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Isolated triads from  rabbit  skeletal muscle were 
shown to contain an  intrinsic  protein  kinase which was 
neither Ca2+/calmodulin-dependent nor CAMP-depend- 
ent.  The  protein  substrates phosphorylated by this  pro- 
tein  kinase  exhibited apparent molecular weights of 
300,000, 170,000, 90,000, 80,000, 65,000,  56,000, 
52,000,51,000,40,000,25,000,22,000, and 15,000. 
Purification of the  1,4-dihydropyridine  receptor  from 
phosphorylated triads has demonstrated that  the 
170,000- and  52,000-Da  subunits of the  1,4-dihydro- 
pyridine  receptor are phosphorylated by  this  intrinsic 
protein  kinase  in isolated triads. Monoclonal antibod- 
ies  to  the  170,000-Da  subunit of the  dihydropyridine 
receptor immunoprecipitated the  170,000-Da phos- 
phoprotein from  detergent  extracts of phosphorylated 
triads.  The mobility of the  170,000-Da phosphoprotein 
in sodium dodecyl sulfate-polyacrylamide gels was not 
changed  with or without  reduction,  demonstrating that 
the  170,000-Da phosphoprotein is not the glycoprotein 
subunit of the  receptor. Our results  demonstrate that 
the  170,000-  and  52,000-Da subunits of the  dihydro- 
pyridine  receptor are phosphorylated by an  intrinsic 
protein  kinase  in isolated triads. In addition,  our re- 
sults also demonstrate that  the  175,000-Da glycopro- 
tein  subunit of the dihydropyridine  receptor  is not 
phosphorylated in isolated triads by the  intrinsic pro- 
tein  kinase, CAMP-dependent protein  kinase, or endog- 
enous Ca2+/calmodulin-dependent protein kinase. 

Voltage-dependent Ca2+ channels  are  essential  for many 
cellular functions including cardiac and smooth muscle con- 
traction, as well as secretion (1, 2). The 1,4-dihydropyridines 
are  potent blockers of voltage-dependent Ca2+ channels,  and 
radioactive 1,4-dihydropyridines have been shown to bind 
with high affinity and specificity to isolated membranes from 
various excitable tissues (3-6). The 1,4-dihydropyridine re- 
ceptor of the voltage-dependent Ca2+ channel  has been found 
to be highly enriched in  the transverse  tubular membranes of 
skeletal muscle (7),  and several laboratories  have reported the 
purification of the dihydropyridine receptor from the  trans- 
verse tubular membranes of rabbit  skeletal muscle  (8-10). 

Electrophysiological studies indicated that  the voltage-de- 
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pendent Ca2+ channels  are modulated directly or indirectly 
by protein phosphorylation (11-19). Curtis  and  Catterall (20) 
have reported that  the purified dihydropyridine receptor of 
the voltage-dependent Ca2+ channel from rabbit skeletal 
transverse  tubular membranes is phosphorylated by the  cat- 
alytic subunit of CAMP-dependent protein kinase. Flockerzi 
et al. (10) showed that  the phosphorylation of the purified 
dihydropyridine receptor from skeletal muscle transverse  tu- 
bular membranes by the catalytic  subunit of CAMP-dependent 
protein kinase modulates the Ca2+ channel properties. Hosey 
et al. (21) reported that  the dihydropyridine receptor in  trans- 
verse tubular membranes of skeletal muscle is phosphorylated 
by the catalytic  subunit of CAMP-dependent protein kinase 
and an exogenous Ca2+/calmodulin-dependent protein kinase. 
Although these  studies (10, 20, 21) have shown that  the 
purified dihydropyridine receptor can be phosphorylated, the 
exact  subunit which is phosphorylated under various condi- 
tions is unclear. 

Recently, we have shown that  the purified 1,li-dihydropyr- 
idine receptor contains two distinct high molecular weight 
subunits M, 170,000 and 175,000 (22).’ Monoclonal antibodies 
capable of specifically immunoprecipitating the [3H]PN200- 
1lO1-labeled dihydropyridine receptor recognize the 170,000- 
Da subunit, whereas wheat germ agglutinin-peroxidase binds 
to  the 175,000-Da subunit. The apparent molecular mass of 
the 170,000-Da subunit remained unchanged with reduction 
while the  apparent molecular mass of the 175,000-Da  glyco- 
protein  subunit shifted from  175,000 to 150,000  Da  upon 
reduction. In  this  report, we describe the identification and 
characterization of an intrinsic  protein kinase in isolated 
triads from rabbit skeletal muscle. In addition, we have char- 
acterized the phosphorylation of the 1,4-dihydropyridine re- 
ceptor in isolated triads by this  intrinsic protein kinase, Caz+/ 
calmodulin-dependent protein kinase, and CAMP-dependent 
protein kinase. 

EXPERIMENTAL PROCEDURES 

Membrane Preparations-Triads were isolated from adult rabbit 
skeletal muscle according to Mitchell et al. (23) in the presence of 
protease inhibitors: aprotinin (76.8 nM), benzamidine (0.83  mM), 

The abbreviations used are: [3H]PN200-110, isopropyl 4-(2,1,3- 
benzoxadiazol-4-yl)-1,4-dihydro-2,6-dimethyl-5-([3H]methoxycar- 
bonyl)pyridine-3-carboxylate; WGA, wheat germ agglutinin; PMSF, 
phenylmethylsulfonyl fluoride; EGTA, [ethylenebis(oxyethylene- 
nitri1o)ltetraacetic acid; SDS-PAGE, sodium dodecyl sulfate-polyac- 
rylamide gel electrophoresis; NAG, N-acetylglucosamine; W-7, A”(6- 
aminohexyl)-5-chloro-l-naphthalenesulfonamide hydrochloride; H-7, 
l-(5-isoquinolinesulfonyl)-2-methylpiperazine dihydrochloride; 
HA1004, N-(2-guanidinoethyl)-5-isoquinoline-sulfonamide hydro- 
chloride; [3H]azidopine, 2,6-dimethyI-4-(2‘-trifluoromethylphenyl)- 
1,4-dihydropyridine-3,5-dicarboxylic acid, ethyl, (N-4’-azido[3’,5’- 
3H]benzolyaminoethyl)diester. 
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iodoacetamide (1 mM), leupeptin (1.1 pM), pepstatin A (0.7 p ~ ) ,  and 
PMSF (0.23  mM). Light sarcoplasmic reticulum vesicles were isolated 
according to Campbell et al. (24) in the presence of protease  inhibitors. 
All membrane preparations were stored frozen at  -135 “C  in 0.25 M 
sucrose, 10 mM histidine (pH 7.4),  0.83 mM benzamidine, 1 mM 
iodoacetamide, and 58 p~ PMSF. Protein was measured using the 
method of Lowry et al.  (25) as modified by Peterson (26), with bovine 
serum albumin as a standard. 

Phosphorylation of Isolated Triods and Light Sarcoplasmic Reticu- 
lum  Vesicles-Intrinsic phosphorylation of isolated triads  and light 
sarcoplasmic reticulum vesicles (60 pg) was measured in the presence 
of 50 p~ [y-32P]ATP (2000-3000 cpm/pmol) a t  30 “C  in 60 p1 of 50 
mM Tris-PIPES buffer (pH 6.8) containing 12.5 mM MgCl, and 10 
mM EGTA. Ca2+/calmodulin-dependent phosphorylation of isolated 
triads was measured in the same buffer in  the presence of 10 mM 
CaCl, and 6 pg  of calmodulin. CAMP-dependent phosphorylation of 
isolated triads was measured in  the same buffer with the addition of 
1-pg catalytic  subunit of CAMP-dependent protein kinase. After 30 s, 
the reaction was terminated by the addition of  22.5 pl of an SDS- 
stop solution containing  15%  SDS, 40 mM dithiothreitol, 20%  glyc- 
erol, 62.5 mM Tris-HC1 (pH 6.8), and a trace of bromphenol blue. 
Samples were separated by SDS-polyacrylamide gel electrophoresis 
(SDS-PAGE)  using the buffer system of Laemmli (27). SDS gels  were 
stained with Coomassie Blue R-250, dried, and subjected to autora- 
diography using Kodak X-Omat AR  film. 

Purification of Phosphorylated Dihydropyridine Receptor-Isolated 
triads (20 mg) were phosphorylated with 50 p~ [y-32P]ATP at  30 “C 
in 2 ml  of 50 mM Tris-PIPES buffer (pH 6.8) containing 12.5 mM 
MgCl, and 10 mM EGTA. After 30 s, the isolated triads were solubi- 
lized by the addition of 18 ml of  1.11% digitonin, 0.556 M NaCl, and 
22.2  mM NaF. Dihydropyridine receptor was purified by a modifica- 
tion of the procedure of Curtis and Catterall (20). The digitonin- 
solubilized triads were applied to a 2-ml column of WGA-Sepharose 
6MB at  a flow rate of  0.2 ml/min. The column was washed with 50 
mM Tris-HC1 (pH 7.4), 0.5 M NaCl, 20 mM NaF, and  1% digitonin, 
followed  by 50 mM Tris-HC1 (pH 7.4),  20 mM NaF, and 0.3% digitonin 
(Buffer A). The dihydropyridine receptor was then eluted with 4 ml 
of  200 mM N-acetylglucosamine (NAG) in Buffer A. The NAG-eluted 
dihydropyridine receptor was applied to a DEAE-cellulose column (2 
ml) and  the column was washed with Buffer A. The DEAE-cellulose 
column was eluted in  the presence of Buffer A with a 0 to 300 mM 
NaCl gradient  in a total volume of 50 ml with 2-ml fractions collected. 
All buffers contained 0.75 mM benzamidine and 0.1 mM PMSF. 
Dihydropyridine receptor was also purified from triads  that were 
prelabeled with [3H]PN200-110 using the same procedures. 

Preparation of the Anti-dihydropyridine Receptor  Monoclonal An- 
tibodies-Monoclonal antibodies to  the dihydropyridine receptor of 
rabbit  skeletal muscle were prepared as described previously (22). 
Hybridoma cells were dilution-cloned and grown in RPMI 1640 
medium supplemented with 10% fetal bovine serum. 

Immunoprecipitation of Phosphorylated Subunit of the Dihydropyr- 
dine Receptor-Immunoprecipitates were isolated from detergent 
extracts of phosphorylated triads using  anti-dihydropyridine receptor 
monoclonal antibodies and goat anti-mouse IgG-Sepharose beads. 
Isolated triads were phosphorylated with [-p3*P]ATP as described 
above, and  the phosphorylation reaction was terminated by the ad- 
dition of 1 ml of buffer containing 50 mM Tris-HC1 (pH 7.2), 150 mM 
NaCl, 1%  Triton X-100, 1% sodium deoxycholate, 0.1% SDS, 20 mM 
NaF, and 100 kallikrein-inactivating units/ml of aprotinin. The re- 
action mixture was centrifuged for 30 min at  100,000 X g to remove 
insoluble material. One-ml aliquots of the  supernatant were then 
incubated for 4 h a t  4 “C with 50 pg  of monoclonal antibody and 50 
pl of goat anti-mouse IgG-Sepharose 4B (Cooper Biomedical) with 
gentle mixing. Sepharose beads with bound immunoprecipitates were 
collected by mild centrifugation and washed five times with 1 ml each 
of 100 mM Tris-HC1 (pH 7.5),  200 mM LiC1, and 20 mM NaF. 
Immunoprecipitates were extracted from the Sepharose beads by 
boiling for 1 min in 150 pl of a solution containing 130 mM Tris-HC1 
(pH 6.8), 6% SDS, 20%  glycerol, and a trace of bromphenol blue. 
Samples were centrifuged to remove Sepharose beads and  then sub- 
jected to SDS-PAGE as described above followed by autoradiography 
with intensifying screens (Du Pont Lightning  Plus). 

Materials-[y-3ZP]ATP (1000-3000 Ci/mmol) was obtained from 
New England Nuclear. [3H]PN200-110 was purchased from Amer- 
sham Corp. Catalytic  subunit of CAMP-dependent protein kinase, 
calmodulin, wheat germ agglutinin (WGA)-Sepharose 6MB, and mo- 
lecular weight standards were obtained from Sigma. All other reagents 
were analytical grade or the highest purity available. 

RESULTS 

Identification  of the Intrinsic Protein Kinase in Isolated 
Triads-Isolated triads were phosphorylated with 50 PM 
[T-~~P]ATP for  30 s in  the presence of 10 mM EGTA and 
analyzed by SDS-PAGE using an 8-16% gradient gel  (Fig. 
lA, lune 1 ). The proteins phosphorylated by the intrinsic 
protein kinase exhibited apparent molecular  weights of 
300,000,  170,000, 90,000, 80,000, 65,000,  56,000,  52,000, 
40,000,  25,000,  22,000, and 15,000. Both CAMP and cGMP 
had no effect on the phosphorylation of isolated.triads in  the 
presence of 10 mM EGTA (data not shown). The addition of 
Ca2+ and calmodulin resulted in the specific phosphorylation 
of the 60,000- and 21,000-Da proteins and a slight stimulation 
of the phosphorylation of the 300,000-Da protein (Fig. lA, 
lane 2). The catalytic subunit of CAMP-dependent protein 
kinase phosphorylated the 155,000-,  146,000-, and 23,000-Da 
proteins and stimulated the phosphorylation of the 300,000- 
and 40,000-Da proteins (Fig. lA, lane 3 ) .  None of the phos- 
phoproteins in isolated triads were detected in light sarco- 
plasmic reticulum vesicles that were phosphorylated under 
the same conditions (Fig. 1B). 

Phosphorylated triads were also analyzed by SDS-PAGE 
using 7% acrylamide gel (Fig. 1C)  and 5% acrylamide gel (Fig. 
1D).  The proteins phosphorylated in the presence of EGTA 

M,  x10-3 A B 

205 - 
116- 
924 

- 66 

- 

- 36 

- 45 

29 - 
24 

20.1 - 
14.2 - 

- 300 
-170 
;155 

146 - - - 90 
-80 
- 6 5  - 
-60 
c 25 - - 40 - 

- 
- 2 5  - 23 - 
- 22 - 21 

- 15 

1 2 3   1 2 3  

*05t I -lTo 1 
116 - 

97.4 - 
66 - 

45 - 

FIG. 1. Phosphorylation of triads and light sarcoplasmic 
reticulum vesicles. Isolated triads (A, C, and  D)  and light sarco- 
plasmic reticulum vesicles ( B )  were phosphorylated in  the absence 
(lane 1 )  or presence of Ca2+ and calmodulin (lane 2) or catalytic 
subunit of CAMP-dependent protein kinase (lane 3) as described 
under  “Experimental Procedures.” Samples were subjected to SDS- 
PAGE (8-16% (A and B ) ,  7% (C), and 5% (C)) followed by autora- 
diography. 
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that ran with a mobility of 52,000-Da on the 8-16%  gels 
separated into two bands of 52,000- and 51,000-Da  on the 7% 
acrylamide gel. The 56,000-Da phosphoprotein was detected 
as a diffuse radioactive protein band on the 7% acrylamide 
gel, and  the relative mobility of this protein decreased  com- 
pared to that of the 60,000-Da phosphoprotein, which  was 
phosphorylated by the Ca2+/calmodulin-dependent protein 
kinase. 

Phosphorylation of the isolated triads in the presence of 
the catalytic subunit of CAMP-dependent protein kinase re- 
sulted in the detection of three phosphoproteins ( M ,  = 
170,000,  155,000, and 146,000) around 160,000-Da  (Fig. lA, 
lane 3) .  These phosphoproteins were not clearly separated on 
a 7% acrylamide gel (Fig.  IC, lane 3), but were  clearly sepa- 
rated from each other on a 5% acrylamide gel (Fig. lD, lane 
3) .  In  contrast to Fig. lA, the highest and lowest  molecular 
weight proteins were phosphorylated by catalytic subunit of 
CAMP-dependent protein kinase, and  apparent molecular 
weights of these proteins were  180,000 and 165,000. These 
results demonstrated that  the apparent molecular  weights of 
the proteins phosphorylated by the catalytic subunit of 
CAMP-dependent protein kinase were dependent on the con- 
centration of the acrylamide in  the  SDS gel (Fig. 1, A, C, and 
D, lane 3) .  

The results presented in Fig. 1 demonstrated that  the 
isolated triads contain two kinds of endogenous protein ki- 
nases: one is Ca2+/calmodulin-dependent, and  the  other is 
neither Ca2+/calmodulin-dependent nor CAMP-dependent. 
Therefore, we have referred to  the latter protein kinase as an 
intrinsic protein kinase. 

The  pH dependence of the two  endogenous protein kinase 
activities in the isolated triads was determined (Fig. 2). The 
phosphorylation of the 300,000-,  170,000-, 90,000-, and 
52,000-Da proteins by the  intrinsic protein kinase showed 
broad pH dependence, with a pH optimum of  6.5. The addition 
of Ca2+ and calmodulin remarkably changed the  pH depend- 
ence of the phosphorylation. The phosphorylation of all pro- 
tein  substrates of the intrinsic protein kinase with the excep- 
tion of the 51,000-Da protein was strongly inhibited below 
pH 7.0. This inhibition was Ca2+-dependent, but not calmod- 
ulin-dependent (data not shown). The Ca2+/calmodulin-de- 
pendent phosphorylation of the 300,000-,  60,000-, and 21,000- 
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FIG. 2. pH dependence of intrinsic and  Ca’+/calmodulin- 

dependent  phosphorylation in isolated  triads. Isolated triads 
were phosphorylated in the absence ( A )  or presence ( B )  of Ca” and 
calmodulin as described under  “Experimental Procedures” at  various 
pH conditions. The  pH of the reaction  mixture was adjusted with 50 
mM Tris-PIPES buffer. Samples were subjected to SDS-PAGE (10% 
gel) followed by autoradiography. The  amount of each phosphoprotein 
was measured by scanning the autoradiogram using a Hoefer GS300 
Scanning  Densitometer and  the peak height of each phosphoprotein 
band was plotted  against  pH. Symbols: A,  0, 300,000-Da protein; 0, 
170,000-Da protein; A, 90,000-Da protein; and V, 52,000-Da protein; 
B, 0, 300,000-Da protein; 0, 170,000-Da protein; A, 60,000-Da pro- 
tein; and V, 21,000-Da protein. 

Da proteins exhibited a pH optimum of 9.0 to 9.5. 
The time course of the phosphorylation by the intrinsic 

protein kinase in the isolated triads was  very fast (Fig. 3). At 
30 s after the addition of  50 PM [T-~’P]ATP, the phosphoryl- 
ation was at the maximum  level. Since phosphorylation/ 
dephosphorylation experiments were  performed in the pres- 
ence of protease inhibitors and proteolytic degradation of the 
isolated triads was not observed on the Coomassie  Blue- 
stained SDS-polyacrylamide gel  of the samples, the loss of 
32P label after 30 s can be attributed to dephosphorylation 
(Fig. 3). Calmodulin antagonists (trifluoperazine and W-7) 
and protein kinase inhibitors (H-7  and HA1004) had no effect 
on the intrinsic protein kinase at 10 PM and a slight inhibitory 
effect at 100 PM (data  not shown). 

Phosphorylation of 1,4-Dihydropyridine Receptor by Intrin- 
sic Protein Kinase-Isolated triads were phosphorylated by 
the intrinsic protein kinase and solubilized with 1% digitonin 
in the presence of  0.5 M NaCl and 20 mM NaF. The intrinsic 
protein kinase activity was strongly inhibited by this solubil- 
ization treatment  (data  not shown), so the phosphorylation 
reaction was terminated at this point. Dihydropyridine recep- 
tor was then purified from the digitonin-solubilized triads 
using WGA-Sepharose  6MB and DEAE-cellulose chromatog- 
raphy. Our preparation of the purified dihydropyridine recep- 
tor contained four major protein components (Fig. 4, A and 
B, lane 4).  The  apparent molecular  weights of these proteins 
were  175,000,  170,000,  52,000, and 32,000 under nonreducing 
conditions. Upon reduction, the  apparent molecular mass of 
the 175,000-Da protein shifted to 150,000  Da. The autoradi- 
ograms of the same gels  showed that  the purified dihydropyr- 
idine receptor contained the 170,000- and 52,000-Da phos- 
phoproteins (Fig. 4). The apparent molecular  weights of these 
phosphoproteins on SDS-PAGE remained unchanged with 
reduction (Fig.  4). 

The 170,000-Da phosphoprotein was not detected in the 
void fraction of the WGA-Sepharose column, but a 52,000- 
Da phosphoprotein was detected in the void fraction (Fig. 4, 
C and D, lane 2). In isolated triads, the 56,000-,  52,000-, and 
51,000-Da proteins were phosphorylated by the intrinsic pro- 
tein kinase and  are clearly separated on a 7% acrylamide gel 

205 I 
!z 66 t 
45 t 
29 t 

Time 10“ 30“ 1’ 5‘ 10 
FIG. 3. Time  course of intrinsic  phosphorylation of isolated 

triads. Isolated triads were phosphorylated in the presence of 10 mM 
EGTA as described under  “Experimental Procedures.” The reactions 
were terminated by the addition of SDS-stop solution after various 
reaction times as shown. The samples were subjected to SDS-PAGE 
(3-12% gradient gel)  followed  by autoradiography. 
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FIG. 4. Phosphorylation of the 170,000- and 52,000-Da 

subunits of purified  dihydropyridine  receptor  by  intrinsic 
protein  kinase  in  isolated  triads. Isolated triads were phospho- 
rylated by intrinsic  protein kinase, solubilized with digitonin, and 
dihydropyridine receptor was purified as described under "Experi- 
mental Procedures." The digitonin-solubilized triads (lane I ) ,  the 
void fraction of the WGA-Sepharose column (lane 2) ,  the NAG- 
eluted dihydropyridine receptor (lane 3), and  the purified dihydro- 
pyridine receptor (lane 4 )  were subjected to SDS-PAGE (3-12% 
gradient gel) under nonreducing (+20 mM N-ethylmaleimide) ( A  and 
C )  and reducing (+lo mM dithiothreitol) ( B  and D) conditions. A 
and B are photographs of Coomassie Blue-stained gels. C and D are 
autoradiograms produced from the same gels as A and B, respectively. 

(Fig. IC). Fig. 5 shows that  the purified dihydropyridine 
receptor contained a 52,000-Da phosphoprotein and  the void 
fraction of the WGA-Sepharose  column contained all three 
phosphoproteins. 

The [3H]PN200-110-labeled dihydropyridine receptor was 
eluted from the DEAE-cellulose  column in a single peak  (Fig. 
6) when the dihydropyridine receptor was purified from  iso- 
lated triads prelabeled with [3H]PN200-110. Fig. 6 shows that 
the 170,000- and 52,000-Da phosphoproteins were eluted from 
the DEAE-cellulose  column in the same single peak as that 
of the [3H]PN200-110-labeled dihydropyridine receptor. 

Phosphorylation of 1,4-Dihydropyridine Receptor by the Cat- 
alytic Subunit of the CAMP-dependent Protein Kinase-The 
155,000- and 146,000-Da proteins were phosphorylated by the 
catalytic subunit of CAMP-dependent protein kinase in the 
isolated triads (Fig. lA, lane 3) ,  and  the  apparent molecular 
weight of these proteins on a 5% acrylamide gel changed to 
180,000 and 165,000  (Fig. 1D).  The dihydropyridine receptor 

.Dihydropyridine  Receptor 

M, X 10-3 A R 

66 I 

45 ' 

52 

i 

1 2 3  1 2 3  
FIG. 5. Analysis of phosphoprotein  subunits of purified di- 

hydropyridine  receptor on 7% acrylamide gel. Dihydropyridine 
receptor was purified from the isolated triads phosphorylated by 
intrinsic  protein kinase as described under "Experimental Proce- 
dures." The digitonin-solubilized triads (lane I ) ,  the void fraction of 
the WGA-Sepharose column (lane 2) ,  and  the purified dihydropyri- 
dine receptor (lane 3) were subjected to SDS-PAGE (7% acrylamide 
gel) under reducing conditions followed by autoradiography. A is a 
photograph of a Coomassie Blue-stained gel, and B is an autoradi- 
ogram produced from the same gel. 

was purified from isolated triads phosphorylated by the  cat- 
alytic subunit of CAMP-dependent protein kinase. The  puri- 
fied dihydropyridine receptor contained the 170,000- and 
52,000-Da phosphoproteins. When phosphoproteins were 
analyzed by 5% acrylamide gel, the purified dihydropyridine 
receptor contained the 170,000-Da phosphoprotein, but did 
not contain the 180,000- and 165,000-Da phosphoproteins 
which  were phosphorylated by catalytic subunit of CAMP- 
dependent protein kinase (Fig. 7). On the  other hand, the void 
fraction of the WGA-Sepharose  column contained the' 
180,000- and 165,000-Da phosphoproteins, but did not contain 
the 170,000-Da phosphoprotein (Fig. 7). The mobilities of the 
180,000- and 165,000-Da phosphoproteins on a 5% acrylamide 
gel  were  clearly different from that of the 150,000-Da subunit 
of the dihydropyridine receptor. The apparent molecular 
masses of the 180,000-,  170,000-, and 165,000-Da phosphopro- 
teins on SDS-PAGE remained unchanged with reduction 
(data not shown). 

Immunoprecipitation of Phosphorylated Subunit of the Di- 
hydropyridine  Receptor-The  monoclonal antibody (IIF7) ca- 
pable of specifically immunoprecipitating the [3H]PN200- 
110-labeled dihydropyridine receptor from digitonin-solubi- 
lized triads recognized a 170,000-Da protein on nitrocellulose 
transfers of isolated triads  and purified dihydropyridine re- 
ceptor (22). The apparent molecular mass of this 170,000-Da 
protein on SDS-PAGE remained unchanged with reduction, 
whereas the apparent molecular mass of the 175,000-Da 
WGA-positive  glycoprotein subunit of the dihydropyridine 
receptor shifted from  175,000 to 150,000  Da upon reduction 
(22). The 170,000-Da phosphoprotein was immunoprecipi- 
tated with this monoclonal antibody (IIF7) from the detergent 
(1% Triton X-100, 1% sodium  deoxycholate, and 0.1% SDS) 
extracts of phosphorylated triads (Fig. 8). Monoclonal anti- 
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FIG. 6. Elution  profiles of [SH]PN200-110-labeled dihydro- 
pyridine  receptor  and  phosphoprotein  from  DEAE-cellulose 
column. Isolated triads (20 mg) were phosphorylated as described 
under  “Experimental Procedures” or labeled with 50 nM [3H]PN200- 
110 in 10 ml  of 100 mM NaCl, and 50 mM Tris-HC1 (pH 7.4), and 
solubilized with 1% digitonin in  the presence of 0.5 M NaCl and 20 
mM NaF. Dihydropyridine receptor was purified as described under 
“Experimental Procedures.” A ,  the amount of [3H]PN200-110-labeled 
dihydropyridine receptor in 50 pl of each fraction from DEAE- 
cellulose column (0) was determined by a polyethylene glycol precip- 
itation assay (36). The  amount of phosphoproteins (0) was deter- 
mined by counting Cerenkov ray of 1 ml of each fraction. B, samples 
were subjected to SDS-PAGE (3-12% gradient gel) under reduced 
conditions followed by autoradiography. 

body (IIGIP1), which  recognized a 94,000-Da junctional sar- 
coplasmic reticulum protein, did not immunoprecipitate any 
phosphoproteins. 

DISCUSSION 

In  this study we,  have found that isolated triads contain two 
kinds of endogenous protein kinases: one was Ca2+/calmodu- 
lin-dependent, and  the other was neither Ca2+/calmodulin- 
dependent nor CAMP-dependent. Skeletal muscle sarco- 
plasmic reticulum vesicles  have  been  shown to contain endog- 
enous protein kinase activity (28-32).  Campbell and Shamoo 
(28) reported that 64,000-,  42,000-, and 20,000-Da proteins 
were phosphorylated in the presence of 1 mM EGTA. Camp- 
bell and MacLennan (29) showed that skeletal muscle sarco- 
plasmic reticulum vesicles contain a Ca2+/calmodulin-depend- 
ent protein kinase, which phosphorylated three proteins of 
molecular  weights 85,000, 60,000, and 20,000. Chiesi and 
Carafoli (30,31) also detected the Ca2+/calmodulin-dependent 
phosphorylation of three proteins (Mr = 57,000,  35,000, and 
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FIG. 7. Analysis of phosphoprotein  subunits  of  dihydropyr- 

idine  receptor  purified  from  isolated  triads  phosphorylated 
by catalytic subunit of CAMP-dependent  protein kinase on 5% 
acrylamide gel. Isolated triads were phosphorylated in the presence 
of the catalytic  subunit of CAMP-dependent protein kinase, and  the 
dihydropyridine receptor was then purified as described under  “Ex- 
perimental Procedures.” The solubilized triads (lane I), the void 
fraction of the WGA-Sepharose column (lane Z), and  the NAG-eluted 
dihydropyridine receptor (lane 3) were subjected to SDS-PAGE (5% 
acrylamide gel) under reduced conditions followed  by autoradiogra- 
phy. 

20,000) in the skeletal muscle sarcoplasmic reticulum vesicles. 
As in the previous studies (28-32) on skeletal muscle sarco- 
plasmic  vesicles, we have detected the Ca2+/calmodulin-de- 
pendent phosphorylation of the 60,000- and 20,000-Da pro- 
teins in the isolated triads. The protein substrates phospho- 
rylated by this protein kinase were not detected in light 
sarcoplasmic reticulum vesicles. Therefore, this Ca2+/calmod- 
ulin-dependent protein kinase is  specific  for the junctional 
sarcoplasmic reticulum membrane. 

Fig. 1 shows that  the substrate specificity of the intrinsic 
protein kinase in the isolated triads was quite different from 
that of the endogenous Ca2+/calmodulin-dependent protein 
kinase and exogenous catalytic subunit of CAMP-dependent 
protein kinase. The intrinsic protein kinase activity was not 
stimulated by the addition of CAMP or cGMP.  Calmodulin 
antagonists, trifluoperazine and W-7, had little or no effect 
on the intrinsic protein kinase activity in the isolated triads 
at  the concentration range of  10-100 PM, where these drugs 
inhibit  the calmodulin-dependent activities (27,  33). The in- 
trinsic protein kinase activity in the isolated triads also was 
not inhibited by the protein kinase inhibitors, H-7 and 
HA1004, at  the concentration of 10 PM, where these drugs 
strongly inhibited CAMP-dependent protein kinase (34). 
These results demonstrate that  the intrinsic protein kinase 
in the isolated triads is different from the Ca2+/calmodulin- 
dependent and CAMP-dependent protein kinases. 

Seiler et dl. (35) have reported that high  molecular  weight 
proteins in skeletal muscle junctional sarcoplasmic reticulum 
vesicles (Mr = 290,000-350,000)  were phosphorylated by ex- 
,ogenous catalytic subunit of CAMP-dependent protein kinase 
and endogenous Ca2+/calmodulin-dependent protein kinase. 
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TABLE I 

Subunit  structure of skeletal muscle dihydropyridine  receptor 
The  apparent  molecular  weights (Mr X were determined  by 

SDS-PAGE  under  nonreduced  conditions.  Values in parentheses  are 
the apparent molecular  weights  under  reduced  conditions.  Phos.: 
subunit was identified as a substrate for a protein kinase. NI:  Not 
identified. I, the apparent molecular  weights  were  determined  on a 
5 1 6 %  gradient gel by Leung et al. (22). Dihydropyridine  receptor 
was phosphorylated by intrinsic  protein  kinase in the isolated  triads. 
11, the  apparent molecular  weights  were  determined  on a 5-15% 
gradient gel by Curtis  and  Catterall  (20).  Purified  dihydropyridine 
receptor was phosphorylated  by  catalytic  subunit of CAMP-dependent 
protein kinase. 111, the  apparent molecular  weights were determined 
on a 4-14% gradient  gel  by  Hosey et al. (21). Dihydropyridine  receptor 
in  the  transverse  tubular  membranes was phosphorylated  by  catalytic 
subunit of CAMP-dependent  protein  kinase. IV, the  apparent molec- 
ular weights were determined  on a 7.5% gel by Flockerzi et al. (10). 
Purified  dihydropyridine receptor was phosphorylated  by  catalytic 
subunit of CAMP-dependent  protein  kinase.  Nomenclature of the 
subunits of the dihydropyridine  receptor  is the same as Curtis  and 
Catterall(20) with the  addition of 6 subunit which was not  identified 
in their preDaration of receDtor. 
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FIG. 8. Immunoprecipitation of 170,000-Da phosphopro- 

tein  with monoclonal antibody against 170,000-Da subunit of 
dihydropyridine receptor. Isolated triads were  phosphorylated  by 
intrinsic  protein  kinase,  solubilized  with a solution  containing 1% 
Triton X-100, 1% sodium  deoxycholate,  and  0.1%  SDS,  and the 
extracts were  immunoprecipitated  with  monoclonal  antibody (lane 1, 
IIF7; lune 2, IIGISI)  as  described  under  "Experimental  Procedures." 
Samples  were  subjected to SDS-PAGE  (3-12%  gradient gel) followed 
by autoradiography. 

The phosphorylation of the 300,000-Da protein in  the isolated 
triads was observed in  the presence of 10 mM EGTA. The 
phosphorylation of this protein was stimulated by the addition 
of Ca2+ and calmodulin or  the catalytic subunit of CAMP- 
dependent  protein kinase. The phosphorylation of the 
300,000-Da protein was not observed in light sarcoplasmic 
reticulum vesicles. The 300,000-Da junctional-specific  protein 
may be the common substrate of the  three different  protein 
kinases. The 350,000-Da protein, which is the major high 
molecular weight Coomassie Blue-staining  protein in isolated 
triads, was observed to be phosphorylated to a slight  extent. 
Seiler et al. (35) also observed that 32P incorporation into  the 
higher molecular weight component was variable. 

Our preparation of purified  dihydropyridine  receptor con- 
tains four proteins of apparent molecular weights 175,000, 
170,000,  52,000, and 32,000 under nonreducing conditions. 
Table I summarizes the  nature of the  subunit composition of 
skeletal muscle dihydropyridine receptor proposed by us  and 
previous investigators (10, 20-22). 

We have reported that  the monoclonal antibody capable of 
specifically immunoprecipitating the [3H]PN200-110-labeled 
dihydropyridine receptor from digitonin-solubilized triads 
recognized a 170,000-Da protein  on nitrocellulose transfers of 
isolated skeletal muscle triads, transverse tubular membranes, 
and purified dihydropyridine receptor (22). Immunoblot stain- 
ing  with this antibody showed that  the 170,000-Da protein 
did not undergo a change in its apparent molecular mass on 

I I1 111 IV 
Subunit 

M, Phos. M. Phos. M. Phos. M, Phos. 

(Y 175 (150) - 165 (145) + 160 (140) + NI (122) - 
6 170 + NI  NI 
B 

142 + 
52 + 50 + 60 (55) + 56 + 

Y 32 - 32 - 32 - 31 - 

SDS-PAGE upon reduction (22). This monoclonal antibody 
was capable of immunoprecipitating the 170,000-Da phospho- 
protein (Fig. 8). The  apparent molecular mass of the 170,000- 
Da  phosphoprotein on SDS-PAGE  remained unchanged with 
reduction (Fig. 4). These results suggest that  the 170,000-Da 
protein is not  the a subunit of the dihydropyridine receptor 
described by Curtis  and  Catterall(8,20) because they reported 
the  apparent molecular weight change of the a subunit upon 
reduction. The 170,000-Da protein that we observe in our 
preparation of the dihydropyridine receptor had  not been 
identified by Curtis and  Catterall (8, 20) in  their  preparation 
of receptor. Preliminary data from  our  laboratory  indicated 
that  the 170,000-Da protein is specifically photoaffinity la- 
beled by [3H]azidopine and [3H]PN200-110, and its apparent 
molecular mass  remained  unchanged upon reduction.' These 
results suggest that  the 170,000-Da protein is the dihydropyr- 
idine-binding subunit of the dihydropyridine receptor. There- 
fore, we have referred to  the 170,000-Da protein as  the 6 
subunit. The 170,000-Da protein of our  purified dihydropyri- 
dine receptor appears  to be  equivalent to  the 142,000-Da 
subunit described by Flockerzi et al. (10). They have reported 
that  the 142,000-Da protein in purified dihydropyridine re- 
ceptor was phosphorylated by the catalytic subunit of CAMP- 
dependent  protein  kinase and  its  apparent molecular mass 
remained  unchanged upon reduction. 

The  apparent molecular mass of the 175,000-Da protein 
shifted to 150,000 Da  upon  reduction and was stained with 
WGA-peroxidase on nitrocellulose transfers of isolated triads, 
transverse tubular membranes, and  the purified dihydropyri- 
dine receptor (22). These results suggest that  the 175,000-Da 
glycoprotein is equivalent to  the a subunit (Mr 165,000) of 
the dihydropyridine receptor described by Curtis and  Catterall 
(8) and Borsotto et al. (9). Curtis and  Catterall (20) have 
reported that  the 165,000-Da protein was phosphorylated by 
the catalytic subunit of CAMP-dependent protein kinase in 
the purified dihydropyridine receptor preparation  but  not  in 
isolated transverse tubular membranes. Hosey et al. (21) have 

Sharp, A. H., Imagawa, T., Leung, A. T.,  and  Campbell, K. P. 
(1987) J. Bwl. Chem., submitted  for  publication. 
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shown that  the 160,000-Da protein was phosphorylated by 
the catalytic  subunit of CAMP-dependent protein kinase and 
exogenous Ca2+/calmodulin-dependent protein kinase in iso- 
lated  transverse  tubular membranes. In our experiments using 
isolated triads, the 175,000-Da glycoprotein subunit was not 
phosphorylated by the intrinsic  protein kinase, the endoge- 
nous Ca2+/calmodulin-dependent protein kinase, or exoge- 
nous catalytic  subunit of CAMP-dependent protein kinase. 

Preliminary  experiments using anti-170,000-Da subunit 
monoclonal antibodies suggest that  the 170,000-Da protein is 
very sensitive to protease(s) degradation. One of the proteo- 
lytic fragments of the 170,000-Da protein migrates with the 
same mobility as  the  intact 170,000-Da protein under nonre- 
duced conditions, and with similar mobility to  the 150,000- 
Da glycoprotein under reduced conditions. This proteolytic 
fragment is easily confused with the 175,000  (150,00O)-Da 
glycoprotein subunit of the dihydropyridine receptor. These 
results suggest the possibility that  the 160,000-Da phospho- 
protein described by Curtis  and  Catterall  (20)  and Hosey et 
al. (21) is not  the (Y subunit of the dihydropyridine receptor, 
but  the 6 subunit. 

Curtis  and  Catterall (20) have reported that  the p subunit 
(Mr 50,000) of the purified dihydropyridine receptor was 
phosphorylated by the catalytic  subunit of CAMP-dependent 
protein kinase in purified preparations  and  in isolated trans- 
verse tubular membranes. Flockerzi et al. (10) have also shown 
that  the 56,000-Da protein of purified dihydropyridine recep- 
tor was phosphorylated by the catalytic  subunit of CAMP- 
dependent  protein kinase. Hosey et al. (21) have reported that 
the dihydropyridine receptor purified from isolated transverse 
tubular membranes phosphorylated by the catalytic  subunit 
of CAMP-dependent protein kinase contains  a 55,000-Da 
phosphoprotein. 

Our results  demonstrate that  the 52,000-Da subunit of the 
dihydropyridine receptor was phosphorylated by the intrinsic 
protein kinase in the isolated triads. The void fraction of the 
WGA-Sepharose column contained  a 52,000-Da phosphopro- 
tein,  but  not  the 170,000-Da phosphoprotein. Elution profile 
of the DEAE-cellulose column shows the co-migration of the 
170,000- and 52,000-Da phosphoproteins. This  result suggests 
that  the 52,000-Da phosphoprotein is also a  subunit of the 
dihydropyridine receptor. Therefore, it  remains obscure as  to 
whether the 52,000-Da phosphoprotein in  the purified dihy- 
dropyridine receptor is the same protein  as that in the void 
fraction of the WGA-Sepharose. 

The intrinsic  protein kinase in  the isolated triads rapidly 
phosphorylated the 170,000- and 52,000-Da subunits of the 
dihydropyridine receptor and  other junctional-specific pro- 
teins. However, the physiological role of this phosphorylation 
remains to be elucidated. Flockerzi et al. (10) have shown that 
the phosphorylation of the purified dihydropyridine receptor 
by the catalytic  subunit of CAMP-dependent protein kinase 
modulates the Ca2+ channel properties. In skeletal muscle 
cells, the intrinsic  protein kinase is expected to be active 
during the resting  state, and  the protein  substrates for the 
intrinsic  protein kinase seem to be phosphorylated. The de- 
phosphorylation reaction of these  phosphoproteins  during 
excitation-contraction coupling may be important. Abercrom- 
bie and Roos (37) have reported that depolarization of frog 
muscle cells results  in  a marked transient acidification of 
intracellular pH. The intrinsic phosphorylation system in the 
isolated triads was inhibited by Ca2+ at acidic pH range (<7.0). 
This result suggests that  the intrinsic phosphorylation system 
should be inhibited  during  excitation-contraction coupling. 
But,  the exact role of intrinsic phosphorylation of the dihy- 

dropyridine receptor in Ca2+ channel function and/or excita- 
tion-contraction coupling will require further investigation. 
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