DHP-seasitive Ca channels,
We usesl an experimental sst-up cannesied an line (0 a4 computer
(Atari MEGA ST-4) 1o supply commund potentinls and 1o sequire
dats immedintely. A pateh clamp amplifiee, EPC-7 (List electronies,
DA-Eberstadt, Germany) wix used to cecard gurtents. Currents weee
low pass filtered (1 kHz) by un cight-pole Beisel Alier, viewed on g
CRT computer terminal, and revorded an a hard disk Far further
ufalysis.

28, Matcrinlt

The xourges of drugs and chemiculs were ag fallows: the gatalytie
subunit of type | cAMP-dependent protein Kinase, Sigma PH]PN100.
110 and [p-RPJATP, New England Nucleas; peroxldusesconjugated
pout unti-rubbit IgG, Zymed Laboratories; prawin A«Sepharase CLs
4B, Phurmneiy, LKB Bisteshnology: db<AMP und 8-broma-cAMP,
Yamasa; digitonin, Wake Pure Chemical Indusities; CHAPS, Dajin:
ECL Western blatting detection seagent, Amessham; and all ather
ehemicals, Wako, Sigma, or Bio-Rud Lobarataries.

3. RESULTS AND DISCUSSION

A pelyclonal antibedy, CR2, was generaled by im-
munizing a rabbit with the C-terminal region of the al
subunit of the rubbit DHP-sensitive cardiac Ca channel
expressed in E. cofi. As shown in Fig. 1, CR2 im-

a0

DHP-Recepior in ppl. (% of 1otal)

100

Antibody (ugiube)

Fig. 1. Immunoprecipitation of "H)PM200-110-labeled sardiac cals

clam chiannels by CR2, The {"H)PN200-1 10-labeled calsium chunrcls

sotubilized and pantisily purified from rabbit heart were incubated

with the indieated amounts of CR2 (@) or control rabbil LgG (o), Lhen

the antigen-ansibody complexes were presipitaled by absorption onto

proigin A-Sepharose. The rudicaclivity resovered in the prasipitale
was expressed as ¢ pereentage of the total counts added,
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Fig. 2. lmmunoblotiing of al subuait of rubbit heart and CCAR
membranes with CR2. Membrane proteing wer separuted by SP3.
PAGE. transblosted (@ nitrasellulose sad immunostained with control
I1G (A, lnue | and B, lunes 1=1) ar CR2 (A, lane 2 und B3, lanes 4-6)
ut a concenirntion of 10 pg/m!, (A) Rubbit heart (4 ug per lane). (B)
Lanes | and 2, CHO cells {20 g per lanek: lunes 2 und §, CCAR2823
(10 g per lane) lanes 3 and 6, CCARIT? (4 up per lune). The
migration positions of maleculir mass stundards (A, x 107") sre indis
cated on the right,

munoprecipituted more than 60% of [*H]PN200-110-
labeled Cau channel solubilized from rabbit cardiuc
membranes,

A polypeptide of 200 kDa was identified as the major
antigen in the rabbit cardins membranes by im-
muneblotting with CR2 (Fig. 2A). In addition to the
300 kDa band. a faint band at 250 kDa was detected by
blotting. Since the molecular mass of the &l subunit of
the rabbit curdiae Ca channel deduced from the amino
acid sequence is 242,771 {17]. these results suggest that
a large part of the @l subunit in the cardiac membrane
preparution is partially proteolysed. [n order to confirm
this assumption, we prepared two stable rrunsformed
CHO cells (CCAR2823 und CCAR3217} using an ex-
pression plasmid which carries the entire protein-ceding
sequence of the rabbit cardiac &1 subunii. As shown in
Fig. 2B. a polypeptide of 250-kDa wus identified by
immunoblotting in the transformants, but not in un-
transformed CHQ cells, There was a marked difference
in the amount of expression between these iwo trunsfor-
manis and much more 250-kDa protein was expressed
in CCAR3217 than in CCAR2823 celis.

To examine the phosphorylation, the &1 subunit was
solubilized from the membrane fractions of rabbit heart
and the two transformants, immunoprecipitated with
2’R2and incubated with a catalytic subunit of PKA and
[¥-"P]ATP. As shown in Fig. 3, only the 250-kDa form
of the &t subunit fioin rabbh cardlac membranes was
phospharylated by PKA and no incorporation of P; was
detected in the 200-kDa compenent. These resulls are
in good agreement with those previously obtained by us
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Fig. 3. Phosphorylation of the carding al subunit from the rabbit bieart
and CCAR cetl by PKA in vitra. The @l subunits werc solubilized
fram CHO cells {lanes | and 23, CCAR3217 cells (lanes 3 und d)und
rabbit hearts (lanes 5§ and 6), and immunoprevipitated with silher
contral PG (lanes 1. 3 and §) o CRA {lanes 2, 4 und 6), The im-
munoprecipitates were insubated with [y-"PJATP and a catalytic sub-
unit of PKA for 10 min at 30°C. The phesphorylated protsins were
unulyzed by SDS-PAGE then image analysed, The migration posiiion
of (he molecular mass standards (A2, % 10°"), are indicated on the right.

[14] as well as by Chang and Hosey [15] using chick
heart. The 250-kDa polypeptide expressed in
CCAR2823 amd CCAR3217  cells was  also
phospharylated by PKA and this protein wus not de-
tected in non-trunsformed CHO cells. These results
¢clearly showed that the @1 subunit of cardiac Ca chan-
nels can be phesphorylated by PKA and that a large
part of the &1 subunit in the cardiuc membranes lost the
phesphorylation site, probably due to partial proteoly-
sis, The partial cleavage of the &1 subunit similar to that
found in the present study occurs in skeletal muscle [28].
The molecular mass of a large portion of the al subunit
from the T-tubular membrane fraction was 170 kisa {5].
which was smaller than that deduced from the amine
acid sequence (212,018) [6] and that expressed in L cells
(195 kDa) [29]. A minor component of the al subunit
having a molecular mass of 212 kDa was identified in
T-tubular =membranes using an antibody against the
C-terminal peptide of the skeletal &l subunit (28, 30].
In order to determine whether endagenous PKA ean
phosphorylate the 1 subunit incorporated in the cellu-
lar membrane, cAMP-dependent phosphorylation of
the ] subunit was studied using CCAR ¢<ells and
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Fig. 4. Cyclic AMP-dependent phesphorylntion of the @1 subupit of CCAR3217 eells in vivo. (A) CCARI21 7 cultured on 35 mm plastic dishes
were teeated with 100 4M fomskalin (lane 5 to B) ar DMSO {lancs 1-4) for 10 mia. After solubilizing the cellx with CHAPS. the &l subunit was
immuneprecipitated with CR2 (lunes 24 and 6-8) or cantrol rubbit 1gG (lanes | snd 5). then phosphorylated with [y-"]ATP und PKA. The
phosphorylited proteing were sepiruted by SDS-PAGE and unulyzed with a Fuji Bisimage-analyzer. The migration position af the 250-kDa
phosphoprotein is indicuted by nn arrow, (B) Results shown in panel A are quantilied and the radioactivily incorporated into the 250:kDa binds
is exprassed in arbitriry uniis, (C) CCARI21 7 cells were treuted with § mM db-cAMP and solubilized with CHAPS in NEMDPF at the indicsted
tisnex. The &1 subunit wux immunopresipilated with CR2, phosphoryluted with [p-"|]ATP nnd PKA, und the radiouclivily incorporated into the
! subunit was determined us described ahove,

backphosphorylation. The CCAR3217 cells were
treated with or without forskolin and the &l subunit
wis solubilized. immunoprecipitated with either CR2
or control rabbit IgG and incubated with PKA and
[y-"*P]ATP. Asshown in Fig. 4. the incorporation of P
into the 250-kDa protein was suppressed by 35% by
forskolin, This suppression was also cbserved after
treatment with the membrane permeable cAMP analog,
db-cAMP (Fig. 4C), These results indicated that the
250-kDa protein expressed in the CCAR3217 cells was
phosphorylated in vivo probably by endogenous PKA
in responsg to an elevated intracellular cAMP concen-
tration. As shown in Fig. 4C, phosphorylation occurred
very rapidly and ceased within 5 min after the treat-
ment.

DrMP-sensitive Ca channels in cardiac muscies are
activated by phosphorylation with PKA in S-adrenergic
stimulation [1]. In order 1o determine whether PKA.-
mediated phosphorylation of the 250-kDa form of &!

346

subunit could affect the Ca channel function, we inves-
tigated the electrophysiological propertics of the CCAR
cells, Under our experimental conditions, we did not
abserve £y, in CHO cells, In CCAR3217, the depolariz-
ing pulses from the holding potential at ~60 mV in-
duced inward currents (Fiz. 5§). The activation threshold
was =20 mY and the peak amplitude of the current was
obtained at +20 mV. The current was complately inhib-
ited oy 10 #M nicardipine (inset of Fig. 5B). Although
these characteristics of the inward current recorded
from CCAR were similar to those af the DHP-sensitive
Ca channel current recorded in the heart [31], the inac-
tivation time course of the current was very slow as
shown in Fig. 3A. The inactivalion time ¢onstant wus
1.11 s at +20 mY. However, the voltage dependency of
the sicady siaie inaciivaiion of £, in CCAR was similar
to that in the heart [31]. The apparent inactivation of the
current was observed at below =60 mV and 50% inacti-
vation was obtuined at =32 mV¥ (data not shown)., An
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Fig. 5. The Ba eurrent reeorded from CCARI2L7. (A) The fumily of
currents obtained by depolurizalion 10 =50, =30, ~10, +10 ind +30
mY for 300 ms from u holding potential of =60 mV, ¢B) The current-
voltage celationship of 2. The current umplitude meusured at 80 mx
afisr the onsct of u depolurizing pulse is plotted ugainst the membrane
potential. The insel shows superimposed current records ut +30 my
oblained in the absence (O) and the presence (@) of 16 uM nigardipine,

fy, of similur charucteristics was also obtained in
CCAR2823, however, the amplitude of the current was
significantly lower thun that in CCAR3217. possibly
due to the lower expression of the &l subunit in
CCAR2823 cells (see Fig. 2). These results are consis-
tent with those previously reported (17, 32-34] indicat-
ing that the @l subupit pluys a central role in the DHP-
sensitive Ca channel function.

Fig. 6A and B shows the increasing effect of db-
cAMP on [};,. The effect was most remarkebly observed
in this particular experiment, In the presence of 200 4M
db-cAMP, the amplitude of [g, elicited by depolariza-
tion to +20 mV from a holding potential of —60 mV,
was increased from -47.1 pA to —118.0 pA, The inacti-
vation tmc constants of [, 1t this potential were 138
sand 1.53 s, in the absence and the presence of the drug,
respectively. The amplitude of £y, at +20 m¥ gradually
increased after adding db-cAMP, and reached a steady

FEBS LETTERS

Seplember 1992

level ubout S min thereafter (Fig. 6C). This was consis.
tent with the time course of the phosphorylation of the
&l subunit (see Fig. 4C). A similar effect of db-cAMP
on [y, was ulso observed in CCAR2823. We abserved
an increase in the umplitude of /y, by db-cAMP in 8
experiments out of 19 in both types of CCAR cells.
Another membrane-permeable ¢AMP  anulog. 8-
bromo-cAMP, also increased the amplitude of 2y, in 14
eaperiments out of 25, The degree of the increase of the
current varied among cells, and it wus usually about
20%. Neitler drug increased the [y, at concentrations
below 100 uM, The decreuse in the amplitude of £, was
not abserved in both CCAR cells by adding the mem-
brane-permeuable cAMP analogs.

The present studies showed that: {i} the &1 subunit of
cardiac Cu channel could be phosphorylated by PKA
in vitro and in vivo and that the Ca chunnel was acti-
vuted by phosphorylution, and (ii) that the segment con-
taining the phosphorylation site was cleaved frem a
lurge part of the @l subunit in the curdine membrane,
It is not known when the cleuvage oceurs and at least
three possibilities could be considered for the structure
of the &1 subunit in curdiuc cells: (1) the 250-kDa forim
of the ¢} subunit is predominant in living curdiue cells
and tha partinl degradation resulting in the 200-kDa
polypeptide due to the protealytic cleavuge occurs dur-
ing the isolation of the cardive membrane; (2) the C-
terminal segment of most of the @l subunit is cleaved
but still associated with the 300 kDa polypeptide and
functions as a subunit, The a2 and § subunits of skeletal
muscle Cu chunnels ure encoded by the same gene. the
protein product of which is proteolytically protessed to
yield the disulfide-linked @2 and & polypeptide [7.28): (3)
the C-terminal segment contiaining the phospharylation
site(s) was lost due o the partial proteolysis in cardiac
cells, In the third possibility. the phosphorylation of the
C-terminal segment could not be involved in the 8-
adrenergic-mediated Ca channel regulation, Thus, the
identificution of the @l subunit in cardiac cells should
be studied for further understanding of the regulatory
mechanisms of the curdiae Ca channel function.

The amplitude of /,, observed in considerable num-
bers of CCAR cells is much lower thun that in cardiac
myocytes. Furthermore, the extent of the activation by
cAMP-dependent phosphorylation in the CCAR cells
was also less than that in the heart. Is hus been shown
that £, expressed by injecting the @1 message into Xen-
apies oocyles and L cells was increased remarkably by
the coexpression of B and y subunits of the skeletal
muscle Ca channel [17. 32-34). Northern blots have
shiown that the B subunit homologous to that of skelctat
muscle was expressed in cardiue muscle [34]. Thus, the
formation of a muliisubunit complex might be neces-
sary for expressing the uctivation of DHP-sensitive Ca
channels. Further studies, including the coexpression of
the other subunits are necessary 1o obtain a finul conclu-
sion.
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Fig. & The effewt of dhcAMP on [y, in CCAR3IZIT. (A) Cursents in the abience of db-cAMP recorded by depoturization 1o =40, =20, 0, +20 and

+30 ¥ lor 500 ms {rom a holding potential of =60 mY ure superimposed. (B) Currents in e presence of dbwecAMI? (200 2m) recorded st sume

membrane potentiuls as those in A are supsrimposed. (C) The time course of the ¢fTect of db-cAMP on the usmptitude af £, The amplitude of
fu, Measured w30 my alter the onset of the pulse is plotwed ugainst the time,
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