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Summary 

Incubation of bovine adrenocortical membranes with cor t ico t ropinand 5-gu- 
anylylimidodiphosphate produced a state of adenylate cyclase (ATP pyrophos- 
phate-lyase (cyclizing), EC 4.6.1.1) with maximal catalytic activity and an 
increased sensitivity to inhibition by adenosine. Due to metabolism of adenine 
nucleotides during adenylate cyclase assays a quantitative assessment of  the 
nature of this inhibition was not  possible. However, when determined at 
0.2--1.0 mM MgATP 2-, half-maximal inhibition of the basal and maximally 
active states of the enzyme was observed at adenosine concentrations of 210--  
330 and 70--90 #M, respectively. The inhibition appeared to be partially com- 
petitive, suggesting that the nucleoside may act as an allosteric negative effector 
which reduces the affinity of the active site for substrate. 

Adenosine was 5--6 times more potent  as an inhibitor of adrenal adenylate 
cyclase than 2-chloroadenosine. Adenosine deaminase abolished the inhibitory 
effect  of  the nucleoside, whilst theophylline had no effect  on activity either in 
the absence or presence of adenosine. 

Introduct ion 

The effects of  adenosine on adenylate cyclase (ATP pyrophosphate-lyase 
(cyclizing), EC 4.6.1.1) activity appear to be tissue specific. Thus, the nucleo- 
side has been shown to enhance the activity of the enzyme in brain tissue and 
tumours  derived therefrom [1--3]. By contrast, adenosine inhibits adenylate 

* Present address: Depar tment  o f  Crystal lography,  Birkbeek College, Malet St., London WC1 7HX, U.K. 
U.K. 

** Present address: Sec t ion  on  Membrane Regulat ion ,  Laboratory  of  Nutr i t ion  and Endocrinology, 
N.I.A.M.D.D., N.I.H., Bethesda~ Md. 20014, U.S.A. (Author to  w h o m  correspondence  should  be 
addressed.)  



606 

cyclase activity in membrane preparations from rat adipocytes [4], guinea-pig 
lung [5] and rat liver [6]. 

Wolff and Cook [7] reported that  adenosine stimulated steroidogenesis in 
Y-1 adrenal tumour  cells and was a partial agonist of adenylate cyclase.activity 
in membrane preparations from these cells. Evidence presented by these 
authors suggested that the nucleoside acted via an external receptor, in a fash- 
ion analogous to that  proposed for its action on the enzyme from brain [3]. 

Recent  studies in this laboratory [8] indicated that, in normal rat adrenal 
cells, adenosine potentiated corticotropin-stimulated, but  not  basal, steroido- 
genesis, by inhibiting cyclic AMP phosphodiesterase activity (cf. ref. 9). 

To elucidate the early events in the action of adenosine on normal adrenal 
tissue, the effects of the nucleoside on adenylate cyclase activity in a bovine 
adrenocortical plasma membrane preparation were examined. We have 
demonstrated that, in contrast to its reported stimulatory effect  in adrenal 
tumour  cells, the nucleoside inhibits the enzyme from bovine adrenal cortex, 
both in the basal or maximally activated states. 

Materials and Methods 

Synachten (corticotropin-(1-24)-tetracosapeptide; ACTH,.24 ) was a generous 
gift from CIBA, Horsham, Sussex, U.K. 5 '-Guanylylimidodiphosphate (disodi- 
um salt; Gpp(NH)p) synthesized by I.C.N., was kindly provided by Dr. S. 
Howell, University of Sussex. Adenosine, 2-chloroadenosine, theophylline and 
adenosine deaminase were purchased from Sigma {London) Chemical Co., 
London,  S.W.6. The adenosine deaminase preparation (calf intestinal mucosa; 
crystalline suspension in saturated (NH4)2SO4) was dialysed for 16 h at 4°C 
against 10 mM Tris • HC1 (pH 7.6). 

Before use the activity of the dialysed preparation was checked spectropho- 
tometrically [10] and, by this criterion, it appeared stable at 4°C for 1 week, 
maintaining a potency of approx. 200 units/mg protein. The sources of other 
reagents and the method for preparation of a plasma membrane fraction from 
bovine adrenal cortex have been documented previously [11].  Membrane 
protein concentration was determined by the method of  Lowry et al. [12] 
using crystalline bovine serum albumin as standard. 

Adenylate cyclase. Adrenal membranes (2--3 mg/ml protein) were incubated 
(30°C; 0.5 ml) in 25 mM Tris • HC1 (pH 7.6)/1 mM dithiothreitol/0.2% human 
serum albumin/5 mM MgC12, in the absence or presence of 0.1 mM Gpp(NH)p 
and 1 pM ACTH,.24. The preincubation was terminated after 10 min by addi- 
tion of  10 ml medium A (10 mM Tris • HC1 (pH 7.6)/1 mM dithiothreitol at 
4 ° C) and centrifugation at 80 000 × g for 10 min at 4 ° C. The pellets were 
washed by resuspension and centrifugation as above. 

The adenylate cyclase activity of 20-~1 aliquots of the washed membranes 
was determined at 30°C in a 5 or 10 min assay. The 50 #1 reaction mixture con- 
tained: [a-32p]ATP (1 • 106--2 • 106 cpm), cyclic[3H]AMP {approx. 10 000 
cpm), 0.1 mM cyclic AMP, 5 mM phosphocreatine,  25 units/ml creatine 
kinase, 0.2% human serum albumin and 1 mM dithiothreitol in 25 mM Tris • 
HCI (pH 7.6). The concentrations of  ATP, MgCI2 and other  agents are listed in 
the appropriate figure legends. The reaction was terminated by addition of 100 
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pl 'stopping solution' (2% sodium dodecyl sulfate (SDS)/40 mM ATP/12.5 
mM cyclic AMP at pH 7.5). Cyclic [32p]AMP was isolated by the method of 
Salomon et al. [13] with the modifications described previously [11]. 

Unless stated otherwise, data represent the means of duplicate determina- 
tions which agreed to within less than 5%. All experiments have been repeated 
at least twice with essentially identical results. 

Results and Discussion 

Thin-layer and paper chromatography of adenylate cyclase reaction mix- 
tures, in which either tritiated ATP or cyclic AMP were substituted for the 32p_ 
labelled substrate, revealed that [3H]adenosine was formed from both [3H]ATP 
and cyclic [3H]AMP. Using 0.1 mM ATP and 1 mM cyclic AMP up to 30 pM 
adenosine could be formed during a 15 min assay. In addition, following such 
incubations, a significant fraction of the radioactivity from cyclic [3H]AMP 
chromatographed with ATP. It was calculated that, using 0.1 mM [a)2P]ATP 
and 1 mM cyclic AMP, the specific activity of the substrate would be diluted 
by approx. 10% within 15 min (unpublished data). 

In an attempt to reduce the potential for distortion of data by these effects 
the present studies used 0.1 mM cyclic AMP, [a-32p]ATP at concentrations not 
less than 0.2 mM and a maximum assay time of 10 min. Under these condi- 
tions, the final concentration of adenosine formed during the assay would not 
be expected to exceed 5 pM and the dilution of the specific activity of the 
substrate would be <1%. 

Similar to findings in several other adenylate cyclase systems [14--16], pre- 
incubation of adrenal membranes with Gpp(NH)p and ACTH1.24 leads to the 
rapid production of a maximally active state of the enzyme that cannot be 
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Fig.  1. A d r e n a l  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 s  a f u n c t i o n  o f  a d e n o s i n e  a n d  c h l o r o a d e n o s i n e  c o n c e n t r a t i o n s .  
A d r e n a l  m e m b r a n e s  ( a p p r o x .  2 m g / m l  p r o t e i n )  w e r e  i n c u b a t e d  (0 .5  ml ,  30°C ,  1 0  r a in )  in  2 5  m M  Tris  - 
HCI ( p H  7 . 6 ) / 1  m M  d i t h i o t h r e i t o l / 5  m M  M g C I 2 / 0 . 2 %  h u m a n  s e r u m  a l b u m i n  in  t h e  p r e s e n c e  (o ,  e)  o r  
a b s e n c e  (~, v) o f  1 ~M A C T H I . 2 4  a n d  0 .1  m M  G p p ( N H ) p .  T h e  m e m b r a n e s  w e r e  s u b s e q u e n t l y  w a s h e d  
a n d  t~heir a d e n y l a t e  c y c l a s e  a c t i v i t i e s  d e t e r m i n e d  A s s a y  c o n d i t i o n s  w e r e ;  1 m M  ATP,  5 m M  MgCI2,  a n d  
t h e  c o n c e n t r a t i o n s  o f  a d e n o s i n e  ( e ,  v )  a n d  c h l o r o a d e n o s i n e  (o ,  ~) i n d i c a t e d  in  t he  f igure .  M e m b r a n e  
p r o t e i n  w a s  1 6 . 5  # g  (e ,  o)  a n d  2 2 . 5  ~g  (v ,  v )  p e r  a s s a y .  
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reversed by  washing the membranes [17]. In the present studies such preincu- 
bations were used so that  the effects of adenosine on the mdximally active and 
basal states of  the adrenal enzyme could be compared. 

Increasing concentrations of adenosine over the range 1 laM to 1 mM caused 
progressive inhibition of  adrenal adenylate cyclase activity (Fig. 1). Half- 
maximal inhibition of  the basal and maximally active enzymes were observed at 
0.3 and 0.1 mM adenosine, respectively. These concentrations of adenosine are 
of the same order as those reported to inhibit the enzyme in adipocyte ghosts 
[4],  but  are substantially greater than those required to inhibt cyclic AMP pro- 
duction by intact fat  cells [18,19].  

2-Chloroadenosine appeared to be 5--6 times less potent  than the native 
nucleoside (Fig. 1). The reduced potency of the chloro derivative might result 
from either a reduced affinity for the adenosine-binding site in adenylate 
cyclase or from its resistance to metabolism to form an active product.  In view 
of the metabolism of adenine nucleotides under the conditions of adrenal ade- 
nylate cyclase assays, the latter possibility merited consideration; however, the 
data in Table I suggest that  adenosine itself, rather than one of its metabolites, 
is the most  po ten t  inhibitor of the adrenal enzyme. Thus, adenosine (0.1 mM) 
reduced the activity of  maximally active adrenal adenylate cyclase by approx. 
50% (cf. Fig. 1) but  this inhibition was abolished in the presence of adenosine 
deaminase. This observation indicates that  inosine has little, if any, inhibitory 
effect.  

It is also notewor thy  that adenosine deaminase had essentially no effect  on 
the activity observed in the absence of exogenously added nucleoside, suggest- 
ing that  production of adenosine from 1 mM ATP and 0.1 mM cyclic AMP 
during the assay was not  sufficient to cause significant inhibition of adenylate 
cyclase. 0.1 mM 5'-AMP caused a small {approx. 13%) inhibition of activity, 
which was abolished in the presence of adenosine deaminase. 5'-AMP itself is a 
very poor  substrate for adenosine deaminase and it seems likely that  the 
apparent inhibition by 5'-AMP resulted from its hydrolysis to adenosine during 
the assay. It can be estimated that  5% conversion of 0.1 mM 5'-AMP to 

T A B L E  I 

E F F E C T S  OF  A D E N O S I N E ,  AMP,  A N D  A D E N O S I N E  D E A M I N A S E  ON A D R E N A L  A D E N Y L A T E  

C Y C L A S E  

A d r e n a l  m e m b r a n e s  ( a p p r o x .  3 m g / m l )  were  p r e i n c u b a t e d  w i t h  1 pM A C T H 1 . 2 4  and  0.1 m M  G p p ( N H ) p  
and s u b s e q u e n t l y  w ashed .  The  w a s h e d  m e m b r a n e s  were  resuspended  in 25 m M  Tr is  • HCI (pH 7 .6) /1  m M  
d i t h i o t h r e i t o l / 5  m M  MgCI 2. A f t e r  equ i l ib ra t ing  to  r o o m  t e m p e r a t u r e ,  20  pl a l iquo t s  o f  the  m e m b r a n e s  
were  added to  30 /~I adeny l a te  cyc lase  assay m e d i u m  to  p r od u ce  reac t ion  c o n d i t i o n s  as fo l lows :  1 m M  
A T P ,  5 m M  MgCI2,  m e m b r a n e  p r o t e i n  (20  pg  pe r  a~'~ay), adenos ine  and  AMP (0 or  0.1 m M )  and  w h e n  
presen t ,  adenos i ne  deaminase  (40  p g / m l  = 8 u n i t s / m l ) .  Assay  t i m e  was  10 rain.  

Assay  addi t ions  A d e n y l a t e  cyc lase  ac t iv i ty  

Con t ro l  + adenos ine  deaminase  

N o n e  122  -+ 4 126 -+ 6 
+ a d e n o s i n e  (0.1 m M )  63 -+ 3 116  + 5 
+ A M P  (0.1 m M )  106 -+ 3 116  + 2 

Resul t s  are expres sed  in  p m o l  cycl ic  AMP - ra in  -1 "rag -1 p r o t e i n  ( m e a n -  + S.E.;  n = 3). 
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Fig. 2. D ixon  p lo t s  for  inh ib i t ion  of  ad rena l  a de ny l a t e  cyclase  act iv i ty  b y  adenos ine .  Ad ren a l  m e m b r a n e s  
( app rox .  3 m g / m l )  p ro t e i n  were  i nc uba t e d  (1 .0  ml,  30°C, 15 ra in)  in 25 m M  Tris • HC1 (pH 7.6) /1  m M  
d i th io th re i to ] /5  m M  MgC12/0.2% h u m a n  s e rum a lbumin ,  in the absence  (a) or  p resence  (b)  of  1 ~M 

A C T H 1 . 2 4  and  0.1 m M  G p p ( N H ) p .  P re incuba t ions  were  t e r m i n a t e d  and  m e m b r a n e s  washed .  The  
a m o u n t s  of A T P  and  MgC12 a d d e d  to  the  adeny la t e  cyclase  assay were  ad jus ted  so as to  m a i n t a i n  a con-  
s tant  c o n c e n t r a t i o n  of  4 m M  free Mg 2+ whi ls t  MgATP 2- was  var ied  (e ,  0 .2  raM; o, 0 .5 raM; m, 1.0 raM). 
Assays  c o n t a i n e d  e i ther  29 #g (a) or  27 .5  #g (b) m e m b r a n e  p ro t e in  and  the  ind ica ted  c o n c e n t r a t i o n s  of  
adenos ine ,  w i th  o t h e r  c o n d i t i o n s  as in Materials  and Methods .  Da ta  show rec iproca l  ve loc i ty  ( p m o l  
c y c l i c  A M P -  rain -1 • m g  -1 p ro te in )  -1 as a f u n c t i o n  of  adenos ine  c o n c e n t r a t i o n  for  the  basal (a) an d  
G p p ( N H ) p  + A C T H  1-24 ) -ac t iva ted  (b)  e n z y m e .  

adenosine would be sufficient to cause the observed inhibition (cf. Fig. 1). 
To examine the nature of the inhibition of basal and maximally-active 

adrenal adenylate cyclase, the effects of increasing adenosine concentrations 
on the enzyme activities were determined at various substrate concentrations 
whilst Mg 2÷ concentration was kept  constant  at 4.0 mM. Analysis of  the data 
from this experiment by the method of Dixon [20] yielded a set of hyper- 
bolae (Fig. 2). Hyperbolic Dixon plots indicate partial competitive inhibition. 
In both pure competitive and partial competitive inhibition the V of the reac- 
tion is unaffected by the inhibitor but,  whilst in the former situation the Km 
increases without  bound with increasing inhibitor concentration, in the latter 
the Km approaches an upper limit [21].  Partial competitive inhibition of  several 
enzymes has been reported and has been interpreted by postulating that  the 
inhibitor binds to an allosteric site and has been interpreted by postulating that 
the inhibitor binds to an allosteric site and consequently lowers indirectly the 
affinity of  the active site for its substrate {e.g. ref. 22). Adenosine may inhibit 
adenylate cyclase in an analogous fashion. 

In this experiment the maximally active form of adenylate cyclase was 
approximately three times more sensitive to inhibition by adenosine than the 
basal state. Basal activity was inhibited half-maximally by concentrations of 
adenosine of 210, 250, and 330 pM at substrate concentrations of 0.2, 0.5 and 
1.0 mM, respectively. Half-maximal inhibition of the (Gpp(NH}p + cortico- 
tropin)-activated enzyme was observed at adenosine concentrations ranging 
from approx. 70 pM at 0.2 mM MgATP 2- to approx. 90 pM at 1.0 mM 
MgATP 2- (Fig. 2). McKenzie and B ~  [23] showed that corticotropin-stimu- 
lated adenylate cyclase activity in rat adipocyte ghosts was considerably more 
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sensitive to inhibition by adenosine than basal activity. Weinryb and Michel [5] 
found that  on increasing Mg 2÷ concentration from 1.8 to 11.8 mM, the con- 
centration of adenosine required to inhibit half-maximally basal adenylate 
cyclase activity in guinea-pig lung decreased from 2 to 0.15 mM. Londos and 
Preston [6] have also shown that the sensitivity of the hepatic enzyme to inhi- 
bition was increased by Mn 2÷, Mg 2÷, and glucagon. Previously we have presented 
evidence to suggest that  Mg 2+ is an activator of adrenal adenylate cyclase, and 
that  corticotropin, Gpp(NH)p and Mg 2÷ cooperate to produce a maximally 
active state of the enzyme [17]. Mg 2÷ may also be considered to be an activator 
of the rat hepatic and guinea-pig lung enzymes. Thus it might be inferred that 
in systems in which adenosine inhibits adenylate cyclase, effectors which acti- 
vate the enzyme (i.e. hormones, guanine nucleotides and Mg 2*) also render it 
more sensitive to inhibition by adenosine. 

The possibility exists that  the enhanced production of cyclic AMP induced 
by positive effectors could lead, via the actions of phosphodiesterase and 5'- 
nucleotidase, to increased levels of adenosine, which could provide an indirect 
feedback inhibition of the system in intact cells. 

It is possible, although unlikely under the assay conditions used, that  the 
non-linear Dixon plots (Fig. 2) might result from an inhibition of phospho- 
diesterase activity by high concentrations of adenosine (cf. ref. 9). However, 
theophylline had no effect  on adrenal adenylate cyclase activity determined 
under the conditions described in Table II. In addition, theophylline did not  
affect the inhibition caused by adenosine (Table II) contrasting with its 
antogonistic effect  on the activation by the nucleoside of adenylate cyclase in 
other systems [ 3,7 ]. 

A major point of interest of the present report  is the striking contrast 
between the effects of  adenosine on adenylate cyclase activity in normal 
adrenal tissue and adrenal tumour  cells. Thus, Wolff and Cook [7] found that  
the enzyme in membrane preparations from Y-1 adrenal tumour  cells was acti- 
vated half-maximally by adenosine concentrations fo 30--50/~M, whereas such 

T A B L E  I I  

I N H I B I T I O N  O F  A D R E N A L  A D E N Y L A T E  C Y C L A S E  A C T I V I T Y  BY A D E N O S I N E :  E F F E C T  O F  
T H E O P H Y L L I N E  

A d r e n a l  m e m b r a n e s  ( a p p r o x .  3 m g / m l  p r o t e i n )  w e r e  p r c i n c u b a t e d  w i t h  1 #M A C T H 1 . 2 4  and  G p p ( N H ) p  
(0.1 raM)  and  s u b s e q u e n t l y  w a s h e d .  T h e  w a s h e d  m e m b r a n e s  w e r e  i n c u b a t e d  (30°C,  6 ra in ,  40  pl)  in  Tr i s  - 

HCI (pH 7.6) ,  d i t h i o t h r e i t o l ,  MgCI2,  h u m a n  s e r u m  a l b u m i n  and  a de nos ine ,  a t  1 .25  t i m e s  the  c onc e n t r a -  
t i ons  n o t e d  in the  tab le ,  and  in the  p r e s e n c e  or a b s e n c e  o f  t h e o p h y l l i n e  (1 .0  raM).  T h e  a d e n y l a t e  c y c l a s e  
assay was  in i t i a ted  b y  a d d i t i o n  o f  10 #1 m e d i u m .  T h e  f inal  c o m p o s i t i o n  o f  the  r e a c t i o n  m i x t u r e  was:  0.2 

m M  A T P ,  5 m M  MgCI2,  a d e n o s i n e  (0,  30  or  3 0 0  ~zM) and  m e m b r a n e  p r o t e i n  (14  pg  pe r  assay) .  T h e  assay 
was  t e r m i n a t e d  a f ter  10 rain.  

A d e n o s i n e  (/~M) A d e n y l a t e  c y c l a s e  act iv i ty  

C o n t r o l  + t h e o p h y l l i n e  

0 91 .4  -+ 4 91 .4  -+ 4 
30  63 .0  -+ 2 63 .6  -+ 4 

3 0 0  23.6  -+ 0.6 23.6  -+ 4 

Resu l t s  are e x p r e s s e d  in p m o l  c y c l i c  AMP • m i n  -1 • m g  -1 p r o t e i n  ( m e a n  _+ S.E.~ n = 3). 
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concentrations of the nucleoside cause substantial inhibition of the 
(GPP(NH)p + corticotropin)4ctivated enzyme in bovine adrenal membranes 
(Fig. 2). The entirely opposite effects of adenosine in the two adrenal cells 
types may reflect other differences in their adenylate cyclase systems. The Km 
for adenylate cyclase from Y-1 cells is approx. 1.3 mM MgATP 2- [24], which is 
almost an order of magnitude greater than Km values determined for the 
enzymes in rat and bovine adrenal membrane preparations (0.15--0.25 mM; 
[26,25]). In addition it has been noted that the Y-1 enzyme is inhibited by 
Mg 2÷ concentrations greater than 2 mM [7]. The adenylate cyclase activity of 
bovine adrenal cortex, even in the presence of corticotropin guanine nucleo- 
tides, is much less sensitive to inhibition by the cation [25,17]. 

In a very recent report Londos and Wolff [27] reviewed evidence suggesting 
that two distinct adenosine-affected sites which differed in their chemical spe- 
cificity and biochemical action might be present in many cell types. 

Occupation of one ('R') site generally leads to stimulation of adenylate 
cyclase while occupation of the second ('P') site leads to inhibition of the 
enzyme. In the same report these authors intimated that adenosine not only 
stimulated but also inhibited Y-1 adrenal tumour adenylate cyclase activity. If 
this suggestion is confirmed then the lack of stimulation by adenosine of bovine 
adrenal adenylate cyclase requires explanation. It is possible that the.complex 
pattern observed in the Dixon plot (this report: Fig. 2) may obscure two 
opposing actions of adenosine; inhibition at low (<0.05 mM) adenosine con- 
centrations and both inhibition and stimulation at higher (>0.1 mM) concen- 
trations (Fig. 2). However, the lack of effect of theophylline under these condi- 
tions (Table II) argues strongly against the presence of stimulatory ('R') sites 
[27]. The use of adenosine analogues which are specific for the activation site 
in other systems [27] may unambiguously determine whether stimulatory 
adenosine sites are present in bovine adrenal adenylate cyclase. 

It is important to define clearly the possible actions of adenosine at the level 
of adenylate cyclase in adrenal plasma membranes in order to speculate on the 
regulation of steroidogenesis in the adrenal cortex by endogenous adenosine. 
The results presented herein make it possible that adenosine may act as a feed- 
back regulator of hormonal stimulation in intact adrenal cells. 
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