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SUMMARY: Stimulation of hepatic adenylate cyclase by "R"-si te selective 
a n a - ~ o f  adenosine was blocked by methylxanthines and required GTP, con- 
s istent  with "Ra"-receptor i n i t i a ted  coupling through the guanine nucleotide 
regulatory component. In contrast to the effect of high concentrations of 
Mn Z+ to block act ivat ion of the l i ve r  cyclase by glucagon, act ivat ion of the 
enzyme by N6(phenylisopropyl)adenosine was not diminished by concentrations 
of Mn c+ up to 40 mM. The data suggest that Mn2+-induced uncoupling of 
receptor-cyclase interact ions, common to stimulation of the cyclase by other 
hormones, does not apply to the adenosine "Ra"-receptor act ivat ion of the 
enzyme. 

INTRODUCTION 

High concentrations of Mn 2+ are known to i nh ib i t  various hormone stim- 

ulated adenylate cyclases (e.g. I -5) .  This ef fect  of Mn 2+ has been at t r ibuted 

to a functional uncoupling of interact ions between the cata ly t ic  subunit of 

adenylate cyclase and the guanine nucleotide regulatory component, with Mn 2+ 

not affect ing interact ions of this component with hormone receptors (5). 

Although these l a t t e r  studies (5) were done only with the catecholamine-sen- 

s i t i ve  cyclase of erythrocytes, the widespread observation of Mn 2+ inh ib i t ion  

of hormone act ivat ion of the enzyme has suggested that the phenomenon may be 

a general feature of receptor-cyclase coupled systems. 

Adenosine is a putative hormone or neurotransmitter (see 6 for reviews) 

and receptor-mediated effects of adenosine on adenylate cyclase have been 

I )  Effects on ce l lu la r  cAMP levels and adenylate cyclase ac t i v i t y  of various 
analogs of adenosine have suggested the presence of d i s t i nc t  binding si tes for 
adenosine. High a f f i n i t y  si tes requir ing an intact  ribose moiety have been 
found to act ivate or i nh ib i t  various adenylate cyclases. These opposing effects 
on adenylate cyclase have led to the designation of "R"-si te subclasses, R a and 
R i (18), or A? and A I (21), for act ivat ion and inh ib i t i on ,  respectively. Ri(AI) 
si tes are higfi a f f i n i t y  inh ib i tory  receptors that are d i s t i nc t  from low a f f i n i t y  
"P"-s i tes.  In th is paper we have adopted the designation (R a and P) of Londos 
et al .  (18). 
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observed in numerous in v i t r o  enzyme preparations. The character of the 

e f fec t ,  i n h i b i t i o n  or s t imula t ion ,  and di f ferences in the respective st ructure 

a c t i v i t y  re la t ionsh ips  have led to the designation of sub-classes of adenosine 

I receptors. Although st imulat ion of the l i v e r  adenylate cyclase by adenosine 

via "Ra" receptors has been reported (7),  and th is  is known to be a funct ion 

of parenchymal ce l l s  (8),  the mechanisms by which th is  enzyme is st imulated 

by adenosine have not been c l a r i f i e d .  S e n s i t i v i t y  of the cyclase to adeno- 

sine is absolute ly dependent on guanine nucleot ide,  and therefore presumably 

requires the guanine nucleot ide regulatory component. However, as we report  

here, rather than being blocked, as is ac t iva t ion  of the enzyme by glucagon, 

ac t i va t ion  of the l i v e r  enzyme by the "R"-s i te  se lect ive analog of adenosine, 

N6(phenylisopropyl)adenosine, is ac tua l l y  improved by high concentrations of 

Mn 2+. These and other observations suggest f i r s t ,  that  the general phenom- 

enon of Mn2+-induced uncoupling does not obtain for  adenosine "Ra"-receptors, 

and second, that  these receptors are coupled to cyclase ca ta l y t i c  uni ts  by 

mechanism(s) d i s t i n c t  from those of other hormone receptors. 

MATERIALS AND METHODS 

Enzyme preparation. P a r t i a l l y  pu r i f i ed  plasma membranes were prepared 
from rat  l i v e r  essen t ia l l y  as previously described (9),  except that  5 mM 
EDTA was included in a l l  homogenizing media and sucrose solut ions (10). The 
EDTA was then removed by repe t i t i ve  centr i fugat ion-resuspension steps p r io r  
to storage of the membranes at -70 ° . 

Adenylate cyclase assay. Adenylate cyclase a c t i v i t y  was determined as 
previously described (10) in a reaction mixture containing 50 mM g l ycy lg l y -  
c ine,  pH 7.5, I mM 3- isobuty l , l -methy lxanth ine  (IBMX) or 0.5 m~2Ro 20-1724, 
100 ~M MnAT~ or MgATP, 0.01 to 40 mM excess MnCI 2 or MgCl 2, [~-~ P]ATP (0.5 
to 1.5 x I0 u cpm), 2 mM pur i f ied  creat ine phosphate (10), creat ine kinase 
(100 Ng/ml), myokinase (100 pg/ml), and adenosine deaminase (5 U/ml) in a 
react ion volume of 200 NI. Reactions were 2 min at 37 ° and were i n i t i a t e d  
by the addi t ion of enzyme to reac t ionmix tu res  that  had been thermal ly 
equ i l ib ra ted at 37 ° for  2 min. Reactions were stopped by the ZnCO 3 p rec ip i -  
ta t ion method (11) and the labeled cAMP was pur i f i ed  as described by 
Salomon et a l .  (12). 

Other methods. [a-32p]ATP was prepared enzymatical ly by the method of 
Walseth and Johnson (13). Protein was determined by a modi f icat ion of the 
procedure of Lowry et a l .  (14). 

Mater ia ls .  Carr ier - f ree (32p)phosphoric acid was obtained from e i ther  
ICN Pharmaceuticals or New England Nuclear at the highest concentation ava i l -  

2) Abbreviations used: IBMX, 3- isobuty l , l -methy lxant~ ine ;  Ro 20-1724, 
4-(3-butoxy-4-methoxybenzyl)-2- imidazol id inone; PIA, N (phenylisopropyl)adenosine~ 
GPP(NH)P, guanylyl (~-y imino)diphosphate. 
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TABLE I .  Comparison of activators of l i ve r  adenylate cyclase. 

Additions 

ADENYLATE CYCLASE ACTIVITY a 

Basal GTP GPP(NH)P 
(I0 pM) (100 pM) 

pmol cAMP (2 min-mg protein) -I  

None 19 ± 6 18 ± 7 74 ± 9 

NaF (10 mM) 429 ± 45 b b 

Glucagon (I pM) 41 ± 10 249 ± 34 329 ± 33 

Prostaglandin E I 17 ± 6 45 ± 7 144 ± 6 
(10 pM) 

2-Cl-Adenosine 20 ± 9 52 ± 9 165 ± 24 
(30 pM) 

a) Ac t iv i t ies  were determined in a reaction mixture containing 50 mM glycyl -  
glycine, pH 7.5, 0.5 mM Ro 20-1724, 100 pM MgATP (GTP-free), and 4 mM 
excess MgClp. Values represent the mean ± S.E.M. of seven experiments, 
each done ih t r i p l i ca te ,  from six d i f ferent  membrane preparations. 

b) Ac t iv i t y  was not determined with F- and either GTP or GPP(NH)P. 

able. Glucagon was a generous g i f t  from Dr. W.W. Bromer, E l i  L i l l y  Co., 
Ind ianapo l i s ,  Indiana. Ro 20-1724 was a generous g i f t  from Dr. W.E. Scot t ,  
Hoffmann-LaRoche, Nut ley,  N.J. Other reagents were from commercial sources 
and were of the highest p u r i t y  ava i l ab l e .  

RESULTS 

Adenosine s e n s i t i v i t y .  St imulat ion of the l i v e r  adenylate cyclase by 

optimal concentrat ions of 2-Cl-adenosine was dependent on guanine nucleot ide 

(Table I ) .  The near ly  3 - fo ld  s t imu la t ion  seen with 30 ~M 2-Cl-adenosine + 

GTP was appreciably less than seen with f l u o r i d e  (22- fo ld )  or glucagon + GTP 

(14 - fo l d ) ,  but was comparable to tha t  seen with prostaglandin E I + GTP and 

was r o u t i n e l y  about twice that  seen with epinephrine + GTP (not shown). 

These observat ions were t rue with each of  the adenosine analogs used (2-CI-  

adenosine, N6(phenyl isopropyl)adenosine, and adenosine N1-oxide).  The data 

suggest that  the r e l a t i v e  i n t r i n s i c  a c t i v i t i e s  of  the respect ive receptors 

to ac t i va te  the cyclase c a t a l y t i c  un i t  were glucagon >adenos ine>ca techo l -  

amine in t h i s  t i ssue .  

To help es tab l i sh  that  the s t imu la t ion  observed wi th these adenosine 

analogs was mediated by adenosine "R" -s i t es ,  the e f fec ts  of methxlxanthines 

were determined. From a basal a c t i v i t y  (wi th 10 pM GTP) of 19 pmol(2 min" 

mg pro te in)  - I ,  30 pM PIA caused a roughly 5 - fo ld  s t imu la t ion  (95 pmol(2 min. 

349 



Vol. 105, No. 1, 1982 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS 

I I I I t I 1 1 1  I I I I I I I l l [  I 1 I I I I I I 1  t I 

N~phenyl isopropyl)odenosine ~ . 
_20(:, - " ~ / f  X1.-- 'X - - ~  

c 

2-CI-adenosine ~ / /  

E ~, /x/~ adeno~in~N'o~ide "\ 
C:'i: Jzo / / / ~ . / . ~  I "~ 

o_ 8 0  

0 ~ 40 

, , , , 1 t  I I I I I I I I I  I I I f I l l l l  I I I I I I I I I  I I 

'0.1 I IO IOO 
NUCLEOSlDE ~uM) 

Figure I. Concentration-dependent activation of l iver adenylate cyclase by 
adenosine analogs. Activi ty was determined with 0.5 mM Ro 20-1724, 100 IJM 
MnATP, 800 pM excess MnCl 2, and 10 pM GTP. 

mg prote in)-1) ,  which was completely blocked by I mM IBMX (17 pmol(2 min-mg 

protein) " I )  or 10 mM theophylline (8 pmol(2 min.mg protein)-1) .  IBMX was 

i t s e l f  without effect on ac t i v i t y ,  whereas theophylline was somewhat inhib- 

i to ry  (9 pmol(2 min.mg protein)-1) .  Nearly identical results were also seen 

with 2-Cl-adenosine. 

2-CI-Adenosine consistent ly stimulated the l i ve r  adenylate cyclase at 

concentrations lower than ei ther PIA or adenosine N1-oxide (Figure I ) .  But 

at higher concentrations 2-Cl-adenosine consistent ly showed a reduction in 

ac t i v i t y ,  suggestive of a "P"-s i te inh ib i tory  ef fect  not usually seen with 

the other ligands at concentrations up to 300 pM. There was l i t t l e  or no 

difference in the maximal extent of stimulation by any of these analogs. 

Effects of metals. Adenosine stimulation of p late let  adenylate cyclase 

was reported to be greatest with low concentrations of free metal; increas- 

ing free metal concentration reduced the extent of stimulation by adenosine 

(15). This inh ib i tory  aspect of adenosine's action was considerably more 

pronounced with Mn 2+ than with Mg 2+ and is presumably due to the metal- 

dependent inh ib i t ion of adenylate cyclase via the adenosine "P"-s i te (15-18). 

However, the extent of stimulation of the l i ve r  adenylate cyclase by PIA, an 

"R"-si te specif ic analog, was i f  anything enhanced by increasing concentrations 

of free metal (Figure 2). This discrepancy was par t icu lar ly  evident with Mn 2+, 
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Figure 2. Metal-ion dependency of PIA stimulation of l iver  adenylate cyclase. 
Activi ty was determined with 0.5 mM Ro 20-1724, 10 pM GTP, either 100 NM 
MnATP or 100 NM MgATP, and the indicated concentrations of metal chloride. 
PIA was 30 NM. 

even at concentrations up to 40 mM. This lack of i nh ib i t i on  of PIA-stimulated 

a c t i v i t y  by high concentrations of Mn 2+ is in s t r i k ing  contrast with the be- 

havior of other hormone-sensitive cyclases. For example, under condit ions 

where st imulat ion of the l i v e r  adenylate cyclase by PIA + GTP was unaffected 

by high concentrations of Mn 2+, st imulat ion by f luor ide  was also unaffected, 

but st imulat ion by glucagon + GTP was blocked (Figure 3). While these ef fects  

of high concentrations of Mn 2+ on f l uo r ide -  and glucagon-stimulated cyclase 

a c t i v i t i e s  are not new (c f .  2), they emphasize that the d i s t i n c t  behavior of 

the adenosine-sensit ive cyclase was not due to di f ferences in t issue source, 

membrane preparations, or assay methods used in our studies. The data indicate 

that Mn 2+ does not d isrupt  coupling of the PIA-sensit ive l i v e r  adenylate cyclase 

system. 

DISCUSSION 

Stimulation of hepatic adenylate cyclase by adenosine analogs behaves as a 

recep to r - in i t i a ted  process coupled through the guanine nucleotide regulatory 
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Figure 3. Effect of Mn 2+ on stimulation of the l iver adenylate cyclase by 
various agents. Activity was determined with 0.5 mM Ro 20-1724, 100 pM 
GTP-free MnATP, and the indicated concentrations of MnCI 2, Additions were 
10 pM GTP, 10 mM NaF, 1 NM glucagon, and 30 pM PIA. 

component. Stimulation is blocked by methylxanthines, is seen with analogs of 

adenosine select ive for  the"R"-s i te ,  and i t  requires guanine nucleot ide. In 

general, act ivat ion of the enzyme by adenosine analogs shared propert ies with 

act ivat ion of numerous adenylate cyclases by other hormones. However, the sus- 

c e p t i b i l i t y  to inh ib i t i on  by high concentrations of Mn 2+ seen with other systems 

was not observed with th is  adenosine-sensit ive cyclase. This observation sug- 

gests that Mn2+-induced "funct ional  uncoupling", suggested by Limbird et a l . (5 )  

for  the catecholamine-sensit ive cyclase, does not occur for  adenosine "Ra"- 

receptor-cyclase interact ions.  That is ,  adenosine "Ra"-receptor coupling to the 

cyclase is a clear exception to a general ly observed phenomenon. 

The f indings reported here give support to the idea that act ivat ion of the 

cyclase by adenosine may involve mechanisms d i s t i nc t  from those involved with 

glucagon or catecholamine act ivat ion.  This conclusion is supported by several 

other l ines of evidence. F i r s t ,  the pH optimum of the l i v e r  cyclase was not 

shi f ted to lower values by PIA as was seen upon st imulat ion with glucagon, 

epinephrine, f l uo r ide ,  and vanadate (19). Second, the PIA-sensit ive cyclase from 

rat  brain str iatum was found to be considerably less sensi t ive to phospholipases 

A 2 and C and to Lubrol-PX than was the dopamine-sensitive enzyme (20). And th i rd ,  
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a cyclase fu l l y  responsive to PIA, but completely unresponsive to dopamine, 

could be extracted by low concentrations of non-ionic detergent from s t r ia ta l  

membranes. Thus, the adenosine receptor mediating activation may be t igh t l y  

coupled to the cyclase catalyt ic unit and therefore coupling is less susceptible 

to interruption (by Mn 2+, detergents, phospholipases) than is catecholamine 

receptor-cyclase coupling. Al ternat ively,  i t  is possible that the process of 

receptor cyclase coupling may be a cascade of enzyme catalyzed reactions and the 

adenosine receptor affects the system at a si te d is t inc t  from that through which 

the catecholamine receptor acts. 
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