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I .  INTRODUCTION 

Catecholamines are synthesized and stored in nerve terminals in both the peripheral 
and the central nervous system. Upon release of the catecholamines, they interact with 
specific postsynaptic receptors, triggering a wide variety of cellular processes which 
depend on the target cell. 1 -Norepinephrine (1  -noradrenaline) and 1 -epinephrine ( 1  - 
adrenaline) are also synthesized in the adrenal medulla and, when released from the 
gland into the bloodstream, reach a variety of tissues on which they again act as hor- 
mones. The interaction of the catecholamine with the receptor triggers a primary bio- 
chemical reaction executed by a catalytic apparatus coupled to the catecholamine re- 
ceptor. The type of primary catalytic event triggered by the binding of ligand to the 
receptor depends either on the activation of adenylate cyclase or on the opening of a 
gate for Ca*+ ions, based upon the type of receptors. Other events that follow the 
binding of an agonist to the receptor have been encountered as well; for example, the 
change in membrane potential and the activation of phosphatidylethanolamine meth- 
ylation as a result of /3-receptor occupancy. The roles of the two latter events have not 
yet been fully delineated. 

Subsequent to the triggering reactions, a cascade of biochemical reactions is further 
triggered, eventually yielding the final physiological response of the cell and the tissue. 
In this review we shall exclusively analyze the current knowledge of the 0-adrenergic 
receptor and its mode of coupling to the enzyme adenylate cyclase. However, before 
we dive into the known and unknown facts of /3-receptors, we shall outline very briefly 
the types of catecholamine receptors known and summarize the types of biochemical 
events identified as belonging to these receptors. In this review we do not intend to 
discuss the fine details of ligand specificity of the different subclasses of 0-adrenergic 
receptors, since many excellent reviews on this subject have been recently published in 
the pharmacological literature. An attempt will not be made to cite every paper pub- 
lished in this field for two reasons. First, retrieval computer systems are now available 
to almost every scientist, and no review can be as up to date as those. Secondly, and 
most importantly, by the time this review is published, new information will already 
accumulate and the reference list will be outdated. Therefore, this paper will cite only 
the most relevant publications that appeared by August 1979. The review will be fur- 
ther restricted to the biochemical aspects of the /3-receptor-cyclase interactions. 
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11. CLASSIFICATION OF CATECHOLAMINE RECEPTORS 

Dale, in the beginning of this century, already recognized the existence of multiple 
types of adrenergic receptors. He saw that certain effects of epinephrine can be blocked 
by ergot alkaloids, whereas others remain unaffected. For example, ergot alkaloids 
inhibit the I-epinephrine-induced contraction of certain muscle organs. On the other 
hand, the same epinephrine preparation continued to exert another type of effect - 
namely, relaxation - even in the presence of ergot. In fact, the latter effects became 
more prominent once ergot was present. The antagonistic effects of epinephrine (Table 
1 )  on the same target tissue suggested the existence of two types of receptors. These 
observations were extended and analyzed in detail by Ahlquist. Ahlquist, in the 1940s, 
demonstrated. using a large selection of phenylethylamine derivatives, that the two 
types of responses (Table 1 )  respond differently to the same family of compounds - 
namely, the potency ratios of the phenylethylamines in the two types of responses are 
diametrically opposed. This finding led to the definition of a- and 0-adrenergic recep- 
tors’ as follows. 

o-Adrenergic receptors are those receptors that mediate the response to catechol- 
amines with t h e  potency order: (-) epinephrine > (-)norepinephrine > (-) a-rnethyl- 
norepinephrine > (-)a-methylepinephrine > (-)isoproterenol (Figure 1 ). The stirnula- 
tory effect of these ligands is blocked competitively by phentolamine, dibenamine, and 
phenoxybenzamine (Figure 2). 

8-Adrenergic receptors respond with agonist specificity of: (-)isoproterenol > (-)ep- 
inephrine > (-)o-methylepinephrine > (-)amethylnorepinephrine > (-)norepineph- 
rine (Figure 1). The 0-stirnulatory effect of catecholamines is blocked competitively by 
(-)propranolol, (-)alprenol, (-)pindolol, and (-)hydroxybenzylpindolol (Figure 2). 

The classification into a- and 0-receptors has been extended in recent years, as a 
result of very extensive studies on the structure-function relationship. For instance, p- 
adrenergic responses can be divided into two subclasses: 0, and p 2 .  Epinephrine and 
norepinephrine are approximately equipotent agonists for p,-receptors which are pref- 
erentially blocked by practolol. Epinephrine is more potent than norepinephrine in 
activating /I2-receptors which are inhibited by butoxarnine. A variety of antagonists 
such as propranolol, alprenolol. and pindolol inhibit competitively. in an identical 
fashion, the catecholamine response of both PI-  and fi2-receptors. Similarly, a-adrener- 
gic receptors can be divided into two subclasses: al  and ol. Again, the ligand specificity 
of the two subtypes of a-receptors is different. a’-Receptors are the characteristic post- 
synaptic 0- adrenergic receptors, whereas al- receptors are the presynaptic autorecep- 
tors in catecholaminergic synapses. A good summary of some aspects of the subclas- 
sification of adrenergic receptors was published recently.’ Both a- and 0-adrenergic 
receptors are stereospecific for the R stereoisomer for both the agonist and the antag- 
onist. 

A third major class of catecholamine receptors are the dopamine receptors which 
occur both in the central nervous system and in the periphery. These receptors occur 
at dopaminergic nerve terminals, and the agonist specificity is dopamine9 norepineph- 
rine. The doparninergic response is blocked competitively by specific antagonists such 
as phenothiazines, butyrophenones (Figure 2), and butaclamol. I t  is presently quite 
clear that there are two classes of dopamine receptors: DI receptors and D2 receptors 
which differ in their ligand specificities. Also. the D1 receptor is coupled to adenylate 
cyclase, whereas the D2 receptor is not. A summary on the current status of dopamine 
receptors has recently been published.’ I t  should be emphasized, however, that lysergic 
acid derivatives interact with dopamine receptors as well as with a-receptors. Thus, 
ergocryptine was found to be an a-blocker, while d-LSD and bromocryptine were 
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Table 1 
TYPICAL PHYSIOLOGICAL ACTIONS OF (I- AND 

p-ADRENERGIC RECEPTORS 

System or tissue Action Receptor 

Cardiovatcular sy5tem 

Blood vessels 
heart 

Respiratory system, 
Iracheal, and bron- 
chial smooih muscle 

Iris (radial muscle) 
Smooih muscle, uterus 
Spleen 

Bladder 

Skeletal muscle 

Adipoce r i sue  

Increased force of contraction 
Increased rate 
Constriction 
Dilation 
Relaxation 

Pupil dilated 
Contraction 
Relaxation 
Contraction 
Contraction 
Relaxation 
Changes in twitch tension 
Increased release of acetylcho- 

Increased glycogenolysis 
Increased lipolysis 

line 
P 
P 

U - ADRENERGIC RESPONSE 

CH3 
OH CH, OH OH OH OH CHI 

I I 1  I I  1 ,  
CH C H  NUl CH C H  N U  CH3 CH CH N H  C,H 
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on 

OH OH on 
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FIGURE 1 .  4-  and p-adrenergic agonists. 

found to bind to doparnine receptors. Also, certain antidopaminergic drugs such as 
butyrophenones and phenothiazines bind to a-adrenergic receptors and therefore cause 
unwarranted clinical side effects in patients who have to be treated with antidopami- 
nergic drugs. 
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1 1 1 .  BIOCHEMICAL SIGNALS COUPLED TO CATECHOLAMINE 
RECEPTORS 

A. p-Adrenergic Receptors 
Of all catecholamine receptors, the /3-adrenergic receptors have been given the most 

attention. This may be due to the fact that the primary biochemical signal elicited upon 
agonist binding to the surface /3-receptors has been identified and found to be the 
activation of adenylate cyclase producing the "second messenger" cAMP from ATP 
within the target cell.' 

1-catecholamine 
ATP -CAMP + PPi 

In this respect, the coupling between the /3-adrenergic receptor and the enzyme aden- 
ylate cyclase is similar to the coupling between adenylate cyclase and hormone recep- 
tors to certain polypeptide hormones such as glucagon, ACTH, and secretin. In  certain 
cells such as the liver cell and the fat cell, /3-adrenergic receptors as well as receptors 
for polypeptide hormones are coupled to the enzyme adenylate cyclase. The second 
messenger cAMP produced intracellularly by the enzyme adenylate cyclase triggers a 
large variety of biochemical events typical to the cell, usually through the activation 
of protein kinase, as a first step. The activation of adenylate cyclase by /3-adrenergic 
agonists is mediated by the nucleotide GTP which acts in a synergistic fashion with 
the catecholamines (for review.see Reference 5 ) .  I t  seems that both the occupancy of 
the /3-adrenergic receptor with agonists and the level of intracellular GTP determine 
the final output of cAMP by the enzyme adenylate cyclase. The role of GTP in the 
activation of  adenylate cyclase has been extensively studied and will be discussed in 
detail when the mechanistic aspects of the mode of coupling of the receptor with the 
enzyme will be dwelled upon. Two other biochemical responses which are cAMP in- 
dependent were claimed to be coupled to the /3-receptor. One is the catecholamine- 
dependent Ca*+ efflux, and the other is phosphatidylethanolamine carboxymethyla- 
tion. 

I .  p-Receptor-Induced Ca'+ Efflux 
I t  was shown in both turkey6 and human erythrocytes' that 's Ca++ efflux is enhanced 

by /3-agonists and blocked by 0-antagonists. This effect is not mimicked by cAMP or 
dibutyryl cAMP and, therefore, is most probably not mediated by adenylate cyclase. 
I t  is interesting that /3-receptor-dependent adenylate cyclase from turkey erythrocytes, 
as well as many other adenylate cyclases, are strongly inhibited by Ca*+. For the /3- 
receptor-dependent turkey adenylate cyclase it was shown that the Ca" ions interact 
at a specific allosteric These findings suggest6 that the first effect of a /3-agonist 
is the deinhibition of the enzyme which is in the resting state in the inhibited Ca" 
bound form, by releasing Ca+* from the regulatory site (Figure 3). These findings are 
so far restricted to the turkey and the human erythrocyte systems (which possess much 
fewer 0-receptors), and it is not clear at this point whether the interaction between 
Ca'* and 0-receptors is a general feature in the action of 0-adrenergic receptors. Since 
Ca" seems to be the second messenger of u-adrenergic response'O and since it was 
found that u-agonists inhibit adenylate cyclase, it is attractive to postulate that 
Ca++ functions as a regulatory link between u,- and /3-receptors. One difficulty with 
this finding is of course the fact that significant inhibition ocurs at the 10-O.lmm 
concentration range of Ca*', when adenylate cyclase activity is assayed in membrane 
fragments.' It was observed, however, that incorporating the specific Ca*+ ionophore 
A-23187 into the intact erythrocyte, in the absence of added free Ca++, is sufficient to 
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THE INTERACTCN OF CATECHOLAMINES,CO*AND 
ADENYLATE CYCLASE PJ THE T W E Y  ERYTHROCYTE 

I 

I 
C02' 

oulside \ lnr~de oulrlde \ nYde outsde \ inside 

FIGURE 3 .  The control of adenylate cyclase by Ca": a ruggestion. In this 
model i t  is posiu4ated that the first event occurring upon 0-agonist binding 
is the dissociation of Ca" from its cyclase inhibitory site. The removal of 
Ca" from the regulatory site is essential to bring the cyclase system to an 
activatable form. In the scheme i t  is shown that the enzyme system possesses 
at least two interacting calcium sites distinct from the Mg" sites. The fact 
that the inhibitory Ca" sites d o  not overlap with the Mg" sites was shown 
by detailed kinetic analysis. Also, since the inhibitory effect of Ca" possesses 
a Hill coefficient of 2 .  there are  a minimum of two interacting sites. 

induce 63% inhibition of the /3-agonist-dependent activity in the intact This find- 
ing may be interpreted to mean that the materialization of the membrane-bound Ca++ 
is sufficient to induce enzyme inhibition, most probably by creating a high local high 
Ca" concentration. 

2. fl- A drenergic Receptor - Depen den t Phospholipid Meth yla tion 
/3-Adrenergic agonists were found to stimulate the enzymatic synthesis of phospha- 

tidyl-hrmono methylethanolamine and phosphatidylcholine from phosphatidylethan- 
olamine reticulocyte ghosts, in the presence of Sadenyosyl-~-methionine.'~ The stim- 
ulation is stereospecific, dose dependent, and inhibited by the /3-blocker propranolol 
but not by o-adrenergic blockers. This /3-receptor-dependent phospholipid methylation 
induces the increase of membrane fluidity with the concomitant increase in the /3-recep- 
tor-dependent adenylate cyclase activity. The increase in the efficiency of the adenylate 
cyclase system may be due to the increased membrane fluidity which was found to 
play a key role in determining the efficiency of the coupling of /3-receptors to adenylate 
cyclase in turkey erythrocytes. Similar results were recently reported for the /3-adrener- 
gic receptor-dependent adenylate cyclase from HeLa cells. ' 0 6  The P-receptor-dependent 
phospholipid methylation is not CAMP-dependent and it is not clear at present what 
role it  plays in the generation of the eventual 0-adrenergic response. I t  remains to be 
established whether the role of phospholipid methylation is solely to increase the effi- 
ciency of receptor-to-cyclase coupling due t o  the increase in membrane fluidity. An- 
other unknown aspect of this phenomenon is of course the biochemical mechanism by 
which the receptor activates the phosphatidylethanolamine methylating enzyme(s). Re- 
cently, i t  was also observed that /3-agonists induce the carboxymethylation of proteins 
in the rat parotid gland." This effect is stereospecific for I-agonists, and is specifically 
blocked by 0-blockers and not by o-adrenergic blockers. The role of /3-adrenergic-de- 
pendent protein carboxymethylation in the parotid gland is not yet known. The time 
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course of protein methylation overlaps the time course of /3-receptor-dependent a-am- 
ylase secretion, suggesting a relationship between protein methylation and the process 
of exocytosis. 

B. a-Adrenergic Receptors 
It has been demonstrated that the primary event occurring upon occupation of the 

a-adrenergic receptor by an  a-agonist in the parotid gland is the influx of Ca" which 
functions as the "second messenger"." Furthermore, the specific Ca'* ionophore A- 
231 87, when incorporated into the cell membrane, can substitute for the a-adrenergic 
ligand and bypass the receptor-dependent mechanism. The influx of Ca" as the pri- 
mary event in the salivary gland (rat parotid) causes the efflux of K' ions with water 
(see Reference 10 and  references therein). The efflux of potassium has also been rec- 
ognized as an  a-adrenergic response in guinea pig livert6 and in adipose 

The stimulation of the pineal gland with I-epinephrine via the a-adrenergic receptor 
was found to  be dependent on the presence of Ca" in the incubation medium and 
results in a sevenfold increase in the cGMP level.'* I t  seems from these studies that 
the influx of Ca+' is the first event induced by the a-agonist. The formation of cCMP 
seems to be the result of Ca'* influx. This is not surprising, as guanylate cyclase is a 
Ca"-dependent enzyme. As is indicated in Section 11, a-adrenergic receptors are in- 
volved in a variety of physiological activities, and it remains to be seen whether in each 
case Ca" functions as the "second messenger". i t  has been claimed that in the central 
nervous sytem, a- as well as fl-receptors are coupled to  the enzyme adenylate cyclase. 
These observations were based on  the observation (see Reference 19 and references 
therein) that a-adrenergic blockers inhibit the formation of CAMP, but no direct inhi-  
bition of adenylate cyclase by a-antagonists was demonstrated in these studies. In  fact, 
a-agonists were shown to inhibit adenylate cyclase in membranes from platelets," from 
neuroblastoma glioma hybrid cells," and from fat cell r n e m b r a n e ~ . ' ~  This inhibitory 
effect of a-agonists on  the activity of adenylate cyclase requires the presence of G T P  
and Na+ ions. I t  is not yet clear whether the a-receptor-linked G T P  site is identical or 
different from the G T P  stimulatory site known to be part of the eucaryotic adenylate 
cyclase system (see Section VI1I.D). It is interesting to  note that opiates and enkephal- 
ins were shown recently to induce the inhibition of PGEl-dependent adenylate cyclase 
in neuroblastoma glioma hybrids where the inhibitory effect is G T P  and Na* depend- 
ent.'O Similarly, the inhibition of fat cell adenylate cyclase by the high-affinity inhib- 
itory adenosine receptor requires the presence of G T P  and Na+ ions." 

Another biochemical response elicited by the activation of a-adrenergic receptors is 
the incorporation of inorganic 3*P, into phosphatidylinositol in slices of the parotid 
gland." This biochemical event was shown to be unrelated to the K' efflux and water 
secretion also induced by a-receptor activation. Interestingly enough, the divalent ca- 
tion ionophore A-231 87 which introduces Ca+' into the cell thus causing K' release,"' 
has no  significant effect on the incorporation of "P, into phosphatidylinositol. Con- 
versely, the o-receptor-induced phospholipid effect is maximal in the absence of Ca" 
in the medium, when there is no  K' release from the cell. In summary, it can be con- 
cluded that a-receptor activation leads to  two independent biochemical events in the 
rat parotid gland: (1)  an  increase in membrane permeability toward extracellular Ca" 
that enters the cell and causes K' release, and (2) an  increased incorporation of '2P, 
into acidic phospholipids. So far the ability of a-agonists to inhibit adenylate cyclase 
activity in the rat parotid membranes has not been recognized, perhaps because the 
proper experimental conditions (GTP and  Na') have not been met. I t  remains for f u -  
ture studies to determine whether all the a-adrenergic-induced effects result from a 
common mechanism. 
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I t  should be noted that the Ca"-dependent K' release and the Ca"-independent 
phospholipid effect were shown also to be induced by the activation of the muscarinic 
receptor in the same parotid gland prepara t i~n . '~  These latter observations tend to 
strengthen Selinger's assertion that the phospholipid effect and the Ca++-dependent K' 
release are two independent biochemical responses to a-receptor stimulation, as well 
as to muscarinic stimulation. I t  seems that two classes of a-adrenergic receptors exist. 
One class a , ,  is coupled to Ca++ influx and phosphotiolylinositol turnover, and another 
class, a*, which is coupled to adenylate cyclose in an inhibitory mode. The action of 
the inhibitory a1 receptors requires GTP, whereas the action of a, receptors does not 
require GTP. In Table 2 the main biochemical reactions coupled to catecholamine 
receptors are summarized. 

C. The Relationship Between a-Receptors and 8-Receptors 
Almost every organ or tissue that possesses a-adrenergic receptors also possesses /3- 

adrenergic receptors. The receptors elicit opposite physiological effects in the target 
organ (Table 1). Thus, it is possible that the final response of the organ in question 
depends on the relative activity of the two receptors. Since Ca** functions as the second 
messenger of a-receptor action and inhibits the P-receptor-dependent adenylate cy- 
clase, the latter may provide the link between a- and P-receptors in systems that possess 
both types of adrenergic receptors. a-Adrenergic receptors may actually function as 
negative regulators of adenylate cyclase when the latter is stimulated by receptors other 
than the P-receptors since i t  was shown that PGE,-dependent cyclase is also inhibited 
by a-receptors (see previous section). It is interesting that Batzri et al.2' find that in 
the rat parotid gland, the a-blocker phentolamine slows down the fall in the level of 
cAMP subsequent to epinephrine stimulation, as compared with a system in the ab- 
sence of the a-blocker. This effect, however, may be due to secondary biochemical 
events other than the direct effect of Ca" on the level of adenylate cyclase activity. 
For example, Ca" is known to activate cAMP phosphodiesterases, and thus an in- 
crease in intracellular Ca" may result not only in the inhibition of adenylate cyclase 
but also in the depletion of the cAMP pool. At this point i t  can only be stated that 
the interaction of a-receptors with P-receptors is not fully understood in biochemical 
terms and requires further investigation. 

In the nervous system it  was found that at catecholaminergic terminal where norep- 
inephrine is released, a' and /3, presynaptic receptors regulate the release of the norep- 
inephrine neurotransmitter, irrespective of whether the postsynaptic receptor is of the 
p- or the al-type. I t  was found' that autoreceptors induce the decrease of norepi- 
nephrine release, whereas P I  presynaptic receptors enhance neurotransmitter release. 
This interrelation between the two types of adrenergic receptors seems to be a general 
feature of their interaction. 

D. Interconversion of a- and 8-Receptors? 
Some reports in the literature have suggested that a- and /3-receptors are two allo- 

steric configurations of the same macromolecule. The experiments upon which this 
hypothesis is based were performed on frog heart, where it has been claimed that a- 
receptors prevail at low temperatures and are transformed into /3-receptors at high 
temperatures. I t  was claimed (see Reference 25 and references therein) that stimulation 
of cardiac rate and contractibility by catecholamines has the properties of a classical 
/3-adrenergic response when experiments are performed at warm temperatures (25 to 
37°C) and of u-adrenergic response when experiments are performed at cold tempera- 
tures ( 5  to 15°C). Caron and LefkowitzZ6 examined this hypothesis by looking at the 
adenylate cyclase activity in a wide range of temperatures. These investigators exam- 
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Table 2 
THE MAIN CLASSES OF CATECHOLAMINE RECEPTORS A N D  THEIR 

BIOCHEMICAL RESPONSES 

Type of 
receptor 

(I 

B 

Dopamine 

Ligand specificity 

Norepinephrine > epineph- 
rine > phenylephrine ,is- 
oproterenol 

lsoproterenol > epinephrine 
2 norepineprhine % 
phenylephrine 

Dopamine > norepineph- 
rine 

Specific blockers 

Phentolamine. ergotamine, 
phenoxybenzamine. dibena- 
mine, yohimbine 

Dichloroisoproterenol pro- 
pranolol. alprenolol. pin- 
dolol, hydroxybenzylpin- 
dolol 

Haloperidol 

Chloropromazine, butacla- 

Some o-blocking agents 
mol 

Recognized biochemical 
responses 

Ca" influx (0))  

Phosphatidylinositol turn- 
over ((I,) 

Inhibition of adenylate cy- 
clase (02) 

cAMP formation 
Ca'+ influx 
Phosphatidylethanolamine 

methylation 

cAMP formation' 

Nore: o- and 0-adrenergic receptors are specific for the R stereoisomers (or the I-stereoisomer if the optical 
rotatory power is considered). The dopamine receptor is also stereospecific toward its ligands. This 
is reflected in the interaction of the postsynaptic dopamine receptor with ( + ) butaclamol which binds 
100-fold more lightly than (-) butaclamol to the receptor. 

- A secondary biochemical response other than cAMP formation is probably involved in the action of 
presynaptic dopamine receptors. 

ined dog, rat, and  frog heart and frog erythrocytes. In all of these cases it was found 
that the adenylate cyclase is stimulated by adrenergic ligands typical of a-receptors in 
a wide range of temperatures. Furthermore, the adrenergic inhibitors affecting cyclase 
in a wide range of temperatures were always of the 8-type. a-Blockers had no effect 
on adenylate cyclase over a wide range of temperatures. As Caron and Lefkowitz26 
pointed out. the studies claiming the a to /3 interconversion were performed on an  
intact tissue,'s whereas the adenylate cyclase measurements were performed on mem- 
brane fragments.26 Thus, it still remains possible that the interconversion of a- and p- 
receptors requires the intact cellular structure. The integrity of the cellular structure 
may preserve the biochemical mechanism which may be responsible for a- to a-receptor 
interconversion. 

In conclusion, the possibility of a- to /3-receptor interconversion still remains in light 
of the pharmacological experiments, although i t  does not at  present find any support 
f rom direct biochemical experiments. Obviously, structural data on the /3- and a- re- 
ceptors become extremely critical, if one wishes to explore more directly the biochem- 
ical correlations between these two types of receptors. 

E. Dopamine Receptors 
Dopamine, similar t o  epinephrine and  norepinephrine, is a neurotransmitter in the 

central nervous system and in some peripheral tissues. In some areas of the brain i t  
was demonstrated that the dopamine receptor is coupled to adenylate cyclase (see Ref- 
erence 3 and references therein). The dopamine receptor is different from the /3-adre- 
nergic receptor in its ligand specificity and in its response to specific blockers (Figure 
2) .  Thus, dopamine receptors coupled to adenylate cyclase respond to dopamine better 
than to norepinephrine (Table 2). whereas in 8-receptors the order of potency is re- 
versed. p-Adrenergic blockers such as propranolol d o  not affect dopamine-dependent 
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adenylate cyclase, whereas phenothiazine-type compounds such as chloropromazine 
and butyrophenones such as haloperidol act as specific blockers of dopamine-depend- 
ent adenylate cyclase (Table 2) and have no  effect on 8-adrenergic receptor-dependent 
adenylate cyclase. Whether dopamine receptors are coupled to other biochemical sig- 
nals such as ion fluxes is not yet clear. In neuroblastoma, o-adrenergic blockers were 
found to affect dopamine-dependent adenylate cyclase, whereas 8-adrenergic blockers 
were found to have an effect only at very high  concentration^.^' Similarly, dopamine- 
sensitive adenylate cyclase from the mesolimbic system was found to be inhibited by 
a-blockers but not at all b y  /3-blockers.*8 Thus, there is some overlap in ligand specific- 
ity of the dopamine receptor with the u-adrenergic receptor. Furthermore, binding 
studies using 'H-d-LSD have shown '9that the latter compound monitors dopamine 
receptors in the brain. One should remember, however, that other lysergic acid deriv- 
atives such as ergocryptine were claimed to be specific a-adrenergic  blocker^..'^ The 
situation is further complicated by the fact that d-LSD is a well-known serotonin an- 
tagonist in several smooth muscle systems and a weak mixed agonist at postsynaptic 
serotonin receptors in the brain. Data are also available to show that d-LSD interacts 
with presynaptic receptors on serotonin neurons which are distinct from the postsyn- 
aptic serotonin receptor sites. The partial overlap among dopamine receptors, a-ad- 
renergic receptors, and serotonin receptors makes the biochemical characterization of 
dopamine receptors more difficult. Recently, the existence of multiple forms of dopa- 
mine receptors has been recognized (see Reference 3 and references therein). I t  is ap- 
parent that only through careful binding experiments using a variety ofligands in con- 
junction with biochemical experiments such as the determination of the effect of the 
different drugs on dopamine-dependent adenylate cyclase, can one approach the true 
characterization of the dopamine receptors. 

1V. RADlOLlGAND BINDING ASSAY OF p-ADRENERGIC 
RECEPTORS 

In 1974, it was firmly established that catecholamine binding assays do not monitor 
the authentic /3-adrenergic receptors for two  reason^.'^." First, the receptor concentra- 
tion accessible experimentally (up to I0 nM) is far below the catecholamine-receptor 
dissociation constant (100 n M  to 100 PAT). Also, because of the high dissociation con- 
stants, the filter assay cannot work anyway since the lifetime of the receptor ligand 
complex is much shorter than the fastest experimentally available filtration time. Sec- 
ond, catecholamines bind to many nonreceptor components in the membrane prepa- 
rations studied, and thus the nonspecific catecholamine binding constitutes over 90% 
of the measured catecholamine bound."..'' Also in 1974, radioactively labeled 8-adre- 
nergic blockers were found to monitor reliably 8-adrenergic receptors. The first ligand 
used was 'H-propranolol; 'I '' shortly thereafter and independently, '*SI-hydroxyben- 
zylpind~lol~ '  and 'H-dihydroalpren~lol'~ (reviewed in Reference 36) were introduced 
as specific ligands for the radioassay of /3-adrenergic receptors. The use of these radio- 
actively labeled ligands has since become a routine procedure to monitor 8-adrenergic 
receptors in a large variety of cells. The affinity of these 8-blockers to the 0-receptors 
is very high, being three to six orders of magnitude higher than the affinity of 8-ago- 
nists toward the 8-receptors (Table 3) - namely, below the nanomolar range. There- 
fore, with these compounds one can monitor low concentrations of these receptors. 
The binding of these compounds to the 0-receptor is stereospecific for the R stereoiso- 
rner, and therefore the R-antagonists are displaced from the 8-receptor specifically by 
R(-) catecholamines and much less effectively by S( + ) catecholamines. S( +) cate- 
cholamines are usually about 100-fold less effective in displacing the R-antagonist from 
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Table 3 
THE AFFINITY OF DIFFERENT P-BLOCKERS TOWARD 

THE P-RECEPTORS 

From binding 
fl-Blocker From kinetics' experiments 

(-) Propranolol 
( - )  Alprenolol 
(-) lodohydroxybenzylpindolol - 0.02 rt 0.002 to 0.5 f 0.2  

I . 3  * 0. I 
2.0  to 10 f 1 

I .2  * 0. I 
2.0 to 10 * I 

Nore: Data are taken from references cited in the text. The values quoted 
represent the range of constants reported between 1974 and 1979. 

" Competitive inhibition of (-) catecholamines in the adenylate cyclase reac- 
tion. 

the 0-receptor. I t  is not clear, however, whether S( +)  catecholamines bind to 0-recep- 
tors with 100-fold less affinity or the S( +) catecholamines are actually completely 
ineffective but contaminated with the respective R(-) catecholamine. The dissociation 
constants found for these 0-blockers using binding experiments match very closely the 
inhibition constants found from their competitive inhibition with catecholamines in 
the assay of the 0-receptor-dependent adenylate cyclase reaction. 

Radioactively labeled blockers can, in principle, be used to monitor also detergent- 
solubilized receptors, provided the receptor does not denature in the process of solu- 
bilization. Such attempts have recently been reported, where digitonin-solubilized 0- 
adrenergic receptors from frog and turkey erythrocyte membranes were monitored us- 
ing 'H-alprenolol" and '251-hydroxybenzylpindolol, respectively."' Since 12s I-hydrox- 
ybenzylpindolol exhibits extremely high affinity toward 0-adrenergic receptors, i t  can 
be used to monitor these receptors in intact cells.3n 

Recently, the high affinity agonist 3H-hydroxybenzylisoproterenol was used success- 
fully to monitor 0-adrenergic  receptor^.'^ The availability of specific ligands to monitor 
/I-adrenergic receptors has also made it possible to monitor receptor cryptization due 
to desensitization. Using radiolabeled /3-blockers, it can be demonstrated that 0-recep- 
tor desensitization (down regulation) induced by catecholamines is manifested by both 
a decrease in the number of 0-adrenergic receptors and in the 0-receptor-dependent 
adenylate cyclase activity (see Section 1X.A). 

V.  THE STUDY OF /3-RECEPTOR DISTRIBUTION ON CELL 
SURFACES 

Two main approaches to study the distribution of 0-receptors on cell surfaces have 
been developed in recent years. One is based on the use of fluorescent p-blockers and 
the other a 0-blocker that possesses an ultrastructural anchor for ferritin attachment. 

Two fluorescent /3-blockers, 9-AAP and DAPN,'O and NBD-propranolol (Figure 4) 
proved to be useful in probing 0-receptors in vivo and in vitro. These compounds were 
shown to bind in a stereospecific manner to 0-adrenergic receptors in vivo upon their 
injection into rats and mice. Both peripheral /3-receptors in the central nervous system 
bind these fluorescent antagonists and become visible in the fluorescent microscope. 
Prior injection of 1-propranolol, but not of d-propranolol, into the animal prevents 
the binding of the fluorescent blocker, and therefore the appearance of the character- 
istic fluorescence pattern." Furthermore, treatment of the rat or the mouse with 6- 
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OH CH3 

I I 
OCH2 CHCH2 NHCHCH2-NH 

9.AM INOACRI D I N 0  PROPANOLOL 

(9-AAP) 

OH 

I 
OCH2 CH CH2 NHCH2 CH2 NHSOZ 

DANSYL ANALOGUE OF PROPRANOLOL 

( DAPN I 

OH 

OCH2 CH I CH2NH CH2 CHZ NH 0 NO2 

4 %  
N \o/N 

(NBD-PROPR ANOLOL) 

@ 
7- NITROBENZ -2-OXA-1.3 DIAZOLE ANALOGUE OF PROPRANOLOL 

FlGU RE 4 .  Fluorescent P-adrenergic blockers. 

hydroxydopamine, which causes the disappearance of the catecholamine storage vesi- 
cles in the presynaptic region, does not prevent the appearance of the fluorescence 
pattern in the Purkinje cell layer upon injection of 9-AAP‘z or of DAPN.’” These 
latter results indicate that the localization of the fluorescent compound is, indeed, in 
the postsynaptic /&receptors. 

The binding of 9-AAP can be monitored directly by the f l u o r ~ m e t e r . ‘ ~  One difficulty 
in the use of 9-AAP and DAPN is that the two compounds emit fluorescence at an  
identical fluorescence range as tissue “autofluorescence”, and thus the distinction be- 
tween autofluorescence and DAPN o r  9-AAP fluorescence may become sometimes 
cumbersome. Therefore a n  attempt is currently being madelo’ to develop fluorescent 
/%blockers which fluoresce a t  wavelengths well above the “yellowish” region. Such a 
compound is NBD-propranolol (Figure 4). The fluorescence spectrum of NBD-pro- 
pranolol is red and it  was found to  be a potent /%blocker, as measured by its ability to 
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inhibit competitively 0-receptor-dependent adenylate cyclase and the binding of ‘2s1-  
hydroxybenzylpindolol (K, = 1 to 2 x 10-8M).43 It remains to be seen whether this 
compound is suitable for studies in vivo. 

The use of specific ligands to  probe catecholamine receptors is complementary to 
the formaldehyde method of Falck et al.“ and of the glyoxylic acid m e t h ~ d ‘ ~  for the 
mapping of catecholaminergic pathways. These latter techniques d o  not discriminate 
between the different types of catecholaminergic neurons, a s  all catecholamines con- 
dense with formaldehyde and glyoxylic acid to yield a fluorescent derivative. Serotonin 
also yields a fluorescent derivative upon condensation with formaldehyde or glyoxylic 
acid, and therefore serotonergic pathways become visible in the fluorescence micro- 
scope. The development of specific fluorescent ligands for each type of receptor may 
become a powerful tool for  the mapping of the different types of catecholaminergic 
receptors. Obviously, this approach can be extended for the study of other neurotrans- 
mitter and hormone receptors once the suitable probes are prepared. 

The availability of fluorescent agonists or antagonists makes it possible also to study 
directly the receptor in vitro, i f  high enough concentrations can be generated in the 
test tube. Preliminary experiment?’ using 9-AAP indeed demonstrate that its binding 
to the 8-adrenergic receptor in turkey erythrocyte membranes can be monitored in 
vitro. It is hoped that such compounds will be a useful tool to study receptor activity, 
once relatively high concentrations of catecholamine receptors become a laboratory 
reality . 

Little is known about the topographical relationship between three recognized com- 
ponents of the 0-receptor-linked adenylate cyclase; namely, the 0-adrenergic receptor, 
the catalytic moiety of adenylate cyclase, and  the guanyl nucleotide binding protein. 
Recently it was shown that the p-receptors can be transferred from one cell to another 
upon virus-induced cell or polyethyleneglycol-induced f u ~ i o n . ~ ’  This finding, 
however, does not preclude the possibility that the receptor and the enzyme are sepa- 
rated from each other by relatively large distances in the native situation and that the 
interaction between the enzyme and the receptor is bimolecular. Recent e v i d e n ~ e ~ * . ~ ~  
indicates that the receptor constantly moves in the membrane matrix of the turkey 
erthyrocyte and  that the enzyme is activated during the collision with the agonist recep- 
tor complex (see Section VIII). However, it is not clear yet whether this is the mecha- 
nism of cyclase activation in other cells. Also, there is no  clue as to whether the enzyme 
and the receptor are confined to  domains on the cell membrane or move freely over 
the entire surface of the cell membrane. For hormones such as insulin and epidermal 
growth factor, it was shown that subsequent to hormone binding the receptor-ligand 
complexes collect over “coated pits” and are then i n t e r n a l i ~ e d . ~ ~  This, however, was 
not demonstrated so far for low molecular weight hormones. 

More r e ~ e n t l y , ~ ’  through the use of the ultrastructural probe biotin propranolol (Fig- 
ure 3, it was shown that p-receptors in skeletal rat muscle cells grown in culture (L6P 
cells) are mainly localized in the region of microvilli. The technique used was as fol- 
lows: subsequent t o  the application of the potent /3-blocker, biotin propranolol, to the 
cells, an avidin-ferritin conjugate was applied such that the location of 0-receptors 
becomes visualized in the electron microscope. Again, it is not clear whether the bind- 
ing event triggers the clustering (“patching”) or whether the receptors in their unbound 
state are preclustered in these domains. It is interesting to note that “coated pits” are 
localized at the base of microvilli.s’ More experiments of this nature must be per- 
formed in order t o  obtain a better idea about the generality of this finding. 
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CH -CH 
I I 1  

OH 

O'2$CHCti2NnCHz CHzNH -COICHZl4- CH 
\ FHZ S 

FIGURE 5 .  Biotin analogue of proprano- 
101. This compound was used to localize ( h e -  
ceptors on muscle cells grown in culture. Sub- 
sequent to application of the compound, the 
cells were fixed and exposed to a ferritin-avi- 
din conjugate. /3-Receptors became visible as 
ferritin dots. 

V I .  AFFINITY LABELING OF THE p-ADRENERGIC RECEPTOR 

Affinity labeling of the 0-adrenergic receptor has recently been achieved by using a 
reversible 0-blocker to  which the reactive group bromoacetyl was a t t a ~ h e d . ~ '  '' The 
compound N-(2-hydroxy-3-naphthyloxypropyl:-N'-bromoacetyl-ethy~enediamine (Fig- 
ure 6) has been shown to inhibit irreversibly the epinephrine-dependent adenylate cy- 
clase activity without damaging the F--dependent activity in turkey erythryrocyte mem- 
b r a n e ~ . ~ ~  54 Furthermore, propranolol and  I-epinephrine offer protection against the 
affinity labeling reaction. Similarly, the compound was shown to  inhibit irreversibly 
the hormone-stimulated activity in a whole turkey red cell.54 The loss of epinephrine- 
dependent activity is accompanied by the loss of 3H-propranolol bindings4 and of '"I- 
iodohydroxybenzylpindolol binding,** demonstrating directly the loss of 0-receptor 
after treatment with the affinity label. More recently, the 'H-affinity label was synthe- 

and attempts are being made to  characterize the protein moiety of the 0-recep- 
tor. The tritium-labeled affinity label was reacted with intact L6P cells and  with intact 
turkey erythrocytes. The  treatment of the two types of cells with the affinity label was 
conducted in the presence and  in the absence of the potent 0-adrenergic blocker hy- 
droxybenzylpindolol. As it  was shown earlier,s3.S' 0-blockers and  0-agonists protect 
against the labeling of the 0-adrenergic receptor. When the membranes of the labeled 
turkey erythrocytes and  L6P cells were solubilized and subjected to  gel electrophoresis 
in the presence of sodium dodecyl sulfate, two tritium-labeled protein bands could be 
identified: 37,000 and 41 ,OOO in molecular weight. The  labeling of these two bands is 
significantly diminished when they are exposed to  the 'H-affinity label in the presence 
of the high affinity 0-blocker, hydroxybenzylpindolol (K, 1 .O x l O - ' O M ) .  From these 
experiments i t  was concluded that these two bands probably represent subunits of the 
0-adrenergic receptor. Another encouraging observation was that the protein bands 
which became radioactively labeled constitute only a small fraction of the total mem- 
brane protein and are barely detected by the protein In view of the observation 
by Hagar and colleaguessb and by Limbrid and Lefkowitz" that the detergent-solubi- 
lized /I-receptor has a molecular weight of 75,000 or 130,000 to 150,OOO or higher, 
respectively, i t  seems that the 0-adrenergic receptor is an  oligorner with a molecular 
weight of around 40,000. I t  was also pointed o u t  that proteins of indistinguishable 
electrophoretic mobility become labeled with the affinity label in L6P cells and in t u r -  
kev e ry th r~cy te s . ' ~  This observation suggests that the structure of the 13-adrenergic re- 
ceptor is similar in different types of cells and may have been conserved during evolu- 
t i on .  Recently, the synthesis of an effective 0-receptor directed photo-affinity label, 
similar in structure 1 0  rhe brornoacetyl derivative, was reported.'" 
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OCH2CH-CH2NHCH,CH,NHCOCH,Br 

( NHNP-NEE ) 

FIGURE 6. A p-receptor directed 
affinity label. 

In a recent report,5e it was claimed that p-adrenergic receptors mediating the relaxa- 
tion of the guinea pig Taenia coli were photo-affinity labeled with I-isoproterenol or 
2-(2-hydroxy-3-isopropylamino-propoxy)-iodobenzene. The irradiation of the guinea 
pig T .  coli in the presence of either compound resulted in the irreversible loss of re- 
sponse to p-adrenergic agonists such a s  I-isoproterenol. Wrenn and HabePo reported 
recently about the preparation of a n  antibody against the /3-receptor. Rabbits were 
immunized with a deoxycholate-solubilized fraction from dog heart and the serum 
isolated f rom these rabbits was found to  inhibit specific 'H-propranolol binding as 
well as the I-isoproterenol-dependent adenylate cyclase activity in dog heart. 

V I I .  SOLUBILIZATION AND PURIFICATION OF THE 8- 
ADRENERGIC RECEPTOR 

As mentioned above, attempts are being made to solubilize and purify the p-adre- 
nergic receptor. However, the absolute amount of /3-receptor obtained from turkey 
erythrocytes, frog erythrocytes, or S49 lymphoma cells is extremely small. The digi- 
tonin-solubilized receptor is reported to preserve its ligand binding ability by two 
 group^,^'."^ but another group encountered difficulties when using d i g i t ~ n i n . ~ ~  This 
latter group chose Lubrol-PX for the solubilization of the p-adrenergic receptor. Lu- 
brol-PX-solubilized /3-receptor from S49 lymphoma cells was reported to  bind 1251-hy- 
droxybenzylpindolol when added prior t o  solubilization, whereas the solubilized recep- 
tor was unable to bind 12' I-hydroxybenzylpindolol subsequent to s o l ~ b i l i z a t i o n . ~ ~  
Recently, successful attempts in partial purification of the solubilized 8-receptor have 
been reported. In  both an  affinity column based on (-)alprenolo1 was pre- 
pared and used to purify the p-adrenergic receptor a few thousand-fold. It was found 
that the ligand specificity and stereospecificity of the receptor were preserved in the 
solubilized state. More work is obviously required before relatively pure /I-receptor 
will be available in quantities sufficient to perform biochemical studies. 

V111. COUPLING BETWEEN THE /3-RECEPTOR AND ADENYLATE 
CYCLASE 

A. Structural Aspects 
A number of possibilities with respect to the mode of interaction between the recep- 

tor unit and  the cyclase unit were considered." These possibilities can be summarized 
as follows: 

1 .  The receptor site and the active site of the adenylate cyclase reside on the same 
protein where the receptor faces the outside of the cell and the active site faces 
the inner surface of the membrane. Such a situation would be analogous to the 
adenylate cyclase from Brevobacferiurn liquifaciens which was found to  be a di- 
mer composed of two identical subunits in which both the active site and the 
regulatory site for pyruvic acid reside. This model was favored by certain work- 
ers, but is unlikely to apply to the eucaryotic enzyme. A large variety of data 
suggest that the receptor and the catalytic moiety are separate protein units, prod- 
ucts of different genes. 
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2. 

3 .  

4. 

The receptor and the enzyme occur as an oligomeric complex R.E, (R = recep- 
tor, E = enzyme) composed of two distinct subunits in analogy to aspartate 
transcarbamylase. The complex is composed of n receptor subunits and m cata- 
lytic subunits. This type of model was favored by Robison and co-workers.6’ To  
update this model one might include a third component - namely, the GTP 
regulatory uni t  - which is an integral part of the cyclase system. Thus it  will be 
R.G,Cf where the stoichiometry of the three components is n:m:l. We shall de- 
fine the complex CG as E. 
The possibility exists that a physical separation between R and E(E = CG), con- 
comitant with enzyme activation, takes place upon hormone binding. This model 
is reminiscent of the CAMP-dependent protein kinase and was suggested as a 
possibility by some workers. 
The receptor and the enzyme are physically separated, and the hormone receptor 
and the enzyme are moving randomly, relative to each other in the lipid bilayer. 
In  the absence of agonist, the affinity of the enzyme to the receptor is negligible, 
and an encounter between the two entities does not yield any activation. Upon 
agonist binding, a structural change occurs in  the receptor, which allows a fruit- 
ful  encounter between the agonist-bound receptor and the enzyme. During this 
encounter the enzyme becomes activated. I t  may even be that affinity between 
the two entities will increase in the presence of agonist and, thus, a ternary com- 
plex will become stabilized. 

In early 1976 we stated,l’ “So far no experimental evidence is available to distinguish 
between these four possibilities in terms of their closeness to the truth, although we 
feel it is evident that alternative (1)  can be discarded.” Today, 3 years later, we are 
much wiser on this subject due to the efforts of many laboratories. Alternative (1) can 
now be almost safely rejected, as three lines of evidence indicate strongly that the 
agonist recognition site - the receptor and the catalytic site of adenylate cyclase - 
resides on t w o  separate macromolecules. First, attempts to solubilize and to 
p ~ r i f y ” . ~ ~ . ~ ’  the /3-adrenergic receptor led to the claim that this receptor can be easily 
separated from the catalytic component of adenylate cyclase. These studies are in line 
with the basic assumption that the receptor and the enzyme present two separate mac- 
romolecules. Second, elegant experiments recently performed by Orly and S ~ h r a m m ~ ~  
have provided another proof of this hypothesis. In these experiments turkey erythro- 
cytes, in which the catalytic activity had been inactivated by N-ethylmaleimide or by 
heat, served to contribute the /3-adrenergic receptor. Friend erythroleukemic cells (F 
cells), which possess no /3-adrenergic receptors, served to contribute the enzyme aden- 
ylate cyclase. The erythrocytes in which the enzyme had been inactivated were fused 
with the F cells using Sendai virus. The cell ghosts of the fused preparation demon- 
strated I-isoproterenol-dependent adenylate cyclase. These experiments reveal, there- 
fore, that the /3-adrenergic receptor of the turkey erythrocyte must have become func- 
tionally coupled to adenylate cyclase of the mouse F cells. More recently solubilized 
/3-receptor from turkey erythrocyte was added to /3-receptor-deficient Friend erythro- 
leukemia cells and generated a /3-adrenergic responsive cyclase.” Third, fractionation 
of membranes from frog erythrocytes6‘ reveals that the catalytic moiety and the p- 
adrenergic receptors are not equally distributed. This finding corroborates the idea 
that the /3-receptors and the enzyme are not contiguous. Thus, coupling must have 
occurred between the preexisting components. Fourth, recent experiments (see Refer- 
ence 65 and references therein) on clones of lymphoma cells demonstrate that the GTP 
binding protein is a product of a separate gene. It is possible to obtain lymphoma S49 
cells which possess normal /3-adrenergic receptor and the catalytic moiety of adenylate 
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cyclase. In these mutants the enzyme cannot be stimulated by 0-agonists but only by 
Mn++ which acts directly on the catalytic moiety of the enzyme. The enzyme, however, 
cannot be stimulated by N a F  or by GppNHp because of the presence of a defective 
G T P  binding protein. Membranes from this mutant cell, termed AC-, can regenerate 
the normal 0-receptor-dependent cyclase activity once a G T P  binding protein from the 
wild type cell is added back in the presence of detergent. This reconstitution of cate- 
cholamine-sensitive cyclase establishes the essential role of the G T P  regulatory unit. 

In summary, although none of the components of a hormone-responsive adenylate 
cyclase has been purified, it is quite clear that three components are involved: ( 1 )  the 
receptor (R) which faces the outside of the cell and  which interacts with the hormone 
or the neurotransmitter, (2) the catalytic moiety (C) responsible for the conversion of 
A T P  to CAMP,  and (3)  the G T P  regulatory units (G) .  The two latter entities face the 
cytoplasm. I t  seems that the simultaneous occupancy of the receptor by agonist and 
of the regulatory unit by G T P  is required to bring about enzyme activation. The exact 
stoichiometry and disposition of these units are not yet known and should be the sub- 
ject of active investigation. 

B. Mechanistic Aspects 
Over the past few years it has become apparent that the receptor and the catalytic 

moiety are not the only components of the receptor-cyclase complex. Mainly through 
the pioneering studies of Rodbell and colleagues,66 it became apparent that a third 
component, the transducer, plays a decisive role in the processing of the hormonal 
signal. It turns out  that the binding of the hormone or  of the neurotransmitter is a 
necessary event for the activation of adenylate cyclase, but is not sufficient (see Ref- 
erences 67 and 68 and references therein). The nucleotide G T P  must be present so that 
the hormone-induced activation of adenylate cyclase will take place. The role of the 
G T P  regulatory unit was not recognized for a long time, probably because the sub- 
strate A T P  used in the cyclase assay is usually contaminated with enough G T P  to 
saturate the G T P  regulatory site that binds the nucleotide with an affinity constant in 
the micromolar range. Indeed, when A T P  free of G T P  is used in the cyclase assay, 
the dependence of the cyclase activity on G T P  can be demonstrated. 

It is now generally accepted that G T P  functions as a n  intracellular regulator which 
interacts with a specific regulatory site on the receptor-cyclase system and activates the 
enzyme with the hormone in a synergistic manner. It was also found to be generally 
true that G T P  analogues such as GppNHp,  GTPyS, and GppCH,p (See Reference 68 
and references therein) activate the hormone-dependent adenylate cyclase in a quasi- 
irreversible fashion and, in the presence of hormone, induce the formation of a highly 
active and extremely stable adenylate cyclase. Detailed kinetic analysis on the P-adre- 
nergic receptor-dependent adenylate c y c l a s e ~ ' ~ ~ ~ ~ ~ ~ ~  reveal that the role of the agonist 
is to facilitate the activation of the adenylate cyclase by the guanyl nucleotide. The 
efficiency of the 0-receptor directed ligand diminishes progressively where: I-epineph- 
rine = I-isoproterenol = 1-norepinephrine > dopamine > I-phenylephrine > l-isoter- 
enol > metanephrine. That is, the lower the efficacy of the agonist, the less efficient is 
the process of the ligand-induced cyclase a c t i ~ a t i o n . ~ ~  Pure antagonists such as I-pro- 
pranolol have n o  effect on the rate of cyclase activation. The extent of enzyme activa- 
tion by the guanyl nucleotide alone (basal activity) varies from system to system, but 
in every case the agonist facilitates the activation process. In our notation below we 
depict the cyclase unit as E where E includes the G T P  regulatory unit. Independent 
evidence indicates that the E and the G T P  unit are associated with each other even in 
the detergent-solubilized state.'O 
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C .  Kinetic Aspects of the GTP-Hormone Interrelation 
The activation of adenylate cyclase to its activated state requires the simultaneous 

binding of the agonist and of the guanyl nucleotide to their respective sites. When both 
sites are occupied, the enzyme is converted from its inactive E state to its activated 
state E’. Termination of the hormonal signal occurs concomitantly with the hydrolysis 
of G T P  a t  the guanyl nucleotide regulatory site to G D P  and P,. Indeed, in turkey 
erythrocytes” and in pigeon e r t h r ~ c y t e s , ’ ~ ~  the /3-receptor-dependent GTPase activity 
can be measured directly. The  hydrolysis step per se is independent of the continued 
presence of the agonist at  the receptor ~ i t e . “ - ~ ~ . ~ ’  The enzyme cannot, however, be 
reactivated until a new molecule of G T P  binds to the guanyl nucleotide regulatory site, 
a process which can occur onfyif the receptor is occupied by an  agonist and the G D P  
produced in the GTPase step is removed from the GTP regulatory site. 

It has been s u g g e ~ t e d ~ ’ . ~ ’  that the rate-limiting step in hormone-induced cyclase ac- 
tivation is the dissociation of G D P  from the G T P  regulatory site and that the role of 
the hormone is t o  facilitate this step. I t  is therefore possible that basal activity reflects 
the hormone-independent rate of G D P  dissociation from the G T P  regulatory site. It 
follows that the different basal activities exhibited by different cyclase systems reflect 
different rates of hormone-independent G D P  dissociation. In the presence of nonhy- 
drolytable G T P  the latter remains tightly bound a t  the guanyl nucleotide site, the hy- 
drolytic step does not take place (see References 67 and 68 and references therein), 
and the enzyme remains in its active state E’. In the presence of hormone and GTP,  
the only two species of cyclase in the system are E, the inactive form of the enzyme, 
and the CAMP producing form E’. Once steady state has been reached, the system can 
be described by the following e q ~ a t i o n : ~ ’  

GTP, agonist. ko, 
E ,  E’ 

koff 

Thus, the total enzyme concentration in the membrane [ET] under these conditions is 
given by: 

Applying the steady-state conditions: 

Inserting ( 3 )  into (4). one  o b t a i n ~ : ~ ’  

ItTl 
It’l = . .  

koff 

knn 
I +-- 

Namely, only a fraction of the total cyclase pool is in its active form. The fraction 
[E’]/[ET] can in fact be measured directly by determining the ratio of the maximal 
specific activity in the presence of G T P  to that in the presence of GppNHp.  In the 
latter situation, all of the enzyme pool is converted to the active form and thus the 
specific activity is given by the term “kcat [ET]” where kcat is the turnover member 
of the cyclase system. In the presence of G T P ,  however, the maximal specific activity 
is given by the term “kcat [E’]”.  I t  follows that the ratio between the two specific 
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activities yields directly by the ratio [E']/[ErI. According to the two state models de- 
rived here, the ratio (E']/[E,] is determined by the ratio k,,,,/kom. The kinetic constant 
k.. depends on hormone concentration and its maximal value is attained at  saturating 
agonist concentration. I t  is apparent from Equation 5 that the level of cyclase activity 
increases as k.. increases. The first order rate constant k.,,, depicting the decay of the 
activated state to its inactive form, represents the GTPase step at  the regulatory site. 
For the turkey erythrocyte /3-adrenergic-dependent adenylate cyclase, the values of 
k o m 4 R . 7 3  and k0,,'8.69.71 were measured directly. By following the rate of adenylate cyclase 
activation by saturating concentrations of I-epinephrine and saturating concentrations 
of G ~ p N H p , ~ l l . ' ~  k.. was determined. Under these conditions, ko,, = 0, since GppNHp 
cannot be hydrolyzed, and thus all the cyclase molecules are converted to  the activated 
form of the enzyme, as was indeed found - namely, [E'[ = [EJ. This value was 
found to be in the range of k.. = 0.4 t o  1.0 min' a t  37°C. The value of k0,/ was also 
measured directly by two independent methods for  the turkey erythrocyte system. One 
method involves the measurement of the rate constant of  G T P  hydrolysis at the regu- 
latory site by the GTPase assay which was recently developed." The second method 
involves the measurement of the rate decay of the activated state E '  t o  its inactive form 
by a quenching e ~ p e r i m e n t " . ~ ~  carried out as follows: The enzyme is incubated with 
hormone, GTP,  and nonradioactive ATP; at  zero time an excess of antagonist and 
a("P]ATP are added simultaneously. At this time E cannot be reconverted to E' as 
this conversion requires the continued presence of agonist a t  the receptor site and E' 
decays to E with the characteristic ke,,. Concomitantly with this decay ["PI CAMP is 
continued to be produced by the vanishing activated form of the enzyme E'. The time 
course of  [32P]cAMP formation reflects the time course of the decay of E' to E. The 
characteristic rate constant of this process is k,,, and thus can be easily obtained. When 
an antagonist is not available, the quenching can be performed by GDP/3S.7' The latter 
replaces G D P  at the regulatory site, subsequent to its formation, and because of its 
tight binding, prevents the binding of G T P  and thus blocks reativation of the enzyme. 
I t  must be emphasized that these methods can be applied to any adenylate cyclase 
system, whereas the success of the GTPase assay depends substantially on the ability 
to measure the specific hormone-dependent GTPase activity over the high background 
nonspecific nucleotide triphosphatase activity. Equation 5 can be rearranged to: 

and one can examine whether the two-state model discussed here for the cyclase system 
is indeed applicable. This can be done as follows: ko,, and k.. can be measured inde- 
pendently and so is the ratio [Er]/[E']. The latter ratio represents the ratio of the 
specific activity in the presence of GppNHp to that in the presence of GTP.  One can 
then examine whether indeed the ratio [Er]/[E'] and k.,,/n k.. are related by Equation 
6 .  

Such a comparison has in fact been carried out for the turkey erythrocyte /3-receptor 
system, and the correspondence was found to  be e x ~ e l l e n t . ~ ~ . ~ ~  This finding supports 
the view that  the two-state model for the cyclase system accounts well for the experi- 
mental data. The simple model described in Equations 2 through 5 suggests also a 
mechanistic approach to the study of the nature of partial agonism in the cyclase sys- 
tem. Partial agonists induce a smaller fraction of the cyclase to be converted into its 
active form E' ,  thus yielding a lower specific activity as compared with full  agonists. 
This may result either from a lower k.. value or a higher k0// value (or both). This was 
recently examined in detail in the case of turkey erythrocyte /3-receptor-dependent 
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adenylate cyclase. I t  was found that k.,, is identical for nine full and partial agonists, 
whereas k.. is the parameter which is agoni~t -dependent .~~ Since it was also found in 
the latter case that ko,, 9 k”. i t  became apparent from Equation 5 or 6 that the level 
of cyclase activation, E’ ,  is linearly dependent on kom. Indeed, when the steady-state 
level of cyclase activity is plotted against k.. for nine different agonists, a linear rela- 
tionship is This finding corroborates further the claim that i t  is sufficient 
to consider a two-state model for the cyclase system. Another recent finding (see also 
below) is that the cholera toxin-induced ADP-ribosylation of the G T P  binding protein 
is the origin of the increase in the activity of adenylate cyclase (E’ according to our 
notation). I t  can be shown’l that this covalent modification results in the decrease of 
the GTPase step (ko,,) and thus yields an increase in the steady-state level of active 
cyclase in the presence of GTP.  These data’5 lend further support to the model of 
cyclase activation discussed above. 

D. The GTP Binding Protein 
The hypothesis that the guanyl nucleotide regulatory site represents a separate regu- 

latory unit was recently verified directly. By exposing Lubrol-PX-solubilized pigeon 
erythrocyte membranes to a GTP-sepharose matrix, G T P  binding proteins can be sep- 
arated from the cyclase catalytic These proteins can then be dissociated from 
the GTP-matrix by GppNHp or G T P  and, upon their addition to the cyclase which 
was deprived of the guanyl nucleotide binding proteins (G-protein), reconstitution oc- 
curs and adenylate cyclase activity is regenerated in the presence of G P ~ N H ~ . ’ ~ . ’ ’  Fur- 
thermore. Pfeuffer has found that the guanyl nucleotide binding protein isolated from 
pigeon erythrocytes is also capable of activating rabbit myocardial adenylate cyclase 
which was previously depleted from G T P  binding  protein^.'^ 76 This latter finding 
strongly indicates that this regulatory protein is a universalunit of the adenylate cyclase 
system and, therefore, can couple with a catalytic unit from many species. Affinity 
labeling  experiment^,'^ using a G T P  derivative, indicate that probably only one of the 
GTP binding proteins - possessing a molecular weight of approximately 42,000 - 
which binds to the GTP-matrix is the guanyl nucleotide regulatory unit which is 
strongly attached to cyclase. More recently (see below) it was found that i t  is the same 
42,000 G T P  binding subunit that is ADP ribosylated when the pigeon erythrocyte 
membrane is exposed to cholera toxin. I t  remains to be established whether the G T P  
binding protein responsible for cyclase activation possesses the GTPase activity. The 
fact that ADP ribosylation inhibits the P-receptor-dependent GTPase activity in turkey 
erythrocytes supports this assumption. 

The presence of the G T P  binding protein is essential also for the reconstitution of 
fluoride activity (see Reference 65 and references therein). That is, the ability of NaF 
to stimulate adenylate cyclase requires the association of the catalytic moiety with the 
GTP binding protein. This is the reason why this protein has also been termed the G /  
F protein. Membranes from mutant S49 cells possessing p-adrenergic receptors but 
lacking hormone-dependent cyclase activity (AC-) were shown to regain hormone re- 
sponsiveness upon addition of the G/F protein extracted from wild-type cells.65 I t  
seems therefore that the stable association of the G T P  binding protein with the aden- 
ylate cyclase moiety does not require penetration of the protein into the membrane. 
This assertion is based on the findingP5 that (1) the G T P  binding protein can be re- 
moved from the membranes and solubilized using low urea concentrations or EDTA, 
and that (2) the protein seems to bind little detergent as contrasted with the a-recep- 
tor.6’ Upon solubilization of B-receptor-dependent adenylate cyclase. the receptor (R) 
separates easily56 from the cyclase (C), whereas the G T P  regulatory unit (G) tends to 
associate with the catalytic unit C.’” In fact, these findings are not in contradiction 
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with the assumption that the receptor does not form a stable complex with the cyclase 
complex altogether. In the turkey erythrocyte system there is independent evidence to 
support the latter situation (see below). 

E. The  Mode of Action of Cholera Toxin 
I t  has been shown that a variety of cells and membranes derived from these cells 

exhibit an increased adenylate cyclase activity subsequent to treatment with cholera 
toxin in the presence of NAD+. It was and, indeed, demonstrated that chol- 
era toxin causes a decrease in the GTPase namely, in k,, (Equations 5 and 6) .  
thus increasing the steady-state concentration of the activated form of adenylate cy- 
clase in the presence of hormone and GTP.  The  cholera toxin-induced activation of 

of 
the 42,000 mol wt guanyl nucleotide binding protein. The inhibition of the GTPase 
step is responsible for the observation that adenylate cyclase activation by GTP,  sub- 
sequent t o  cholera toxin-induced ADP-ribosylation, is similar to that involved by non- 
hydrolyzable G T P  analogues in the absence of cholera toxin treatment. Cholera toxin, 
however, does not influence the extent of G p p N H p  activation as is, indeed, expected. 
I t  should be emphasized that the GppNHp-induced activation retains its irreversible 
nature, whereas the enhanced G T P  effect on  the cholera toxin-treated membranes is 
reversible just as in untreated membranes. This is expected since cholera toxin treat- 
ment does not nullify the G T P  hydrolytic step but just inhibits it.75 The overall inter- 
relationship between the adenylate cyclase and G T P  is summarized in Figure 7. 

the adenylate cyclase system is most probably due to the A D P - r i b o ~ y l a t i o n ~ ~  

F. The Dynamics of the Topographical Interrelationship Between Cyclase and  the /3- 
Receptor 

Although it is quite well established that the three basic components of the adenylate 
cyclase system - the receptor, the G-protein (the GTP binding protein), and the cata- 
lytic unit - represent separate macromolecules, little is known about their organiza- 
tion within the membrane, their stoichiometry. and the mode of coupling between 
them. Certain theoretical argumentsB1 favor the assumption that the stoichiometry is 
close to l : l : l ,  but n o  direct proof is yet available as none of these components has 
been purified to homogeneity. However, more has been learned recently about the 
mechanism of coupling between these components in one experimental system, 
namely, the turkey erythrocyte /3-adrenergic system. It is already established that the 
guanyl nucleotide regulatory unit is tightly attached to  the catalytic unit and can only 
be separated from the latter upon solubilization in nonionic detergents and the bio- 
specific absorption of the guanyl nucleotide protein onto a GTP-sepharose matrix. 
The 8-receptor usually separates rather easily from the cyclase. The separation of the 
cyclase from the /3-receptor upon membrane solubilization has been demonstrated in 
a number of cell types. In each case the solubilized cyclase could respond to GppNHp 
and to NaF, which indicates that the catalytic moiety and  the G T P  regulatory protein 
remain associated, even subsequent to solubilization. Thus the C,G, complex (C = 
enzyme, G = the G T P  regulatory unit) is a stable structure with a yet unknown stoi- 
chiometry. Since the structural work on hormone-activated cyclases is progressing 
rather slowly, the approach taken to study the mode of coupling between receptors 
and adenylate cyclases has been mainly a kinetic one. We shall first consider the var- 
ious theoretical models which have been formulated and then the experiments designed 
to explore the validity of these models. 

G. Possible Modes of Receptor to Enzyme Coupling 
In this section we shall consider the mode of coupling of /3-adrenergic receptor to 
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ATP CAMP + PPi 

INHIBITION BY W CHOLERA TOXIN 
( ( ( t i v e E n z y m ~  E’ - GTP 

Pi 

Inactive Enzyme 

f 
GDP 

FIGURE 7 .  The role of GTP in adenylate cyclase activation. E’.  
GTP is the active species of the enzyme. k.,, is the GTPase step 
whereas k.. is the rate constant characterizing the transition of the 
inactive enzyme E.GDP to the active state. The activation involves 
the removal of G D P  from the regulatory site. This figure was drawn 
from the model developed by Levitzki” and Cassel and Selinger.” 

adenylate cyclase. Whenever we refer t o  the “enzyme”. we mean the whole complex 
between the catalytic moiety and the G T P  regulatory protein. The theoretical consid- 
erations are usually applicable to other receptor cyclase systems and  other receptor 
signal systems where the signal is not cyclase. Such a signal can be on  transport via an 
ionophore coupled to  the receptor. The experimental data discussed below will be con- 
fined to the 0-receptor-dependent adenylate cyclase system, not only because i t  is the 
subject of this review, but also because detailed experiments aimed at  the delineation 
of receptor to signal coupling have been thus far performed only on  that system. I n  
principle, four possible modes of coupling can occur:48 

The precoupled model where the enzyme unit and the receptor regulatory unit 
are permanently attached to one another, a s  in the regulatory enzyme aspartate 
transcarbamylase. In this case the process-of enzyme activation can be described 
in the upper scheme of Figure 9. The model predicts noncooperative agonist and 
antagonist binding. This model also predicts that the time course of enzyme ac- 
tivation to its permanently active state (ko,, = 0), in the presence of hormone 
and GppNHp,  is first order.“ 
The dissociation model assumes that the enzyme and the receptor are perma- 
nently attached to  each other in the absence of agonist and that subsequent to 
hormone binding, the two units separate concomitantly with enzyme activation. 
This model predicts negatively cooperiitive ligand binding as well as nonfirst-or- 
der kinetics of enzyme activation when exposed to agonist in the presence of 
GppN Hp .  4 *  
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3 .  The floating receptor model assumes that the hormone, the receptor, and the 
enzyme are in equilibrium and, thus, the fraction of enzyme attached to the re- 
ceptor can vary with the amount of agonist in the system. This model, like model 
11, predicts negatively cooperative hormone binding and complex kinetics of en- 
zyme a~ t iva t ion .~ ’  
The collision coupling model is described in the bottom section of Figure 8. This 
model predicts first-order kinetics of enzyme activation by hormone and 
GppNHp,  and noncooperative ligand binding, as model 1 .48 

4. 

In one system, the turkey erythrocyte /3-receptor-dependent cyclase, experiments 
were performed to explore the nature of the coupling between the receptor and the 
enzyme. Binding experiments of /%antagonists and p-agonists reveal that the mode of 
binding is always noncooperative in the turkey erythrocyte ~ y ~ t e m . ~ ~ . ~ ~ . ~ ~ . ~ ~ , ~ ~  Further- 
more, the kinetics of enzyme activation in the presence of GppNHp is first 
These two observations, even taken separately, constitute a firm basis to reject model 
2 and model 3 for the turkey erythrocyte system. Both the binding experiments of /3- 
ligands and  the kinetic experiments can be accounted for equally well by either model 
1 and its diametrically opposed model 4. A closer look48 at these two models reveals 
that model 1 predicts that in the presence of GppNHp (ko,, = 0), the rate constant of 
enzyme activation (kom) is independent of receptor concentration and that the maximal 
number of activatable catalytic units is directly proportional t o  the concentration of 
receptor. I n  contrast, the collision coupling model (model 4) predicts the opposite: the 
rate constant of enzyme activation is directly proportional to the concentration of in- 
tact receptor, whereas the maximal number of catalytic units which can be activated 
is independent of receptor concentration. Using an  irreversible /3-adrenergic blocker48 
(see Figure 6) ,  it was possible to demonstrate that the turkey erythrocyte p-adrenergic 
receptors are not permanently attached to the cyclase, but activate the enzyme by the 
collision coupling mechanism. Using an  identical approach to  investigate the mode of 
coupling between the adenosine receptor and the cyclase in the turkey erythrocyte sys- 
tem, the opposite situation was found:8J the progressive inactivation of the adenosine 
receptor by an  irreversible blocker results in a proportional decrease in the maximal 
number of activatable catalytic units in the presence of GppNHp, but no change in 
the rate constant characterizing the activation process (kern) is effected. The fact that 
the adenosine receptor and the /%receptor a re  coupled differently to the adenylate cy- 
clase was in fact predicted on  kinetic grounds (see Reference 84 and references therein). 

The conclusion that the adenosine receptor is permanently attached to the cyclase, 
whereas the /%receptor is not, is corroborated by an  entirely different experimental 
approach. The progressive increase in membrane fluidity by the insertion. of cisvac- 
cenic acid causes a dramatic increase in the rate constant (kern) of cyclase activation by 
the /I-agonist bound I ] - r e ~ e p t o r , ~ ~  but no change in the rate constant characterizing the 
activation of cyclase by a d e n o ~ i n e . ” ~ ~ ‘  These findings corroborate the assertion that 
the process of adenylate cyclase activation by /.3-receptors is bimolecular whereas the 
activation by adenosine is monomolecular. Another interesting aspect is that in the 
turkey erythrocyte system it was also shown that the two receptors activate a common 
pool of adenylate cyclase molecules through a common G T P  regulatory 

H. The Effect of GTP on p-Receptors 
A number of reports have shown that besides the role of GTP in the activation of 

adenylate cyclase, guanyl nucleotides also affect the interaction of the receptor with 
the agonists. Thus, G T P  and its analogues were found t o  reduce the affinity of gluca- 
gon to its receptors.” The GTP-induced reduction in the affinity of the glucagon re- 
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CYCLASE TO RECEPTOR COUPLING 

I P R E C O U P L E D  
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GTP G D P +  PI  

DISSOCIATION MODEL (PROTEIN KINASE TYPE1 1 1  

k on OH H 
RE HRE -HR i E '  - E  

/? 
GTP G D P  t PI 

K H  
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H kon 
A + E =RE t H R E  . - HRE' 

K H  i t  kol, If 
HR i E '  H R + E  n 

G D P  + PI G T P  

I V  COLLISION COUPLl N G  l Bl MOLE CU LAR 1 

+HilK, k-, I I 
H + R  

/-\ 
GDP t PI GTP k d l  

FIGURE 8 .  
adenylare cyclase. 

Possible modes of coupling between hormone receptors and 

ceptor toward the hormone is retained subsequent to its solubilization with Triton@ 
X-100.88 Similarly, G T P  was shown in two cell types to reduce the affinity of /3-adre- 
nergic receptors toward /I-agonists, but not toward / 3 - b l o c k e r ~ . ~ ~  These effects of 
guanyl nucleotides are usually attributed to a receptor-linked nucleotide site which is 
different from t h e  nucleotide site coupled to cyclase. The  evidence for the existence of 
such a site, however, is so far indirect and  further experimentation is necessary in order 
to confirm this assertion. On theoretical grounds, however, one can account for the 
effects on  the GTP-receptor without assuming a new G T P  site.'09 

I .  The Role of the Lipid Matrix 
Numerous studies reveal that  the lipid matrix plays a role in the coupling between 

hormone receptors and adenylate cyclase. The treatment of membranes with phospho- 
lipases is known to damage the coupling between the hormone receptors and the cy- 
clases. These observations may be taken as an  indication that specific phospholipids 
are essential for the interaction between the hormone receptor and the cyclase and/or 
the G-protein. In the absence of more direct studies on this question, one cannot at 
the present time identify specific lipids essential for the function of adenylate cyclase. 
Similarly, the introduction of the membrane perturbing agent filipin9' uncouples the 
/I-adrenergic receptors from the cyclase and eliminates the ability of /3-agonists to stim- 
ulate the cyclase, without affecting the binding of /3-adrenergic ligands or the ability 
of NaF to activate the catalytic moiety of the cyclase. On the other hand, certain mem- 
brane fluidizing agents such a s  unsaturated fa t ty  acids'' 9 2  or certain phospholipids"' 
induce an  increase in the efficiency of coupling between the /3-adrenergic receptor and 
the cyclase in the turkey erythrocyte system. Similar findings were recently observed 
in cultured Chang liver cells.93 Fluidization of cell membrane may also lead to the 
reversible c r y p t i ~ a t i o n ~ '  of receptors at higher temperatures, with a concomitant de- 
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crease in hormone-dependent adenylate cyclase activity." This effect is separate from 
the effect of fluidization on the efficiency of coupling and can be dissected from i t .  

J .  Future Directions 
The research in the field of receptor t o  cyclase coupling is still in its infancy. Many 

key features of the adenylate cyclase regulatory system remain unknown. Let us list a 
few: 

1 .  

2. 

3 .  

4. 

5 .  

6 .  

7 .  

The structure of receptor-dependent cyclase regulatory complex is not as yet 
known. N o  da ta  are available at  present as to the stoichiometry among the three 
recognized macromolecules - the receptor, the G T P  regulatory unit (the "trans- 
ducer"), and the cyclase catalytic moiety. A further advance in this direction will 
be possible once these macromolecules will be purified and, subsequently, be 
reconstituted to a functional hormone-responsive cyclase under controlled exper- 
imental conditions. Progress in the field of structure of receptors is essential t o  
further our understanding of the interactions between adenylate cyclase and its 
receptor. In addition, the fact that more than one kind of receptor may couple 
to a single pool of adenylate cyclase indicates that different receptors may possess 
a common structural domain with the enzyme (Figure 9). This situation might 
be taken as a n  indication that hormone receptors are built like antibodies and 
antigen receptors; namely, the receptor consists of a variable domain which rep- 
resents the hormone binding site and  a constant domain which represents the 
region of the receptor molecule that interacts with the G T P  regulatory unit and/ 
or the catalytic cyclase unit. 
I t  is not clear whether all the components of the adenylate cyclase have already 
been discovered. For example, it is yet to be established whether the G T P  regu- 
latory site linked to  the cyclase is identical with the site responsible for the hor- 
mone-dependent GTPase. Purification of the adenylate cyclase components and 
reconstitution experiments should yield some information o n  this point. Simi- 
larly. it is not yet clear whether the GTP-induced decrease in the affinity of cer- 
tain hormone receptors coupled to  cyclase toward the agonists is due to  the inter- 
action of the known GTP regulatory unit with the receptor, reflects the 
interaction of the receptor with still another G T P  regulatory site. 
How the process of hormone-induced desensitization (see also below) is linked 
to the coupling between the hormone receptor and the cyclase catalytic moiety is 
still an  open question. 
The role of specific membrane lipids as essential cofactors for the receptor to 
cyclase coupling must still be explored. 
Whether the fluidicy of the membrane matrix is a decisive factor in the mecha- 
nism of receptor t o  enzyme coupling in systems other than the few explored is 
not known as yet. 
Connected t o  the last point is the question as t o  which of the hormone receptors 
known to activate adenylate cyclase are permanently associated to the cyclase 
and which a re  separate entities and therefore activate the enzyme during the tran- 
sient encounter between the two. In the latter case, the receptors will not be found 
in the same domains a s  the enzyme as was indeed recently found in one s y ~ t e m . ~ '  
For the study of the relative distribution of hormone receptors vis i vis the cy- 
clase, one  will have to develop specific ultrastructural probes for the receptors 
as well as for the cyclase or the G T P  binding protein. 
The possibility that adenylate cyclase and the G T P  regulatory unit, which face 
the inside of the cell, are anchored to  cytoskeletal elements or are freely mobile 
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OUTSIDE 

- MEMBRANE 

INSIDE 

FIGURE 9. Adenylate cyclase related receptors may pos- 
sess a common structural domain. The shaded area is the 
hypothetical domain which interacts with the catalytic 
moiety and/or the GTP regulatory unit. This so-called 
"constant" domain may have been conserved during evo- 
Iuiion. Future structural work will of course reveal whether 
such a model IS  feasible. 

in the  lipid bilayer, must still be explored. Data on  the latter point are relevant 
to the question whether receptor t o  enzyme coupling is also influenced by cyto- 
skeletal elements. 

X .  SELF REGULATION OF p-ADRENERGIC RECEPTORS 

A. Desensitization 
The incubation of cells possessing /3-adrenergic receptors leads to  the decrease in 

receptor response. This feature of receptor behavior is common to many receptors and 
is known as receptor desensitization or  subsensitivity. Lefkowitz and  c o - w o r k e r ~ ~ ~  
demonstrated in intact frog erythrocytes that receptor desensitization is expressed in 
decreased /3-agonist-dependent adenylate cyclase and/or  reduction of the total number 
of /3-receptors on  the surface of the cell. Similar observations were made in a large 
variety of cell types. In most studies on  a variety of cells it was noted that the degree 
of adenylate cyclase desensitization usually exceeds the degree of loss of /3-receptors. 
A more detailed kinetic analysis on the mechanism of /3-receptor desensitization of 
human astrocytoma cells (see Reference 96 and  references therein) suggests that the 
phenomenon of densensitization involves two consecutive steps: ( 1 )  a rapid uncoupling 
of the /&receptors from the cyclase; namely, the loss of hormonal situation of adenylate 
cyclase, followed by (2) loss of /I-adrenergic receptors from the cell surface. The  initial 
event of the loss of receptor t o  enzyme coupling is reversible, whereas the loss of 8- 
receptors from the surface of the cells is not. The  disappearance of receptors from the 
frog erythrocyte surface was reported to  occur together with the increase of /3-receptors 
in the cy tos01 ,~~ suggesting internalization as was found for polypeptide hormones such 
as insulin. The reappearance of /3-receptors on  the cell surface requires the synthesis 
of new receptors. I t  is not yet clear whether the internalized receptors are disintegrated 
or recycled. One can summarize the two-stage process of receptor desensitization by 
the scheme: 

where R is the free unbound receptor, R '  is the agonist bound receptor in the uncoupled 
state, and R' is the internalized receptor which is n longer accessible to  ligands. The 
establishment of the steady state R*R' seems to be rather fast, whereas the irreversible 
process of R' to R" conversion is slow and  usually spans over a few hours. The R'  to 
R ratio depends o n  hormone concentration and increases with the efficacy of the ago- 
nist. The appearance of cytosolic receptor capable of binding ' H - a l p r e n ~ l o l ~ '  subse- 
quent to the exposure of the cells to /3-agonist indicates that the binding properties of 
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the receptor are retained. This behavior may be nontypical since the frog erythrocytes 
may lack degradative mechanisms which are normally operating in most i f  not  all other 
cell types. Interestingly, turkey erythrocytes were found to  lack the phenomenon of 
receptor desensitization altogether." In certain cases it was shown that protein synthe- 
sis is required for /3-receptor d e ~ e n s i t i z a t i o n , ~ ~  but its involvement in other cases was 
not recognized. It  may be that a certain protein component is required for the process 
of long-term desensitization. The  reason that cells differ in their dependence of long- 
term desensitization on protein synthesis may be that the yet unknown protein factor 
has different lifetimes in different cells. 

For other hormones and certain other proteins (see Reference 99 and references 
therein), it was shown that the receptor internalization involves the collection of the 
receptor ligand complexes in "coated pits" where the latter pinch off to form endocy- 
totic vesicles. It is not clear yet, however, whether the coated pit mechanism is involved 
in desensitization. I t  is also not yet clear whether receptor desensitization to catechol- 
amines follows a coated pit type of internalization. Interestingly enough, the ultra- 
structural localization of /3-receptors on muscle cells shows a high concentration of 
ligand receptor complexes near m i c r o ~ i l l i , ~ '  where most coated pits are usually f o ~ n d . ~ '  
The circadian cycle in the responsiveness of the pineal organ to catecholamines was 
found to be responsible for  the circadian rhythm of melatonin biosynthesis by the 
gland. The circadian nature of the increase-decrease in the responsiveness of the gland 
to catecholamines results in the circadian change in the responsiveness of the adenylate 
cyclase to /3-adrenergic stimulation and the corresponding oscillatory change in the 
number of /I-adrenergic receptors. 'oo.lol  

B. p-Receptor Supersensitivity 
Supersensitization of /3-adrenergic receptors at target cells occurs in nerve terminals 

as a compensatory process following the reduction or the complete inhibition of cate- 
cholamine release from the nerve ending. Sup'ersensitization of the 8-adrenergic recep- 
tors can occur in a target organ which responds to catecholamines arriving as a hor -  
mone or a result of a decrease in the input of catecholamines. Supersensitization is 
manifested both in increased CAMP synthesis and in increased level of a-receptors. I t  
was found that subsequent to adrenalectomy of the rat t h e  responsiveness of rat liver 
adenylate cyclase to catecholamines was enhanced three- to fivefold. l o 2  This increased 
responsiveness is accompanied by a three- to fivefold increase in the number of p- 
adrenergic receptors, as revealed by direct binding studies using 'zsl-hydroxybenzylpin- 
dolol. These changes are reversed by the administration of cortisone. I t  was sug- 
gestedlo2 that this increase in 8-receptors and adenylate cyclase activity are a compen- 
satory response to the impairnient in gluconeogenesis and glycolysis, which occur 
subsequent to adrenalectomy. Changes in catecholamine responsiveness in the mam- 
malian brain occur as a result of intraventricular injection of 6-hydroxydopamine 
which causes a destruction of catecholaminergic nerve terminals and therefore a reduc- 
tion or a complete cessation of catecholamine output. Using '"l-hydroxybenzylpin- 
dolol, one can detect an  increase in the number of a-receptors as well as an increase in 
the 8-receptor increase of the I-isoproterenol-dependent adenylate cyclase.'"-' The pi- 
neal gland is another system where one can study the regulation f adrenergic func- 
tion.lo4 In  this system. a period of increased adrenergic stimulation leads to a dimin- 
ished response to subsequent stimulation, namely, subsensitivity. This period is 
followed by a period of reduced stimulation which, in t u rn ,  leads to an  increased p- 
adrenergic response, namely, supcrsensitivity. Glands taken from animals after I2  or 
24 hr of exposure to light are suycrsensitive relative to glands taken from animals at 
the end of their daily exposure to 12 hr of darkness.'05 Data have accumulated to 
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indicate that the sensitivity of 0-adrenergic stimulation is expressed in multiple sites: 
( I )  the number of 0-receptor sites, (2) the response of adenylate cyclase to 0-agonists, 
( 3 )  the levels of cAMP phosphodiesterase, and (4) the level of CAMP-dependent pro- 
tein kinase. All these biochemical signals were shown to follow a circadian cycle of 
sub- and supersensitivity. As for  the case of desensitization, the investigation of the 
time course of the different events may shed more light on the molecular parameters 
involved in the onset of a state of supersensitivity. 

X .  CONCLUSION 

From the discussion of the coupling of adenylate cyclase to 0-receptors, i t  is apparent 
that much is yet to be learned about  the cyclase system. Many of the features described 
here for 0-receptor-dependent cyclase are common to other receptor-dependent cy- 
clases. I t  is also clear that the mechanism of action and control of receptor-dependent 
cyclases is far from being fully understood. I t  remains for future studies to establish a 
number of key features of the receptor-dependent adenylate cyclase. It is almost im- 
possible to conceive progress in this field without the purification of the components 
involved in the action and control of adenylate cyclase and  serious attempts to recon- 
stitute them. Many receptors seem to regulate adenylate cyclase such that their occu- 
pancy results in inhibition of the enzyme. I t  seems that one can divide the cyclase- 
linked receptors to two families: ( 1 )  the cyclase activating receptors which include the 
fl-receptors, and (2) the cyclase inhibitory receptors which include a* receptors, inhibi- 
tory adenosine receptor, and  one class of morphine-enkephaline receptors. Further- 
more, protein components other than receptors seem to participate in the control of 
the cAMP output by adenylate cyclase - to name a few, the G T P  regulatory protein(s) 
and calmodulin. I t  seems, therefore, that adenylate cyclase is the core of a multicom- 
ponent system of which the activating receptor such as the 0-receptor is only one seg- 
ment. I t  is therefore safe to state that  most of the discoveries in this field are yet to be 
made and an exciting time is awaiting the investigators who will possess the persever- 
ance to stick with the problem. 
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