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Sarcolemmal fractions of vascular smooth muscles were prepared from porcine thoracic aortae by differential 
and sucrose density gradient centrifugation. In these fractions, there was a high activity of 5'-nucleotidase, a 
putative marker enzyme of plasma membrane, and a low activity of rotenone insensitive NADH-cytochrome 
c reductase a marker of sarcoplasmic reticulum. In these fractions, the Ca 2 ÷ uptake was ATP-dependent. A 
low concentration of saponin which inhibited Ca 2+ uptake by the plasma membrane but not by the 
sarcoplasmic reticulum, inhibited 65% of the Ca 2 + uptake of this fraction. The Ca 2 ÷ uptake of this fraction 
was enhanced by cAMP- and cGMP-dependent protein kinases, and by calmodulin. The cAMP-dependent 
protein kinase enhanced the phosphorylation of 28 and 22 kDa proteins, while the cGMP-dependent protein 
kinase phosphorylated the 35 kDa protein. The phosphorylation of 100, 75, 65, 41 and 22 kDa proteins was 
enhanced by Ca 2 ÷ and calmodulin. These results indicate that cAMP- and cGMP-dependent protein kinases 
as well as caimodulin play important roles in Ca 2 ÷ transport in the sarcolemma, and that the phosphorylated 
proteins may be associated with an enhancement of Ca 2 ÷ transport in the sarcolemma. 

Introduction 

Cyclic nucleotides play important roles in the 
relaxation of vascular smooth muscles, as induced 
by some pharmacological agents. The relaxation 
induced by/3  stimulators and by nitrocompounds 
is associated with increases in levels of cAMP [1] 
and cGMP [2], respectively. 

The ATP-dependent Ca 2÷ pump appears to be 
present in sarcolemmal membrane of smooth 
muscles [3-7], therefore, the possibility that these 
cyclic nucleotides may have an effect on the Ca 2 + 

* To whom correspondence should be addressed. 
Abbreviation: EGTA, ethyleneglycol bis(B-aminoethyl ether)- 
N, N '-tetraacetic acid. 

pump in sarcolemmal membrane has to be consid- 
ered. 

Calmodulin plays an important role in regulat- 
ing intracellular Ca 2÷ concentration and stimula- 
tion of Ca 2+ transport has been evidenced in 
various tissues [8-12]. 

We isolated sarcolemmal membrane from 
porcine thoracic aortae and the effects of cyclic 
nucleotides and calmodulin on the Ca 2 ÷ transport 
in this tissue were given attention. 

Materials and Methods 

Isolation of sarcolemmal membrane. Porcine 
thoracic aortae were obtained from a local 
slaughter house. Adventitia and adherent connec- 

0005-2736/84/$03.00 © 1984 Elsevier Science Publishers B.V. 



84 

tive tissue were removed and the intima and media 
layer cut into small pieces with scissors were ho- 
mogenized in medium containing 100 mM KC1, 20 
mM Tris-maleate (pH 6.80), 5 mM MgC12, 5 mM 
NAN3, 1 mM ATP with a Polytron PT 10 (three 
bursts of 15 s at half-maximal speed). All proce- 
dures were carried out between 0 and 4 o C. 

The homogenate was centrifuged at 1 500 × g 
for 10 min, followed by 27 000 x g for 20 min and 
140000 x g for 60 min. The resultant pellet was 
suspended in buffer containing 100 mM KC1, 20 
mM Tris-maleate (pH 6.80) and 8%(1V/V) sucrose. 
The suspension was layered on discontinuous 
sucrose density gradient consisting of 14, 24, 28 
and 40% of sucrose, and centrifuged at 73 000 × g 
for 180 min. The subfractions F1(8-14% ), 
F2(14-24%), F3(24-28% ). F4(28-40% ) were col- 
lected with a Pasteur pipette and centrifuged at 
140000 × g  for 30 min. The pellets were sus- 
pended in buffer containing 100 mM KC1, 20 mM 
Tris-maleate (pH 6.80). The protein concentration 
was determined by the method of Lowry et al. 
[13], using bovine serum albumin as a standard. 

Enzyme assay. 5'-Nucleotidase was measured, 
as described by Wattiaux de Coninck and Wat- 
tiaux [14]. The reaction medium contained 20 mM 
Tris-HC1 (pH 7.40), 5 mM MgC12, and 50 ~g of 
vesicle protein, in a final volume of 1.0 ml. The 
reaction initiated by adding 5 mM 5'-AMP, was 
allowed to continue for 30 min at 37 o C and halted 
by adding 1 ml of 20% trichloroacetic acid. The 
liberated inorganic phosphate was determined by 
the method of Fiske and SubbaRow [15]. The 
blank value obtained using 2'(3')-AMP instead of 
5'-AMP was subtracted. 

Rotenone insensitive NADH-cytochrome c re- 
ductase was measured by the method of Sottocasa 
et al. [16]. The reaction medium contained 0.1 mM 
NADH, 0.1 mM cytochrome c, 0.3 mM KCN, 50 
mM potassium phosphate buffer (pH 7.5), 1.5/~M 
rotenone, and 50 /~g/ml of vesicle protein, in a 
total volume of 3 ml. The enzyme activity was 
measured spectrophotometrieally by the following 
reduction of cytochrome c at 550/~m. 

Preparation of "inside-out vesicles" of human 
erythrocytes and canine heart sarcoplasmic reticu- 
lure. 'Inside-out vesicles' of human erythrocytes 
were prepared by the method of Steck and Kant 
[17]. Canine heart sarcoplasmic reticulum was pre- 

pared by the method of Kitazawa [18]. 
Measurement of Ca: + uptake. Ca 2+ uptake was 

measured by the Millipore filtration method using 
45Ca. The reaction medium contained 100 mM 
KCI, 20 mM Tris-maleate (pH 6.80), 8 mM MgC12, 
5 mM NAN3, 0.1 mM 45CAC12(5000-6000 
cpm/nmol), specific concentration of EGTA to 
obtain the desired free Ca 2÷ concentration and 
40-60/~g/ml of vesicle protein in a total volume 
of 1 ml. The reaction was started by adding 5 mM 
ATP at 37 o C and was halted by passing through a 
Millipore filter (0.45 /~m of pore size). The filter 
was washed twice with the above mixture without 
45Ca, dried and counted in 10 ml of a scintillation 
cocktail (4 g 2,5-diphenyloxazole and 0.2 g 1,4- 
bis(5-phenyl-2-oxazolyl benzene) in 1 1 toluene). 
Apparent binding constant of EGTA for Ca 2+ 
was assumed to be 1.106 M -1 [19] at pH 6.80, 
and that of ATP for Mg 2+ to be 4.103 M- 1 [20]. 

Phosphorylation of sarcolemmal vesicles by cyclic 
nucleotide-dependent protein kinases and calmodu- 
lin. Phosphorylation of vesicle proteins was carried 
out at 37°C in 200/~1 of the incubation medium 
containing 100 mM KC1, 20 mM Tris-maleate (pH 
6.80), 8 mM (20 mM) MgCI 2, 40-60/~g of vesicle 
proteins. The reaction started by adding of 10 ~M 
ATP containing 1/xCi [y_32p] ATP was allowed to 
continue for 10 min at 37 °C and halted by the 
addition of 1 ml of 20% trichloroacetic acid. The 
mixture was centrifuged at 3000 rpm for 15 rain, 
and the pellet was subjected to 0.1% sodium 
dodecyl sulfate (SDS)-polyacrylamide gel electro- 
phoresis by the method of Laemmli [21]. The gel 
was stained and dried, and autoradiography was 
carried out with Fuji X-ray film for 7-8 days. 

Materials. cAMP, cGMP, catalytic subunit of 
cAMP-dependent protein kinase, and bovine serum 
albumin were purchased from Sigma. Saponin was 
from I.C.N. 45CAC1, [y-32p]ATP were the products 
of New England Nuclear Inc. Other reagents were 
commercial preparations of reagent grades. 
cGMP-dependent protein kinase was prepared 
from pig lung by the method of Nakazawa and 
Sano [22]. Some of the cGMP-dependent protein 
kinase was a kind gift from Dr. M. Inagaki and 
Professor H. Hidaka (Department of Pharmacol- 
ogy, Mie University School of Medicine). 
Calmodulin was prepared from dog brain by the 
method of Yazawa et al. [23]. 



Results 

Saponin-inhibitable Ca e+ uptake of sarcolemma- 
rich fraction 

Fig. 1A shows the inhibition of  Ca 2 ÷ uptake by 
saponin in the inside-out vesicles of  h u m a n  
erythrocytes  and canine heart  sarcoplasmic reticu- 
lum. Saponin (20 /~g/ml) inhibited over 90% of 
the Ca 2÷ uptake  in inside-out vesicles of human  
erythrocytes  while the same concentra t ion of  
saponin inhibited less than 5% of the Ca 2÷ uptake 
in the canine heart  sarcoplasmic reticulum. Fig. 1B 
shows the inhibition of Ca 2 ÷ uptake by saponin in 
subcellular fractions isolated by sucrose density 
gradient  centrifugation. Saponin (20 /~g/ml) in- 
hibited 65% of the Ca 2÷ uptake in fraction F 2, 
while it inhibited only 40% and 5% of the Ca 2÷ 
uptake  in fractions F 3 and F 4, respectively. This 
ATP-dependen t  Ca 2÷ uptake of  fraction F 2 was 
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Fig. 1. Inhibition of Ca 2 + uptake by saponin in the inside-out 
vesicles of human erythrocytes and canine heart sarcoplasmic 
reticulum (A), and subcellular fractions prepared from porcine 
aortic smooth muscle (B). Ca 2+ uptake was assayed as de- 
scribed under Materials and Methods for 30 rain. Vesicles were 
incubated with various concentrations of saponin. The free 
Ca 2 + concentration was 2.4.10-5 M which was obtained with 
0.12 mM CaCI 2 and 0.1 mM EGTA. (A) O, inside-out vesicles 
of human erythrocytes (100% of Ca 2+ uptake: 26.6 nmol/mg 
protein); O, canine heart sarcoplasmic reticulum (50.2 
nmol/mg protein); (B) O, fraction F z (14/24%) (20.1 nmol/mg 
protein); zx fraction F 3 (24/28%) (16.4 nmol/mg protein); [3, 
fraction F 4 (28/40%) (17.2 nmol/mg protein). The energy-inde- 
pendent Ca 2 + uptake was carried out in the absence of ATP 
and subtracted from the value of Ca z + uptake in the presence 
of ATP. The same applies for the following figures. Each point 
shows the mean for three independent experiments. 
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not  stimulated by 5 m M  oxalate, while that of 
fraction F 4 was stimulated to the extent of  30% 
(data  not shown). 

The puri ty of  the subcellular membrane  was 
routinely determined by measuring the activities of  
marker  enzymes. Therefore, we examined the dis- 
tr ibution of  two types of  enzyme activities in the 
subcellular fractions. 5 ' -Nucleot idase was the one 
of  the marker  enzymes of  the plasma membrane  
and rotenone-insensitive N A D H - c y t o c h r o m e  c re- 
ductase was a marker  of  sarcoplasmic reticulum. 
Activity of  5 '-nucleotidase was highest in fraction 
F 2, and rotenone-insensitive N A D H - c y t o c h r o m e  c 
reductase activity was highest in fraction F 4 (Table 
I). These results indicated that fraction F 2 was the 
fraction richest in sarcolemma, and fraction F 4 was 
rich in sarcoplasmic reticulum. Therefore, we used 
fraction F: as sarcolemma fraction for the follow- 
ing experiments. 

Effects of cyclic nucleotide-dependent protein kinases 
and calmodulin on the Ca :+ uptake of sarco- 
lemma-rich fraction 

The cAMP-dependen t  protein kinase is a holo- 
enzyme. The binding of  c A M P  to the regulatory 
subunit  of  the enzyme causes the dissociation of  
the catalytic subunit, which is the active form of 
the enzyme. Thus, we used the catalytic subunit  of  
the enzyme instead of  both  c A M P  and the en- 
zyme, in the assay of  Ca z÷ uptake. 

Fig. 2 shows the effect of a catalytic subunit of  
cAMP-dependen t  protein kinase on the Ca 2÷ up- 
take of  the sarcolemma-rich fraction F 2. The cata- 
lytic subunit  of cAMP-dependen t  protein kinase 
stimulated the Ca 2+ uptake to the extent of  30% at 
1 m M  M g A T P  2- . c A M P  alone had no effect on 
Ca 2+ uptake of  fraction F z. The catalytic subunit  
of  cAMP-dependen t  protein kinase also stimulated 
the Ca 2 ÷ uptake in the sarcoplasmic reticulum-rich 
fraction F 4 (16.2 to 20.3 n m o l / m g  protein;  mean 
for two experiments). Fig. 3 shows the Ca z÷ up- 
take of  the F z fraction stimulated by c G M P -  
dependent  protein kinase. As in the case of  cAMP,  
c G M P  alone did not  enhance the Ca 2+ uptake. 
Wi th  the addit ion of  bo th  cGMP-dependen t  pro-  
tein kinase and cGMP,  there was a 20% enhance- 
ment  in the maximal uptake. The extent of  the 
st imulation was small, as compared  with the effect 
of  the catalytic subunit  of  cAMP-dependen t  pro- 
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TABLE I 

ACTIVITIES OF MARKER ENZYMES IN SUBCELLULAR FRACTIONS OF PORCINE THORACIC AORTAE 

Fractions were prepared as described under Materials and Methods. Values are means _+ S.E. of four different preparations examined. 

Enzyme Fractions 

1500×g 140000× g F 1 F 2 F 3 F 4 
supernatant microsome (8/14%) (14/24%) (24/28%) (28/40%) 

5'-Nucleotidase 
(/tmol Pi/mg protein per h) 2.69+0.32 20.5 _+2.0 17.6 _+2.5 38.1 _+0.7 27.8 _+1.4 20.5 _+1.7 

Rotenone-insensitive 
NADH-cytochrome c reductase 
(/~ mol/mg protein per rain) 0.23 + 0.02 0.84 _+ 0.03 0.70 + 0.06 1.15 -+ 0.07 1.05 -+ 0.05 1.32 -+ 0.06 

te in  kinase .  T h e  c G M P - d e p e n d e n t  p r o t e i n  k inase  

p r e p a r e d  by  the  m e t h o d  of  N a k a z a w a  and  S a n o  

[22] c o n t a i n e d  n o  c a l m o d u l i n ,  as  e x a m i n e d  by  the  

p h o s p h o d i e s t e r a s e  assay  sys t em r e p o r t e d  e l s ewhere  

[24]. The re fo r e ,  the  s t i m u l a t o r y  e f fec t  o f  c G M P -  

d e p e n d e n t  p r o t e i n  k inase  on  the  C a  2+ u p t a k e  in 

f r a c t i o n  F 2 was  n o t  d u e  to c o n t a m i n a t i n g  
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Fig. 2. Effect of a catalytic subunit of cAMP-dependent protein 
kinase on the Ca 2+ uptake in fraction F 2. (A) Ca 2+ uptake was 
assayed at various concentrations of MgATP 2- for 30 min. 
The Ca 2+ uptake capacity nearly reached the steady-state 
filling at 30 rain as shown in (B). The concentration of 
MgATP 2- was calculated as described under Materials and 
Methods. The Free Mg 2+ concentration was 1 mM and the 
free Ca 2+ concentration was 2.4-10-SM. Creatine phosphate 
(2 mM) and creatine phosphokinase (50/~g/ml) were added as 
the ATP regenerating system. (3, control; /,, 10/~M of cAMP; 
n 1 /~g/rnl of catalytic subunit of cAMP-dependent protein 
kinase; (B). Time-course of Ca 2+ uptake stimulated by the 
catalytic subunit of cAMP-dependent protein kinase. 
MgATP 2- was I mM. O, control; t2, 1 ~g/ml  of catalytic 
subunit of cAMP-dependent protein kinase. Each point shows 
the mean for three independent experiments. 

c a l m o d u l i n .  T h e  C a  2 ÷ u p t a k e  in the  s a r c o p l a s m i c  

r e t i c u l u m - r i c h  f r ac t ion  F a was  n o t  s t i m u l a t e d  by  

the  a d d i t i o n  o f  e i the r  c G M P -  or  c G M P - d e p e n d e n t  

p r o t e i n  kinase .  

C a l m o d u l i n  also s t i m u l a t e d  the  C a  2 + u p t a k e  o f  

f r ac t i on  F 4 (Fig.  4) in a t ime-  a n d  f ree  C a  2+ 

c o n c e n t r a t i o n - d e p e n d e n t  m a n n e r .  C a l m o d u l i n  in- 

c r ea sed  b o t h  the  a f f in i ty  for  C a  2+ and  the max i -  

m a l  u p t a k e  in f r ac t ion  F 2. Th i s  s t i m u l a t i o n  was  

o b s e r v e d  w i t h o u t  expos ing  the m e m b r a n e s  to 

E G T A  s o l u t i o n  to r e m o v e  the  e n d o g e n o u s  

c a l m o d u l i n  [7]. In  the  s a r c o p l a s m i c  r e t i cu lum- r i cb  
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Fig. 3. Effect of cGMP-dependent protein kinase on Ca 2+ 
uptake in fraction F 2. (A) Ca 2+ uptake was assayed at various 
concentrations of MgATP 2- for 30 min. The free Mg 2+ 
concentration was 10 mM and the free Ca 2+ concentration was 
2.4-10-SM. C), control; z~, 10 /~M of cGMP; O, 10 btM of 
cGMP+50 /~g/ml of ¢GMP-del:mndent protein kinase. (B). 
Time-course of Ca 2+ uptake stimulated by cOMP-del~ndent 
prot©in kinase. MgATP 2- was 0.5 raM. O, control; El, 10/~M 
of cOMP + 50 Fg/ml of ¢OMP-dependent protein kinas¢. Each 
point shows the mean for three independent experiments. 
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Fig. 4. Effect of  calmodnlin (CAM) on Ca 2+ uptake in fraction F 2. (A)  Ca 2+ uptake was assayed at various concentrations of  
calmodulin for 30 rain. The free Ca 2 + concentration was 2.4.10-5 M. (B) Time-course of Ca 2 + uptake stimulated by calmodulin. The 
free Ca 2 + concentration was 2.4.10-5 M. O, control; o, 10/~ g/ml of CaM. (C) Ca 2 + uptake was assayed at various concentrations of 
free Ca 2 + for 30 rain. In this experiment, ATP-independent Ca 2 + binding is shown, and was not subtracted from the ATP-dependent 
Ca 2+ uptake. A, ATP-independent Ca 2+ binding; ©, ATP-dependent Ca 2+ uptake; o, ATP-dependent Ca 2+ uptake with 10 Fg/ml 
of calmodulin. Each point shows the mean for three independent experiments. 

fraction F 4, calmodulin also stimulated the Ca 2+ 
uptake (17.2 to 22.0 nmol/mg protein; mean for 
three experiments). 

These findings indicate that cAMP- and 
cGMP-dependent protein kinases, and calmodulin 
stimulate the ATP-dependent Ca 2 ÷ uptake of the 
sarcolemma-rich fraction F 2. On the other hand, 
ATP-independent Ca 2 ÷ binding of fraction F 2 was 
2-3 nmol/mg protein at 30 min and this was not 
affected by cyclic nucleotide-dependent protein 
kinases and calmodulin. 

Phosphorylation of the sarcolemma-rich fraction by 
cyclic nucleotide-dependent protein kinases and 
calmodulin. 

It is generally considered that cyclic nucleotides 
affect various functions through protein phos- 
phorylation by a specific protein kinase [25]. 
Therefore, we examined the protein phosphoryla- 
tion of the sarcolemma-rich fraction F 2 by cyclic 
nucleotides and calmodulin. 

The phosphorylation of 28 and 22 kDa proteins 
was increased with the addition of both cAMP- 
and cAMP-dependent protein kinase (Fig. 5D). 
The 65 kDa protein was also phosphorylated, 
however, this phosphorylation seemed to be due to 
the phosphorylatable contaminant of cAMP-de- 
pendent protein kinase because the phosphoryla- 

tion was evenly observed when only the protein 
kinase without fraction F 2 was included. The addi- 
tion of both cGMP-dependent protein kinase and 
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Fig. 5. Autoradiosraphy of fraction F 2 vesicles phosphorylated 
by cAMP-dependent protein kinase, carried out as described 
under Materials and Methods with 12% of polyacrylarnide gel. 
The apparent molecular wei$ht of designated bands was esti- 
mated from several runs of membrane samples and protein 
standards. The molecular weight standards used in this experi- 
ment were trypsin inhibitor (M r 21500), bovine serum albumin 
(68000), and RNA polymerase (a 39000; fl 155000; 7 165000). 
MgCI 2 was 8 mM. A, control; B, 1/~M of cAMP; C, 20 pg/ml  
of cAMP-dependent protein kinase; D, 1 #M of cAMP+20 
Fg/mi  of cAMP-dependent protein kinase. 
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Fig. 6. Autoradiography of fraction F 2 vesicles phosphorylated 
by cGMP-dependent protein kinase. MgCI 2 was 20 mM. A, 
control; B, 1 /~M of cGMP; C, 50 ~g /ml  of cGMP-dependent 
protein kinase; D, 1 #M of cGMP+50/~g/ rn l  of cGMP-de- 
pendent protein kinase. For the molecular weight standards see 
the legend to Fig. 5. 

cGMP phosphorylated a new protein band equiva- 
lent to the 35 kDa (Fig. 6D). The phosphorylation 
of other proteins may be the phosphorylatable 
contaminants of enzyme preparation because they 
were evenly obseved when only cGMP-dependent 
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Fig. 7. Autoradiography of fraction F 2 vesicles phosphorylated 
by calmodulin (CAM). Phosphorylation was carried out at 
1.5-10-8M of free Ca 2+ concentration (0.12 mM CaCI 2 and 8 
mM of EGTA) (A and B) and 2.4.10-SM of free Ca 2+ 
concentration (C and D), with (B and D), or without (A and C) 
10/~g/ml of calmodulin. MgC12 was 8 raM. For the molecular 
weight standards see the legend to Fig. 5. 

protein kinase without fraction F 2 was included. 
Calmodulin increased the phosphorylation of five 
protein bands, equivalent to 100, 75, 65, 41 and 22 
kDa, only in the presence of 2 .4 .10-SM free 
Ca 2 + (Fig. 7D). The phosphorylation by Ca 2 ÷ and 
calmodulin may be due to the calmodulin-depen- 
dent protein kinase which associated with fraction 
F 2, as demonstrated in Torpedo synaptic vesicles, 
heart sarcoplasmic reticulum and brain [26-28]. 

Phosphorylation by protein kinases and cal- 
modulin, as reported in fraction F 2, was observed 
to a much lesser extent in other fractions, indicat- 
ing that the phosphorylated protein bands de- 
scribed above belong to sarcolemmal membrane. 
The extent of phosphorylation of these proteins 
roughly paralleled the stimulation of Ca 2 + uptake. 

Discuss ion  

We prepared sarcolemma-rich fractions from 
porcine thoracic aortae using differential and 
sucrose density gradient centrifugation. This mem- 
brane fraction showed a high activity of 5'- 
nucleotidase and also ATP-dependent Ca 2÷ up- 
take. Furthermore, 65% of the Ca 2÷ uptake in the 
sarcolemma-rich fraction was inhibited by the ad- 
dition of 20 # g / m l  saponin, while only 5% of the 
Ca 2÷ uptake in the sarcoplasmic reticulum-rich 
fraction was inhibited by saponin. Saponin re- 
moves the cholesterol molecules from vesicle mem- 
brane [29] and these vesicles lose the ability to take 
up Ca 2 ÷. Sarcolemmal membrane contains a larger 
amount of cholesterol than does the sarcoplasmic 
reticulum [6]. The extent of saponin-inhibited Ca 2 ÷ 
uptake may thus serve to elucidate the origin of 
Ca 2 ÷ uptake by the vesicles in smooth muscle. 

At least two mechanisms are involved in the 
cAMP-dependent protein kinase mediation of the 
relaxation of smooth muscle by r-stimulators [1]. 
One is through the stimulation of membrane Ca 2 ÷ 
transport and the other is through the phosphory- 
lation of myosin light chain kinase [30]. 

Some investigators reported that cAMP- and 
cAMP-dependent protein kinase enhanced the 
Ca 2 ÷ uptake by microsomes and sarcolemma-rich 
fraction [31-35], while others observed no stimula- 
tory effects [36-38]. In the present study, the 
catalytic subunit of cAMP-dependent protein 
kinase activated the Ca 2+ uptake of the sarco- 



lemma-rich fraction, thereby indicating that the 
cAMP-dependent  protein kinase may play an im- 
portant  role in the extrusion of Ca 2÷ through the 
sarcolemmal membrane.  Furthermore, the phos- 
phorylation of the 28 and 22 kDa proteins was 
enhanced by cAMP-dependent  protein kinase, and 
these phosphorylated proteins may be associated 
with the stimulation of Ca 2 ÷ uptake by cAMP-de- 
pendent protein kinase in sarcolemmal membrane.  

It has been suggested that the increase in cGMP 
levels is responsible for the relaxant effect of 
ni trocompounds [2]. In smooth muscle, cGMP-de- 
pendent protein kinase stimulated the microsomal 
Ca 2÷ uptake [39]. The 250, 130, 85 and 75 kDa 
proteins were phosphorylated by cGMP in sarco- 
lemma of rabbit aortic smooth muscle [40], 130 
and 80 kDa proteins in microsome of canine 
tracheal smooth muscle [41] and lower molecular 
weight substrates were phosphorylated in intact 
rat aortae [42]. In our study, cGMP-dependent  
protein kinase stimulated the Ca 2÷ uptake in the 
sarcolemma-rich fraction, and phosphorylated the 
35 kDa protein, this substrate differing in molecu- 
lar weight from the proteins phosphorylated by 
cAMP-dependent  protein kinase. 

Calmodulin plays a major role in cell functions 
[43]. (Ca 2÷ , calmodulin)-dependent protein phos- 
phorylation in membranes from a variety of tis- 
sues suggests that such phosphorylation may be 
responsible for (Ca 2÷, calmodulin)-mediated cell 
functions [44]. 

Calmodulin stimulated the Ca 2+ uptake and 
phosphorylated the 100, 75, 65, 41 and 22 kDa 
proteins in the sarcolemma-rich fraction. The rela- 
tion between phosphorylated proteins and stimula- 
tion of the Ca 2÷ uptake by calmodulin has been 
studied using other tissues. In Torpedo synaptic 
vesicles, for example, the 64, 58, 54 and 41 kDa 
proteins were phosphorylated and the Ca 2÷ up- 
take was stimulated by calmodulin [26]. In canine 
heart sarcoplasmic reticulum, the 22 kDa protein 
(phospholamban) was also detected [27]. Further- 
more, the calmodulin-dependent protein kinase 
was also detected in bovine brain [28]. 

Calmodulin and cAMP-dependent  protein 
kinase stimulated the Ca 2+ uptake of both the 
sarcolemma-rich and sarcoplasmic reticulum-rich 
fractions, while cGMP-dependent  protein kinase 
stimulated the Ca 2 ÷ uptake of the sarcolemma-rich, 
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but not the sarcoplasmic reticulum-rich fraction. 
Thus, the stimulatory effect of cGMP-dependent  
protein kinase on the Ca 2 ÷ uptake may be specific 
for the sarcolemma-rich fraction. 

In sarcolemma of aortic smooth muscle, the 
Ca 2÷ uptake is stimulated by cAMP- and cGMP- 
dependent protein kinases and by calmodulin. As 
the molecular weights of these phosphorylated 
proteins differed, the relaxation of smooth muscle 
may relate to different pathways in the Ca 2 ÷ pump 
process. 
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