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Drug and drug-receptor classifications are based on 
the identity of equilibrium dissociation constants of 
drug-receptor complexes (designated KJ. It is 
axiomatic in this system that Kd estimates are 
chemical terms unique only to the drug and receptor 
pair. It is now acce:pted that agonists may display 
observed Kd values that are not dependent solely 
upon the nature of the agonist and receptor but also 
upon the process of stimulus transduction. Thus, the 
expression of agonism may serve to “isomerize” the 
agonist-bound receptor to perturb the equilibrium 
between agonist and receptor and, thus, distort the 
observed Kd [l]. For example, the formation of 
ternary complexes between agonists, receptor and 
G-proteins can decrease significantly the magnitude 
of the observed Kd from the true Kd by a factor 
dependent upon the concentration of the G-protein 
and the equilibrium dissociation constant of the 
ternary complex [2]. For this reason, pharmacologists 
base receptor classifications primarily on antagonist 
Kd values and use these to classify and compare 
receptors cloned and expressed in surrogate systems 
with those present in natural physiological systems. 
The cornerstone upon which all ofthese classifications 
rest is the assumption that the reference antagonists 
are indeed “antagomsts” in the sense that they bind 
only to the receptor and do not, in any way, alter 
the receptor to isomerize it. This can be called the 
“antagonist assumption,” and recent data suggest 
that it is worthy of critical examination. This paper 
discusses the mechanistic basis for the definition of 
antagonists, where pure antagonists fit into a 
theoretical spectrum of negative to positive efficacy, 
and the implications of these ideas on the classification 
of drugs and receptors in surrogate receptor 
expression systems. 

SPECTRUM OF EFFICACY 

Drug receptors are special proteins in that they 
incorporate the dual properties of recognition and 
transduction [3]. Tihus, they exist to recognize 
endogenous agonists and transmit the messages they 
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Fig. 1. Classification of drugs by criteria relating to observed 
effects on response and membrane-based mechanism. The 
class of negative antagonists is often not apparently distinct 
from neutral antagonists in systems where basal receptor 

activity is not elevated. 

contain to their cellular hosts. Receptors also may 
be unique from the point of view of interactions with 
foreign ligands. A hypothesis put forth by Weinstein 
[4] suggests that receptors, in general, are more 
malleable than most proteins and modify their 
tertiary structure in accordance with ligand binding 
more readily than do most enzymes. Thus, a receptor 
is a receptor because it responds to ligand binding 
more efficiently than other proteins. Given this 
license, the binding of ligands to receptors 

(as “malleable” proteins) suggests a potential 
predisposition to allotopic protein-protein inter- 
actions. As stated by Colquhoun [l], under these 
circumstances drug affinity and efficacy may be 
difficult to dissociate since the forces that cause a 
molecule to bind to a receptor also may tend to 
disrupt the three-dimensional structure of the 
receptor. If these disruptions extend to the cytosolic 
domains of the receptor, then subsequent binding 
to membrane-bound proteins may be affected. In 
general, it may be more appropriate to consider that 
biologically active ligands have both the ability to 
bind to receptors and the potential ability to modify 
receptors for subsequent interaction with membrane 
proteins. If the binding of the ligand increases the 
probability of receptor binding to the transduction 
protein to activate it, then the ligand will promote 
cellular response and be defined as having positive 

17 



18 T. KENAKIN, P. MORGAN and M. LUTZ 

intrinsic efficacy, i.e. be classified as an agonist. If 
the ligand decreases the probability of receptor- 
transducer association or destabilizes pre-existing 
spontaneous association of these entities, then the 
ligand can be thought to possess negative efJicacy 
[5-71. These types of compounds will be referred to 
in this paper as “inverse agonists.” An analogous 
situation exists in ion channels where ligands can 
shift pre-existing equilibria between spontaneously 
opened or closed ion channels [S]. Thus, the binding 
of a ligand could produce a spectrum of effects on 
receptor-transducer association from stabilization to 
destabilization of receptor-transduction protein 
complexes. In this scheme, “neutral” antagonists, 
which bind to the receptor and do not affect receptor- 
transducer association, would be at the midpoint of 
the spectrum (Fig. 1). The important aspect of this 
idea is that neutral antagonists are special cases in 
the world of ligands and not necessarily the majority, 
as has been generally assumed. “Assumed” may be 
the key word here, since most classifications of 
antagonists are based on incomplete data, i.e. only 
the non-observance of agonist response upon 
binding. This may be a poor indicator of the absence 
of ligand efficacy, since it is known that tissue 
stimulus-response mechanisms control observed 
agonism and that ligands can be seen to be full 
agonists to full antagonists by activating the same 
receptor in different tissues with differing efficiencies 
of receptor coupling [9-111. This can be especially 
true in over-expressed systems. For example, the 
standard antagonists for serotonin receptors, such 
as dihydroergotamine and yohimbine, are agonists 
for 5-HT1a receptor-mediated adenylyl cyclase 
inhibition in transfected Y-l cells [12-141. Perhaps 
of more relevance is the possibility that negative 
efficacy will be undetected because of low levels of 
basal responses. Inverse agonism is made manifest 
in receptor pre-coupled systems in which basal 
responses are high and can be decreased by negative 
antagonists. In the absence of such activity, 
inverse agonists are indistinguishable from neutral 
antagonists, i.e. some ligands currently thought to 
be pure antagonists may, in fact, be inverse agonists. 

G Protein (pmol/Reconstitution) 

Fig. 2. Spontaneous activation of Gt2 protein upon 
reconstitution with Dz dopamine receptor. Curves with G,2 
protein reconstituted with =75 fmol D, dopamine receptor 
alone (0) and in the presence of dopamine (A). Reprinted 
with permission from J Biol Chem 265: 4507-4514, 1990. 
Copyright (1990) The American Society for Biochemistry 

and Molecular Biology, Inc. [Ref. 151. 

example, Fig. 2 shows the effects of increasing 
concentrations of Giz protein in a system reconsti- 
tuted with D2 dopamine receptor [15]. These data 
show that, in reconstituted systems with 1.5 and 2.5 
pmol Gi2 protein, a basal elevation of GTPase 
activity can be observed in the absence of the agonist. 
This suggests that the receptors and G-proteins in 
this system couple spontaneously in the membrane 
to produce G-protein activation. There are other 
examples of reconstituted systems where this is 
thought to occur (e.g. adenosine Al receptors [16]). 

The tacit assumption is made that the antagonist 
occupies a binding site on the receptor, thus forming 
a complex that does not predispose further interaction 
of the bound receptor with other membrane proteins. 
However, antagonism is not necessarily an intrinsic 
property of a drug, but rather a label pharmacologists 
put on a drug in accordance with a set of 
predetermined guidelines. Thus, if a chemical does 
not produce a response but rather blocks the 
response produced by a known agonist, by the 
classical definition it is labeled an antagonist and by 
implication it interacts only with the native receptor 
(i.e. it does not predispose formation of complexes 
with other membrane-bound proteins). The defining 
criterion is the lack of observation of a response. 

There also are data from natural membrane 
systems that suggest that spontaneous receptor/ 
G-protein coupling may occur [5,17-301. One 
thermodynamic scheme for these types of interactions 
has been presented by Samama and colleagues 
[31,32] as an extension of the well-known ternary 
complex model of receptor-effector interaction: 
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Recent models of receptor-transducer interaction This model is based on experimental data that 
suggest that ligand binding may be more complicated indicate that receptors can exist in so-called active 
than that initially envisioned within the confines of [Ra] and inactive [Ri] states with respect to 
classical occupation theory. Data are available now predisposition to association with membrane-bound 
from reconstitution studies to show that receptors transduction proteins [T]. The equilibrium between 
can spontaneously couple to G-proteins in the [Ra] and [Ri] is described by an affinity constant 
absence of agonist to elevate GTPase activity. For designated J. The ligand receptor complex ([AeR]) 
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is controlled by an affinity constant, K. Ligands 
affect the distribution of the receptor population 
between [RJ and [Ri] by a multiplicative factor, /3. 
The activated receptor ([RJ) also can form a complex 
with a transduction protein ([T]) spontaneously with 
an equilibrium dissomciation constant for the product 
designated M. When an agonist ([A]) is present, 
ternary complex ([A-R,-T]) formation from the 
[R,-T] complex is facilitated by a multiplication of 
M by the factor LY. An important aspect of the 
scheme is that a ligand may have two different 
binding states of the receptor to choose from, namely 
[Ri] and [RJ (and [R,-T]). If (his greater than unity, 
ligand binding will promote ternary complex 
formation and the ligand will be an agonist. If LY < 1, 
the ligand will destabilize pre-existing receptor- 
transducer protein complexes ([R,-T]) and have a 
higher affinity for [RJ over [R,.T]. Under these 
circumstances, such inverse agonists would have a 
lower observed affinity for the receptor in systems 
where significant receptor pre-coupling exists (i.e. 
substantial quantity of [R,*T]) or when they are 
used to displace agonist radioligands utilized in 
concentrations sufficient to produce significant 
steady-state [A-R,*T] complexes. A neutral antag- 
onist would have equal affinity for [RJ, [RJ and 
[R,*T] ((u= 1). Under these circumstances, the 
observed affinity would be affected by the same 
factors as those that affect agonist affinity. 

DIFFERENTIATION BETWEEN NEUTRAL ANTAGONISTS 
AND INVERSE AGONISTS 

Given the possibil:ity that an inadequate screening 
system for true antagonists may be in use, a class of 
ligands comprised of neutral antagonists and inverse 
agonists may be thought to be a homogeneous 
population. The obvious question then arises: how 
can inverse agonist,s be differentiated from pure 
antagonists? For G-protein linked receptors, there 
are two potential experimental approaches available 
to answer this question: (1) the observation of a 
dose-dependent decrease in basal activity in systems 
where receptors and G-proteins spontaneously pre- 
couple, and (2) thse demonstration of receptor- 
transducer protein (G-protein) effects on the binding 
of the antagonist. It is worth discussing these two 
approaches to the study of receptor ligands. 

There are known receptor systems that possess 
basal G-protein activity as a result of a spontaneous 
coupling of receptors to G-proteins. The addition of 
an inverse agonist to a spontaneously coupled system 
will produce antagonism of the basal activity. Figure 
3A shows the effects of the &opioid receptor inverse 
agonist ICI 174864 on GTPase activity in membranes 
from NG 108-15 cells. In this system, ionic conditions 
can be manipulated to decrease or increase 
spontaneous association of receptors to G-proteins 
[5,6]. In low basal activity membranes, a small 
decrease of spontaneous activity is produced by ICI 
174864 (Fig. 3A). When basal activity is increased, 
the negative effects of this inverse agonist become 
clearly evident. Another potentially useful type of 
system for the detection of negative intrinsic efficacy 
is a receptor over-expression system. There is 
evidence to show that as receptor numbers are 

increased, there is a concomitant increase in the 
likelihood of spontaneous receptor coupling to G- 
proteins. For example, 2- to 4-fold increases in 
adenylyl cyclase activity are observed in CHO cells 
transfected with &adrenoceptors, with 2- to 3-fold 
increases in expressed receptor levels [31]. Therefore, 
in theory, cells in which receptors have been over- 
expressed may serve as sensitive indicators of inverse 
agonism by ligands with negative intrinsic efficacy. 
It should be noted that the functional readouts would 
be more sensitive indicators of such activity if it is 
assumed that cellular biochemical cascades amplify 
the effects of low levels of spontaneous receptor/G- 
protein complexes. Such negative effects on basal 
activity would not be observed with a neutral 
antagonist that is only bound to the receptor and 
has no discerning affinity for [R] or the [R-T] 
complex. Of note is the fact that in the absence of 
detectable basal activity, inverse agonists and neutral 
antagonists would be indistinguishable in terms of 
their direct effects on the receptor system. 

Another way of detecting complex binding of 
ligands to receptors and G-proteins is to determine 
possible sensitivity of ligand affinity to GTP in 
binding experiments. It is well established that 
ligands which predispose ternary complex formation 
(i.e. agonists) demonstrate high affinities in systems 
where ternary complexes are allowed to form under 
steady-state conditions. The addition of an excess 
of GTP (or non-hydrolyzable analogue), which 
destabilizes receptor/G-protein complex formation, 
reduces the steady-state concentration of the ternary 
complex and transforms the complex two-stage 
binding of agonists to a single lower affinity binding 
reaction. Under these conditions, the well-known 
“GTP-shift” is observed with the observed affinity 
of the agonist decreasing upon the inclusion of GTP 
in the medium. For example, Fig. 3B shows the 
GTP-induced decrease in binding of the dopamine 
receptor agonist [3H]iV-propylapomorphine in por- 
cine pituitary gland membranes [18]. In general, any 
experimental intervention that interferes with 
receptor/G-protein interaction can cause the same 
effect. Thus, the treatment of cells with pertussis or 
cholera toxin inactivates some transducer proteins 
in terms of specific binding with receptors. Figure 
3C shows the effects of pertussis toxin treatment on 
the binding of the &opioid agonist DADLE. As 
expected, pertussis toxin treatment produced the 
rightward shift of the binding curve for the agonist. 

These data have been reproduced in many 
laboratories and clearly indicate the loss of observed 
affinity upon reduction of G-protein and receptor 
interaction in agonist binding studies. Such experi- 
ments also have yielded extremely interesting data 
to suggest that some apparent antagonists are 
affected by ternary complex formation as well. One 
example is the opposite effect of GTP on the binding 
of the dopamine receptor antagonist [3H]- 
spiroperidol. As shown in Fig. 3B, the binding of this 
antagonist is increased by GTP. This suggests that 
spiroperidol could be an inverse agonist that des- 
tabilizes ternary complex formation. Another 
example is the effect of pertussis toxin treatment of 
NG 108-15 cells on the affinity of the &opioid inverse 
agonist ICI 174864. In this case, the affinity of ICI 
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Fig. 3. Effects of agonists and negative antagonists on receptor systems. (A) Effects of the negative 
antagonist ICI 174864 ([N,N’-diallyl-Tyr’.Aib2~3]Leu5-enkephaIin) on GTPase activity in membranes 
from NG108-15 cells. Basal GTPase activity increased by substitution of K’ for Na’. (B) Effect of 
GTP on the binding of the agonist [3H]N-propylapomorphine ([‘HINPA, 155 PM) and the antagonist 
[3H]spiroperidol ([3H]SPIR0, 160 PM) in porcine anterior pituitary gland membranes. Specific binding 
is expressed as a percentage of binding in the absence of GTP. Reprinted with permission from Mel 
Pharmacol 22: 29C-297, 1982. Copyright (1982) The American Society for Pharmacology and 
Experimental Therapeutics. [Ref. 181. (C) Effects of inactivation by pertussis toxin of G-protein on 
displacement of [3H]diprenorphine (0.25 nM) in membranes from NG108-15 cells by the agonist 
DADLE (ID-Ala’,D-Leu’]enkephalin). Pertussis toxin treatment decreases the observed affinity of 
DADLE. (D) Effects of pertussis treatment on displacement of (‘Hldiprenorphine (0.25 nM) by the 
inverse agonist ICI 174864. Pertussis treatment increases the affinity of the inverse agonist. Data for 
panels A, C and D reprinted with authors’ permission from Proc Nuti Acad Sci USA 86: 7321-7325, 

1989. [Ref. 51. 

174864 is increased by removal of receptor/G-protein 
coupling (“reverse GTP-shift”-see Fig. 3D). Pre- 
sumably, pertussis toxin removes pre-existing [R-T] 
complex, thereby removing a lower affinity state of 
the receptor for ICI 174864. The relevant point to 
these data is the fact that spiroperidol and ICI 174864 
both appear to be simple antagonists in functional 
studies and in systems where spontaneous receptor 
activity is not observed. In general, sensitivity of 
ligand affinity to manipulations that affect receptor 
coupling should be a warning sign of complex ligand- 
receptor binding and the potential dependence of 
affinity on more than just the receptor type. 

Treatment with GTP analogues assumes that a 
ligand will show its hand in either natural phar- 
macological or expression systems (by producing a 
shift in an affinity binding curve with GTP) or G-pro- 
tein targeted membrane treatment such as pertussis or 
cholera toxin. However, this requirement sometimes 
can be problematic since the reduction of two-stage 

binding by GTP is a kinetic process known to differ in 
various systems. Experimental conditions can affect 
the magnitude of GTP-shifts, as seen with the binding 
of muscarinic agonists in membranes from rat heart 
[33]. There also are cases of systems in which the bind- 
ing of agonists known to produce ternary complexes 
is not altered by GTP. For example, while Gpp(NH)p 
produces effects on muscarinic agonist binding in 
membranes from rat heart and cerebellum, no effect 
in rat cortex can be demonstrated [34]. In general, the 
GTP effect is a one-way experiment in that if the effect 
is observed, the data support the involvement of G- 
proteins with receptor binding. However, if the effect 
is not observed, it cannot automatically be assumed 
that G-proteins are not involved. It may be that the 
experiment was inadequate to demonstrate the effect. 

DEFINITION OF A NEUTRAL ANTAGONIST 

In mechanistic terms, the definition of a “neutral” 
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Fig. 4. Affinities and basal activities of mutants of &,a- 
adrenoceptors expressed in COS-7 cells. Numbers on the 
abscissa refer to different mutations of &,a-adrenoceptors. 
The right-hand ordinat’e refers to percent basal elevations 
of phosphoinositide hydrolysis produced by the mutant 
receptors. The left-hand ordinate (logarithmic scale) shows 
the ratios of the equilibrium dissociation constants of 
epinephrine (0) and the antagonist “-?-HEAT (0) to that 
obtained for the wild-type receptor. Note that the affinity 
of the mutants for epinephrine is selectively elevated. 
Constitutive activity graph from Kjelsberg et al. [37]; 
affinities were drawn from the table values in the same 
paper. Reprinted with permission from J Biol Chem 267: 
1430-1433, 1992. Copyright (1992) The American Society 

for Biochemistry and Molecular Biology, Inc. 

antagonist is different from the standard functionally 
based definition. It is worth describing the molecular 
behavior of neutral antagonists in the membrane 
societal realm of receptors, transduction proteins 
and effecters. Two mechanisms by which an agonist 
can transfer information to a receptor have been 
described by Burgen [35], namely conformational 
induction (agonist binding produces a change in the 
tertiary structure of 1:he receptor) or conformational 
selection (the agonist selectively binds to one or 
more pre-existing forms of the receptor). The 
idea that receptors exist in two affinity states 
(conformational selection) is implicit in the ternary 
complex model described by De Lean et al. [36] and 
explicitly defined in the extended ternary complex 
model by Samama et al. [31], namely, the allosteric 
interaction between the receptor and the G-protein 
and the concept of an active (high affinity for the 
G-protein) and inactive (low affinity for the G- 
protein) state for receptors. Recent data with 
mutants of the lrrn-adrenoceptor support the 
existence of high- and low-affinity receptor states 
for ligands [37]. Specifically, substitution of any 
amino acid residue at position 293 of the (Yia- 
adrenoceptor results in mutants that spontaneously 
elevate GTPase activity (see Fig. 4). Of particular 
relevance to the two-state idea for receptors is the 
fact that these mutants also have selectively higher 
affinities for the agonist epinephrine over the wild- 
type receptor (filled circles, Fig. 4), but show no 
concomitant change in the affinity for the antagonist 
HEAT (open circles, Fig. 4). These data suggest 
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Fig. 5. Schematic diagram of a serial approach to the use 
of ligands for receptor classification. 

that the point mutations resulted in the production 
of tertiary conformations that resemble the active 
state of the receptor. Similar effects have been 
observed in studies on &adrenoceptors [31] and q- 
adrenoceptors [38]. 

In the conformational induction scenario, a neutral 
antagonist binds to sites necessary for agonist binding 
but in doing so does not alter the tertiary structure 
of the receptor. For conformational selection, the 
antagonist has identical affinities for each of the pre- 
existing forms of the receptor. In both of these 
schemes, a pure antagonist would be neutral with 
respect to its binding to the receptor. If the premise 
is accepted that receptors are predisposed to change 
their tertiary conformation upon ligand binding or 
predisposed to existing as two or more tertiary 
conformations in the membrane, then a neutral 
ligand becomes a special class of drug with great 
value in receptor classification. Given this, the 
burden is on the pharmacologist interested in drug 
and receptor subtyping to prove that an apparent 
neutral antagonist does not perturb receptor/G- 
protein interaction. Figure 5 shows a scheme for the 
use of ligands for receptor classification. The 
hypothesis is that the classification data with ligands 
in class C would be least subject to variation across 
receptor expression systems. 

RELEVANCE TO RECEPTOR EXPRESSION SYSTEMS 

Technological advances in molecular biology have 
ushered in an era of control of receptor expression 
in pharmacology. Thus, the genes coding for receptor 
proteins may be introduced into cellular systems to 
produce high levels of receptors in membranes. A 
theoretical advantage of this approach is the ability 
to produce pure populations of receptors in cells, 
presumably avoiding potential confusion in receptor 
classification studies with heterogeneous receptor 
mixtures. An obvious shortcoming of this approach 
is the failure of such systems to assess correctly the 



22 T. KENAKIN, P. MORGAN and M. LUTZ 

Table 1. Binding parameters for Ml muscarinic receptors in a series of transfected B82 cells 

Clone 

Carbachol* 
B [‘H]QNB K,, 

(fmol/l? cells) (PM) &,P (PM) %H$ KL§ (FM) 

LK3-1 12 2 0.98 100 7.7 lO(I 
LK3-4 18 2 1.5 110 1.9 43 ” 7.3 46 
LK7-6 30 2 4.4 97 3.8 68 2 10 34 
LK3-7 962 15 150 5.8 622 12 41 
LK7-2 140 2 19 150 7.1 47k 10 53 
LK3-3 240 2 15 160 4.8 40 + 7.6 45 
LK3-8 260 2 48 190 2.4 42 + 5.9 53 

Data are from Mei et al. [39]. Reprinted with permission from J Phormacol Exp Ther 251: 9c 
97,1989. Copyright (1989) The American Society for Pharmacology and Experimental Therapeutics. 

* Displacement of [3H]QNB by carbachol. 
t Equilibrium dissociation constant of carbachol with high affinity site. 
$ Percentage of sites apparently in the high-affinity form. 
§ Equilibrium dissociation constant of carbachol for the low-affinity site. 
I( Only one site detected. 
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Log [UK-143041 

Fig. 6. Effects of UK-14304 on adenylate cyclase activity 
in transfected CHO cells with different expression levels 
of a&10 adrenoceptors. Membranes were prepared from 
cells expressing 0.3, 1,5 and 10 pmol/mg ru, Cl0 receptors. 
Reprinted with permission from J Biol Chem 267: 15795- 
15801, 1992. Copyright (1992) The American Society for 

Biochemistry and Molecular Biology, Inc. [Ref. 501. 

affinity of ligands that require other natural 
membrane components, the most obvious such class 
being agonists. 

In binding studies where agonists are used as the 
radiolabel (i.e. as is often the case with iodinated 
peptide ligands) and in systems where there is 
a significant amount of spontaneous receptor- 
transducer coupling in the absence of ligands, the 
affinity of a ligand is dependent upon the amount 
and/or the type of G-protein present in the cell 
membrane hosting the receptor. Under these 
conditions, the expectation of observing the same 
affinity in a surrogate expression system (i.e. COS 

cells) becomes a game of chance. This is because 
the receptor density of cultured cells is well known 
to vary with cell passage and other conditions, and 
the over-expression of receptors may take the 
receptor/G-protein ratio further away from physio- 
logical levels. It is well known that the relative 
quantities of receptor and G-proteins affect the 
relative predominance or absence of high-affinity 
ternary complex ligand binding. For example, Table 
1 shows the variation in the relative proportion of 
high-affinity sites for the agonist carbachol in a series 
of transfected B82 cells in relation to the number of 
receptors expressed [39]. These effects can be 
exacerbated in systems where the receptors are 
promiscuous with respect to G-proteins and interact 
with more than one type. This is a common 
phenomenon in reconstituted systems, and there is 
much circumstantial evidence that this may occur in 
natural systems as well [40-46]. Recently, Munshi et 
al. [16] described asystem where receptor promiscuity 
could be demonstrated in a natural membrane. 
Using an agonist affinity column for adenosine Al 
receptors, they found that the receptors in 
membranes from bovine brain co-purified with Gil, 
Gi2 and G,. These data and quantitative reconstitution 
experiments indicate that this receptor promiscuously 
binds to all three G-proteins in this native membrane 
system when activated by an agonist. A particularly 
graphicillustration of receptor G-protein promiscuity 
has been shown for agonist-activated opioid receptors 
in NG108-15 neuroblastoma X glioma cells [47J. 
Activation with the opioid agonist DADLE (D-Ala - 
D-Leu5-enkephalin) produces a dose-dependent 32P 
incorporation into three distinct G-proteins. If such 
mechanisms are operative in cells, then both the 
type and the relative quantities of coupl;ng proteins 
can control observed receptor affinities ror agonists 
[48,49]. Since the relative densities of receptors and 
coupling proteins are known to change in cell cultures 
(with cell passage number and other conditions), 
this results in a potentially unstable measuring system 
for agonist ligands binding to G-protein-linked 
receptors. In general, binding data for agonists are 
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known to be quite variable in cell culture systems. 
For example, Fig. 6 shows the effects of various 
expression levels of ai-ClO adrenoceptors in 
transfected CHO cells [50]. At a receptor expression 
level of 0.3 pmol/mg, the q-adrenoceptor agonist 
UK-14304 produces no effects on adenylate cyclase 
(Fig. 6, top left panel). However, at 1 pmol/mg, a 
concentration-dependent inhibition of adenylate 
cyclase activity is observed (Fig. 6, top right panel). 
At higher levels of receptor expression (5 and 
10 pmol/mg), this inhibition becomes a biphasic 
response to increased adenylate cyclase activity (Fig. 
6, bottom panels). The respective inhibition and 
stimulation of ad’enylate cyclase activity can 
selectively be cancelled by pretreatment of the cells 
with pertussis and (cholera toxin, indicating serial 
activation of two G-proteins (Gi and G,) by the 
expressed receptor in the membrane. The type and 
magnitude of the various responses are controlled 
by the expression level of the receptors. 

These ideas are well known and generally steer 
classification-mindecl pharmacologists away from 
classifying receptors with agonists in cell culture 
receptor systems. However, the recent data with 
inverse agonists suggest that these same pitfalls could 
be encountered with some apparent antagonists. 
Thus, there may exist a class of “silent” ligands with 
affinity for recepto:rs that is dependent upon G- 
proteins. In this sense, the term silent refers to the 
inability of the ligands to produce a measurable 
response. Recent studies with Padrenoceptor 
apparent neutral antagonists in systems containing 
mutant constitutively active &-adrenoceptors [Sl] or 
over-expressed wild-type &adrenoceptors [52] show 
marked inverse agonism for some previously 
classified pblockers. Similar results for some a2- 
adrenoceptor blockers have been found in PC-12 
cells expressing q-adrenoceptors [53]. 

In artificial receptor expression systems, such 
ligands may yield affinity data that are variable due 
to receptor-transducer protein effects and not to 
subtypes of receptors. Some comfort can be taken 
in the fact that many systems where receptors have 
been over-expressed have yielded binding data 
comparable to that observed in functional systems. 
This is a positive finding; however, the unequal 
weight of negative data that show expressed and 
natural systems to be different should not be 
underestimated. As in Schild analysis, where the 
correspondence of a large number of antagonist 
affinities cannot be accepted as proof of receptor 
identity (i.e. two receptors are the “same” until one 
antagonist shows them to be different), apparent 
correspondence between data from expression 
systems cannot be weighted equally with data that 
show these systems to be different from natural 
ones. Also, the assumption is often made that the 
experimental test system (i.e. expressed receptors 
in cell lines) may bie more simple than the natural 
physiological system, i.e. the receptor will be exposed 
for the simple binding protein that it is, since it 
cannot hide behind the membrane cacophony of 
interactions seen in the native cell. There are two 
potential problems with this idea. The first is that 
the receptor may require the cacophony to express 
its true impact on the control mechanisms of the 
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Fig. 7. Potential interactions between receptors (R), 
coupling proteins (G) and effector systems (E) in cell 
membranes. Receptors can monogamously interact with 
one G-protein and one effector system (a), or two separate 
receptors could interact with two G-proteins that would, 
in turn, generate two interchangeable sets of /3r subunits 
that could cross-over in the signalling process (b). 
Alternatively, an activated transducer protein could interact 
with two effecters (c), two receptors could vie for a single 
G-protein (d), one receptor could activate more than one 
G-protein (e), or a single receptor could directly activate 
an effector (f). Reorinted with oermission from Biochem 
J 272: 1-lj,’ 1996. Copyright -(1990) The Biochemical 

Society. [Ref. 581. 

organism and, second, the test system may introduce 
an alien player into the membrane symphony and, 
thus, give capricious data. For example, unexpected 
receptor coupling can occur. The mouse 5-HTrc 
receptor is known to couple to phospholipase C, but 
when this receptor was transfected into Syrian 
hamster tumor cells, an unexpected inhibition of 
adenylate cyclase was observed [54]. This second 
effect was blocked by pertussis toxin treatment 
indicating a receptor/G-protein source for the 
response. In general, the expression of a receptor 
in a host cell that normally does not express may 
lead to surprising results. For example, Duzic and 
Lanier [55] showed how q-adrenoceptors expressed 
in NIH 3T3 and DDT, MF-2 cells mediated inhibition 
of cyclic AMP, whereas the expression of the same 
receptor in PC-12 cells mediated elevation of cyclic 
AMP. Other examples of diverse receptor coupling 
can be found for dopamine D2 receptors in rat 
striatum and anterior pituitary tissue [56] and 
pituitary GH4CI cells and Ltk- fibroblasts [57]. 
There may be special problems with receptor over- 
expression in that high densities of receptors may 
encourage interaction with G-proteins normally not 
involved in the physiology of the system. Also, 
receptor over-expression theoretically would favor 
the spontaneous coupling of receptors with G- 
proteins, thus producing potentially different binding 
species. 

There are considerable data to suggest that 
chemical intracellular communication networks are 
extremely complex and may achieve fine-tuning at 
the level of the cell membrane. Thus, receptors may 
be promiscuous with respect to the transduction 
proteins with which they interact and the effector 
systems they activate. Figure 7 shows a set of 
theoretical connections between receptors and 
effector systems possible in cells. These inter- 
connections may be very important to the activity 
that a given receptor-targeted drug expresses in uiuo 
[58]. Given this possibility, the expression of a bare 
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receptor in a foreign membrane and expecting the 
full activity to become evident may be unrealistic. 
Promiscuous interactions of receptors and receptor 
pre-coupling to G-proteins could preclude the 
existence of a gold standard affinity of some drugs 
for some receptors. Instead, their affinity may be 
protean, i.e. changing with the different systems in 
which they are expressed and studied. In recent 
attempts to establish a rational approach to the 
classification of drug receptors, the IUPHAR 
Committee on Receptor Nomenclature has debated 
the relative merits of classification by receptor 
structure and receptor function. It may be that 
classifying receptors by structure may prove to be 
an easier task than the classification of the 
pharmacology of receptors with foreign ligands. A 
structural classification would be avaluable taxonomy 
from the point of view of grouping receptors in 
families and looking for cross-over ligands to detect 
new drugs. However, in this process the basic 
assumption that all “antagonists” are equal must be 
tested. There are two practical reasons for this. The 
first is the obvious potential problem of using a 
ligand that is not a neutral antagonist to classify 
receptor systems and, thus, introducing erroneous 
classification information into the database. The 
second is the possibility of missing a potentially 
valuable therapeutic entity in not questioning the 
profile of a set of antagonists and looking for the 
one that does not fit into the general mold of the 
class. For example, it might be proposed that inverse 
agonists with negative efficacy could be more 
valuable than pure antagonists if spontaneous 
receptor activity (e.g. mutant receptors in cancer) is 
a factor in the pathology. Also, inverse agonists may 
be expected to produce a wider spectrum of activity 
in blocking various organs under basal hormonal 
and/or neurochemical control. 

Insufficient data are available to specifically equate 
receptor expression systems with natural systems or 
indeed to evaluate whether the data from such 
systems will stand the test of prediction of like 
activity in humans. The promise is that such systems 
will greatly simplify receptor pharmacology. It is 
worth critically evaluating the tools used in these 
studies to ensure that ambiguity will not be 
introduced at an early stage in this process. 
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