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Velocity constants of occupation and liberation of adrenergic  receptors  of the smooth muscles 
of the ra t  vas deferens were  determined for phentolamine and dihydroergotoxine.  Under an- 
oxie conditions and, in par t icu lar ,  af ter  p re l iminary  exposure for 15 min to the action of no r -  
adrenalin (1 • 10 -5 g/ml) the constant of the d i rec t  reaction,  but not of the reverse  reaction,  
was reduced. It is concluded that energy  is expended in the formation of the a n t a g o n i s t - r e -  
ceptor  complex, but the breakdown of this complex does not require the expenditure ofenergy.  

The interaction of agonists and antagonists with specific receptors  is accompanied by conformational 
changes in the latter [3, 5]~ It has been shown, in par t icu lar ,  that interaction between noradrenal in  and the 
o~-adrenergic receptors  of smooth muscles  causes conformational  changes which can easi ly  be found be-  
cause of the reduced affinity of the receptors  for dihydroergotoxine.  The affinity of receptors  for the ~-  
adrenolytic is res tored  "spontaneously," but res tora t ion  is sharply  delayed under anoxic conditions and i n  
the presence of dinitrophenol [1]o It is not c lear ,  however,  for what the energy of oxidation is required - 
for the conformational  changes ar is ing during interact ion between the receptors  and noradrenal in  or for 
res tor ing  the original  confi rmat ion of the adrenergic  recep tors .  

In the investigation described below an attempt was made to solve this p rob lem by measur ing  the kin- 
etic veloci ty constants of interaction between adrenolytics  and a - ad rene rg i c  recep tors .  

EXPERIMENTAL METHOD 

The principle suggested by Paton [8] was used to determine separately the velocity constants of direct 
(k 1) and reve r se  (k-l) interaction between o~-adrenolytics and adrenergic  recep tors .  Since the formation of 
the a n t a g o n i s t - r e c e p t o r  complex obeys the law of mass action 

k, 
R "  B~ ~RB, 

k_ 1 

where R is the total number  of r ecep tors ,  13 the concentrat ion of the antagonist , and R13 the concentrat ion of 
receptors  occupied by the antagonist,  the change in the occupancy of the receptors  with t ime during the de-  
velopment of the block will be determined by the difference between the velocities of formation and b reak -  
d own of the an tagon i s t -  receptor  complexes,  i .e. ,  

RB = k,. B ( I - -  RB)-- k.xRB. ( I )  dt 

The velocity of breakdown of the complexes is proport ional  to the concentrat ion of receptors  occupied by 
the antagonist:  

RB 
at - k_~.RB. (2) 
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T A B L E  2. V e l o c i t y  C o n s t a n t s  of  D i r e c t  (k 1) and R e v e r s e  (k_l) 
R e a c t i o n s  b e t w e e n  A d r e n o l y t i c s  and A d r e n e r g i c  R e c e p t o r s  of  the  
Ra t  Vas D e f e r e n s  and C o n s t a n t s  o f  Af f in i ty  of  A d r e n o l y t i c s  fo r  o,- 

A d r e n e r g i c  R e c e p t o r s  (KB) 

KB (ill Experimental conditiom ~, K_~ g/'r~l) 

Dihydroorgotoxine 
Phonto la mine 
Dih y droergotoxine, after . prelimina ry t r e a t -  

m e n t  wzt'h noradmnalin 
Phentolamin8 after preliminary t r e a t m e n t  
with noradmnaUn 

Dihydroorgotoxina undor anoxic conditiom 
Plmntolamine undor anoxic conditions 

1,14.104 
7,2.10* 

0,44. I04 

1,8.104 
0,84.104 
3,8. l04 

6.10 -n 
1 , 3 . 1 0  - 4  

6.t0--~ 

1 , 3 . 1 0  - 4  
6.10--5 

1,3.10 -4 

1 ,9 .  I0 - s  
5,5. I0 -8 

0,7.10 -8 

1 , 4 . 1 0  ~8  
1 , 4 . 1 0  - 8  

3.10--8 

~A B 
3 69f2 3020f0 35YIZ3020tO 

Fig .  1. G r a p h i c  a n a l y s i s  of  o n s e t  
( left  hand s ide  of  f i gu res )  and d i s a p -  
p e a r a n c e  ( r igh t  hand s ide  of  f i gu re s )  
o f  a d r e n o l y t i c  a c t i o n  of d i h y d r o e r g o -  
tox ine  in a dose  of  1 • 10 -7 g / m l  (A) 
and p h e n t o l a m i n e  in  a d o s e  of I x 10 -8 
g / m l  (B). A b s c i s s a ,  t i m e  (in rain);  
o r d i n a t e ,  on l e f t -  d i f f e r e n c e  b e t w e e n  
p r o p o r t i o n  of  r e c e p t o r s  occup ied  in 
e q u i l i b r i u m  and a t  t i m e  t (RBeq - 
RBt) ,  on r i g h t -  p r o p o r t i o n  of r e c e p -  
t o r s  occup ied  ( R B ) ,  1) C o n t r o l ;  2) 
anoxia ;  3) a f t e r  p r e l i m i n a r y  e x p o -  
s u r e  to  n o r a d r e n a l i n  (1 x 10 -5 g / m l ) .  

o f  t i m e  un t i l  the  m o m e n t  of  e q u i l i b r i u m .  

I n t e g r a t i n g  E q s .  (1) and (2) and m a k i n g  the  n e c e s s a r y  t r a n s f o r -  
m a t i o n s ,  then  t a k i n g  l o g a r i t h m s  o f  the  e x p r e s s i o n s  ob ta ined ,  we 
find tha t  

in (RBeq- RBt) = In RBeq --  (k 1 [B] -~- k - t ) . t  ( la)  

and In P E t  = In RBeq --  k-1 t, (2a) 

w h e r e  RBt is  the  c o n c e n t r a t i o n  of  r e c e p t o r s  occup ied  by  the a n -  
t a g o n i s t  b e f o r e  e q u i l i b r i u m  is r e a c h e d ,  and RBeq is the  s a m e  at  
the  m o m e n t  of e q u i l i b r i u m .  

E x p r e s s i o n s  ( la)  and (2a) a r e  equa t ions  of  a s t r a i g h t  l ine 
of  the  g e n e r a l  f o r m  y = a + bx ,  and t h e y  can  be u sed  to d e t e r m i n e  
the c o n s t a n t s  k I and k_ 1 g r a p h i c a l l y .  I f  t i m e  is p lo t t ed  a long  the 
a b s c i s s a  and the  d i f f e r e n c e  be tw e e n  the c o n c e n t r a t i o n s  of  r e c e p -  
t o r s  occup ied  b y  the  a n t a g o n i s t  a t  the  m o m e n t  of  e q u i l i b r i u m  and 
tha t  t i m e  t i s  p lo t t ed  a long  the o r d i n a t e  (on a l o g a r i t h m i c  s c a l e ) ,  
the  r e s u l t i n g  s t r a i g h t  l ine w i l l  f o r m  an i n t e r c e p t  on the  o r d i n a t e  
equa l  to RBeq ,  and the  t angen t  of the ang le  of  i n c l i n a t i o n  is  equa l  
to - ( k l . B  + k_ l) ( see  Eq.  l a ) .  By c o n s t r u c t i n g  a s i m i l a r  g r a p h  
fo r  Eq.  (2a) a s t r a i g h t  l ine is  ob ta ined  which  m a k e s  an i n t e r c e p t  
on the o r d i n a t e  equa l  to RBeq,  wi th  a t angen t  of  the angle  of i n -  
c l i n a t i o n  o f -  k_ 1. 

To p lo t  the  g r a p h s  it is  n e c e s s a r y  to find the  p r o p o r t i o n  of  
r e c e p t o r s  RB occup ied  by  the  a n t a gon i s t  a t  p a r t i c u l a r  m o m e n t s  
Th i s  can  be done b y  f inding  the  r a t i o  b e t w e e n  the c o n c e n t r a t i o n s  

(n) of the a g o n i s t  a t  wh ich  the s a m e  e f fec t  is p r o d u c e d  both  in the  a b s e n c e  and in the  p r e s e n c e  of  the  a n t a g -  
o n i s t  [7], S ince  

1 n- -1  
n- -  1 - - R ~  ' , i t  follows that Rt3 = n (3) 

E x p e r i m e n t s  w e r e  c a r r i e d  out on i s o l a t e d  v a s a  d e f e r e n t i a  of  r a t s .  To r e d u c e  the e f f ec t  of  d i f fus ion ,  
duc t s  wi th  the  t h i n n e s t  w a l l s  w e r e  u s e d .  T h e y  w e r e  p l a c e d  in oxygena ted  K r e b s '  so lu t i on  at 37~ Con-  
t r a c t i o n s  u n d e r  i so ton ic  cond i t i ons  w e r e  r e c o r d e d  b y a  l e v e r w i t h  a r a t i o  of 1 : 20 b e t w e e n  the a r m s  and wi th  
a load on the v a s  o f  0.5 g.  C o n t r a c t i o n s  f r o m  the  t e s t i n g  c o n c e n t r a t i o n  of  n o r a d r e n a l i n  (1 • 10 -s  g / m l )  
w e r e  d e t e r m i n e d  e v e r y  3rd  minu t e .  Be tween  e x p o s u r e s  to  the  t e s t i n g  c o n c e n t r a t i o n s  the  vas  was  t w i c e  
r i n s e d .  When  a c o n s t a n t  a m p l i t u d e  of  c o n t r a c t i o n s  was  ob ta ined  f r o m  the t e s t i n g  c o n c e n t r a t i o n  of  n o r a d r e n -  
a l i n ,  d i h y d r o e r g o t o x i n e  (1 • 10 -7 g / m l )  o r  p h e n t o l a m i n e  (1 • 10 -8 g / m l )  was  added  to the  b a t h ,  and the c o n -  
c e n t r a t i o n  of  n o r a d r e n a l i n  wh ich ,  in the  p r e s e n c e  of  the  a n t a g o n i s t ,  gave  r i s e  to  an  e f fec t  equa l  (=~10%) to 
tha t  of  the  t e s t i n g  c o n c e n t r a t i o n  of  n o r a d r e n a l i n ,  w a s  found at  the  3 rd  min .  D u r i n g  the next  2 min  the  vas  
was  r i n s e d  to  r e m o v e  n o r a d r e n a l i n  wi th  K r e b s '  s o l u t i o n  con ta in ing  d i h y d r o e r g o t o x i n e  o r  p h e n t o l a m i n e  (10 -7 
and 10 -8 g / m l ,  r e s p e c t i v e l y ) .  Th i s  p r o c e d u r e  w a s  r e p e a t e d  at  the 6th and 9th min ,  and so on,  un t i l  e q u i l i b -  
r i u m  b l o c k i n g  of  the r e c e p t o r s  took  p l a c e ,  a t  wh ich ,  in o r d e r  to  ob ta in  an e f fec t  equa l  to tha t  of the  t e s t i n g  
c o n c e n t r a t i o n  o f  n o r a d r e n a l i n  in ' the  p r e s e n c e  of  the a n t a g o n i s t ,  no f u r t h e r  i n c r e a s e  i n , n o r a d r e n a l i n  c o n c e n -  
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t ra t ion was required.  The ratio between the noradrenal in concentrat ions found and the testing concent ra -  
tion of noradrenal in gave the value of n for the chosen moments of t ime.  

The experiment  was continued after  r insing the smooth muscle preparat ion with Krebs '  solution. 
The dynamics of disappearance of the blocking of the receptors  by the adrenolytics was studied under these 
conditions. Using the method described above the ratios between the noradrenal in concentrat ions (n) were  
found at the 10th, 20th, and 30th min. 

Similar  experiments were  carr ied  out on vasa deferentia a f te r .p re l iminary  exposure for 15 min to 
noradrenalin (1 • 10 -5 g/ml) and under anoxic conditions. 

E X P E R I M E N T A L  R E S U L T S  AND D I S C U S S I O N  

The experimental  resul ts  are  given in Table 1. Values of n and the proport ion of adrenergic  r ecep-  
tors  occupied by the antagonist are  given in this table for each moment. ,  On the basis  of the resul ts  given 
in Table 1 graphs were  plotted (Fig. 1), f rom which the velocity constants of the direct  and reverse  r e a c -  
tions of dihydroergotoxine and phentolamine with the adrenergic  receptors  of the vas were  determined as 
the tangents of the angle of inclination of the straight Lines obtained. The values of these constants and also 
the constants of affinity (K13 = kl/k-1) of the adrenolytics for the adrenergic  receptors  calculated f rom 
them are given in Table 2. 

The affinity (K13) of dihydroergotoxine and phentolamine for o:-adrenergic  receptors  was substantially 
reduced if the smooth muscles  of the vas deferens were f i rs t  exposed to the action of noradrenalin.  This 
reduction in affinity was due to a decrease  in the velocity of interaction of the adrenoLytics with the adren-  
ergic  recep tors :  the velocity constant of the react ion of dihydroergotoxine and phentolamine was reduced 
by 2.6 and 4 t imes ,  respect ively ,  whereas  the rate of the t 'everse p rocess ,  as reflected in the value of k_ l, 
was unchanged. Similar  although less marked changes in the affinity of the adrenolyt ics  for adrenergic  
receptors  were  observed if the vas deferens was under  anoxic conditions. 

It was shown previously [1] that the decrease  in affinity of adrenolytics for receptors  is due to a 
change in the conformation of the adrenergic  receptors  under  the influence of noradrenal in,  and that r e s t o r -  
ation of affinity requires  the expenditure of energy which is provided by oxidative phosphorylation. Since 
the decrease  in affinity, as the results  of the present  experiments  show, depends on a decrease  in the rate 
of the direct ,  but not of the r eve r se ,  reaction it must be assumed that the interaction between adrenolyt ics  
and adrenergic  receptors  is an energy-dependent  p rocess  whereas  the breakdown of the i r  complexes is not. 
The development of conformational changes thus requires  the expenditure of energy whereas  the p rocess  of 
breakdown of a d r e n o l y t i c - a d r e n e r g i c  receptor  complexes takes place without the expenditure of energy.  

The necess i ty  for and possibil i ty of the provision of energy for interaction of agonists and antagonists 
with adrenergic  receptors  must  be c losely  bound up with the s t ruc ture  o f  o,-adrenergic recep tors .  13elleau 
[6] postulated previously  that in the presence of Ca ++ noradrenal in st imulates the hydrolys is  of ATP by 
membrane ATPase ,  which must  be a component par t  of the ey-adrenergic receptor .  On the other hand, 
these receptors  are  ol igomeric  macromolecules  containing Fe ++ in the active center  [2]. Like cer ta in  other 
nonhemin iron-containing proteins [4, 9], the ferroprote in  adrenergic  recep tors ,  forming complexes cap-  
able of t ranspor t ing  electrons with catecholamines,  may part icipate in the coupling of oxidation and phos-  
phorylation. 
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