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Summary 

Theoretical considerations concerning the effect  of guanyl nucleotides on 
hormone<lependent  adenylate cyclases show that  the phenomena observed can 
be accounted for by postulating only one type  of  guanyl nucleotide regulatory 
site. The binding of  GTP or of its non-hydrolizable analogues to the guanyl 
nucleotide regulatory site induces cyclase activation and may induce a decrease 
in agonist affinity towards the receptor.  From basic principles it is shown that 
the potency ratio of  guanyl nucleotides in inducing the decreased agonist 
affinity does not  necessarily reflect their order of  affinities to the GTP regula- 
tory  site. 

Introduction 

GTP is now recognized as an essential regulatory ligand for the activation of 
adenylate cyclase by  hormones and neutrotransmitters [1--4].  In all cases 
investigated (for recent reviews, see Refs. 3 and 4) it is also established that 
when non-hydrolizable GTP analogues such as GppNHp,  GTPTS and GppCH2p 
are used instead of  GTP the adenylate cyclase is activated to a permanently 
active state. This finding led to the hypothesis  [4,5] and to the discovery [5] 
that  GTP is hydrolyzed at the guanyl nucleotide regulatory site concomitant ly  
with the deactivation of the enzyme. Thus, reactivation of  the enzyme to a 
cyclic AMP-producing state requires the binding of  a new molecule of  GTP to 
the regulatory site, a step which requires the presence of  the agonist on the 
receptor.  Thus it is clear that  if a non-hydrolyzable GTP analogue occupies the 
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regulatory site, the enzyme remains permanently active. Furthermore, cholera 
toxin which is known to activate adenylate cyclase in the presence of NAD ÷ 
[6,7] has been shown to inhibit the GTPase [8] step due to ADP ribosylation 
[9] of  the guanyl nucleotide regulatory subunit. This subunit has been sepa- 
rated from the cyclase [10] and was shown to induce the activation of the 
enzyme in the presence of GppNHp. 

In summary,  the receptor-dependent adenylate cyclase is composed of three 
basic units: the receptor, the GTP regulatory unit  and the catalytic moiety 
which is responsible for the conversion of  ATP to cyclic AMP. It appears that  
the simultaneous occupancy of the receptor by the agonist and the GTP 
regulatory site by GTP is required to induce the activation of  the cyclase from 
its inactive state to its activated form. There are, however, some observations 
on hormones and neurotransmitter-dependent adenylate cyclases which have 
not  yet  been accounted for by the general model outlined above: 

(a) Several reports have shown that  in many systems GTP induces the 
decrease in the affinity of the receptor towards the hormone [11--14]. Inter- 
estingly, in cases where an antagonist [13,14] is available it was shown that  
GTP does not  induce any change in the affinity of the receptor towards the 
antagonists. 

(b) Rodbell and his associates have suggested [15,16] that  there are two 
types of  guanyl nucleotide regulatory sites, one linked to the receptor, N~, and 
one linked to the enzyme, N2. The authors have also suggested that  the nucleo- 
tide specificity of  the two sites is different. 

The purpose of this communicat ion is to suggest: (a) a simple explanation 
for the GTP-induced decrease in agonist affinity without  a change in antagonist 
affinity, and (b) explain why one type of guanyl nucleotide regulatory site is 
in fact sufficient to explain both the GTP effect on cyclase and the GTP effect 
on the receptor. 

T h e o r y  a n d  D i s c u s s i o n  

(a) GTP-induced decrease in receptor affinity towards agonists 
For simplicity we shall assume that  the receptor cyclase system binds the 

hormone and the antagonist in a non-cooperative (Michaelian) fashion. This is 
true in most cases. Let us assume that  the receptor cyclase complex binds GTP 
and hormone as follows: 

GTP 
' • E' R • E R • E • GTP ~ R w • GTP (1) 

HjIK T K G, GTP HjIK T HIIK R 

H..R.E.  H . R - E . G T P  H . R ' . E ' . G T P  

where R is the inactive conformation of the receptor, E the inactive cyclase, R' 
a new conformational  isomer of  the receptor stabilized by the bound GTP 
and E' the activated state of  the e n z y m e .  K T and KR are the hormone-receptor 
dissociation constants characterizing ligand binding to the inactive complex and 
to the activated complex, respectively. L is the equilibrium constant character- 
izing the transition between the two states. K6 is the dissociation constant of 
the guanyl nucleotide to its regulatory site. The scheme shown in Eqn. 1 is in 
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fact the simple two state model  of  Monod-Wyman-Changeux [17] for a case 
with no cooperativity.  Let us consider, for simplicity, the equation which 
describes hormone binding in the presence of  saturating GTP. 

If we define 

KT (2) 
C - - - -  

KR 

and 
[ R .  E .  GTP] (3) 

L - -  [ R ' . E ' . G T P ]  

As in the original derivation of  Monod et ah [17] one can derive quite easily 
the equation describing hormone binding to the receptor, in terms of  the 
parameters defined. 

The measured hormone-receptor  dissociation constant  is given by 

[Recep to r ] f r e  e [HI (4) 
Kdiss = [Receptor ]boun d 

but  since, in the presence of  saturating GTP 

[Recep tor ] f ree  = [R " E • GTP] + [ R ' '  E ' '  GTP] (5) 

and 

[Receptor ]bound = [H • R • E • GTP] + [H • R '  • E'  • GTP] (6) 

we can write, using Eqns. 2 and 3: 

I + L  
Kdiss - c + L ' KT (7) 

From Eqn. 7 it is clear that  when c < 1, Kdiss > KT, namely when R' binds H 
with less affinity than R, the observed hormone-receptor  dissociation :constant 
in the presence of  GTP is higher than in its absence. It is therefore clear:that 
within the frame of the simple non-exclusive concerted model  [17] one can 
account  for the GTP-induced decreased receptor  affinity towards the hormone 
wi thout  assuming an additional type  of  GTP binding site [15,16] .  If an antago- 
nist-binds to R and R' with the same affinity (c = 1) no change is expected in 
the affinity of  the receptor  towards the latter when GTP is added to the 
system. Such a situation is predicted by  the simple concerted model  and is well 
recognized in regulatory systems where it is of ten found  that certain ligands 
bind with different affinities to the R and T states  whereas others bind with 
equal affinity. 

The conversion of  1% to 1%' and E to  E' do not  have to occur simultaneously 
as depicted in Eqn. 1. One can therefore consider a more general scheme and 
write: 

L I ~ R  • E'  • GTP L2 
GT___PP GTP~.~ , ~ ' 

R' E ~ R" E" L~R • E" GTP~L R' E°" GTP (8) 

where the isomerization of E to E' is characterized by LI (LI = [E]/[E']) and 
that of R to R' by L: (L2 = [R]/[R']). The intrinsic affinity of GTP or its 
analogues to the cyclase system is governed by K~ and the values of LI and L2. 
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The extent  of  enzyme activation by GTP or its analogues depends on the value 
of  L1. The fraction of  the receptor  in its low-affinity form, R', depends on L2 
and thus the extent  of  nucleotide-induced hormone release depends strongly 
on L2. Namely,  the nucleotide may bind with high affinity to its regulatory site 
and induce very little hormone release if L2 is very high. Similarly, if LI is very 
low the nucleotide will be found very effective in inducing enzyme activation. 
There is no a priori reason to assume that L1 and L2 must depend in an identi- 
cal fashion on the chemistry of the guanyl nucleotide. Thus a guanyl nucleotide 
which induces enzyme activation is not  necessarily an efficient effector of  the 
receptor  and vice versa. In extreme cases the nucleotide may induce only one 
of  the effects. Thus for example, guanyl nucleotides induce the activation of 
turkey ery throcyte  fi-adrenergic receptor-dependent  adenylate cyclase with a 
small effect  on the affinity of  the receptor  towards fLagonists in some cases 
{Lefkowitz, R.J., personal communicat ion and Harmatz, D. and Levitzki, A., 
unpublished data) and no effect  in others [18].  Similarly it is in principle pos- 
sible that  certain guanyl nucleotides will affect  the R to R' transition wi thout  
inducing the E to E' transition. 

(b) The linkage between the GTP site, the cyclase and the receptor 
The simple schemes described in Eqns. 1 and 8 show how the binding of 

GTP to its regulatory subunit  could affect both  the cyclase and the receptor. 
The effect of  GTP binding on the cyclase is manifested by the activation of  the 
latter and the effect on the receptor  is reflected in its diminished affinity 
towards the agonist as shown above. Indeed, recently Limbird et al. [19] have 
shown that in the presence of  Mn 2. the affinity of  pigeon erythrocyte  fl-recep- 
tor  towards ~-agonists is reduced in the presence of GppNHp whereas the latter 
is no more capable of  activating the cyclase moiety.  They suggest that  Mn 2÷ un- 
couples the enzyme from the receptor  but  not  the guanyl nucleotide binding 
protein from the receptor.  

Different GTP analogues are expected to yield different quantitative rela- 
tionships between the measured dissociation constant  Kdiss and gw since L is 
likely to depend on the nature of  the nucleotide bound to the cyclase system. 

Therefore, if one examines the decrease in receptor  affinity towards the 
hormone H as a function of  nucleotide concentrat ion one expects a certain 
potency  ratio where the more efficient nucleotide will be the one for which L 
is smaller. Thus following the release of  H as a function of  nucleotide concen- 
tration will yield a dose-response curve which can be characterized by an 
apparent affinity of  the nucleotide to its site. The extent  of  hormone release 
is a function of  both the intrinsic affinity of  the guanyl nucleotide to its regula- 
tory  site and of  L2 (Eqn. 8) which determines the fraction of  the low-affinity 
form of the receptor  induced by the nucleotide. 

On the other  hand, when one follows the formation of  the activated state of  
the adenylate cyclase (E'), namely the activity of  the enzyme as a function of  
the nucleotide concentration,  the apparent affinity of  the cyclase system 
towards the nucleotide is determined by the intrinsic affinity of  the latter to 
the guanyl nucleotide regulatory unit, and by L1. 

(c) High and low-affinity GTP sites 
The guanyl nucleotide-induced shift in the affinity of  ~-receptors towards 
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~-agonists is found only when the guanyl nucleot ide  is continuously present 
during the binding experiment.  Therefore when membranes are pretreated 
with GppNHp and ~-agonist to induce permanent  cyclase activation and then 
the excess free nucleotide is removed, the enzyme remains in its highly active 
form whereas the /3-receptor does not  reveal the typical low affinity towards 
~-agonists in spite of the tightly bound GppNHp [20--22]. This observation is 
usually taken to mean that the GppNHp site involved in cyclase activation is 
different  from the receptor-linked guanyl nucleotide site. It must, however, 
be recalled [19,22] that  the high-activity form of the enzyme is stable in the 
absence of free GppNHp only in the absence of/~-agonist [21]. In the presence 
of a ~-agonist and the absence of free GppNHp, the latter dissociates from the 
regulatory site [23] concomitant ly  with the decrease in enzyme activity [22,24]. 
Namely, the permanently active form of the enzyme is stable as such either in 
the absence of fl-agonist altogether or in the presence of both ~-agonist and 
excess GppNHp. Excess of  free nucleotide is probably required to offset the 
decrease in the affinity of the cyclase complex towards GppNHp in the 
presence of the ~-agonist. These observations imply that  the affinity of the GTP 
regulatory site towards guanyl nucleotides is reduced in the presence of 
~-agonists. This is to be expected if the opposite effect, namely a guanyl 
nucleotide-induced decrease in receptor  affinity towards the agonist, takes 
place. It was indeed demonstrated that  GppNHp can be released effectively 
from its regulatory site only in the presence of  an agonist [22,24] in the turkey 
ery throcyte  cyclase system. Similarly, the release of  GDP from the regulatory 
site was also shown to be enhanced by fl-agonists in the turkey erythrocyte  
system [25] (and Harmatz, D., and levitzki, A., unpublished results). Obviously 
these guanyl nucleotide agonist interrelationships are not  unique to the 
~-adrenergic system and are probably responsible also for the effects of  guanyl 
nucleotides on glucagon binding [ 15 ]. 

An alternative possibility is that  the guanyl nucleotide binding unit is a 
dimer composed of identical subunits exhibiting either negative cooperativity 
towards the guanyl nucleotide [21] or which possess 'tight'  (high-affinity) 
and 'loose' (low-affinity) sites for GTP and GppNHp. In this model one has to 
assume that  the occupancy of the high-affinity sites is sufficient to induce 
cyclase activation, whereas the occupancy of  both the high-affinity and the 
low-affinity site is necessary to express reduced ~-agonist affinity. This latter 
possibility has some appeal from the physiological point  of  view, since the level 
of  cyclase activity is determined by the simultaneous occupancy of the fl-recep- 
to t  and the GTP site(s). It is feasible that  once the level of  GTP is elevated the 
affinity of  the ~-receptor is reduced in order to buffer  the output  of  cyclic 
AMP by the cyclase system. 

Conclusion 

In summary,  a simple model  such as the non-exclusive concerted model  
depicted in Eqn. 1 assuming one class of guanyl nucleotide regulatory sites, 
accounts for (1) the guanyl nucleotide-induced decrease in agonist affinity to 
the receptor; (2) the independence of  antagonist affinity on the presence of 
guanyl nucleotides, and (3) the absence of  a correlation between the potency 
ratio of different nucleotides in inducing a decreased agonist affinity and the 
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order of  their affinities to the guanyl nucleotide regulatory site. 
It must be added at this point that the hypothesis that a single class of 

guanyl nucleotide sites exists in the cyclase system can be tested experimentally. 
This will be possible when a complete separation between the receptor and the 
enzyme is achieved. In the single case where the effect of  GTP was examined 
on the release o f  hormone from its solubilized receptor such a separation was 
not achieved [16].  Therefore these latter experiments cannot be used as an 
argument for the existence of  a receptor-linked GTP site distinct from the 
enzyme-linked GTP site. 
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