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1 .  ~ntroduct~or~ 

His tochemica!  and  b iochemical  studies ha:  e shown 
that  adenyla te  cyclase is present  in the  SR o f  cardiac 
and skeletal  muscle  [ 1,2] .  There  is c o n s i d e r a b l e  

evidence for  an associat ion be tween  cAMP and SR 
funct ion ,  especially in hear t ,  where  cAb!P s t imula t ion  
o f  calcium accumula t ion  was p roposed  to  be respon-  
sible for  ~.e ino t ropic  ef fec t  o f  ca t echo lammes  [3 ,4 ] .  
However ,  hn fast skeletal  muscle  t ~ s  relat ionship is 
less f i rmly established, especiaUy since ca techolamines  
reduce the  rate  o f  re laxat ion [5 ] .  To  fur ther  s tudy  
the poten t ia l  role o f  the  microsomal  adenyla te  cyclase 
in fast skeletal  muscle ,  we examined  ~he localizatior~ 
o f  adeny~ate cyclase relative to  calcium accumula t ion  
in chicken pectorMis.  Our  results indicate tha t  the  
adenyla te  cyclase act ivi ty  is f ound  pr imari ly  in the 
t e m d n a l  cisternae o f  the  SR,  and is n o t  associated 
with  the calc ium accumulatLng funct ion .  

2. Methods  

S R  mie rosomes  were prepared  f r o m  the peetora~Vs 
muscle  o f  3 - 4  mo_~.-,th old White Leghorn ch/ckens as 
in [6 ] .  The  microsomal  pellet  was suspended in 10 

mM knidazole ,  1 mM DTT,  p H  7A.  Loadh~g~of fresh 
microsomes  wi th  fiSCal o×a!ate and the separa t ion o f  
loaded  vesicles on  a d iscont inuous  sucrose gradient  
was done as ha [7 ] .  The  gradient  f ract ions were sus- 
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pended  h~ h-nidazole--DTT and quick f rozen in l iquid 
ni trogen.  

The  a m o u n t  o f  calcium loaded was de termined b y  
count ing 50 / l l  o f  each fract ion in !i_/ml [~ray's 
scinti l lation fluid. Adenyla te  cyc!ase act ivi ty was 
measured as in [8] a f te r  solubfiization (30 rain at 
4°C) in 0.5% Lubrol-PX, 0.2 mM EGTA.  The assay 
m e d i u m  conta ined  25 mM Ttis--[-[C1, p H  7.5, 5 mM 
magnes ium aceta te ,  1 mM DTT,  1 mM cAI~LP,, 50 
un i t s /ml  ereatine kinase,  5 mM phosphoerea t ine  and 
1--3 X 104 c p m  [a-32P]AT'P,  in Final vol. 0.1 ml.  
Basal ATPase activity was measured in 20 r am Tfis 
maleate ,  p H  6.8,  ! 0 0  mM KCI and 4 mM MgCI2. 
CaZ~--ATFas~ is def ined as the increase in enzyme  
act ivi ty u p o n  addi t ion o f  0.3 mM Ca 2÷. Na+-K +-- 
ATPase was the difference be tween  basal act ivi ty and 
the act ivi ty measured  in 10 mM Tris, p H  7.4, 5 mM 
MgC12, 10 miv[ NaCI and 10 raM KC1. Alt samples 
con ta ined  ~_ .0 m M  Na2ATP, 5 mM NaN3 and 0.2 mM 
EGTA.  The Final pro te in  concen t ra t ion  was 1 0 - 2 0  
~zg/ml. The  react ion was s topped  af ter  5 rain at 30°C 
with  150/11 30% tr ichloroacet ic  acid (TCA).  The 
:~ampies were centr i fuged at  I 0  000 X g for  15 rain 
and pl losphate was measured as in [9] , wi th  ~he 
modi f ica t ion  o f  18--20 h color  deve lopment  at  4°C. 
Prote in  was measure ' l  as in [10 ] .  

Fo r  cy tochemica l  local izat ion o f  adenytate  c y c h s e  
the foUowhag procedure  was used. A piece o f  chicken 
pectoralis  was quickly r e m o v e d ,  minced  in cold 
1.25% g!utaraddehyde, 0.1 1~1 cacodyla te  bllffer  
( p H  7.4),  flexed for 15 rain in cold fixative,  and washed  
4 tunes  (15 rain each)  in cold cacodyla te  buffer .  
I 0 0 / a m  strips were cu t  and h icubated  for  30 rain at 
37°C in 80  m M  Tris--maleate  buf fe r  ( p H  7.4) wi th  g% 
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suc rose  ( w / v ) ,  2 m M  l e a d  n i t r a t e ,  20  m M  N a F ,  10 m M  
MgC12, 10 m M  t h e o p h y l l i m e ,  a n d  1 m M  A M P - - P ( N H ) P ,  
p u r i f i e d  o n  a D o w e x  A G - 5 0  W - X 4  c a t i o n  e x c h a n g e  

res in  [ 1 1 , 1 2 ] .  F o l l o w i n g  i n c u b a t i o n ,  t h e  t i s sue  was  
s t a i n e d  e n  b l o c  wi t~  0 . 2 5 %  a q u e o u s  u r a n y l  a c e t a t e  
a n d  t h e n  d e h y d r a t e d  t h r o u g h  a g r a d e d  ser ies  o f  
a c e t o n e s  a n d  e m b e d d e d  in S p u r t  l o w  v i s c o s i t y  res in  
[ 1 3 ] .  S e c t i o n s  were  e x a m i n e d  u n s t a i n e d  t o  c o n f i r m  
the  s p e c i f i c i t y  o f  t h e  r e a c t i o n ,  a n d  t h e n  s t a i n e d  w i t h  
l e a d  c i t r a t e  [14]  t o  e n h a n c e  c o n t r a s t .  

3 .  R e s u l t s  a n d  dLscussim~ 

S e p a r a t i o n  o f  c a l c i u m  l o a d e d  m i c r o s o m e s  o n  a dis-  
c o n t i n u o u s  suc rose  g r a d i e n t  s h o w e d  a n  inverse  
r e l a t i o n s h i p  b e t w e e n  a d e n y l a t e  c y c l a s e  a c t i v i t y  a n d  

c a l c i u m  u p t a k e  in  t h e  f o u r  f r a c t i o n s  o b t a i n e d  ( t a b l e  i ) .  
T h e  a d e n y l a t e  cyc !a se  a.ztiwlty was  h i g h e s t  in  t h e  
l i gh t e r  b a n d ,  a n d  was  b a r e l y  d e t e c t a b l e  in  t h e  p e l l e t ,  
wb.ich c o r : t a i n e d  t h e  gxea tes t  a m o u n t  o f  c a l c i u m .  
C o n t r o l  e x p e r i m e n t s  s h o w e d  t h a t  u n d e r  t h e  c o n d i t i o n s  
o f  tk~ assay  ( in  t h e  p r e s e n c e  o f  0 .5% L u b r o l - P X  a n d  
0 .2  m M  E G T A ) ,  t he  l o w e r  a d e n y l a t e  cyc l a se  a c t i v i t y  
was  n o t  d u e  t o  c a l c i u m  i n h i b i t i o n  o f  t h e  e n z y m e  
( t a b l e  2) .  N a  + K+- -ATPase  p a r a l l e l e d  t h e  d i s t r i b u t i o n  
o f  t he  a d e n y t a t e  cyc l a se  a n d ,  as  r e p o r t e d  [ 1 5 ] ,  was  
n o t  i n h i b i t e d  b y  o u a b a i n .  Ca 2. A T P a s e  was  p r e a e n t  
in  s i gn i f i c an t  a m o u n t s  in  all  f r a c t i o n s .  

L o c a l  s p e c i a l i z a t i o n  in  S R  f u n c t i o n  has  b e e n  
s h o w n  [16]  : calcium1 re lease  at  t h e  t e r m i n a l  c i s t e r n a e  
a n d  c a l c i u m  accumula t iop_  p r i m a r i l y  in  t h e  l o n g i t u -  
d ina l  t u b u l e s .  By these  c r i t e r i a  t h e  l i gh t  f r a c t i o n  o f  
o u r  s e p a r a t i o n  r i ch  iv_ a d e n y l a t e  c y c i a s e  a n d  Na+--K + -  

Table 2 
Effect o f  Lubrol and E G T A  on adenylate cyclase activit]r o f  

loaded microsomes 

E G T A  L u b r o l  Speci f ic  ac t iv i ty  
( p m o l  c A M P / r a g  p r o t e h a / m i n )  

- -  - -  ! t . 0  ( 0 . 3 )  

1.0 m M  -- 11.9 (0 .1 )  

-- 0 .5% 5.6  (0 .6 )  
0.2 mM 0.5% 12.8 (1.2) 
I.C mM 0.5% 12.9 (1.2) 

A microsome subfraction, loaded with 79.2 nmol eMcium/mg 
protein, was preincubated at  4°C for 30 mill in the presence 
of  EGTA and]or Lubrol-PX as shown. Adenylate cyclase 
was measured as in Methods. Results are the mean and range" 
o f  duplicate measurements 

A T P a s e  a n d  l a c k i n g  caJeiuln  a c c u m u l a t i n g  a b i l i t y  
c o u l d  c o r r e s p o n d  t o  t h e  t e r m i n a l  c i s t e r n a e .  Th i s  
a s s u m p t i o n  was  c o n f h - m e d  b y  c y t o c h e m i c a l  e x a m i n a -  
t i o n  o f  t h e  d i s t r i b u t i o n  o f  a d e n y l a t e  c y c l a s e  in  n o n -  
d i s r u p t e d  m u s c l e  ( r i g A ) .  T h e  m a j o r i t y  o f  t h e  r e a c t i o n  
p r o d u c t  was  f o u n d  a t  t h e  Z- l ines  in  t h e  t e r m i n a l  
c i s t e rnae  o f  t h e  l o n g i t u d i n a l  t u b u l e s .  

I f  w e  a s s u m e  a n  a s s o c i a t i o n  b e t w e e n  s t r u c t u r e  a n d  
f u n c t i o n ,  o u r  find/tags c o u l d  sugges t  a ro le  f o r  a d c n y l -  
a t e  c yc l a se  a n d  Na~--K+--ATPase  in  t he  c a l c i u m  
re lease  s t ep  o f  e x c i t a t i o n -  c o n t r a c t i o n  ( E - - C )  c o u p l -  

ing.  I t  is p r e s u m e d  t h a t ,  i n  fas t  m u s c l e ,  d e p o l a r i z a t i o n  
o f  t h e  t e r m i n a l  c i s t e r n a e  m a y  p l a y  a ro l e  in  c a l c i u m  
re lease  [ 1 7 ] .  A r e l a t i o n s h i p  b e t w e e n  c A M P  a n d  K ÷ o r  
N a  ÷ f l u x e s  ac ross  b i o l o g i c a l  m e m b r a n e s  was  r e p o r t e d  
in  severa l  s y s t e m s  [ 1 8 - - 2 0 ] .  I t  is i n t e r e s t i n g  t h a t  in  
h e a r t  t i ssue  t h e  i n o t r o p i c  e f f e c t  o f  o u a b a i n ,  w h i c h  is 

Tab le  1 
A d e n y i a t e  cyclase  a n d  ATPase  ac t iv i ty  o f  S R  m i c r o s o m e  s u b f r a c t i o n s  

Fr "ion Calcium loading Adenytate cyclase Na*-K ÷ ATPase Ca~*--ATPase 
(mnol calcium• (pmol cAMP/mg (nmol Pi/mg protein/rain) (nmol Piling proteinfmin) 
lng p r o t e i n )  p r o t e i n / r a i n )  

B1 28.8 545.5 ± 23.9 168.6 +_ 24.5 106.6 -* 19.1 
285 54.0 101.1 +- 5.0 i29.3 -+ 11.4 196.3 *- 6.3 
B2 106.9 35.5 +_ 4.7 87.5 +- 7.2 147.2 +- 8.6 
Pel 6395.0 3.7 +- 3.0 35.5 -+ .13.7 210.9 -+ 18.9 

Fractions were prepared and assayed for enzymatic  activity as described ha Methods. Results are expressed as 
mean +- SD of  thzee determinations 
Abbreviations: B 1, fluat on 28% sucrose; B2, float on 40% sucrose; 285, suspended in 28% sucrose; Pel, pellet 
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Fig.1. Cytochemica l  local izat ion o f  adenyla te  cyclase in chicken pectoral is  muscle,  l a :  E lec t ron  micrograph showing react ion 
product  indicative o f  adenyla te  cyclase act ivi ty in the  terminal  cisternae o f  the  ST (arrows) which are si tuated at  the 'Z '  bands 
(z). Vir tual ly no react ion p roduc t  can be seen in the  longi tudinal  SR (× 15 750);  lb :  Higher magnificafio_n e lec t ron rr_dc:ograph 
showingreacf ion  p roduc t  in the terminal  cisternae o f  SR (large arrow) below the  'Z '  band (Z). S o m e  react ion p roduc t  can be 
s e e n  a t  j u n c t i o n  o f  t h e  l o n g i t u d i n a l  S R  a n d  ~d !e  t e r t n i n a l  c i s t e r n a e  ( s m a l l  a r r o w ) _  T h e  " T "  t u b u l e  ( t )  b e t w e e n  t h e  t e r m i n a l  c [ g t e z n a e  

of  the tr iad is f ree o f  react ion p roduc t  (× 100 000) :  

k n o w n  t o  i n t e r a c t  w i t h  t h e  N a + - - K  + A T P a s e ,  w a s  
a b o l i s h e d  b y  a n  a d e n y l a t e  c y c l a s e  i n h i b i t o r  [21  ] .  

T h e  f a s t  m u s c l e  r n i c r o s o r n a l  a d e n y l a t e  c y c l a s e  w a s  

n o t  s t i m u l a t e d  b y  i s o p r o t e r e r ~ o l  a t  c o n c e n t r a t i o n s  u p  

t o  10 -4 M o r  P G E t  ( d a t a  n o t  s h o w n ) ,  b u t  w a s  sus-  
c e p t i b l e  t o  c ~ ! c i u m  i n h i b i t i o n  (_fig.2). C a l c i u m  r e d u c e d  
t h e  v e l o c i t y  o f  t h e  e n z y m e  o v e r  1 0 - f o l d  w i t h  a n  

a p p a r e n t  K i o f  0 . 2  m M  a t  5 r n M  M g  ~-+. T h i s  e f f e c t  m a y  

Fig.2. Ef fec t  o f  Ca w on solubil ized muscle adenyla te  cyclase. 
SR microsomes  were incubated  for  15 rain at  4°C af ter  being 
di luted 1:1 wi th  1% Lubrol-PX. 0.125 M sucrose, 1 mM DTT,  
1 mM EGTA,  10 mM Tr/s, pH 7.6 and 10 mM NaF.  T h e y  
were  then  centr i fuged a t  148 000 X g for 30 mitt. Adenyla te  
cyclase acfiv/ ty was measured in the supernatant  as described 
in Methods.  The  free calcium concent ra t ions  were  c'J- culated 

• f rom mult iple  equil ibria equat ions  describing the  interact ions 
o f  Ca a~, ATP and E G T A  [24] .  

p l a y  a r o l e  Ln_ t h e  r e g u l a t o r y  f u n c t i o n  o f  t h e  enzy~aqe. 
T h e  d a t a  p r e s e n t e d  in  t a b l e  2 s u g g e s t  t h a t  t h e  c a l c i u m  

s e n s i t i v e  s i te  f a c e s  t h e  s a r c o p l a s m .  I f  c A M P  is esse1~tial 

THE EFFECT OF C~*(-.~N SOLUBILIZED. MUSCLE ;~c CYCLASE 

l~ C~ Ca 2 .  
® 

T - . . - - - ' - " -~ .  m-s ta  
.so- 0.2 6xl°-~M 

i t _  i -4 ! ~ ~ i 
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for excitation--contraction coupling the inhibition o f  
adenylate cyclase by calcium reieazed from the termi- 
nal cisternae may initiate the refractory period 
described [22] and increased by calcium [23~. 

In summary, we have shown that in fast skeletal 
muscle the microsomal adenylatc cycla~e is associated 
with the non~ca;cium-accumutathag terminal cisternae 
of  the SR. Based on the relationship o f  cAMP to 
membrane depolaiiza~ion and calcium fluxes in other 
systema, we envisag~ as a working hypothesis that 
cAMP, probably via phosphorylation o f  a membrane 
component,  enhances cMcium release from the ter- 
minal cisternae o f  the SR. 

Ac~now[edgemem 

This study was supported by the Muscular Dystro- 
phy Assoc,_'ation o f  A m e r i c a .  We t h a n k  D r  S. B. R o d a n  

for hetp and advice. 

References 

[ 1 ] Dhalla, N. S., Sulaldae, P. V. and McNamara, E. B. 
(1973) BiocbAm. Biophys. Acta 323,276--284. 

[2] Rabinowitz, M., Desalles, L., Meisler, J. and Lorand, L. 
(1965) Biochim. Biophys. Acta 97,. 29--36. 

[31 Kirchbe~cger, M. A. and Chu, G. (1976) Biochim. 
Biophys. Acta 419, 559--562. 

[4] Schwartz, A., Entman, M. L., Kaniike, K., Lane, L., 
Vala Windle, W. B. and Bornet, E. P. (1976) Biochim. 
Bi0phys. Acta 426, 57-72. 

[5] Bouwman, W. C. and Zairrfis, E. (1958) J. P~nysiol. 
144, 92 107. 

[6] Sulakhe, P. V., Drummond, G. I. and Ng, D. C. (1975) 
J. BioL Chem. 248, 4150 -4157 .  

[7] Boland, R. and ~artonosi ,  A. (1974) 3. BioL Chem. 
249,612--623.  

[8] SMomon, Y., Londos, C. and RodbeU, M. (1974) An~.  
Biochem. 5 8 , 5 4 1 - 5 4 8 .  

[9] Ames, B. N. (1966) MeLh. E~.zymol. 8, 115--118. 
[10] Lo~w~-y, O., B~os~brota~, H., Fa~ ,  A. and Randall, R. 

(1951) J. Biol. Chem. ~93, 265--275. 
[11] Cutler, L. A. (1975) J. Histochem. Cytochem. 23, 

276 -287. 
[12] Cutler, L. S., Mooradian, B. A. and Christian, C. 

(1977) 1. Histochem. C~jtochem. in press. 
[13] Spurt, A. R. (1969) J. Ultrasttuet. Res. 26, 31 43. 
[14] Venable, J. H. and Cogge~aU, R. (1965) J. CeLL Biol_ 

25,407--408.  
[15] Severson, D. L., Drummond, G. I. and Sulakhe, P. V. 

(1972) J. Biol. Chem. 247, 2949--2958. 
[161 Wiengrad, S. (1965) J. Gen. Physiol. 49,455--479.  
[17] Endo, M. (1977) Physiol. R e v .  57, 71 108_ 
[18] Mala/sse, W. 3. (1973) DL~betologh 9,167--173.  
[19] Aurbaeh, G. D., Spiegel  A. M. and Gardner, J. D. 

(1975) Adv. Cyclic Nucieofide Res. 5, 1~7-132.  
[20] DeLorenzo, 1~. 3. and Greengard, P. (1973) Proe. Natl. 

Acad, ScL USA 70, 1831--1835. 
[21] Schwartz, A., Entman, M. L., Ezra~son, E. G., Lehotay. 

D. C. and Levey, G. (1977) Science 195,988 990. 
[22] Hodgkin, A. L. and Horovitz, P. (1960) J. Physiol. 

(London) 153,386-403. 
[23] Liittgau, H. C. (1963) J. Physiol. (London) 168. 

679--697. 
[24] Rodan, G. A. and Feinstein, M. 13. (1976) Proc. Natl. 

Acad. Sci. USA 73(6), 1829--1833. 

152 


