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Nitroglycerin (NTG) has been used successfully in the treatment of angina pectoris for over 

I00 years. Furthermore, there is now considerable evidence that NTG dilates not only normal but 

also abnormal coronary arteries, by inducing the relaxation of vascular smooth muscle (for review 

see ref. I). Despite of NTG efficacy in the therapy of ischemic heart diseases, the fundamental 

biochemical mechanisms of NTG action are not well understood. The endothelium-independent 

vasodilatory effect of NTG has been widely attributed to a "direct" interaction with smooth muscle. 

However, this knowledge (or lack of knowledge 7) epitomized our paucity of information on the 

precise mechanism of NTG action (2). The exact subcellular site of NTG action still remains 

undefined. 

A New Look at the Mechanism of NTG Action. The reduction of free intracellular Ca ++ is the 

most important element promoting the vascular smooth muscle relaxation. Indeed, very recent 

studies using phosphorylase activation to monitor changes in intracellular Ca ++ levels suggested 

that nitro vasodilators inhibit contraction by reducing free Ca ++ concentrations in aortic (3) and 

coronary smooth muscle (P. Galvas, personal communication). Theoretically, NTG could lower 

free intracellular Ca ++ by stimulatingl a) Ca ++ uptake by the sarcoplasmic reticulum, b) Ca ++ 

binding to the sarcolemma, or c_) Ca ++ extrusion from of the cell. But the mechanisms a and b can 

be ruled out based on the results reported by Kuriyama and coworkers (4, 5). Therefore, the 

extrusion of Ca ++ appears as the best candidate for NTG action at the subcellular level. Because 

the ATP-fuelled Ca ++ ejection, operated by a sarcolemmal (SL) Ca++-ATPase pump, is the princi- 

pal extrusion pathway in vascular smooth muscle (6), it seems attractive to believe that the SL 

Ca++-ATPase is a molecular target (effector) for NFG action. Some data supporting this hypothe- 

sis have been communicated (7). 

We present here direct evidence for the existence of a SL Ca++-AFPase in pig coronary 

artery smooth muscle. This enzyme has the important biochemical properties expected for a typical 
++ 

plasma membrane Ca -extrusion ATPase, and its specific activity is strongly stimulated by NTG. 

In short, we are suggesting that the stimulation of SL Ca++-ATPase is causally linked to NTG- 

induced vasodilatation. 

To whom correspondence should be addressed. 
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F i g .  1. C h a r a c t e r i s t i c s  om S a [ c o  [a + p l g c  n a ~ l  
m u s c l e •  A~ p C a  d e p e n d e n c e  of e p . . . .  y ( p ~  = - g ( ~  ) ; = • . 
n m o l e s  P . / m g  p r o t e i n / m i n ) .  F i v e  s a m p l e s  w e r e  a v e r a g e d  to o b t a i n  e a c h  p o i n t .  13: A c t i v a t i o n  by 
p M ~ i  v ,  ~ F P a s e  a c t i v i t y  a t  g i v e n  pMg;  V ,  m a x i m a l  A T P a s e  a c t i v i t y  o b t a i n e d  at  s a t u r a t i n g  f r e e -  
M g - -  c o n c e n t r a t i o n .  P o i n t s  r e p r e s e n t  t h e  a v e r a g e  of 3 -5  S a m p l e s •  C: V a n a d a t e  i n h i b i t i o n .  T h e  e n -  
z y m e  a c t i v i t y  w a s  e s t i m a t e d  in t h e  s t a n d a r d  a s s a y  m e d i u m  ( p C a  6) s u p n l e m e n t e d  wi th  N a  VO . 

• ~ q-q" 3 P o i n t s  r e p r e s e n t  t h e  a v e r a g e  of 3 -5  s a m p l e s .  T h e  t 0 0 ~  a c t i v i t y  of C a  - A F P a s e  c o r r e s p o n d s  to 
2 . 4  l amoles  P i / m g  p r o t e i n / h .  

M A T E R I A L  A N D  M E T H O D S  

• + +  
We took  a d v a n t a g e  of t he  r e c e n t  i s o l a t i o n  and  c h a r a c t e r i z a t i o n  of the  5 L  C a  - e x t r u s i o n  

A r P a s e  f r o m  h u m a n  m y o m e t r i u m  (8 ,  9) to i d e n t i f y  t h e  c o r r e s p o n d i n g  e n z y m e  of p i g  c o r o n a r y  s m o o t h  

m u s c l e  ( t u n i c a  m e d i a  of t h e  l e f t  a n t e r i o r  d e s c e n d i n g  a r t e r y ) .  T h e  e n d o t h e l i u m  w a s  r e m o v e d  and  

t h e n  the  a d v e n t i t i a  w a s  d i s s e c t e d  o u t .  

I s o l a t i o n  of S L  S h e e t s .  T h e  p r o c e d u r e  w a s  e s s e n t i a l l y  a s  p r e v i o u s l y  d e s c r i b e d  in d e t a i l  (8} 

e x c e p t  t h a t  t h e  i n i t i a l  h o m o g e n i z a t i o n  m e d i m n  w a s  0 . 0 5  M K C 1 .  A p r o g r e s s i v e  i n c r e a s e  of 5 ' -  

n u c l e o t i d a s e  a c t i v i t y ,  w h i c h  is  a p l a s m a  m e m b r a n e  m a r k e r ,  p a r a l l e l e d  the  s e p a r a t i o n  of s a r -  

c o l e m m a e  (ap i "ox .  1 2 - f o l d  e n r i c h m e n t  o v e r  t he  i n i t i a l  h o m o g e n a t e ) .  It s h o u l d  be n o t e d  t h a t  tile m o t h -  

, C ~++ od p r o d u c e s  o p e n  m e m b r a n e  s h e e t s  w h i c h  do not  p e r m i t  tile s t u d y  of ~ t r a n s p o r t .  In s e v e r a l  

e x p e r i m e n t s ,  t he  i s o l a t e d  s a r c o I e m m a e  w e r e  s o t u b i l i z e d  w i th  S D S  to u n m a s k  tile l a t e n t  a c t i v i t y  of 

C ++ a - A T P a s e  (8 ) .  

A s s a y  of C a + + - A  r P a s e  A c t i v i t y .  T h e  r e a c t i o n  w a s  d e t e r m i n e d  s p e c t r o p h o t o m e t r i c a i l y  b~ 

m e a s u r i n g  t h e  r e l e a s e  of P f r o m  A T P  in  an  a s s a y  m e d i u m  w h i c h  s i m u l a t e d  the  f r e e  ion ic  c o n c e n -  

t r a t i o n s  of t h e  s m o o t h  m u s c l e  c y t o s o l ( 8 ) . A  c o m p u t e r  p r o g r a m ,  a d o p t e d  f r o m  F a b i a t o  a n d  F a b i a t o  

. C t + +  (I0), was used to obtain specif ic  f ree  concentrat ions in the s tandard assay medium (mlVl): ~ , 

, . C J + +  0o001;  Mg ++ 0 . 5 ;  K + ,  74 ;  Na +,  7 6; A T P ,  0 . 4 ;  pH 7 . ' 1 .  When the  f r e e  c o n c e n t r a t i o n s  of ~ o r  

Mg ++ w e r e  v a r i e d  in a g i v e n  d o m a i n  ( F i g .  1 A o r  B) t he  o t h e r  i o n i c  c o n c e n t r a t i o n s  w e r e  kep t  c o n -  

s t a n t .  O u a b a i n  ( 0 . 2  mM) w a s  a I w a y s  a d d e d  to t h e  a s s a y  m e d i u m .  

R E S U L T S  A N D  D I S C U S S I O N  

++ 
C h a r a c t e r i z a t i o n  of t h e  S L  C a  - A T P a s e  of C o r o n a r y  A r t e r y  S m o o t h  M u s c l e .  F i g .  1 s h o w s  

+ +  
t h a t  t he  e n z y m e  h a s  t h e  c h a r a c t e r i s t i c  f e a t u r e s  e x p e c t e d  fo r  a p l a s m a - m e m b r a n e  C a  - e x t r u s i o n  

A T P a s e ,  a c c o r d i n g  to the  c r i t e r i a  f o r m u l a t e d  r e p e a t e d l y  d u r i n g  t h e  l a s t  few y e a r s  by S c h a t z m a n n  
+ +  

(11), P e n n i s t o n  (12) a n d  C a r a f o l i  e t  a l .  (13). T h e  h i g h  Ca  - a f f i n i t y  of A T P a s e  a c t i v i t y  ( F i g .  I A) 

is e x p r e s s e d  by a n  a p p a r e n t  K m ( f r e e  C a  ++ ) of 0 . 3  jaM. T h e  a c t i v a t i o n  by f r e e  Mg ++ ( F i g .  1 t~) is 
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Fig. 2. Dose-response curves (ex- 
perimental and caleui~uted ) of the solubil- 
ized sarcolemmal Ca" -pump ATPase 
activation versus NTG concentration. 
• m e a n  a c t i v a t i n g  r e s p o n s e s  to N T G  
e x p r e s s e d  a s  p e r c e n t a g e  (+_._SD) of t he  
b a s a l  a c t i v i t y  (n = 8 4 ,  s i x  e x p e r i m e n t s ) .  
• v a l u e s  f o r  r e s p o n s e  c a l c u l a t e d  f r o m  
C l a r k '  s e q u a t i o n :  

A (X) where 
A = m (X) * K ' 

X 

A is the activating response, A is the 
maximum activating response, (~) is the 
concentration of NTG used, and K is 
the apparent dissociation constantXof 
the presumed drug-r~ceptor complex. 
The ED_ 0 (2.5 x 10-VM) was used as 

) , . 

an approxlmatlon for K . 
x 

a l s o  f u n c t i o n a l l y  r e l e v a n t :  t he  a p p a r e n t  K ( f r e e  Mg ++) i s  a b o u t  0 . 2  mM, a n d  t he  f r e e  c y t o p l a s m i c -  
m 

Mg ++ m v a s c u l a r  s m o o t h  m u s c l e  i s  0 . 1 - 1 . 0  mM (14). Fhe  i n h i b i t i o n  by low c o n c e n t r a t i o n s  of v a n a d a t e  

( F i g .  1 C ;  I50 ~ 1 pM) i s  a n o t h e r  b i o e h e m i c M  m a r k e r .  L a s t  bu t  no t  l e a s t ,  t h e  e n z y m e  i s  a c t i v a t e d  

by c a l m o d u I i n .  T h e  s p e c i f i c  a c t i v i t y  of S L  C a + + - A T P a s e  w a s  i n c r e a s e d  a b o u t  4 t i m e s ,  a t  p C a  6 ,  

w h e n  h i g h l y  p u r i f i e d  c a l m o d u l i n  ( S i g m a )  w a s  a d d e d  (1 ng/~ag of m e m b r a n e  p r o t e i n ) .  

B e c a u s e  of t he  s i m i l a r i t y  b e t w e e n  t he  p r o p e r t i e s  of t he  S L  C a + + - A T P a s e  f r o m  c o r o n a r y  

s m o o t h  m u s c l e  a n d  C a + + - A T P a s e s  of  e r y t h r o c y t e  m e m b r a n e s ,  h e a r t  s a r c o l e m m a  (12, 13) o r  s t o m a c h  
+4- 

s a r c o l e m m a  (15), w h i c h  a r e  w e l l  k n o w n  to f u n c t i o n  a s  C a  - e x t r u s i o n  A T P a s e s  ( p u m p s ) ,  i t  is  m o s t  
++ 

p r o b a b l e  t h a t  the  c o r o n a r y  e n z y m e  is  a l s o  a C a  - e x t r u s i o n  A T P a s e .  A d d i t i o n a l  s u p p o r t  i s  p r o -  

v i d e d  by t h e  w o r k  of F u r u k a w a  a n d  N a k a m u r a  (16) on  v a s c u l a r  s m o o t h  m u s c l e  ( b o v i n e  a o r t a ) .  T h e y  
++ 

p u r i f i e d  a S L  C a  - A f P a s e ,  w h i c h  h a s  v i r t u a l l y  i d e n t i c a l  p r o p e r t i e s  w i t h  " o u r "  S L  C a + 4 - - A T P a s e ,  

Ca ++ and showed that the enzyme reconstituted in liposomes acted as a -transport ATPase. 

N T G  S t i m u l a t i o n  of C a  - E x t r u s i o n  A T P a s e  a n d  I t s  S i g n i f i c a n c e .  F i g .  2 s h o w s  t h a t  N T G  is  
4-+ 

a p o t e n t  a c t i v a t o r  of t he  d e t e r g e n t - s o l u b i l i z e d  C a  - e x t r u s i o n  A T P a s e  i s o l a t e d  f r o m  p o r c i n e  c o r o -  

n a r y  s m o o t h  m u s c l e .  M o r e o v e r ,  c l o s e  a g r e e m e n t  w a s  f o u n d  b e t w e e n  t he  e x p e r i m e n t a l  d o s e - r e s p o n s e  

c u r v e  and  t h e  t h e o r e t i c a l  c u r v e .  N T G  a l s o  s t i m u l a t e d  t he  a c t i v i t y  of the  m e m b r a n e - b o u n d  S L  C a  + +  

A T P a s e :  an  i n c r e a s e  of t h e  s p e c i f i c  a c t i v i t y  w i t h  181¢--+ 19¢ (n=12,  t h r e e  e x p e r i m e n t s )  w a s  p r o d u c e d  

by 1 pM N T G  a t  p C a  6 .  A p p a r e n t l y ,  the  s t i m u l a t i n g  e f f e c t  of N T G  d o e s  no t  d e p e n d  on  c a l m o d u l i n ,  

s i n c e  t he  a d d i t i o n  of e x c e s s  c a l m o d u l i n  (100 n g / m l )  d id  no t  m o d i f y  s i g n i f i c a n t i y  the  N T G - i n d u c e d  

a c t i v a t i o n .  A n y w a y ,  t h e  s t i m u l a t i o n  of c o r o n a r y  S L  C a + + - A T P a s e  s e e m s  to be  a s p e c i f i c  r e s p o n s e  
++ 

to N T G ,  b e c a u s e  N T G  h a d  no e f f e c t  on  t h e  e r y t h r o c y t e  Ca  - e x t r u s i o n  A T P a s e  (7) .  

T h e  r e s u l t s  of  t h i s  s t u d y  s t r o n g l y  s u g g e s t  t h a t  t he  N T G - i n d u c e d  r e l a x a t i o n  is  c a u s a l l y  l i n k e d  
+ +  

to s t i m u l a t i o n  of t h e  S L  C a  - e x t r u s i o n  A T P a s e .  B e s i d e  the  d e f i n i t e  i n d i c a t i o n  t h a t  n i t r o  c o m p o u n d s  

p r o d u c e  t h e i r  v a s o d i l a t i n g  e f f e c t  by i n t e r f e r e n c e  w i th  a y e t  u n d e f i n e d  p r o c e s s  w i t h i n  t h e  c e l l  m e m -  

b r a n e  (17}, t h e  f o l l o w i n g  a r g u m e n t s  c a n  be  e n u m e r a t e d  in f a v o u r  of o u r  h y p o t h e s i s .  

1) T h e  E D 5 0  t h a t  we f o u n d  in t e s t  t u b e  ( F i g .  2) i s  c o m p a r a b l e  w i t h  t he  c o n c e n t r a t i o n  of N T G  

( 4 . 4 x 1 0  - 8  M) r e p o r t e d  to c a u s e  5 0 ~  r e l a x a t i o n  of c o r o n a r y  s t r i p s  in o r g a n  b a t h  (18). 

2) If t he  a c t i v a t i o n  of t he  S L  C a + + - A T P a s e  i s  e s s e n t i a l  f o r  t he  r e l a x a n t  e f f e c t  of N T G ,  t h e n  

o t h e r  n i t r o  v a s o d i l a t o r s  s h o u l d  be  e x p e c t e d  to s t i m u l a t e  t he  S L  C a + + - A T P a s e  t oo .  We t e s t e d  t he  

a c t i o n  of i s o s o r b i d e - ' d i n i t r a t e  a n d  i s o s o r b i d e - 5 - m o n o n i t r a t e  ( L . M . P o p e s c u  e t  a l .  , in p r e p a r a t i o n )  

a n d ,  i n d e e d ,  t h e s e  i s o s o r b i d e  n i t r a t e s  (10 . 8  M) a p p e a r e d  to s t i m u l a t e  t he  S L  C a + + - A T l : ' a s e .  
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3) R e c e n t  s t u d i e s  f rom K u r i y a m a ' s  l a b o r a t o r y  (4, 5) documented  the lack of r e l a x i n g  e f fec t  

of nitro vasodilators on chemically skinned vascular smooth muscle fibers. 

4) Several studies (2, 18-20) demonstrated that cGMP is involved in mediating the coronary 

smooth muscle relaxation produced by NTG. However, the exact mechanism of cGMP-induced re- 

laxation remained elusive. Very recently, we provided evidence that cGMP activates the 5L Ca ÷+- 

extrusion ATPase of coronary smooth muscle (21). The activation is achieved via the cGMP-de- 

pendent protein kinase which phosphorylates the SL Ca++-ATPase. 

5) Deeg and Schneider (22) reported that, between the 1st and 5th minute after the intra- 

coronary NTG administration, Ca ++ concentration increased significantly (about lO'~; p ~. 0.01) in 

the coronary venous blood, their findings indicate that NTG produces an increase of Ca ++ efflux 

from coronary smooth muscle and our data provide a plausible molecular explanation. 
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