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Summary. GTP is generally required for hormonal 
stimulation of adenylate cyclase. On the other hand, the 
presence of GTP is essential for hormone-induced 
inhibition of adenylate cyclase in cell-free preparations 
of human platelets and other cells. In order to differen- 
tiate the dual roles of GTP in hormonal stimulation and 
inhibition of adenylate cyclase, we have studied the 
effect of adrenaline on the platelet enzyme under 
conditions where guanine mucleotides caused marked 
stimulation. In the presence ofGTP ( => 1 pM), which by 
itself had no or only a small stimulatory effect on 
adenylate cyclase, adrenaline inhibited the basal and 
prostaglandin El-stimulated forms of the enzyme. In 
contrast, the stable GTP analogues, GMP-P(NH)P and 
GTP-7-S, which caused a time-dependent, persistent 
activation of the enzyme, reversed or prevented the 
inhibitory effect of adrenaline. Cholera toxin, which 
activates adenylate cyclase presumably by inhibition of 
a specific GTPase, increased cyclase activity in platelet 
membranes up to 4-fold, and GTP addition (0.1-  
30 pM) augmented this activation about 2-fold. The e- 
adrenergic component of adrenaline (0.1 - 100 ~M), in 
a concentration-dependent manner, prevented the 
GTP-induced increase in cholera toxin-stimulated ac- 
tivity. The inhibition was also observed in enzyme 
preparations that had been fully activated by pretreat- 
ment with cholera toxin. These data suggest that e- 
adrenergic agonists may inhibit platelet adenylate 
cyclase through increased inactivation of the enzyme, 
possibly involving a stimulation of the GTPase con- 
nected to the adenylate cyclase system. 
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Introduction 

Stimulation of adenylate cyclase [ATP pyrophospha- 
te lyase (cyclizing), E C 4.6.1.1] from various tissues by 
hormones is a GTP-dependent process (for recent 
reviews see Helmreich et al., 1976; Birnbaumer, 1977; 
Rodbell, 1978; Levitzki and Helmreich, 1979), in which 
a distinct guanine nueleotide binding protein is in- 
volved (Pfeuffer and Helmreich, 1975; Pfeuffer, 1977). 
As shown in avian erythrocytes, hormone-induced 
activation of adenylate cyclase appears to be mediated 
by displacement of bound GDP by GTP (Cassel and 
Selinger, 1978) and to be terminated by a specific 
GTPase that hydrolyzes the bound GTP to GDP and P~ 
(Cassel and Selinger, 1976). The cholera toxin-induced 
inhibition of the GTPase recently observed in turkey 
erythrocytes (Cassel and Selinger, 1977) appears to be 
an excellent explanation for the persistent activation of 
the adenylate cyclase by the toxin, which has been 
shown to activate the cyclase in vitro in a GTP- 
dependent manner in all hormone-responsive systems 
thus far examined (for reviews see Finkelstein, 1973; 
Gill, 1977; Vaughan and Moss, 1978). An accumu- 
lation of the adenylate cyclase in the active guanine 
nucleoside triphosphate-bound configuration can also 
be obtained by using stable GTP analogues such as 
guanylyl 5'-imidodiphosphate [GMP-P(NH)P] and 
guanosine 5'-(y-thio)triphosphate (GTP-~-S), which 
are slowly hydrolyzed by GTP-degrading enzymes and 
which can cause a persistent increased adenylate cyclase 
activity (Helmreich et al., 1976; Birnbaumer, 1977; 
Rodbell, 1978 ; Levitzki and Helmreich, 1979). 

0028-1298/79/0310/0121/$01.40 



122 Naunyn-Schmiedeberg's Arch. Pharmacology 310 (1979) 

We have recently shown (Jakobs et al., 1976) that  
adrenaline and noradrenaline,  by means o f  their c~- 
adrenergic component ,  cause inhibition o f  adenylate 
cyclase in human  platelet lysates. The e-adrenergic 
agonists decreased the basal as well as the 
prostaglandin-  or fluoride-stimulated activities. In stu- 
dies on the mechanism underlying this inhibition, we 
found  that  the presence o f  G T P  is absolutely necessary 
for the inhibitory effect on adenylate cyclase (Jakobs et 
al., 1978a). In washed platelet particles, basal and 
prostaglandin E~-activated forms of  the enzyme were 
either no t  affected or were only slightly activated by 
added GTP,  whereas G T P  added at increasing con- 
centrations revealed the inhibitory effect o f  adrenaline. 

In order  to differentiate the dual effects o f  GTP,  
which appears to be involved both  in the hormona l  
st imulation and inhibition o f  the adenylate cyclase, we 
have studied the effect o f  e-adrenergic agonists on the 
platelet adenylate cyclase st imulated by G T P  in the 
presence o f  cholera toxin and by stable G T P  analogues. 
In this paper  we present data  indicating that  adrenaline, 
by its c~-adrenergic component ,  inhibited the enzyme 
activated by cholera toxin plus G T P  by abolishing the 
s t imulatory effect o f  G T P  and that  st imulation by G T P  
analogues reversed or prevented the adenylate cyclase 
inhibition. The data suggest that  the adenylate cyclase 
inhibition caused by e-adrenergic agonists involves an 
increased inactivation o f  the enzyme. 

Materials and Methods 

Materials and methods used were as previously described (Jakobs et 
al., 1976; 1978a). Cholera toxin was obtained from Schwarz-Mann, 
Heidelberg, FRG, or was a gift of the Behring-Werke, Marburg, 

FRG, GMP-P(NH)P, GTP-7-S and NAD were purchased from 
Boehringer Mannheim, FRG. [~-32P]ATP was prepared by a 
chemical procedure (Symons, 1974) or by the enzymatic method 
described by Walseth and Johnson (1979). 

Preparations of Platelet Lysates and Particles. Platelets obtained from 
blood of healthy volunteers were lysed by rapid freezing and thawing 
as previously described (Jakobs et at., 1976). Platelet particles were 
prepared by centrifugation of the lysates for 20 rain at 30,000 x g and 
resuspension of the pellets in 10 mM triethanolamine-HCl buffer, pH 
7.4, containing 145 mM NaCI, followed by two identical centrif- 
ugation steps and resuspension in the above buffer. 

Adenylate Cyclase Assay. The standard reaction mixture for the 
determination of adenylate cyclase activity contained 0.1 mM 
[~-3ZP]ATP (0.3-0.8~Ci per tube, substantially freed from GTP 
contamination), 5 mM MgC12, 5 mM creatine phosphate, 0.4 mg/ml 
of creatine kinase (25 U/rag), 1 mM 3-isobutyl-l-methylxanthine, 
0.1 mM ethyleneglycol-bis-(l~-aminoethylether)N, N'tetraacetic acid 
(EGTA) and 50 mM triethanolamine-HCl, pH 7.4, in a final volume 
of 0.1 ml. The final concentration of NaC1, which was mainly added 
with the enzyme preparation, was about 70 raM. The/?-adrenergic 
blocking agent, pindolol (10 raM), was present under each condition 
in order to block the /3-adrenergic, stimulatory component of 
adrenaline (Jakobs et al., 1978b). The reactions were initiated by the 
addition ofplatelet lysate (about 100-150 ~tg of protein) or particles 
(about 20-50 pg of protein) to reaction mixtures that had been 

preincubated for 5 min at 37~ Reactions were for 10 rain or as 
indicated and were terminated by the addition of 0.5 ml of 0.12 M 
zinc acetate. Cyclic AMP formed was isolated by coprecipitation of 
related 5'-nucleotides with ZnCO3 and subsequent column chroma- 
tography on neutral alumina as previously described (Jakobs et al., 
1976). Under these conditions, cyclic AMP formation was linear as a 
function of time for at least 20 min. Standard deviations from 
triplicate reactions were generally less than 5 % of the means. Results 
comparable to those presented were obtained in at least three separate 
experiments in each case. 

For the studies of the effects of cholera toxin, the toxin was 
preincubated with 20raM dithiothreitol for 10min at 37~ and 
2mM NAD was included in the adenylate cyclase assay, which 
addition was absolutely necessary to show any effect of cholera toxin, 
as was also found by others (Gill, 1977). In order to overcome the 
initial lag phase of the cholera toxin-induced adenylate cyclase 
activation (see Fig. 1), cholera toxin and platelet particles were 
generally preincubated for 3 rain with the whole adenylate cyclase 
reaction mixture with the exception of the labelled ATP. 

Protein was determined as described by Lowry et al. (1951), using 
bovine serum albumin as standard. 

Results 

Treatment  o f  h u m a n  platelet particles with cholera 
toxin increased the basal adenylate cyclase activity up 
to 4-fold. After  a short  time-lag period o f  about  2 -  
3 min, cyclic A M P  accumulat ion was linear for up to 
40 min when assayed in the presence o f  the toxin 
(Fig. l). The toxin-induced activation was half- 
maximal at about  1 ~tg/ml, and maximal  activation 
occurred at about  1 0 - 3 0  ~Lg/ml (not  shown). In the 
presence o f  prostaglandin E 1 ( 0 . 0 1 - 1 0 g M ) ,  which 
increased platelet adenylate cyclase activity up to 10- 
fold, the effect o f  cholera toxin was not  more  than 
additive. Enzyme activated by sodium fluoride 
(10mM)  was not  affected by cholera toxin at con- 
centrations up to 30 lag/ml. In contrast ,  addit ion o f  
G T P  ( 0 . 1 - 1 0 0 ~ M ) ,  which had no effect on basal 
activity, increased the extent o f  toxin-induced acti- 
vat ion in platelet particles by about  2-fold (Fig. 2). The 
effect was halfmaximal at about  0 . 3 - 1  gM and 
maximal at about  30 ~M GTP.  The addit ion o f  G T P  
did not  change the time kinetics o f  the cholera toxin- 
induced adenylate cyclase activation (see Fig. 1). In the 
presence o f  cholera toxin, G T P  more  effectively acti- 
vated the enzyme than did its hydrolysis-resistant 
analogue, G M P - P ( N H ) P  (see Fig. 2). 

We have recently reported (Jakobs et al., 1978a) 
that  inhibition o f  platelet adenylate cyclase by the e- 
adrenergic componen t  o f  adrenaline becomes evident 
with increasing concentrat ions o f  GTP.  The effect o f  
G T P  was half-maximal at about  1 laM and maximal at 
about  30 ~M. This effect o f  G T P  occurred without  an 
apparent  lag phase. In the lysates and washed parti- 
culate preparat ions used, addit ion o f  G T P  did not  
substantially increase the basal activity and was ap- 
parently not  necessary to allow stimulation by pro- 
staglandin E 1. Since a s t imulatory effect of  G T P  was 


