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1.0 Introduction 
1.1 Membrane Receptors and Cell Signalling. For 

an agonist-like acetylcholine to activate its target tissue, 
it must first be recognized in a highly specific manner by 
its receptor;1 subsequently, the binding of acetylcholine 
to its receptor must be translated into an amplified signal 
that leads to a cellular response. The ligand binding and 
signal generation processes represent two distinct but 
closely related functions that a pharmacologic receptor 
must perform. It is now recognized that the receptor, and 
not the activating ligand, possesses in its structure the key 
elements that generate a cellular response. Nonetheless, 
traditionally structure-activity studies have dealt primarily 
with the stereochemical properties of the ligand that allow 
it to bind to the receptor either as an activator (agonist) 
or as an inhibitor (antagonist). Recently, however, at­
tention is being focused on the structural properties of the 
receptor that allow it to bind its ligand and to trigger a 
cellular signal. 

1.2 Mechanisms of Receptor-Mediated Cell Sig­
nalling. As summarized elsewhere,2,3 the mechanisms 
whereby a pharmacologic receptor initiates a cellular signal 
may turn out to be few in number, as represented by the 
three basic paradigms portrayed in Figure 1: (1) the re­
ceptor (RA in Figure 1) may form part of a ligand-gated 
oligomeric ion channel, like the nicotinic cholinergic re­
ceptor4"7 or the receptor for gamma aminobutyric acid 
(GABA);8-10 (2) the receptor (RB in Figure 1) may be a 
transmembrane ligand-regulated enzyme (e.g. the tyrosine 
kinase receptors for insulin11'12 and epidermal growth 
factor-urogastrone (EGF-URO) 13~16 or the guanylate cyc-

f Abbreviations used: EGF-URO, epidermal growth factor-
urogastrone; IGF-I, insulin-like growth factor-I; neu/HER-2, 
cellular counterpart of the neu oncogene product homologous with 
the EGF-URO receptor; PDGF, platelet-derived growth factor; 
TGF-a, transforming growth factor-a. 

lase linked receptor for atrial natriuretic factor17); alter­
natively, (3) the receptor (Rc in Figure 1) may interact in 
a ligand-regulated manner with membrane-associated 
guanine nucleotide binding proteins, or G-proteins, which 
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Figure 1. Receptor models. Three distinct mechanisms for 
receptor-mediated cell activation are portrayed: (A) a ligand-
regulated channel, RA, modulates ion flux; (B) a ligand-regulated 
transmembrane enzyme, RB, acts on intracellular substrates; a 
tyrosine kinase receptor is depicted; (C) agonist binding promotes 
the interaction of the receptor with an oligomeric G-protein (G) 
leading to the dissociation of the oligomer into its a (a) and P/y 
(b, c) substituents; the a subunit in turn regulates an enzyme-like 
adenylate cyclase (Ec) as shown. The fate of the /3/-y subunits 
which are tightly associated is uncertain. The constituents of the 
system (receptor, G-protein, and cyclase) are not drawn to scale. 

in turn modulate the activity of membrane-associated 
enzymes like adenylate cyclase.18-20 As will be elaborated 
upon below, the amino acid sequences are now known for 
a number of the three types of receptors portrayed in 
Figure 1. One goal of molecular pharmacology is to analyze 
the receptor sequences in the context of the three signalling 
paradigms portrayed in Figure 1, so as to assign a function 
to a specific structural domain. 

1.3 Receptor Mobility and Cell Signalling. Apart 
from receptors that are ligand-regulated ion channels (RA, 
Figure 1), receptor mobility in the plane of the membrane 
(Figure 2) is a key feature related to receptor function, as 
outlined by the mobile receptor model of hormone action 
(summarized in ref 2). For a number of receptors like the 
ones for insulin or EGF-URO (portrayed as RB in Figure 
1), ligand binding triggers a series of mobile reactions, 
involving membrane-localized protein-protein interactions, 
that are thought to be involved in initiating a transmem­
brane signal (Figure 2). An important event in the acti­
vation of cells by a variety of receptors is the initial very 
rapid (i.e. less than 1 s) microclustering of the ligand-oc-
cupied receptor (dimers or more) followed by the less rapid 
(seconds to 10's of seconds) aggregation of receptors at sites 
of internalization (frequently, but not necessarily aloways, 
coated pit regions). Upon internalization, the receptor, 
localized to an endosomal organelle, can either migrate to 
a variety of intracellular locales (e.g. lysosome or nuclear 
membrane) or can recycle to the plasma membrane (Figure 
2). It is during the course of these mobile reactions that 
a ligand-occupied receptor, according to the mobile re­
ceptor model of hormone action, can interact with the 
membrane effector moieties, so as to generate a trans­
membrane signal. The receptor domains that are re­
sponsible (1) for the binding of a ligand and (2) for the 
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interaction of the receptor with other important mem­
brane-associated constituents involved in cell signalling and 
receptor trafficking are largely unknown. 

1.4 Amplication of Receptor-Triggered Signals. In 
terms of the cell triggering process per se, it is now believed 
that, for "enzyme receptors" like the ones for insulin or 
EGF-URO, signal amplification involves specific interac­
tions with key phosphoprotein "effector" substrates (ref 
21-29, represented by EB in Figure 1). For receptors that 
interact with G-proteins, signal amplification is mediated 
via the receptor-induced dissociation of the G-protein 
oligomer into substituents (a and (3/y), which in turn 
regulate membrane enzymes like adenylate cyclase, so as 
to generate "second signal" molecules such as cyclic AMP. 
The amplification reactions triggered by the second signal 
molecules (e.g. phosphorylation-dephosphorylation cas­
cades) can lead both to cell activation and to a feedback 
control of the receptor itself. The factors that govern the 
interaction between a ligand-occupied receptor and its 
G-protein signal mediator are partly (e.g. guanine nu­
cleotide requirements) but not yet completely under­
stood.18-20 As yet, the factors that govern the interaction 
of specific receptor domains with feedback regulators (e.g. 
kinases or phosphatases) are only beginning to be docu­
mented. 

In the light of the information summarized in the pre­
ceding sections, it is clear that receptor sequences will need 
to subserve a number of distinct, but related functions: (1) 
ligand binding, (2) membrane mobility, internalization and 
intracellular trafficking, (3) signal generation/amplifica­
tion, and (4) feedback regulation. It is the goal of this 
perspective to outline some of the recent receptor struc­
ture-activity studies that are being done for a variety of 
receptors to identify those receptor domains that subserve 
each of these specific receptor functions. 

2.0 Signalling and Domain Function 
In terms of receptor function, the following kinds of 

questions relating to structure and activity may be asked: 
(1) What are the precise domain sequences that participate 
in ligand binding; and, are these the same domains in­
volved in the ligand's ability to trigger the receptor? In 
this context, the terms "intrinsic activity" and "efficacy" 
may be seen in a new light. (2) What are the receptor 
domain sequences that are involved in the interaction of 
the receptor with "effector" moieties, like G-proteins in the 
plane of the membrane? (3) What are the receptor do­
mains that predetermine its plasma membrane location 
and that regulate its mobility/internalization? and (4) For 
those receptors that are transmembrane enzymes (e.g. the 
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Figure 2. Receptor dynamics and agonist action. As outlined in the text, agonist binding triggers a number of mobile receptor reactions 
related to cell activation. The initial microclustering can be related to rapid cellular responses like changes in membrane potential 
or increases in metabolite transport. Subsequent receptor aggregation and internalization can be correlated with delayed responses 
like gene regulation and cell division. 

insulin or EGF-URO receptor), what are the domain se­
quences that confer substrate specificity; and what are the 
receptor substrates that are involved in signalling? With 
the cloning, sequencing, and expression of a variety of 
receptors, along with the ability to site-specifically mutate 
and to express, in a cellular context, a variety of receptors, 
partial answers to some of the above questions are begin­
ning to emerge. For illustrative purposes, this perspective 
will focus on work tht has been done with the receptors 
for insulin, epidermal growth factor-urogastrone (EGF-
URO), /3-adrenergic agents, and platelet-derived growth 
factor (PDGF). Thus, the perspective will not deal either 
with cytoplasmic receptors for agents like steroid hormones 
or with membrane-localized ion channels (like the one for 
calcium) or metabolite uptake sites (e.g. for amino acids) 
that can, in another context, be thought of as receptors. 

In view of the several signalling paradigms and the four 
questions just posed, it is possible to single out specific 
receptor functions that one could expect to assign to de­
fined sequence domains of an individual receptor protein: 
(1) a ligand binding domain, (2) oligosaccharide attachment 
sites, linked to the membrane-targetting properties of re­
ceptor glycosylation, (3) a transmembrane domain, re­
sponsible for anchoring the receptor effectively in the 
plasma membrane, (4) a catalytic domain (in the case of 
receptor-enzymes), (5) a domain involved in receptor 
microclustering, (6) a domain linked to the internalization 
process, (7) a substrate or G-protein binding domain, and 
(8) a phosphate-acceptor domain that may be a target for 
cellular protein kinases or for the receptor itself (auto-
phosphorylation sites), so as to provide for enzymatic 
regulation of the receptor's activity. Given the expected 
multiple domain functions of a particular receptor, it is 
possible to approach structure-activity studies of a re­
ceptor on two levels. On the one hand, it may be possible 
to single out the function of an individual amino acid in 
the receptor sequence (for example, a serine, threonine, 
or tyrosine phosphate acceptor residue). On the other 
hand, it may be possible to assign more than one function 
to a discrete portion of the receptor comprising 10 to 
perhaps a few hundred amino acid residues. The specific 
amino acid sequences that confer a particular activity to 
a functional domain need not be contiguous, but may in­
volve residues that are not adjacent when the receptor 
sequence is listed linearly; such residues may lie in close 
proximity only when the receptor is folded into its active 
conformation. For each domain so identified, it should be 
possible to single out a corresponding membrane-associ­

ated protein with which the receptor can interact. As will 
be elaborated upon below, work with a number of receptors 
is succeeding in delineating the kinds of domains discussed 
in the above paragraph and illustrated for the EGF-URO 
receptor in Figure 3. 

3.0 The Ligand-Binding Domain 

For the catecholamines, there is an extensive literature 
correlating the structural features of these monoamines 
with agonist activities. Similarly, for polypeptide growth 
factors, like EGF-URO and its close homologue, trans­
forming growth factor a (TGF-a), there is an emerging 
literature, using site-directed mutagenesis and conventional 
peptide synthesis as bases for synthesizing peptide ana­
logues, aimed at pinpointing the contribution of specific 
amino acids toward biological activity. Of particular in­
terest with respect to the studies of peptide analogues is 
the ability to measure independently both agonist receptor 
affinity (by ligand-binding techniques) and biological po­
tency (by tissue or cultured cell bioassay procedures). Such 
studies30-33 provide a clear demonstration of the distinct 
nature of the receptor binding (K0) and receptor triggering 
(ED50 and £max) properties of agonist compounds, as en­
compassed by the "CIaSSiCaI" concepts of "intrinsic" activity 
or "efficacy". Just as one can talk of distinct amino acid 
residues in the peptide agonist being responsible for (1) 
receptor binding and (2) receptor triggering, so one can talk 
of the complementary domains on the receptor that are 
involved in these two distinct processes. For instance, 
experiments with mutations introduced into the hamster 
02-adrenergic receptor point to the importance of the 
transmembrane domains of this receptor playing a key role 
in forming a ligand binding region close to the external 
domain of the plasma membrane.34"36 Conversely, the 
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D.; Stevens, A.; Niyogi, S. K. J. Biol. Chem. 1988, 263,12384. 
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Dalton, S.; Watanabe, S.; Sporn, M. B. MoI. Cell. Biol. 1989, 
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Candelore, M. R.; Blake, A. D.; Strader, C. D. Nature 1987, 
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FUNCTIONAL DOMAINS OF THE EGF-URO RECEPTOR 
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Figure 3. Functional domains of the EGF-URO receptor. As summarized in the text and elsewhere,13"16 a number of specific receptor 
activities can be assigned to discrete portions of the receptor sequence.58 In some instances, as discussed, the function of individual 
amino acid residues can be singled out (lysine (K) 721, threonine (T) 654, and tyrosines (Y) 1068, 1148, and 1173). 

binding site for EGF-URO has been localized to a com­
paratively small stretch of sequence (residues about 
320-500) in the extracellular domain.37,38 It is of particular 
interest that the same receptor domain (domain III)39 

coming from two different species (human and chicken) 
can bind EGF-URO and TGF-a with reversed affinities 
(i.e. for the human receptor, EGF-URO binds with higher 
affinity than TGF-a, and vice versa for the chicken re­
ceptor, which binds TGF-a best). In a similar vein, the 
homologous receptors for (1) insulin and insluin-like 
growth factor-I (IGF-I) and (2) platelet-derived growth 
factor-AA and -BB possess binding domains that are able 
to distinguish between the closely related peptides insu-
lin/IGF-I and PDGF-AA/-BB. As yet, the precise Hg-
and-binding sequences in the a chains of the insulin and 
IGF-I receptors40"42 and in the extracellular domains of the 
two PDGF receptors43"46 have yet to be localized precisely. 

(36) Lefkowitz, R. J.; Caron, M. G. J. Biol. Chem. 1988, 263, 4993. 
(37) Lax, I.; Burgess, W. H.; Bellot, F.; Ullrich, A.; Schlessinger, J.; 

Givol, D. MoI. Cell. Biol. 1988, 8, 1831. 
(38) Lax, I.; Bellot, F.; Howk, R.; Ullrich, A.; Givol, D.; Schlessinger, 

J. EMBO J. 1989, 8, 421. 
(39) Lax, I.; Johnson, A.; Howk, R.; Sap, J.; Bellot, F.; Winkler, M.; 

Ullrich, A.; Vennstrom, B.; Schlessinger, J.; Givol, D. MoI. Cell. 
Biol. 1988, 8, 1970. 

(40) Ullrich, A.; Bell, J. R.; Chen, E. Y.; Herrera, R.; Petruzzelli, L. 
M.; Dull, T. J.; Gray, A.; Coussens, L.; Liao, Y.-C; Tsubokawa, 
M.; Mason, A.; Seeburg, P. H.; Grunfeld, C; Rosen, O. M.; 
Ramachandran, J. Nature 1985, 313, 756. 

(41) Ullrich, A.; Gray, A.; Tam, A. W.; Yang-Feng, T.; Tsubokawa, 
M.; Collins, C; Henzel, W.; Le Bon, T.; Kathuria, S.; Chen, E.; 
Jacobs, S.; Francke, U.; Ramachandran, J.; Fujita-Yamaguchi, 
Y. EMBO J. 1986, 5, 2503. 

(42) Ebina, Y.; Ellis, L.; Jarnagin, K.; Edery, M.; Graf, L.; Clauser, 
E.; Ou, J.-H.; Masiarz, F.; Kan, Y. W.; Goldfine, I. D.; Roth, 
R. A.; Rutter, W. J. Cell 1985, 40, 747. 

(43) Matsui, T.; Heidaran, M.; Miki, T.; Popescu, N.; La Rochelle, 
W.; Kraus, M.; Pierce, J.; Aaronson, S. Science 1989, 243, 800. 

(44) Yarden, Y.; Escobedo, J. A.; Kuang, W.-J.; Yang-Feng, T. L.; 
Daniel, T. O.; Temble, P. M.; Chen, E. Y.; Ando, M. E.; Har-
kins, R. N.; Francke, U.; Fried, V. A.; Ullrich, A.; Williams, L. 
T. Nature 1986, 323, 226. 

Nonetheless, studies employing a mutational analysis and 
a comparative analysis of homologous receptors are be­
ginning to define precisely the structural features of the 
receptors that are responsible for agonist binding. It is 
expected that the anatomy of the receptor sites involved 
in agonist triggering (i.e. intrinsic activity or efficacy) will 
also be similarly determined. It is important to note that 
although one principal extracellular receptor domain may 
be involved in ligand binding and ligand triggering, other 
cytoplasmically oriented receptor domains and trans­
membrane domains may also contribute to ligand-binding 
affinity, as will be discussed below for the adrenergic re­
ceptor. In certain respects the hydrophobic membrane-
spanning receptor domain for receptors like the one for 
EGF-URO (Figure 3) does not appear to display charac­
teristic sequence features in individual receptor families 
except for its content of hydrophobic amino acids. 
Nonetheless, more than simply anchoring the receptor, in 
the membrane, this domain can also play a role in cell 
triggering by a ligand-occupied receptor. For instance, 
switching the transmembrane domain in the PDGF re­
ceptor with the analogous hydrophobic domains of either 
the LDL receptor or the neu-oncogene tyrosine kinase 
(closely related to the EGF-URO receptor) resulted in a 
receptor that could not be triggered by PDGF even though 
PDGF could bind to the chimaeric receptor with high 
affinity and trigger receptor internalization.46 In addition, 
a single amino acid mutation in the transmembrane do­
main of the neu/EGF-2 receptor appears to increase the 
constitutive tyrosine kinase activity of the unoccupied 
receptor.13 

4.0 Domains Responsible for Receptor-Membrane 
Interactions 

The cloning and sequencing of a number of receptors 
has delineated general domain features of receptors related 

(45) Gronwald, R. G. K.; Grant, F. J.; Haldeman, B. A.; Hart, C. E.; 
O'Hara, P. J.; Hagen, F. S.; Ross, R.; Bowen-Pope, D. F.; 
Murray, M. J. Proc. Natl. Acad. Sci. U.S.A. 1988, 85, 3435. 

(46) Williams, L. T. Science 1989, 243, 1564. 
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to their localization in the plasma membrane. For instance, 
the hydrophobic transmembrane domains, suited to an­
choring the receptor in the membrane, can be flanked, as 
for the EGF-URO receptor (Figure 3), by extracellular sites 
of glycosylation and intracellular "stop-transfer" sequences. 
Previous work has demonstrated the importance of re­
ceptor glycosylation both in terms of targetting the re­
ceptor to the plasma membrane and in terms of receptor 
function.47"51 

As mentioned above, the transmembrane domain in 
some receptors (PDGF, neu/HER-2) may play a role in 
cell triggering. On the other hand, transmembrane domain 
exchanges in the EGF-URO receptor do not appear to 
affect its overall function.13"16 In contrast with the tyrosine 
kinase receptors, in the adrenergic receptor family,36 a 
number of the receptor sequences in the proposed seven 
transmembrane helices represent conserved sequences and 
are known to participate in ligand binding, as mentioned 
in section 3.0. A similar situation is thought to hold for 
the muscarinic receptor family.52 Thus, some functions 
of receptor transmembrane domains, apart from receptor 
anchoring, are being elucidated by structure-activity 
studies. However, the exact sequences that are involved 
in the specific functions of this type of domain have not 
yet been identified precisely. 

After a ligand triggers its receptor, the processes of re­
ceptor microclustering (dimers to 10's of receptors) ag­
gregation (100's to 1000's of receptors) and ligand-induced 
internalization (so-called down-regulation) (see Figure 2) 
presumably also involve discrete receptor domains that are 
distinct from the ligand-binding site. To date, two kinds 
of domains involved in receptor internalization have been 
identified in the receptor for EGF-URO (Figure 3). In one 
domain, a specific threonine residue (no. 654) is the target 
for kinase C mediated phosphorylation.53 A receptor 
lacking this phosphorylation site is no longer subject to 
kinase C mediated down-regulation, but the binding of 
EGF-URO is still able to accelerate internalization of the 
threonine-deficient receptor.54 In addition, the intrinsic 
kinase activity of the insulin and EGF-URO receptors 
appears to play a role in ligand-triggered receptor inter­
nalization. 1^14'16*54 The putative phosphoprotein substrates 
involved in the ligand-directed "down-regulation" process 
have yet to be identified. Nonetheless, kinase-deficient 
receptors for EGF-URO are evidently still able to undergo 
spontaneous internalization and ligand-triggered micro-
clustering (but not aggregation).54 In a similar vein, a 
number of serine and threonine residues in the cytoplasmic 
portion of /3-adrenergic receptor are targets for cellular 
protein kinases.36 In particular, a cluster of potential serine 
and threonine phosphorylation sites can be identified in 
the C-terminal sequence between residues 365 and 413.55 

It is of interest that ^-receptor phosphorylation by a 
number of protein kinases can be altered by agonist 
binding, so as to suggest a role for such phosphorylation 
sites in agonist-mediated receptor desensitization/down-

(47) Mayes, E. L. V.; Waterfield, M. D. EMBO J. 1984, 3, 531. 
(48) Soderquist, A. M.; Carpenter, G. J. Biol. Chem. 1984, 259, 

12586. 
(49) Slieker, L. J.; Lane, M. D. J. Biol. Chem. 1985, 260, 687. 
(50) Cuatrecasas, P.; Illiano, G. J. Biol. Chem. 1971, 246, 4938. 
(51) Hayes, G. R.; Lockwood, D. H. J. Biol. Chem. 1986, 261, 2791. 
(52) Schimerlik, M. I. Annu. Rev. Physiol. 1989, 51, 217. 
(53) Hunter, T.; Ling, N.; Cooper, J. A. Nature 1984, 311, 480. 
(54) Lin, C. R.; Chen, W. S.; Lazar, C. S.; Carpenter, C. D.; Gill, G. 

N.; Evans, R. M.; Rosenfeld, M. G. Cell 1986, 44, 839. 
(55) Bouvier, M.; Hausdorff, W. P.; De Blasi, A.; O'Dowd, B. F.; 

Kobilka, B. K.; Caron, M. G.; Lefkowitz, R. J. Nature 1988, 
333, 370. 

regulation. In particular, one type of receptor phospho­
rylation appears to occur only in the presence of agonist 
(the so-called BARK-kinase).36'56 The importance of the 
C-terminal phosphate acceptor domain has been evaluated 
in terms of (1) agonist-promoted phosphorylation and (2) 
agonist-triggered desensitization/down-regulation. Both 
a deletional (truncation of the C-terminal phosphate ac­
ceptor domain from residues 366 to 413) and a mutational 
(changes of serines and threonines to alanines or glycines) 
approach have established this domain as the target for 
agonist-enhanced phosphorylation, and the results also 
point to a role for this phosphate acceptor sequence in the 
process of ligand-induced desensitization/internaliza-
^ j 0 n 36,55 j n s u m m a r y , the studies of domain function in 
the receptors for insulin, EGF-URO and ^-adrenergic 
agents have brought to light sequences that are not only 
involved in the process of receptor internalization but are 
also regulatory targets for the same protein kinase-medi-
ated phosphorylation reactions that participate in the 
signal amplification process. That is, the potential sites 
of receptor feedback regulation that may modulate re­
ceptor-membrane interactions can now be identified in the 
sequences of a variety of receptors. 

5.0 Domains Involved in Interactions with 
Effectors 

5.1 Tyrosine Kinase Receptors. Stemming from the 
work of Cohen and colleagues,57 it has become evident that 
a number of receptors, including the ones for EGF-URO, 
insulin, IGF-I, and PDGF possess intrinsic tyrosine kinase 
activity.13 There is now intense interest in pinpointing the 
key initial substrates with which these ligand-triggered 
receptors interact, so as to identify the "effectors" re­
sponsible for cell activation. In addition, it is of interest 
to identify the receptor domains responsible for substrate 
(i.e. effector) phosphorylation. 

Largely from the work of Gill, Schlessinger, Ullrich, 
Waterfield, and their colleagues, a great deal is now known 
about the catalytic domains of the mammalian (human) 
and avian (chicken) receptors for EGF-URO which are 
both about 1200 amino acid residues long.13"16 Most 
striking was the early discovery of the close relationship 
between the catalytic domain of the receptor, comprising 
its tyrosine kinase activity (approximately residues 
690-940), and the catalytic domain of the sarcoma virus-
coded tyrosine kinase pp60src.13,58 This homology is now 
known to hold for the insulin and PDGF receptor families 
as well.13 On the basis of this homology, lysine residue no. 
721 in the EGF-URO receptor was readily identified as 
being critical for the binding of ATP, such that a mutated 
receptor lacking a lysine was devoid of catalytic activity. 
It has also become apparent that, despite considerable 
homology in this domain between receptors of the tyrosine 
kinase class,13 there is considerable receptor substrate 
specificity. For example, the EGF-URO receptor readily 
phosphorylates calpactin II in a membrane reconstitution 
assay24,28 but does not phosphorylate the related pp60src 
kinase substrate, calpactin I, under similar conditions.28 

The C-terminal EGF-URO receptor sequence (approxi­
mately residues 1060-1180), containing three principal 
autophosphorylation sites (Tyr 1068, 1148, and 1173), 
appears to play some role in regulating the Km of peptide 

(56) Benovic, J. L.; Strasser, R. H.; Caron, M. G.; Lefkowitz, R. J. 
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(57) Carpenter, G.; Cohen, S. Annu. Rev. Biochem. 1979, 48, 193. 
(58) Ullrich, A.; Coussens, L.; Hayflick, J. S.; Dull, T. J.; Gray, A.; 
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field, M. D.; Seeburg, P. H. Nature 1984, 309, 418. 
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substrates for the receptor kinase.16,59'60 Interestingly, this 
C-terminal cytoplasmic domain also contributes to the 
high-affinity binding of EGF-URO.61 It is now clear that 
most of the functions of the receptor (ranging from cell 
triggering to receptor internalization but exclusive of ligand 
binding and dimerization) rely entirely on the existence 
of an enzymatically active tyrosine kinase domain. 

The receptors for insulin and IGF-I are seen as distinct 
from the single-chain EGF-URO receptor in that they are 
comprised of disulfide-linked heterotetramers of compo­
sition Ct2//32, wherein the extracellular a subunits contain 
the ligand binding domains and the transmembrane/in­
tracellular /3 subunits contain the tyrosine kinase domains 
which, like the kinase domain of EGF-URO receptor, are 
represented by a contiguous amino acid sequence13,40"42 

wherein lysine residue 1030 represents the ATP binding 
site, akin to lysine 721 in the EGF-URO receptor.62 Au-
tophosphorylation of the C-terminal portion of the insulin 
receptor is thought to facilitate the phosphorylation of 
other substrates.12 In contrast, as reviewed recently,13,46 

both of the PDGF receptor subtypes, which are single-
chain receptors like the one for EGF-URO, have tyrosine 
kinase domains that are split into two subdomains, one of 
which contains the ATP binding site, separated by 80-100 
residues from a C-terminal subdomain that contains a 
tyrosine phosphorylation sites homologous with a site in 
the pp60src tyrosine kinase. Because of the intervening 
proline-rich insertion between the two tyrosine kinase 
subdomains, the PDGF receptor has been placed in a 
separate class of tyrosine kinase receptors, along with the 
receptor for colony stimulating factor-1, but distinct from 
the insulin/IGF-I and EGF-URO receptor classes.13 In a 
sense, the members of the three distinct receptor classes, 
because of their sequence homologies, can be thought of 
as "isoreceptors" in the same manner as enzymes are 
designated "isoenzymes". 

In terms of this perspective, focussed on receptor domain 
function, the above-mentioned isoreceptors are of interest 
not only because of their ability to be triggered in a distinct 
manner by closely related agonists (i.e. insulin and IGF-I 
for one receptor class, and PDGF-AA and -BB for the 
PDGF receptor subtypes) but also because of the substrate 
specificity built into the tyrosine kinase domains. Just as 
has been pointed out above for the EGF-URO receptor 
that can phosphorylate calpactin II but not the pp60src 
kinase substrate, calpactin I, in a membrane-reconstitution 
assay, it is clear that all of the tyrosine kinase receptors 
will display characteristic substrate specificities, as pointed 
out elsewhere.63,64 Most instructive with respect to re­
ceptor domain function is the work of Williams and col­
leagues with the type-B PDGF receptor,46 in which al­
terations were made in the domain separating the two 
tyrosine kinase subdomains. The interkinase domain 
deletion mutant of the PDGF receptor (designated <5-ki by 
Williams and colleagues) is of particular interest since this 
variant is able to stimulate phosphatidylinositol (PI) hy-

(59) Honegger, A.; Dull, T. J.; Szapary, D.; Komoriya, A.; Kris, R.; 
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7, 3045. 
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drolysis and increase intracellular calcium, but is deficient 
in the ability to trigger mitogenesis.65 In addition, this 
receptor mutant appears to be unable to interact with 
phosphatidylinositol kinase, an enzyme that may be in­
volved in the synthesis of novel phosphatidylinositol 
"signal messenger" precursors. Nonetheless, the ability of 
the <5-ki receptor mutant to trigger PI hydrolysis points to 
an interaction with a phospholipase C, a property that has 
been established for the EGF-URO receptor.66 Thus, the 
data obtained with mutants of the PDGF receptor imply 
a selectivity of different receptor domains for interactions 
with a number of membrane-associated enzymes. It will 
be of substantial interest in the future to determine the 
precise structural features of the three classes of tyrosine 
kinase receptors that are responsible for substrate selec­
tivity. 

5.2 Domains Interacting with G-Proteins. The 
/3-adrenergic receptor represents one of the most exten­
sively studied receptors of the types that are coupled to 
guanine nucleotide regulatory proteins. As recently sum­
marized,36 all of the mammalian adrenergic receptor sub­
types (/?!, /32, «i, and a2) have now been purified to ho­
mogeneity, and mutational analysis has already begun for 
three of the subtypes (^1, /J2, and a2) f° r which the genes 
and/or cDNA's have been isolated and sequenced. The 
model that has been suggested36 on the basis of the amino 
acid sequence data for the single-chain (about 410 residues 
long) adrenergic receptor (a member of the rhodopsin su-
perfamily of G-protein-linked receptors) envisions a 
structure anchored by seven transmembrane helices (re­
ferred to as M-I through M-VII), with an extracellular 
N-terminal portion and an intracellular C-terminal se­
quence. In the suggested model, the looping back and 
forth of the seven proposed transmembrane helices results 
in the formation of three extracellular loops (designated 
E-I to E-III) and three cytoplasmic loops (C-I to C-III). 
As mentioned above and summarized elsewhere,36 muta­
tional analysis has emphasized the importance of the 
membrane-spanning regions (M-I etc.) for ligand binding, 
and deletion analysis has revealed that the largest extra­
cellular loop, domain E-II, as well a the N-terminal portion, 
contributes only in a modest way to ligand binding.34 Most 
interestingly, deletion of one of the putative intracellular 
loop domains (C-III) not only affects ligand binding (this 
receptor loses the "low affinity" site usually associated with 
GTP binding) but also results in a receptor that fails to 
couple to adenylate cyclase.34 Thus, the C-III domain, 
comprising residues 240-270 of the /32 receptor, would 
appear to be critically involved in the interaction of the 
receptor with the G-protein oligomer. Further work using 
a reconstitution approach with receptor variants and pure 
G-proteins should be able to corroborate the functional 
nature of domain C-III. Structural homologies have been 
observed for an enlarging number of G-protein-linked re­
ceptors including those for acetylcholine (muscarinic: 
M1-M4),

52,67"71 serotonin (5HTIa and 5HTIc),72,73 sub-
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stance K,74 angiotensin,75 and the light receptor, rhodop-
sin,76 which interacts with the G-protein homologue 
transducin. As mentioned above, structurally, rhodopsin 
may be taken as a prototype for the G-protein-linked re­
ceptor superfamily. In view of the studies pointing to the 
importance of the /3-adenergic receptor domain C-III for 
G-protein interactions, it will be of great interest to ex­
amine the consequences of altering the homologous domain 
in the other receptors. In addition, since these receptors 
are thought to interact with distinct G-proteins,18"20 it will 
be important to search for distinct sequences in the C-III 
domain region that confer G-protein selectivity. Recip­
rocally, structure-activity studies of the several G-proteins 
themselves should reveal the G-protein sequences that lead 
to a selective interaction of these proteins with their ac­
tivating receptors. 

6.0 Summary and Implications for Future Work 
As outlined in sections 3.0-5.0, there are now a number 

of good examples of studies identifying specific receptor 
sequences involved in the domain functions discussed in 
section 2.0, and a number of the questions outlined in 
section 2.0 are, in part, being answered. The implications 
of these studies are at least 2-fold in terms of future work 
that can be done using the approaches outlined in this 
section. First, using site-directed and deletional mutational 
analysis of receptor sequences, it should be possible to 
determine with precision the functional role of specific 
amino acid residues, for instance as has been done for the 
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Cyclobut-A and Cyclobut-G: Broad-Spectrum 
Antiviral Agents with Potential Utility for the 
Therapy of AIDS 

Sir: 

In addition to the human immunodeficiency virus (HIV), 
virtually all adults with the acquired immunodeficiency 
syndrome (AIDS)1 have been infected with one or more 
herpesviruses.2 Cytomegalovirus (CMV) may threaten up 
to 25% of AIDS patients with blindness or death,3 and at 

(1) AIDS: Modern Concepts and Therapeutic Challenges; Bro-
der, S., Ed.; Marcel Dekker: New York, 1987. 
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G. R.; Parillo, J.; Mitchell, C; Straus, S. E. J. Am. Med. Assoc. 
1984,252, 72-77. (b) Quinn, T. C; Piot, P.; McCormick, J. B.; 
Feinsod, F. M.; Taelman, H.; Kapita, B.; Stevens, W.; Fauci, 
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ATP-binding function of lysine 721 of the EGF-URO re­
ceptor and for lysine 1030 of the insulin receptor. Such 
studies will very likely be complemented in the future by 
a crystallographic examination of receptor structure, as has 
been done for a variety of enzymes. Thus, a satisfying 
picture of the molecular basis of receptor function should 
emerge. A second implication of the studies relates to the 
substituents in or near the plasma membrane, with which 
specific receptors interact. For, once the domains on the 
receptor and on the interacting protein have been iden­
tified (e.g. domain C-III of the adrenergic receptor and a 
complementary G-protein domain), it may prove possible 
to design specific reagents related to these sequences that 
can modulate receptor-effector interactions. In terms of 
analogous enzyme-peptide substrate interactions of med­
ical significance, one can point to the development of an­
giotensin converting enzyme inhibitors that are proving 
of enormous use in the treatment of hypertension. Thus, 
it may not be overly optimistic to hope for the development 
of specific compounds that may be able to regulate the 
interactions of specific cellular substrates with receptor 
tyrosine kinases. Such compounds might prove of use in 
controlling the oncogenic process that appears to result 
from the aberrant overproduction of tyrosine kinase re­
ceptor domains (e.g. the erythroleukemia virus erb-B 
counterpart of the EGF-URO receptor13"16,58). In a similar 
vein, studies of receptor domain function may lead to a 
better understanding of the interaction of peptide agonists 
(insulin, EGF-URO, etc.) with their receptors, so as to 
provide a novel basis for the design of new peptide an­
tagonists and agonists. Overall, one can look forward with 
excitement to new developments in the area of receptor 
structure-activity studies, for which it can be said that a 
new era is just beginning. 
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autopsy, evidence of active CMV infections is found with 
frequencies as high as 90% .4 Although relatively benign 
in immunocompetent individuals, herpes simplex viruses 
(HSV-I and HSV-2) can cause chronic ulcerative lesions 
in the immunocompromised.3 Reactivation of varicella-
zoster virus (VZV) afflicts many AIDS patients with 
painful vesicular eruptions.3 Epstein-Barr virus (EBV) has 
been associated with AIDS related hairy leukoplakia and 
non-Hodgkin's lymphomas.5 

Besides these direct contributions to morbidity and 
mortality, herpesviruses may play a more insidious role in 
the pathogenesis of AIDS by enhancing the replication and 
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