
J. Membrane Biol. 43, 4 5 - 6 9  (1978) 

Kinetic Studies of Adenylyl Cyclase 
of Fat Cell Membranes 

I I .  C o m p a r i s o n  o f  A c t i v i t i e s  M e a s u r e d  in t he  P r e s e n c e  

o f  M n  + + - A M P - P ( N H ) P  a n d  M g  + + - A M P - P ( N H ) P  

Ef fec t s  o f  I n s u l i n ,  F l u o r i d e ,  I s o p r o t e r e n o l ,  a n d  G M P - P ( N H ) P  

H . N .  T o r r e s , *  M . M .  F l a w i f i , *  J . A .  M e d r a n o , * *  a n d  P. C u a t r e c a s a s * * *  

Department of Molecular Biology, The WeUcome Research Laboratories, Research Triangle 
Park, N.C. 27709 

Received 30 January 1978 

Summary. The kinetics of fat cell adenylyl cyclase were studied, with AMP-P(NH)P 
and Mn + + or Mg + + as the divalent cation. In general, the reaction times were not linear. 
In the presence of fluoride or GMP-P(NH)P, the time curves were concave upwards; 
in other cases (i.e., basal activity, insulin, or isoproterenol), transient rates tended to decrease 
with time during the assay. Kinetic data were analyzed according to a previously described 
procedure (Torres et al., 1978b) which isolates two kinetic components: initial and final. 

With AMP-P(NH)P, kinetic activities were about ten times lower than those for ATP. 
With Mn + +, activities were at least two-times higher than for Mg ++ 

Spontaneous inactivation of adenylyl cyclase was higher in assays containing Mg ++ 
than in those supplemented with Mn + +. In the latter case, insulin was able to increase 
the inactivation rate. Fluoride and isoproterenol both activated adenylyl cyclase in both 
the initial and final kinetic components; under most of the conditions explored, their 
effects on the final component appeared to be more dramatic. Assays with GMP-P(NH)P 
showed inhibited activity in the initial component and increased activity in the final one. 

When the results obtained with AMP-P(NH)P are compared with those of ATP (Torres 
etal. ,  1978b. J. Membrane Biol. 43"000), the following differences were found: (i) in 
the presence of insulin and Mn ++, cyclase inactivation was higher with AMP-P(NH)P 
than with ATP; (ii) fluoride stimulation of the final component was more marked with 
ATP than with AMP-P(NH)P; (iii) cyclase stimulation by isoproterenol was slightly higher 
with the nucleotide analog; and (iv) GMP-P(NH)P stimulation of the final component 
resulted in higher activity with ATP than with AMP-P(NH)P. 
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A detailed study of the kinetic behavior of the adenylyl cyclase activity 
in pure fat cell membrane preparations has been presented in the preced- 
ing papers (Tortes et aL, 1978a-b). One of the most important conclu- 
sions of this work is that adenylyl cyclase interconverts between active 

and inactive forms under enzyme assay conditions. The resultant conver- 
sions were slow enough to influence the shape of time courses. That 
is, in the absence of modifiers or in the presence of insulin, the activity 
rate tended to decrease with time; on the other hand, in the presence 
of isoproterenol, fluoride or GMP-P(NH)P, the activity rate increased 
with time. 

Of the several factors that could affect such interconversions of active- 
inactive adenylyl cyclase forms, ATP and divalent cations are the two 
most important. Several studies point to the fact that ATP-dependent 
enzyme phosphorylation and its counterpart reaction, a divalent cation- 
modulated dephosphorylation, participate in the regulatory schemes of 

several enzymes. For example, this regulatory mechanism has been pro- 
posed for peritoneal granulocytes as well as platelet systems (Constanto- 

poulos & Najjar, 1973; Najjar & Constantopoulos, 1973). Helmreich 
et al. (1976) concluded in a recent study that an ATP-dependent phospho- 
rylation reaction was not involved in fluoride-stimulated rabbit myocar- 

dial cyclase. In addition, from the meticulous studies done by Birnbaumer 
et al. on the gonadotrophin-stimulated ovarian systems (Birnbaumer 
etal . ,  1976; Hunzicker-Dunn & Birnbaumer, 1976a-c), it appears that 
an ATP-dependent phosphorylation is involved in a reaction leading to 
desensitization ofadenylylcyclase activity to lutenizing hormone (Bockaert, 

Hunzicker-Dunn & Birnbaumer, 1976). 
Whatever the implications of putative covalent modifications of mem- 

brane-associated proteins on the control of adenylyl cyclase, it is evident 
that at least fluoride induces a permanent modification of this enzyme. 
As shown first by Perkins and Moore in rat brain membranes (Perkins 
& Moore, 1971), and more recently by Manganiello & Vaughan (1976) 
in membranes from fat cells, the anion induces a permanent activation 

of adenylyl cyclase. 
Since the discovery that the nucleotide AMP-P(NH)P can serve as 

a substrate for adenylyl cyclase (RodbeU et al., 1971), it has been used 
in incubation mixtures not supplemented with an ATP-generating system 
(Birnbaumer & Yang, 1974; Rodbell, Lin & Salomon, 1974; Salomon 
et al., 1975). Its use has been based on its ability to resist the action 
of mammalian phosphohydrolase activities at the level of the /3, 7-pyro- 
phosphate bond (Rodbell et al., 1971 ; Yount, Ojala & Babcock, 1971 b). 
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However, the stability of AMP-P(NH)P in incubation mixtures for adeny- 
'lyl cyclase has been questioned, since its ~-fi-pyrophosphate bond might 
be susceptible to cleavage by hydrolases (Johnson, 1977). 

Another interesting property of this compound is its inability to serve 
as phosphate donor in protein phosphorylation reactions (Bockaert et al., 
1976; Yount etal. ,  1971a). The use of AMP-P(NH)P instead of ATP 
as substrate for adenylyl cyclase could be an excellent tool to determine 
whether or not ATP is playing some role in the interconversions between 
active and inactive adenylyl cyclase forms. The purpose of this work 
is to discover precisely the important differences between these two states 
as they relate to the kinetic behavior of adenylyl cyclase. Using the 
same approach as in our preceding paper (Torres etal. ,  1978b), we 
evaluated changes of transient kinetic components of the fat cell adenylyl 
cyclase system using AMP-P(NH)P under varying conditions. The magni- 
tude of AMP-P(NH)P-related changes compared with those found in 
ATP-containing assays (Torres et al., 1978 a-b) could indicate, in princi- 
ple, that a phosphate donor may produce relatively slow control reac- 
tions. 

Materials and Methods 

Unless otherwise indicated, details of experimental conditions are given in the preceding 
papers (Torres et al., 1978a-b). Studies were done on a fat cell membrane preparation 
purified by centrifugation on sucrose gradients. 

Standard components of adenylyl cyclase assay mixture were: 50 mM Tris-HC1 buffer, 
pH 7.4; 0.2 mM 3-isobutyl-l-methyl xanthine; 1 mM cyclic AMP; 0.1 mg per ml albumin 
and membranes (10 to 20~tg of total protein). Concentrations of 32P-~-labeled AMP- 
P(NH)P (about 1 x 10 7 cpm per assay), divalent cation (Mn + + or Mg + +) and other addi- 
tions are as indicated in the legend of each figure. 

Incubations were done at 37 ~ for 1.5, 3 and 5 min. The total volume of each sample 
was 0.1 ml. Reactions were stopped by the addition of 0.1 ml of a solution containing 
40 mM ATP, 12.5 raM[all]cAMP (sp act about 3000 cpm per gmole) and 1% sodium dodecyl- 
sulfate. The boiling step was omitted. 

Concentrations of free Mn + +, free Mg § +, HAMP-P(NH)P 3- and AMP-P(NH)P 4 
as well as the corresponding MeHAMP-P(NH)P 1- and MeAMP-P(NH)P 2- complexed 
species, were calculated as previously indicated (Torres et al., 1978 a-b).  The values assigned 
to the association constants were as follows: 

[MeHAMP - P(HN) P*-]  
K I - [ H A M P - P ( N H ) p 3  ] [free Me ++] (Klean)=0.2 mM- 1 ; K l ~ ) = 0 . 2  mM 1) 

(Khan & Martell, 1966) 

[ M e A M P -  P(NH) p2 - ]  
= K20ag ) K 2 -  [ATP 4-]  [free Me ++] (K2~an) 85mM-1; =38 '2m~-1)  

(Yount et al., 1971) 
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[HAMP- P(NH) p3-] 
g3-- 4 [AMP- P(NH) P -] [H +] 

-50118 raM- ~ (Khan & Martell, 1966) 

[H+]=3.9811x10 5raM. 

Since a value for K t was not available in the literature, it was assumed to have a 
value similar to the one reported for ATP (Khan & Martell, 1966). 

Analysis of transient kinetic components (initial rates and final rates) was done as 
previously described (Torres et al., 1978b). 

Results 

The kinetic behavior of the adenylyl cyclase-catalyzed reaction was 

studied under three conditions. First, the total concentration of divalent 

cation (Mg ++ or Mn ++) was fixed, and A M P - P ( N H ) P  was varied; 

next, the concentration of A M P - P ( N H ) P  was fixed, and the divalent 

cation was varied. Third, the effect of different modifiers (insulin, iso- 

proterenol, fluoride, and GMP-P(NH)P)  was studied. Time courses of  

the cyclase reaction corresponding to the three studies are shown in 

Figs. 1 to 4. As occurs with ATP (Torres etal . ,  1978b), time courses 

were generally not linear. In some cases (fluoride or G M P - P ( N H ) P -  

modified), the curves were concave upwards;  but  in other cases (basal 
activity, insulin, or isoproterenol), transient rates tended to decrease 

with the assay time. Analysis of kinetic data was done in accordance 

to criteria used in studies performed with ATP as substrate (Torres 
et al., 1978b); that is, two kinetic components,  initial and final, were 

defined. 
Independent of the conditions selected for the assays, specific activities 

of adenylyl cyclase measured with A M P - P ( N H ) P  resulted in much lower 

values than those observed with ATP (see Figs. 1 to 4 in Torres et al., 
1978b). Under  optimal conditions (0.1 m~ A M P - P ( N H ) P ;  2 mM Mn + +, 
and 2.5 mM F- ) ,  the specific activity of the initial component  was 

36 pmoles/min per mg protein, In the case of assays done with ATP 
under conditions similar but not  identical, specific activities were at 
least 10-fold higher. A similar observation was reported for the beef 
renal medullary system studied by Birmbaumer and Yang (1974). A 
practical consequence of these facts is that it is very difficult to determine 
cyclase activities for short incubation periods with A M P - P ( N H ) P  concen- 
trations higher than 0.1 ms .  (sp act lower than 1000 cpm per pmole). 
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Figs. 14. Time courses of adenylyl cyclase reaction catalyzed by pure fat cell membranes. 
In each set of curves, increasing enzyme activities correspond to increasing concentrations 
of total AMP-P(NH)P or divalent cation in the assay mixtures. Concentration of the 
different additions in these mixtures was 1000 gU insulin per ml, 2.5 mM fluoride, 10-s M 
isoproterenol, and 10- s M GMP-P(NH)P. AMP-P(NH)P and divalent cation concentrations 

are indicated in each figure 

Influence of Variable Concentrations of A MP-P (NH) P 

Basal activity. Figure  5 shows the re la t ionsh ip  be tween  initial  and  

f inal  act ivi ty  ra tes  us ing va ry ing  A M P - P ( N H ) P  c o n c e n t r a t i o n  levels and  

a fixed d iva lent  ca t ion  concen t r a t i on .  Several  facts  were  evident .  First ,  

act ivi t ies m e a s u r e d  wi th  M n  ++ were  two to three  t imes h igher  t han  

those  m e a s u r e d  with  M g  + +. Second,  in all cases initial ra tes  were  h igher  

t han  f inal  ra tes ;  such dif ferences  were  h igher  wi th  M g  ++ t h a n  with 

M n  + +. Third ,  i nac t iva t ion  t ended  to increase  wi th  A M P - P ( N H ) P  concen-  

t ra t ion ,  pa r t i cu la r ly  in the case of  M g  + + 



50 H.N. Torres, M.M. Flawi/t, J.A. Medrano, and P. Cuatrecasas 

20 

f5 

fO 

.E 

o 5 f,..,. 
Q 

E 0 

C~ 

6 

I I I 

NO ADD/TION5 

v I  I I 

A ~ _ I ~ ,  
f.5 3 

I I I ~ I I 

INS UL IN ISOPRO TERENOL 

/ / . /  

. 

5 0 t5 3 5 0 f.5 3 5 

N I N U T E S  

Fig. 2 

Insulin. Figures 6 and 7 show the behavior of  the cyclase system 

in the presence of  insulin. The hormone decreased the final activity 

rates. With Mn § +, the inactivation was strongly affected by the concen- 

tration of AMP-P(NH)P .  This result suggests that the transition from 
active to inactive cyclase forms operates at the level of  substrate-enzyme 

complexes. This explanation seems to be the more probable since changes 

in the concentration of free Mn ++ were negligible compared with those 
corresponding to [ M n A M P - P ( N H ) P  2-] in the whole interval of AMP-  

P(NH)P  concentrations (see Table 1). 
In the case of Mg +§ (Fig. 7), a 60% inactivation of  the final com- 

ponent was observed only at the lowest A M P - P ( N H ) P  concentration 

tested. As shown in Fig. 5, this same concentration was the one which 

led to the lowest inactivation in the absence of insulin. 
When the results obtained with A M P - P ( N H ) P  are compared with 

those described for ATP, cyclase inactivation appeared to be much more 
efficient with the former nucleotide than with the latter. 

Fluoride. Fluoride stimulation of cyclase observed with A M P - P ( N H ) P  
(Figs. 8 and 9) resulted in relatively modest  changes when compared 
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Fig. 5. Basal adenylyl cyclase activity measured in the presence of total 1 mM Mn ++ or 
Mg + +, as a function of total AMP-P(NH)P concentration, e ,  initial rates; o, final rates; 
�9 ratio between initial and final rates (Vi /VJ) .  Other conditions are the same as in Figs. 1M 

with those for ATP (Torres et al., 1978 b). Maximal stimulations observed 

with Mg ++ or Mn ++ were in the order of onefold at the level of 
the final component. Under most conditions, Vi /Vf  ratios were equal 
to or higher than one, indicating that in the presence of AMP-P(NH)P, 
cyclase inactivation was operative in assays supplemented with fluoride. 
On the other hand, the concentration of AMP-P(NH)P influenced the 

extent of the activation mainly in the initial component. 

tsoproterenot. In the presence of Mn + +, stimulation by isoproterenol 
was evident only in the final component at the highest concentration 
of AMP-P(NH)P (Fig. 10). With Mg + +, activation of the final com- 
ponent was also most preponderant at the highest concentration of the 
analog. Effects on initial rates were less dramatic. A dependency on 
substrate concentration (Fig. 11) for the stimulation of the final component 
has already been shown with ATP (Torres et al., 1978a-b). 

G M P - P ( N H ) P .  Figures 12 and 13 show the inhibition of the initial 
component, particularly in assays containing Mg ++. When these 
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Figs. 6 13. Effect of different modifiers (insulin, fluoride, isoproterenol, and GMP-P(NH)P 
on adenylyl cyclase activity measured at constant total divalent cation concentration 
(1 mM Mn ++ or Mg ++) and varying AMP-P(NH)P concentrations, o, initial rates; o, 
final rates; A, difference between initial rates shown in each figure and those corresponding 
to basal activities (Fig. 5): Vi(modif ier )  - -  g i ( b a s a l ) ;  %, difference between final rates shown in 
each figure and those corresponding to basal activities (Fig. 5) : g f{mod i f i e r  ) - -  g f b a s a l  ). Condi- 

tions are the same as indicated in Figs. 1-5 

resul ts  are c o m p a r e d  wi th  those  for  A T P ,  it a p p e a r s  tha t  the A M P -  

P ( N H ) P  r ecove ry  t o o k  m o r e  time. In  any  case, the effects o f  A M P -  

P ( N H ) P  a p p e a r e d  to have  little d e p e n d e n c e  on the c o n c e n t r a t i o n  o f  

this ana log .  

Influence of Variable Concentrations of Divalent Cation 

Basal activity. Figure  14 shows plots  o f  initial  and  final act ivi ty  ra tes  

as a func t ion  of  to ta l  M n  § § or  M g  +§ concen t r a t i on .  In  this case, to ta l  

c o n c e n t r a t i o n  of  A M P - P ( N H ) P  was fixed at  0.1 mM. In  the presence  

of  M n  --+, the e n z y m e  sys tem showed  a clear  inac t iva t ion  at the lowest  

d iva len t  ca t ion  concen t r a t ions .  With  M g  + +, the inac t iva t ion  increased  
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Table 1. Kinetic parameters of adenylyl cyclase reaction catalyzed by fat cell pure mere- 

Ligand Condition Kmapp Vmxi  Total ligand 
(mM) (pmoles/ (mM) 

min/mg 
(prot) Constant Variable 

Free Mn § § Basal 0.166 24.4 
Insulin 0.166 24.4 
Isoproterenol 0.029 23.8 
Fluoride 0.215 37.0 

Free Mg § § Basal 2.500 23.2 
Insulin 2.500 23.2 
Isoproterenol 0.830 21.4 
Fluoride 2.500 38.5 

MnAMP-P(NH)P 2- Basal 0.007 14.5 
Insulin 0.007 16.7 
Isoproterenol 0.014 20.8 
Fluoride 0.014 26.3 

MgAMP-P(NH)P 2- Basal 0.012 7.5 
Insulin 0.009 7.5 
Isoproterenol 0.024 10.0 
Fluoride 0.013 10.0 

AMP-P(NH)P : Mn++:  
0.10 0.1 to 2.0 

AMP-P(NH)P : Mg++:  
0.10 0.2 to 2.0 

Mn + + : 1.0 AMP-P(NH)P:  
0.0046 to 
0.1046 

Mg + + : 1.0 AMP-P(NH)P:  
0.0046 to 
0.1046 

a Initial velocities were plotted as a function of free Me ++ or MeAMP-P(NH)P 2-. 
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branes,  and concent ra t ion  o f  Me ++ and A M P - P ( N H ) P  species in the assay mixtures"  

Concen t ra t ion  range of  A M P - P ( N H ) P  or  Me + + species in the interval 

of  variable l igand (raM) 

Free Me + + M e H A M P - P ( N H ) P  1 H A M P - P ( N H ) P  3- M e A M P - P ( N H ) P  2- A M P - P ( N H ) P  4-  

4 . 4 2 x 1 0  2 2 . 6 1 x 1 0  - 4  

to to 

1.90• 10 - z  4 .59x  10 -4  

0.14 x 10 -2 6.59 x 10 4 

to to 
1 .90x10  2 9 . 9 3 x 1 0  -4  

0.99 x 10- 2 2.08 x 10- 5 

to to 

0 .90x  10 z 4 .70x  10 -4  

0.99 x 10- 2 4.41 x 10- s 

to to 

0.90 x 10 -2  9 .96x  10 -4  

2 .95x  10 -2  5 .55x 10 .2  1.48x 10 -2  

to to to 
1 .21x10  3 9 . 7 7 x 1 0 - 2  6 . 0 4 x 1 0  4 

2 .42x  10 ~ 6.31 x 10 -2  1.21 x 10 -1  

to to to 
2.61 x 10 -3 9.51 x 10 - z  1.31 x 10 -3 

1.04 • 10 .4  4.42 x 10 -3 5.23 x 10 s 

to to to 

2 .61•  10 .3  1.00x 10 -~ 1.31 x 10 3 

2 . 2 1 x 1 0  4 4 . 2 2 x 1 0  .3  1 .11x10  - 4  

to to to 

5 . 5 t x 1 0  3 9 . 5 3 x 1 0 - z  2 . 7 6 x 1 0  3 

Other  condi t ions  were given under  Materials and Methods and  in Fig. 23. 
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with increasing concentrations of  the cation. Interpretation of these re- 
sults is difficult. In most of  the divalent cation concentrations tested 

it was evident that cyclase inactivation operated more efficiently with 

Mg § than with Mn + +. However,  when the results are compared with 

those previously described (Torres et  al., 1978b), it appears that AMP-  
P (NH)P  decreases the ability of Mn +§ to maintain the activity of the 

cyclase system as compared with ATP. 

Insulin.  In the presence of insulin, increasing concentrations of Mn +~ 

led to an increased degree of  cyclase inactivation (Fig. 15). The hormone 

did not modify initial velocities. In terms of the concentration range 
of Mn § + leading to cyclase inactivation, the effect of insulin was observed 
under conditions that in the absence of  hormone did not produce p e r  se 

a high inactivation of  adenylyl cyclase. 
On the other hand, when the results are compared with those obtained 

using ATP, it is clear that the extent of cyclase inactivation observed 
with A M P - P ( N H ) P  is higher than that elicited by ATP. 

In the case of assays performed in the presence of Mg ++, insulin 

did not increase the inactivation of  the cyclase system (Fig. 16). On the 
contrary, the hormone tended to increase both initial and final rates. 
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Fig. 14. Basal adenylyl cyclase activity measured as a function of total divalent cation 
concentration in the presence of 0.1 m~ AMP-P(NH)P. Symbols and conditions are the 

same as those as indicated in Figs. 1-5 

5~ 

Fluoride. Activations observed in the presence of fluoride were more 

evident at the level of final velocities (Figs. 17 and 18). With Mn ++ 

the effect tended to decrease with increasing concentrations of the divalent 

cation; however, an increase was noted in the extent of the activation 
with increasing concentrations of Mg § +. On the other hand, under opti- 

mal conditions the relative magnitude of activation was equivalent with 
both divalent cations (three- to fourfold). 

When the results are compared with those obtained in the absence 

of fluoride, it is evident that activations might be a simple consequence 

of the reversion of  cyclase inactivation observed under basal conditions. 

In addition, activation observed in the presence of the analog were smaller 
than those found with ATP (Torres et aI., 1978b). Cyclase forms with 
the same level of activity in assays performed with Mn §247 or Mg §247 

were not generated in the presence of the AMP-P(NH)P,  

Isoproterenol. Varying Mn + § kinetic behavior observed in the pres- 

ence of isoproterenol (Fig. 19) resembled that found for fluoride (Fig. 17). 
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Figs. 15-22. Effect of different modifiers on adenylyl cyclase activity measured at constant 
total AMP-P(NH)P concentration (0.1 mM) and varying the total divalent cation concentra- 

tion. Symbols and conditions are the same as indicated in Figs. 6-13 

That is, activations became negligible at the highest divalent cation 
concentration tested. However, activation of the final component  was 

higher than that found at the initial level. 
With Mg + +, activations were also preponderant  at the level of final 

component  (Fig. 20); but in this case they were evident in the whole 

range of divalent cation concentration. 
Under  optimal conditions, activation with both divalent cations was 

equivalent (about three-fold). Comparison of these results with those 
found with ATP indicates that in both cases activation decreased with 

increasing concentration of divalent cation. 

GMP-P(NH)P. In the presence of Mn + +, inhibition of the initial 
kinetic component  was only slightly reverted by increasing concentrations 
of divalent cation (Fig. 21). Under the same condition, activation of 

final velocities was relatively small. 
With Mg § (Fig. 22), no inhibition by GMP-P(NH)P is evident at 

a divalent cation concentration level equivalent to that of AMP-P(NH)P.  
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At higher concentrations, the inhibition increased to reach a plateau 

of about  80% inhibition. 
According to the results previously shown for ATP (Torres et al., 

1978b), under some conditions it was possible to demonstrate a substrate 

dependency for the inhibition elicited by GMP-P(NH)P .  At the lowest 

Mg ++ concentration tested, less than half of the total A M P - P ( N H ) P  
was used in forming the substrate complex M g - A M P - P ( N H ) P  2- 
(4.2 x 10 .2  mM). Such a value is well below the expected K= for such 

a complex (Table 1). Thus, it is possible that the behavior of the initial 
component  as a function of Mg § might reflect such a dependency. 

When the results are compared with those found for ATP, the activa- 

tion observed in the final component  with A M P - P ( N H ) P  was less 

marked. 

Kinetic Parameters 

The influence of divalent cations or of substrate concentration on 
initial rates is shown in Fig. 23 and Table 1. For reasons previously 
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Fig. 23. Reciprocal plots of adenylyl cyclase initial rates measured against varying total 
divalent cations or total AMP-P(NH)P. Results were plotted as a function of reciprocal 
concentrations of free divalent cation and [MeAMP-P(NH)P] z-, respectively, o, no addi- 
tions (basal activity); �9 insulin; �9 isoproterenol; [] fluoride. Other conditions are the 

same as indicated in Table 1 

d i scussed  (To r r e s  et al., 1978b),  in m o s t  cases  the  ex ten t  o f  the  effects  

el ici ted by  d i f fe ren t  m o d i f i e r s  was  u n d e r e s t i m a t e d .  

A l t h o u g h  the  d a t a  p r e s e n t e d  are  n o t  r ead i ly  a m e n a b l e  to  a de t a i l ed  

analys is ,  s o m e  fac ts  are e v i d e n t :  (i) in s o m e  cases  n o n l i n e a r  L i n e w e a v e r -  

B u r k  p lo t s  were  o b t a i n e d  w h i c h  c o u l d  ind ica te  t h a t  r e a c t i o n  ra tes  were  
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the expression of more than one enzyme form; (ii) fat cell adenylyl 
cyclase assayed with AMP-P(NH)P  showed much less affinity for free 
Mg +§ than for M n + + ;  (iii) isoproterenol elicited a marked increase 
in the affinity for the divalent cation (free Mg +§ or Mn + +), indicating 
that changes induced by the catecholamine analog were faster than those 
of other modifiers studied (i.e., insulin and fluoride); (iv) insulin did 
not affect any initial rates; (v) surprisingly, at saturating concentrations, 
free Mg § and Mn § gave similar initial velocities; (vi) apparent affin- 
ities for Mn AMP-P(NH)P  2- and Mg AMP-P(NH)P  z- were nearly equi- 

valent. 
Kinetic data obtained with AMP-P(NH)P  differed from those found 

with ATP in the following respects: (i) with the analog, maximum veloc- 
ities were one order of magnitude lower than those of ATP ; (ii) apparent 
affinities for AMP-P(NH)P  metal complexes (Mn ++ or Mg ++) were 
higher than with ATP, particularly in the case of [Mn-AMP-P(NH)P] 2- ; 
and (iii) affinities for free Mn § were higher with AMP-P(NH)P  than 
with ATP, and the opposite effect was found with Mg + § 

Discussion 

One of the clearest kinetic differences between ATP and AMP- 
P(NH)P as substrates for fat cell adenylyl cyclase is in the initial maximal 
rates. Since apparent affinities for metal-nucleotide complexes were high- 

er for AMP-P(NH)P than for ATP, it is possible that the nature of 
the bridge between 13- and 7-phosphate might influence the rate of the 
cyclase reaction in the formation of the substrate-enzyme complex. Con- 

sidering the different alternatives for the regulation of the adenylyl cyclase 
system, analysis of  the reaction itself should precede Other considerations. 

Although knowledge on this point is scarce, it may be accepted that 
the enzyme reaction cycle involves at least three steps, including forma- 
tion of the substrate-enzyme complex and the sequential liberation of 
the two reaction products (cyclic A M P  and pyrophosphate or imidodi- 
phosphate). Each of these steps could be a limiting step when AMP-  
P(NH)P is used as a substrate for adenylyl cyclase. 

Figure 24 summarizes the behavior of the cyclase system in terms 
of the transient changes of reaction rates that operate with ATP or 
AMP-P(NH)P.  The following facts are of interest: (i) cyclase inactivation 
in the presence of Mg § § is not affected by the type of nucleoside triphos- 
phate. In t he  presence of insulin and Mn + +, however, the conversion 
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Fig. 24. Transient changes of reaction rates of adenylyl cyclase measured with ATP or 
AMP-P(NH)P. Each arrow represents the transition between initial and final rates (left 
and right extremes, respectively). Conditions correspond to assays containing 0.5 mM ATP 
and 1.5 mM divalent cation or 0.1 mM AMP-P(NH)P and 1 mM divalent cation. Full arrows, 
Mn ++-containing assays; broken arrows, Mg + +-containing assays. B, basal activity; Ins, 
insulin; F, fluoride; Iso, isoproterenol; and G, GMP-P(NH)P. Other conditions were as 

given in Figs. 5-22 in this paper and in the preceding one (Torres et al., 1978b) 

was higher  with A M P - P ( N H ) P ;  (ii) at the level o f  the initial kinetic 

c o m p o n e n t ,  f luor ide  was no t  affected by the type of  nucleoside  t r iphos-  

phate .  On the o ther  hand,  s t imula t ion  of  the final c o m p o n e n t  was more  

evident  with ATP .  The  extent  of  i sopro te reno l  s t imula t ion  was slightly 

higher  with A M P - P ( N H ) P ;  and (iv) inhib i t ion  of  the initial kinetic com-  

p o n e n t  by G M P - P ( N H ) P  was rough ly  the same with bo th  substrates.  

S t imula t ion  of  the final  c o m p o n e n t ,  however ,  was higher  with A T P  than  

with A M P - P ( N H ) P .  

Da t a  presented  in this and the preceding papers  (Torres  e t  a l . ,  1978a -  

b) cou ld  be amenab le  to more  r igorous  analysis, but  no t  until  a be t te r  
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s tudy is m a d e  of  the kinet ic  b e h a v i o r  of  a basic  cyclase system. In 

theory ,  the r e sponse  o f  such a sys tem to a var ie ty  o f  modi f i e r s  ( i sopro te re -  

nol, f luor ide,  G M P - P ( N H ) P ,  insulin, etc.) should  a p p r o a c h  the one de- 

scr ibed for  the initial kinet ic  c o m p o n e n t .  T h a t  is, in this sys t em m o s t  

o f  the t i m e - d e p e n d e n t  changes  in act ivi ty  should  be min imal .  Unt i l  f u r the r  

chemica l  cha rac t e r i za t i on  of  the cyclase sys tem occurs ,  i n t e rp re t a t ions  

of  kinet ic  b e h a v i o r  will be of  l imi ted  value.  
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