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response analysis

By definition, ligands classed as “agonists” possess the dual
properties of affinity and intrinsic efficacy with regard to
their interaction with receptors, whereas “antagonists”
possess only affinity [1]. The property of affinity describes
the avidity or the tenacity with which a ligand will bind to
its receptor. It can be described in molecular terms and is
physicochemical in nature; namely, it is the reciprocal of
the microscopic equilibrium dissociation constant (K4) for
the ligand-receptor interaction. Historically, intrinsic effi-
cacy has been viewed as the property of a ligand that
enables it to produce a biological response [1]. This defini-
tion, however, inextricably links the expression of “effica-
cy,” and hence the expression of “agonism,” to the exis-
tence of a suitable assay system that will allow a change in
biological state to be measured. As a consequence, a
definitive molecular characterization of the property of
intrinsic efficacy in a manner that transcends the biological
test system while remaining applicable to a specific ligand—
receptor pair has remained elusive [2]. Without a suspected
molecular mechanism of intrinsic efficacy, therefore, any
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measurements of this latter property by necessity have been
made on an operational level.

To date, the most commonly applied methods for esti-
mating agonist affinity and relative intrinsic efficacy have
relied on a number of assumptions (Table 1). With the
increased sensitivity afforded by more recent biochemical
approaches to the quantification of agonism, as well as the
explosive advances in the field of molecular biology, a
number of concerns have been raised about the theoretical
framework in which affinity- and efficacy-related parame-
ters traditionally have been estimated. Nevertheless, the
classic approaches to the measurement of relative intrinsic
efficacy, although strictly operational, are still the most
readily applied and widely used. As such, this commentary
will provide a brief overview of the most common ap-
proaches to the measurement of relative agonist efficacy,
their strengths and limitations, and some newer alterna-
tives.

DEVELOPMENT OF THE CONCEPT

The earliest application of mathematical principles to the
measurement of drug action at receptors is credited to A. J.
Clark [3] and has been termed “occupation theory.” In
essence, occupation theory is based on mass-action kinetics
and attempts to link the action of a drug to the proportion
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TABLE 1. Traditional assumptions of occupation theory*

1. The interaction between a ligand and a receptor is
bimolecular and readily reversible, following the law of mass
action.

2. The response results from equilibrium (or steady-state)
occupation of the receptors.

3. The response results from the stimulus, which is proportional
to the concentration of agonist—receptor complexes formed.

4. A maximal stimulus occurs when all receptors are occupied.

5. For any given tissue, the stimulus—response relationship is
characteristic of that tissue.

6. A negligible amount of drug is taken up by the receptors or
the tissue, relative to the concentration of drug added.

7. Irreversible alkylation of receptors does not modify the
stimulus—response relationship.

*Adapted from Ref. [1].

of receptors occupied by that drug at equilibrium. It was not
until the seminal work of Ariéns [4] and Stephenson [5],
however, that an explicit attempt was made to separate the
binding phenomenon from the activation phenomenon
within the theoretical framework of occupation theory.
This work was based on a significant amount of structure—
activity studies that appeared to indicate that affinity and
intrinsic efficacy were independent of one another. These
studies also led to the discovery of agonists that were not
capable of producing a maximal tissue response, even at
saturating concentrations. Ariéns termed these drugs dual-
ists, whereas Stephenson called them partial agonists.
Agonists that did appear to produce the maximal tissue
response were, accordingly, redefined as full agonists. Ste-
phenson went further and removed the assumption that
maximal receptor occupancy was a prerequisite for maximal
response, which was implicit in the theoretical treatments
of both Clark and Ariéns. In doing so, Stephenson intro-
duced both the concepts of “stimulus” and “efficacy.”
Hence, a broad classification of drugs based on their efficacy
(full agonist, partial agonist, antagonist) became possible,
but the danger of this approach was, and always will be, in
its phenomenological nature, i.e. the dependence of both
affinity and efficacy on the physiological system in which
the response is being measured (see below) does not allow
these classifications to apply beyond the particular assay
system in which they are assigned. Furchgott [6] recognized
that an important component of the system dependence of
efficacy could be attributed to differences in the amount of
receptors available from tissue to tissue, and thus defined
“intrinsic efficacy” as the property of a drug capable of
imparting a stimulus per receptor molecule. However, the
system dependence of agonism relies on other factors as
well (see below).

Interestingly, at around the same time that Ariéns and
Stephenson first explicitly addressed the issue of efficacy,
Katz and Thesleff [7] applied the first “mechanistic” model
to the study of drug—receptor interaction. While studying
the ligand-induced desensitization observed at the nicotinic
acetylcholine receptor in motor end plates, they postulated
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that the ligand-bound receptor is able to undergo a confor-
mational change to a desensitized state. An extended
version of their model even postulated that the receptor
underwent such a change in the absence of ligand. This
type of allosteric transition, or isomerization, thus allows
receptors to exist in multiple states. Receptors are proteins,
and it is now well established that proteins possess unique
thermodynamic properties that allow them to adopt a
variety of conformations, even in the absence of other
interacting molecules [8]. The isomerization mechanism of
Katz and Thesleff thus would prove to be one of the
foundations of the more contemporary concepts in receptor
theory. Another important concept, arising directly from a
consideration of the proteinaceous nature of receptors, was
that of their ability to translocate within the membrane and
to interact with other proteins [9]. These concepts have
culminated today in a number of variants of the “ternary
complex model” [10-13] for G protein-coupled receptors.
For the ion-channel linked receptors, the isomerization
scheme of Katz and Thesleff has been extended to include
even more conformational states [14].

The cell may be viewed as a societal realm of receptors,
transducers, and effectors, possessing their own intrinsic
behavior in the absence of ligand [15]. The introduction of
a ligand, whether an endogenous hormone or an exogenous
drug, into such a system, therefore, may result in an
alteration of the state of the system such that the subse-
quent interaction of a receptor with other membrane
components is modified. This change in basal state may be
toward an increased probability of signaling (“positive
efficacy”) or a decreased probability of signaling (“negative
efficacy”). Zero efficacy would result when the ligand-
associated receptor resides in a tertiary conformation that is
equivalent, with respect to basal signaling, to that found in
the absence of ligand. In a nutshell, therefore, the contem-
porary view of “agonism” requires that the drug-bound
receptor exists in an isomerized state such that its subse-
quent interactive properties are altered with respect to
those of the unbound state [16]. A consequence of this idea
has been the realization that a “spectrum” of efficacy,
ranging from positive to negative, can exist and that two
more phenomenological descriptors may be applied to
drugs, based on their efficacy, i.e. inverse agonists, those
compounds that display negative efficacy, and neutral
antagonists, those compounds with truly zero efficacy.

Unless a ligand possesses zero efficacy, the simplest
extension of the mass-action models would require that the
receptor be distributed among at least three states, denoted
here as Ryeer Rpoungs @and R* . .a With the latter state
denoting the bound and activated complex. In this type of
schematic, the “R*” species may be viewed as representing
an isomerized state of the receptor, the magnitude of which
is proportional to the intrinsic efficacy of the ligand. For ion
channel-linked receptors, this species may represent the
agonist-bound open channel state. For G protein-coupled
receptors, this may be the form of the receptor that binds to
and activates the G protein. Figure 1 shows a general
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FIG. 1. Agonist-promoted receptor isomerization. (A) Binding
of agonist A to the free receptor R is governed by the micro-
scopic equilibrium dissociation constant K, and promotes the
isomerization of the AR species to AR* according to the
microscopic isomerization constant, Kigo. (B) As for (A), but
the isomerization process yields an AR species that is capable of
recognizing G protein and binding it according to the micro-
scopic equilibrium dissociation constant, K. In each case, the
observed macroscopic agonist dissociation constant (Kgopg) is
influenced by both microscopic equilibrium constants.

schematic diagram of a simple isomerization mechanism, as
well as a specific example of such a mechanism when
applied to the interaction between an agonist, a receptor,
and a G protein. The existence of basal, agonist-indepen-
dent activity [17] introduces yet a fourth state, R*;,... With
the advent of molecular biological techniques and their
application to the pharmacological arena, the actual mo-
lecular nature of intrinsic efficacy has begun to be investi-
gated. These types of studies afford the pharmacologist an
opportunity to probe the possible conformations involved
in the formation of active ligand—receptor complexes (see

below).

THE SYSTEM DEPENDENCE OF AGONISM

The mathematical expression of the concepts embodied in

classic occupation theory is presented below in Equation 1:
A ex[R7][A]

CRCR W

This relationship provides the basis for the majority of
methods utilized to quantify affinity and relative efficacy. It
states that the magnitude of the observed effect (E,), for
any given concentration of ligand A, relative to the
maximal possible tissue effect mediated by the receptor and
its associated transduction pathways (E,), is a monotonic
and continuous function (f) of the “stimulus,” or signal (S),
produced by the drug—receptor interaction. Of the four
parameters in the equation, two represent unique properties
of the ligand itself (intrinsic efficacy, €,, and the equilib-
rium dissociation constant, K, ). It is well known that K is
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expressed in concentration units. However, it is often
overlooked that e, also possesses units, namely, the recip-
rocal of receptor concentration [6]. The product of €, and
[R1] thus yields the dimensionless parameter, e, that Ste-
phenson [5] originally defined as “efficacy” in his formula-
tion of receptor theory. The other two parameters in
Equation 1, however, are tissue- or system-dependent, i.e.
receptor density (Rp) and the function, f, denoting the
efficiency of stimulus—response coupling [2, 5, 6, 18]. From
Equation 1, it may be seen that the initial signal imparted
by a drug to a cell will be translated into an observable
response depending on the number of available signaling
units (i.e. receptors) and the efficiency with which the
post-receptor cellular machinery (enzymes, effectors, etc.)
can process the signal. These latter factors can vary from
tissue to tissue. Thus, the response to any drug with,
theoretically, the same affinity and intrinsic efficacy for a
particular receptor still may vary depending on the chosen
biological assay system. This is better appreciated when one
realizes that there is generally a nonlinear relationship
between stimulus and response, with the (rare) exception of
very weak partial agonists [1]. One of the simplest nonlinear
functions is the rectangular hyperbola. If response is a
hyperbolic function of stimulus, then Equation 1 may be
rewritten as:

E, S )
or, by substitution into Equation 1:
e
Ey e+ P - [A]
Ex= B (3)
w1k ()

where e denotes the product €, X [Ry] and B is a fitting
parameter that encompasses the efficiency of post-receptor
stimulus—response coupling. The smaller the value of B, the
greater the efficiency of this coupling. Figure 2 illustrates a
series of simulated concentration—response curves obeying
this relationship, where B is the only parameter that is
varied. This is equivalent to testing the same agonist at the
same receptor (present at the same density) but in different
tissues with varying efficiencies of post-receptor coupling.
Even if comparisons were to be made within the same tissue
(constant B and [Rq]), Equation 3 still indicates that both
the location and the maximal asymptote of the resulting
concentration—response curve would be influenced by the
efficacy of the agonist, the location now being defined by
KA(B/e + B) and the maximal asymptote as Ey (efe + B).
The larger the value of e, or the smaller the value of B, the
closer the concentration—response curve asymptote will
approach the tissue maximum, and the greater the leftward
shift of this curve would be from the concentration—
occupancy curve (dotted curve in Fig. 2). The finding of a
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FIG. 2. System dependence of agonism. Simulated agonist con-
centration—response curves (solid lines) for the same agonist,
acting at the same receptor, under conditions of varying effi-
ciency of stimulus—response coupling as would be observed, for
example, in different tissues. Simulations were according to
Equation 3 in the text with the following parameters: K, = 10
M, e = 10, E,,; = 1. For each individual curve (left to right),
the parameter B was 0.001, 0.01, 0.1, 1, 10, and 100, simulat-
ing successive decrements in efficiency of stimulus—response
coupling. Solid circles denote the midpoint location of each
concentration—response curve. The dashed curve represents the
concentration—occupancy relationship for the agonist.

maximal response to an agonist at submaximal receptor
occupancy in a particular system identifies that system as
possessing a “receptor reserve,” or “spare receptors” [1, 19].
In reality, the term “receptor reserve” should not be
interpreted in terms of specific “requisite” and “spare”
receptor pools, but, instead, should be viewed as a synonym
for “nonlinear stimulus response coupling.”

For the above reasons, absolute functional measurements
of the drug-receptor interaction within a particular assay
system cannot be relied upon to furnish uncontaminated
estimates of affinity or intrinsic efficacy. Nevertheless, a
number of methods have been developed to nullify the
impact of system-dependent effects on the expression of
agonism in functional assays. Where this is not possible, the
system dependence of agonism, as long as it is recognized,
can still be exploited when comparisons are made in the
same system, and this is discussed in the next section.

COMMON FUNCTIONAL APPROACHES TO
MEASURING RELATIVE EFFICACY

Intrinsic Activity

Ariéns [4] originally introduced the concept of intrinsic
activity (denoted by the a) as a molecular property of a
ligand that is related to its efficacy, with antagonists
possessing o values of 0, full agonists values of 1, and partial
agonists having values anywhere in between. In light of
subsequent findings, the original concept of intrinsic activ-
ity was found inadequate to describe efficacy on a molecular
level. Although able to account for agonists that could not
produce the maximal tissue response at receptor-saturating
concentrations, intrinsic activity could not account for
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drugs yielding a maximal tissue response at submaximal
receptor occupancies (because this requires a nonlinear
stimulus—response relationship).

Nevertheless, the introduction of the concept of intrinsic
activity solidified the practice of utilizing the maximal
asymptote of a concentration—response curve as an index of
agonist efficacy. In fact, the maximal response to an
agonist, derived from a complete concentration—response
curve, is probably the best, and one of the easiest, indices of
efficacy available to pharmacologists. Today, the recom-
mended usage of intrinsic activity is simply as a ratio of an
agonist’s maximal response to that of the maximal response
of a full agonist in the same assay system [20]. The term,
therefore, is entirely descriptive with no assumptions about
mechanism. The limitations of this approach are obvious;
intrinsic activity cannot differentiate between full agonists,
and it is naive to make the assertion that two drugs have
the same “efficacy” simply because they produce the same
maximal response. Additionally, intrinsic activity will al-
ways be influenced by tissue-related, as well as drug-related
parameters (see Equation 3). However, relative intrinsic
activity, when assessed in the same assay system, is still an
easy and useful measure when comparisons are made be-
tween partial and full agonists, or amongst partial agonists,
as conclusions may then be drawn about relative agonist
efficacy.

More recently, Lew [21] has presented a practical means
of constructing “extended” concentration—response curves
that can be used to overcome the normal constraints of a
tissue maximum such that a better discrimination may be
made between drugs classed as “full agonists.” In essence,
the technique involves the use of a functional antagonist to
maintain the tissue in a state whereby changes in stimulus
are translated into measurable responses. For instance, if a
relaxant response is being measured, and the agonist causes
full tissue relaxation, then a contracting agent, acting via
another signaling pathway, is added to alter tissue state such
that further increments in relaxant agonist concentrations
may be made. By utilizing the change of the measured tissue
state parameter from its value immediately prior to an
agonist concentration increment as the “response,” and
cumulating these responses, an extended concentration—
response curve may be constructed that bypasses the con-
ventional “tissue maximum.” This approach, therefore, is a
useful extension of the intrinsic activity scale of Ariéns.

Another more common, yet unreliable, approach that is
often utilized in the comparison of relative agonist efficacy
is one where responses to single, “saturating,” concentra-
tions of different agonists are compared. Although often
thought of as a simplified method of comparison of intrinsic
activities, this procedure is fraught with a number of
potential errors. For instance, the system-dependence of
agonism means that a concentration of agonist that may
appear to be “saturating” with regard to response generation
in one assay cannot be assumed to be so in another type of
assay. Even more insidious are the effects that additional
processes, such as desensitization, actions at two-receptor
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systems, and secondary (non-receptor) drug actions, can
have on the concentration—response relationship, often
yielding “bell-shaped” concentration—response curves, such
that higher concentrations of agonist may appear less
efficacious than lower concentrations [22-24]. If any of
these types of processes are occurring in the assay system
under study, then comparison of supposedly “maximal”
agonist effects is an invalid approach to quantifying relative
efficacy.

Relative Intrinsic Efficacy

The methods outlined so far are limited in that they are
almost invariably “colored” by the properties of the assay
system in which responses are being measured. Null meth-
ods have been developed, however, that aim to furnish
relative estimates of agonist intrinsic efficacy. Practically,
the methods that are most commonly utilized in measuring
relative intrinsic efficacy require the prior determination of
the affinity of, at least, one of the agonists being compared
[25]. Although Mackay [26] has presented a method for
determining rank order of efficacy for two agonists that does
not require prior knowledge of agonist affinity, this ap-
proach is limited, especially when full agonists are com-
pared, and is not often used.

By far, the most common approach to the estimation of
relative agonist intrinsic efficacy has been the “receptor
inactivation method” introduced by Furchgott and colleagues
[6, 27]. In this method, agonist concentration—response
curves are constructed before and after irreversible alkyla-
tion of a significant fraction of the total receptor popula-
tion. Equieffective agonist concentrations before ([A]) and
after ([A']) the alkylation procedure, determined at various
response levels, are then compared in order to find K4.
From Equation 1, these concentrations may be shown to be
related to one another according to the following equation:

_[A-q-K,
AT (-9 K,

(Al (4)

where ¢ represents the fraction of remaining, non-alkylated
receptors.

Nowadays, with the ready availability of powerful com-
puting packages, K, and q are best estimated by fitting a
plot of [A] versus [A'] to Equation 4 by nonlinear regres-
sion. In the past, a number of linear transformations of
Equation 4 have been utilized, but these are considered to
be statistically flawed and best avoided where possible [1].

Once K, is established, it then may be utilized in
constructing an agonist occupancy-response curve. When
occupancy-response curves of different agonists are com-
pared, their relative locations may be used to estimate their
relative efficacies, as the greater the efficacy, the greater the
expected leftward translocation of an agonist occupancy—
response curve [1]. As with all methods for measuring
affinity and/or efficacy, this approach is not without its own
problems. First, a suitable alkylating agent, lacking nonspe-
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cific actions, must be available for the particular receptor
system under study, and this is not always possible. Second,
occupancy—response curves must, theoretically, be parallel
such that an unambiguous estimate of translocation may be
made. This means that statistical testing of parallelism will
be required. Third, for low efficacy partial agonists, it may
not be possible to construct a complete occupancy-re-
sponse curve [1]. Nevertheless, the inactivation method
remains the most widespread functional approach for cal-
culating agonist affinity and relative efficacy.

The Operational Model of Agonism

Black and Leff [28] have presented an alternative method
for analyzing concentration—response data to the tradi-
tional null methods based on occupation theory. By assum-
ing an explicit, mathematical formulation (general logistic)
of the “transducer function” linking agonist-receptor occu-
pancy to response, and by coupling this function to the
mass-action-based, rectangular-hyperbolic occupancy func-
tion, the following, explicit relation between agonist con-
centration, [A], and pharmacological effect, E,, may be
derived:

_ Ey- " [A]"
(Ka+[AD" + - [A]"

E, (5)

where K, and E,; are as defined previously, n is the slope of
the transducer function linking occupancy to response, and
7 is the operational definition of efficacy. This latter
parameter may be defined algebraically as [Rq]/Kg, where
K represents the concentration of agonist-receptor com-
plex vyielding half the maximal effect. Because the T
parameter contains both tissue and drug-receptor-specific
properties, it is not conceptually equivalent to intrinsic
efficacy. As the name implies, however, the operational
model was designed to make minimal assumptions about
mechanism, and T values are still readily utilized as mea-
sures of relative intrinsic efficacy when comparisons are
made in the same assay system.

Because Equation 5 is an explicit description of an
agonist concentration—response relationship, the opera-
tional model offers the advantage over the Furchgott
method of being able to be fitted directly to non-trans-
formed agonist concentration—response data. The only
requirement is that the curves be described by a general
logistic shape, as is often observed with most agonist
concentration—response curves. Thus, for any one agonist,
if a series of concentration—response curves are obtained in
a tissue with varying [Rq], as occurs in the inactivation
method, then the entire family of curves may be fitted
simultaneously to Equation 5 with all parameters except T
constrained to be shared. In this way, single estimates may
be made of K4, n, and E, that describe the entire data set.
Additionally, the g parameter obtained from the Furchgott
inactivation method may also be obtained via application
of the operational model, i.e. the ratio of T obtained after
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alkylation to that obtained before, 7'/t, is equivalent to
(1 — q) in the Furchgott formulation [29].

An advantage of inactivation methods in the assessment
of agonist affinity and relative efficacy is that they may be
applied to both full and partial agonists. For the latter
agents, additional “comparative” methods are also avail-
able, for both affinity estimation [30-32] and relative
efficacy comparisons [20, 31, 33]. These methods are called
“comparative” because they always relate the response of a
partial agonist to that of a full agonist in a system with
significant receptor reserve. If these latter two criteria are
not met, then these approaches are not applicable.

RADIOLIGAND BINDING STUDIES IN THE
DETERMINATION OF RELATIVE AGONIST
EFFICACY

Radioligand binding studies have offered pharmacologists
an alternative to the complexities of the isolated tissue,
particularly in the ability to directly test the assumptions of
Langmuirian kinetics as appropriate descriptors of ligand
binding. To a great extent, the simple law of mass action
has proven successful in describing the binding of a great
number of ligands (particularly antagonists) to receptors,
yet complex binding curves, demonstrating deviations from
Langmuirian behavior, have been associated frequently
with agonist binding [1, 34]. The simplest explanations that
have been invoked were purely affinity-related, namely,
that the ligand recognizes multiple, independent binding
sites with different affinities [34]. However, as mentioned
above, agonists are able to cause receptor isomerization in a
manner that is proportional to their efficacy, and complex
agonist binding isotherms may thus arise due to intercon-
version of the receptor protein between various isomeriza-
tion states [34].

Binding experiments measure total radioligand bound to
all forms of a receptor. If an isomerization process were
operative, then analysis of data derived from these types of
experiments would yield an observed agonist affinity that
would, in fact, be influenced by the avidity of any addi-
tional agonist-receptor isomerization [1, 20, 35]. In other
words, a composite K, value (“Kopg”; Fig. 1) will be
measured that contains an efficacy component, as well as an
affinity component. The implications of this phenomenon
are significant, in that they suggest an interdependence of
affinity and intrinsic efficacy to the extent that one cannot
be measured independently of the other. This, of course,
goes against the tenets of traditional occupation theory, and
potentially invalidates the theory behind all current ap-
proaches to measure agonist affinity and intrinsic efficacy.
Although most studies addressing this phenomenon have,
to date, not shown significant deviations in agonist affinity
estimates predicted by the theory of receptor isomerization
[36], this is probably due to the fact that these experiments
were functional in nature, where the presence of signal
amplification meant that significant receptor isomerization
was not required to observe full pharmacological effect.
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When agonist action is measured at the level of receptor
binding, however, the impact of isomerization mechanisms
on affinity and efficacy measurements is expected to be
greater.

The “GTP Shift”

A practical, although not necessarily physiological, advan-
tage of radioligand binding experiments relative to func-
tional assays is that the conditions utilized for the binding
experiment may be modified to a greater extent than in
functional assays in order to optimize the detection of
agonist-promoted receptor isomerization. For example, with
the G protein-coupled receptors, it has been well estab-
lished that the use of broken cell preparations, in low ionic
strength media containing magnesium and devoid of so-
dium, promotes ternary complexation [37]. Under these
conditions, agonist binding curves are often “shallow”
(midpoint slopes less than unity) and may appear multipha-
sic [34]. Analysis of the data according to a multiple,
independent-site model invariably resolves agonist binding
into at least two apparent affinity states, often denoted Ky,
(high affinity) and K; (low affinity). In many of these
instances, the agonist-induced isomerization, resulting in
the steady-state accumulation of high-affinity agonist—
receptor-G protein ternary complex, could be effectively
cancelled by the addition of GTP (or a non-hydrolyzable
analogue), the so-called “GTP shift.” The resultant binding
curve is monophasic and reflects the lower affinity of the
bimolecular agonist-receptor complex (K,). Although it
often is believed that K; is equivalent to K, this is NOT
the case. All affinity estimates based on a multi-site,
independent binding model will be influenced, to differing
extents, by an isomerization mechanism.

The ternary complex model [10] was the first mechanis-
tic description of an allosteric interaction between an
agonist and a G protein binding to the same receptor. This
model predicts that the GTP-shift, i.e. the ratio of the
higher agonist affinity (K};) obtained in the absence to that
obtained in the presence of GTP (K,), may be used as a
quantitative, biochemically derived measure of the efficacy
of the ligand within the particular assay system. This latter
point is important, because the observed agonist potency in
these types of studies also will be determined by the
stoichiometry of receptors to G proteins, and thus may vary
between different systems. Hence, the appropriate practical
application of the GTP shift is when comparisons are made
between different ligands in the same assay systems. Under
these circumstances, the GTP-shift may be used as an ad hoc
measurement of relative efficacy [38]; the greater the shift,
the greater the efficacy.

The GTP-shift, although very useful, is not infallible.
The ternary complex model predicts that saturating con-
centrations of guanine nucleotide should result in a com-
plete uncoupling of the receptor from the G protein,
yielding a monophasic agonist binding curve that reflects
agonist occupancy of the free receptor. However, there are
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anumber of cases where this is not observed [39], suggesting
that for some systems, the ternary complex model is an
inadequate mechanistic descriptor of complex agonist bind-
ing isotherms. Even if a ternary complex mechanism were
operating, Waelbroeck et al. [40] have demonstrated how
GTP-shifts may still be undetectable, or where shifts may be
seen where they would not be expected (e.g. with antago-
nists). The reasons, in these latter instances, may be related
to the kinetics of ligand-promoted exchange between
nucleotides on the G proteins.

In any instance, the GTP-shift cannot be universally
applied to the detection and quantification of relative
agonist efficacy in radioligand binding experiments, and
alternative methods need to be explored. One such ap-
proach has been presented by Kenakin [1] and termed
“high-affinity selection.” This method requires a recombi-
nant expression system whereby receptors are overexpressed
such that they outnumber the accessible pool of G proteins.
Subsequently, agonist competition binding isotherms ob-
tained using a radiolabeled agonist are compared with those
obtained using a radiolabeled neutral antagonist. As with
the GTP-shift, the ratio of agonist affinities derived from
both types of competition experiments may be taken as a
measure of relative efficacy. However, the same caveat
applies as before, i.e. observed potency is system-dependent.
Additionally, the use of high-affinity selection requires the
availability of radiolabeled agonist, as well as antagonist, for
the receptor system of interest, and this is often not
possible.

Transducer Abstraction

If more than one agonist is present in a system with fixed
amounts of receptor and transducer proteins, then the
resulting agonist binding isotherms will reflect competition
both for the receptor and for the formation of ternary
complex. According to the full ternary complex model (Fig.
3), the abstraction of G protein by one agonist from
another would be related to the magnitude of agonist
efficacy. Thus, we propose that a change in the pattern of
a complex agonist binding isotherm, observed in the
presence of a second agonist acting via the same receptor-
transducer system, can be utilized to detect agonist efficacy
in radioligand binding experiments.

Figure 4 illustrates this phenomenon, using theoretical
curves generated according to the full ternary complex
model (Fig. 3). It may be seen that biphasic agonist/
antagonist competition binding curves, constructed in the
absence or presence of graded concentrations of a second
drug, will demonstrate a parallel, dextral shift only if the
second drug is a neutral antagonist (Fig. 4A). In contrast, if
the second ligand possesses efficacy, then the curve shape
also is expected to change, along with the resulting dextral
shift (Fig. 4, B and C). The greater the loss of apparent
high-affinity binding of the first agonist (drug A in Fig. 4,
A-C), the greater the positive efficacy of the second
agonist (drug C; Fig. 4B). In contrast, if the second agonist
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FIG. 3. Ternary complex model for three ligands, A, B and C,
interacting with a common pool of receptor, R, and G protein,
G. K,, Kg, and K. denote the ligand equilibrium dissociation
constants for binding to the free receptor. K; denotes the G
protein equilibrium dissociation constant for binding to the free
receptor. The dimensionless cooperativity factors, «, B, and v,
denote the magnitude by which K,, Kg, K, and Kg are
modified at the occupied receptor.

possessed negative efficacy, an apparent increase in the
proportion of high-affinity binding state for drug A will
result (Fig. 4C) that is proportional to the negative efficacy
of the second agonist. Panel D of Fig. 4 illustrates these
phenomena in a simple graphical format, whereby the
change in the fraction of high-affinity agonist binding for
drug A (%Ryy) is plotted against the concentration of drug
C.

Figure 5 shows experimental results demonstrating the
effects of the muscarinic receptor partial agonist pilocarpine
on the binding of the antagonist [’H]N-methylscopolamine
(Fig. 5A), as well as on the competition between the full
agonist acetylcholine and [’H]N-methylscopolamine (Fig.
5B) at the human M; muscarinic acetylcholine receptor
expressed in recombinant Chinese hamster ovary cells. It
may be seen that competition between pilocarpine and
PHIN-methylscopolamine did not reveal any complexity in
the pattern of binding of the partial agonist. However,
biphasic acetylcholine binding was readily “converted” to a
monophasic curve in the presence of pilocarpine, thus
reflecting the efficacy of the latter agent. Furthermore, this
particular system has been shown previously to be relatively
resistant to modulation by guanine nucleotides [41]. Thus,
transducer abstraction can detect agonist efficacy in situa-
tions where agonist binding isotherms do not appear to
indicate multiple receptor states and/or when a GTP-shift
cannot be demonstrated.

Practically, the concept of transducer abstraction may be
exploited in any situation where a standard full agonist,
yielding a multiphasic binding isotherm, is available.
Changes in the profile of this binding curve in the presence
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FIG. 4. Transducer abstraction, modeled according to the scheme depicted in Fig.3. Panels A—C depict the inhibition of the normalized
binding of radioligand B (B = 1) by a full agonist, A (o« = 0.001), in the absence (®) or presence of graded concentrations (0.1, A;
1, [J; 10, O; 100, ¢; X K) of a second ligand, C, with the following vy values: (B) 1, (C) 0.03, and (D) 1000. For all simulations,
[GIR] = 0.5, K, = Kz = K¢ = K = 1. Panel D depicts the change in the fraction of high-affinity binding of agonist A (%Ry) in

the presence of ligand C.

of a second ligand may then be utilized to detect efficacy in
the latter ligand. Importantly, the actual mechanism un-
derlying the expression of efficacy is not necessarily impor-
tant (the ternary complex model was only used as an
example here) for the practical application of this ap-
proach; what matters is that the interacting drugs share this
mechanism.

Combining Functional and Binding Approaches

Ehlert [42] has presented an elegant approach to estimating
relative agonist efficacy utilizing a combination of both
functional and radioligand binding assays. The method
requires the determination of concentration—response and
concentration—occupancy curves for a particular agonist,
the latter most commonly inferred from a competition
binding assay. Subsequently, the concentration of agonist
yielding half the maximal response (ECsy) is compared to
the concentration yielding half-maximal occupancy (Kj)
according to the following relationship:

EmaxA KA
7 -<ao+ 1) (6)

max

e=0.5-

where E, . denotes the maximum possible effect (as deter-
mined by use of a full agonist), E, . A denotes the maximal
effect of agonist, and e is as defined previously. For partial
agonists, where the maximal response is never achieved at
saturating agonist concentrations, the K4/ECsy ratio be-
comes 1, and the equation simplifies further to:

EmaxA

¢ Emax ( 7 )

which is equivalent to the estimation of Ariéns’ intrinsic
activity (but only under these latter circumstances).
Because this method requires a comparison between data
obtained using two different types of experiments (binding
vs function), it is most reliable when care has been taken to
ensure that the experiments have been conducted under
similar assay conditions, where possible. In addition, an
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FIG. 5. (A) Inhibition of the binding of [?’H]N-methylscopol-
amine by pilocarpine in homogenates from Chinese hamster
ovary cells expressing the human M, muscarinic acetylcholine
receptors; K; denotes the equilibrium dissociation constant, and
ny; denotes the Hill slope factor. (B) Inhibition of the binding of
[PHIN-methylscopolamine by acetylcholine in the absence or
presence of the indicated concentrations of pilocarpine. (C) Plot
of the change in high-affinity acetylcholine binding in the
absence or presence of pilocarpine.

unambiguous estimate of K, is required, which often
necessitates the use of broken cell preparations and inclu-
sion of saturating GTP (or other guanine nucleotide ana-
logs) in the binding medium, such that monophasic agonist
binding isotherms are obtained (reflecting only the binary
drug-receptor complex). If this is not possible, then the
method cannot be employed.
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IMPACT OF RECOMBINANT EXPRESSION
SYSTEMS ON THE STUDY OF EFFICACY

It is now beyond question that the introduction of molec-
ular biological techniques to the pharmacological arena has
led to an explosion in our understanding of the interactive
behavior between drugs, receptors, and effectors. The abil-
ity to manipulate receptor—effector stoichiometry more
directly in recombinant expression systems is a useful
advantage, and has allowed for the more direct testing of
the dependence of affinity and efficacy on these system
components [43].

In general, all the methods described in the preceding
sections can be applied to the study of the drug-receptor
interaction in recombinant expression systems. In addition,
newer technologies have also expanded the choice of
cellular “output” that researchers can exploit as measures of
drug effects. For instance, signal transduction cascades more
proximal to receptor activation may be monitored, if so
desired. These may include agonist-mediated guanine nu-
cleotide exchange or second-messenger accumulation, for
example. Alternatively, downstream signaling events, af-
fording greater amplification of weaker stimuli, may also be
examined [43].

However, the use of recombinant technology is not
without its own particular problems. Foremost amongst
these is the increased probability of observing coupling of
receptors to membrane or cytosolic proteins with which
they do not normally interact in a native system. Since the
ultimate aim of pharmacological intervention is toward the
alleviation of human disease states, results obtained in
recombinant systems must be shown to be useful when
applied to the clinical situation. Overexpression of receptor
(or G protein) can also yield aberrant or non-physiological
behavior, including constitutive activity (see below) or
promiscuity/pleiotropy of coupling that is not observed at
low expression. With regard to the quantification of agonist
efficacy, other implications of receptor overexpression also
include the assignment of multiple coupling modes for
receptors that do not do so in natural systems and the
possible misinterpretation of results from “stop-time” assays
(see Ref. 44). This latter point is of particular practical
importance, as many of the functional assays performed
using cell lines are not conducted in real time (unlike
traditional isolated tissue experiments), but often measure
cumulative product (e.g. cyclic AMP and phosphoinosi-
tides) formed over time. Similarly, radioligand binding
experiments may also demonstrate a range of complex
behaviors that are specific to each expression system [44].

The greatest contribution to the study of intrinsic effi-
cacy that recombinant receptor systems have made is not so
much as to define new methods for measuring relative
efficacy, but rather in terms of the elucidation of the
underlying molecular mechanisms of efficacy. Two general
mechanisms of ligand-mediated receptor conformational
change have been proposed: conformational induction and
conformational selection [1, 45]. The former mechanism
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implies that the binding of the ligand is a prerequisite for
the creation of a tertiary conformation of the receptor
protein that results in a subsequent alteration of basal
signaling state. In contrast, conformational selection re-
quires that the receptor preexists in a thermodynamic
equilibrium of all possible conformational states (resting
and active), and that the ligand selectively binds to one, or
more, of these and shifts the preexisting equilibrium to a
new one, with an accompanying change in basal signaling
state. In reality, both mechanisms probably contribute to
ligand-receptor conformational change to some extent. A
large body of data, generated in recent times by the
development of receptor mutants and chimeras, has begun
to identify actual receptor domains that preferentially
contribute to ligand binding or to the activation phenom-
enon [46—49]. Thus, the change in movement of receptor
amino acid residues within the cell membrane, as a conse-
quence of agonist binding, may be viewed as a physical
manifestation of intrinsic efficacy at the molecular level.
However, accurate measurements of the intramolecular
environment of receptors currently are not available.

IMPACT OF CONSTITUTIVE RECEPTOR
ACTIVITY ON THE STUDY OF EFFICACY

The demonstration that receptors can display basal levels of
activity in the absence of ligand necessitated an extension of
accepted models of ligand—receptor interaction [17] and has
allowed for the detection and quantification of inverse
agonism (negative efficacy). In general, the overexpression
of wild-type receptor, whether native or recombinant, has
been shown to reveal varying degrees of constitutive activ-
ity in many systems [43]. Alternatively, transducer overex-
pression in recombinant systems would also be expected to
yield similar results [50].

Constitutively active systems also may be engineered
without necessitating the overexpression of system compo-
nents. The construction of receptor mutants that can
readily adopt an activated state [12, 51] has been a major
biological advance in terms of understanding the molecular
mechanisms of efficacy. In those circumstances where these
mutants show a preferentially higher affinity for positive
agonists but an unaltered affinity for neutral antagonists, it
may be assumed (tentatively) that the receptor conforma-
tion resulting from the mutation closely mimics the natu-
rally “active” state [52]. However, there are a number of
studies indicating that receptors may adopt multiple active
states [53, 54]. For instance, the demonstration of varying
levels of constitutive activity by different mutants of the
same receptor may be interpreted in such a manner [51, 52].
Additionally, the construction of mutants that show con-
stitutive activation of a specific receptor-linked transduc-
tion pathway without affecting other pathways linked to the
same receptor is also a strong marker of multiple active
states and promiscuity in receptor—effector coupling [55].

Findings such as those described above have significant
implications for the quantification of relative agonist effi-
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cacy. Even if the same assay system is utilized, the system-
dependent components of intrinsic efficacy may not cancel
out if the comparison is between agonists that induce, or
select, different active states of the receptor. Under these
circumstances, the phenomenon of selective agonist “traf-
ficking” of signal [53, 56] in the generation of a common
final response makes unambiguous measures of relative
efficacy impossible. Furthermore, the possibility that ago-
nists may display positive efficacy in one type of system but
negative efficacy in another (“protean agonists”; [57]) must
be taken as a strong indicator of multiple active receptor
states, the latter only becoming overtly manifested as
receptor expression level is increased.

MEASURING NEGATIVE EFFICACY

The notion that intrinsic efficacy spans a continuum,
ranging from positive to negative, quite readily accommo-
dates the existence of inverse agonists. Consistent with this
concept, it may be hypothesized that procedures designed to
evaluate ligands with positive efficacy will also have an
impact on the expression of negative efficacy, but in a
converse fashion. The greatest constraint on these latter
types of studies has been determined by nature itself, i.e.
some degree of constitutive receptor activity is required for
the detection of inverse agonists. Apart from the overexpres-
sion of receptors/transducers or the construction of receptor
mutants, another established method for promoting recep-
tor-G protein precoupling is to conduct experiments in a
low-ionic strength medium, devoid of sodium ions [58, 59].
Otherwise, in a quiescent system, inverse agonist ligands
will appear to behave as neutral antagonists [15].

In radioligand binding studies, the GTP-shift has also
been utilized for the detection of negative efficacy. How-
ever, in these latter instances, it is better referred to as a
“reverse GTP-shift,” since the cancellation of receptor-G
protein precoupling by guanine nucleotides would be ex-
pected to result in a higher affinity state for an inverse
agonist [60, 61]. A similar effect also is expected if the G
protein can be rendered effectively inaccessible to the
receptor, e.g. via use of a toxin [58].

OTHER APPROACHES TO THE DETECTION
AND QUANTIFICATION OF RELATIVE
EFFICACY

Fluorescence Spectroscopy

One of the more recent approaches to the study of efficacy
has been the use of fluorescently labeled receptors. By
covalently attaching a fluorescent probe to the receptor,
any ligand-induced conformational change may be detected
as a spectroscopic alteration in fluorescence [62]. Binding of
a ligand results in a change in the polarity of the environ-
ment surrounding the labeled portions of the receptor.
With respect to the detection and quantification of effi-
cacy, decreases in fluorescence due to agonist binding at the
B,-adrenoceptor have been observed that may be directly
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correlated with the ability of the agonists employed to stimu-
late adenyl cyclase activity [62]. Significantly, inverse agonist
binding has been associated with an increase in fluores-
cence, supporting the notion that these compounds prefer-
entially stabilize an inactive state of the receptor [62, 63].
The use of fluorescence spectroscopy also may be ex-
tended to those systems displaying constitutive receptor
activity. For example, the comparison of the fluorescence of
constitutively active {,-adrenoceptor mutants and wild-
type receptors has revealed that the former display a
structural instability and an exaggerated response to ligand
binding, irrespective of whether the ligand possesses posi-
tive or negative efficacy [63]. These types of studies may be
interpreted in terms of thermodynamic transitions between
various receptor energy states and afford an unprecedented
approach to the dissection of conformational changes
associated with receptor binding and activation.

Receptor Desensitization

The phenomenon of an attenuated response during, or
subsequent to, the initial action of a drug has long been
termed “desensitization” and represents one of the primary
mechanisms of homeostatic control in cellular systems [64].
It seems almost intuitive that the phenomenon should in
some way be linked to agonist efficacy, yet there is a relative
paucity of studies that have attempted to address this
relationship in a quantitative fashion. This is most likely
due to the fact that the term itself has become an “umbrel-
la” for a number of events that are best separated on a
temporal basis. In particular, the rapid uncoupling of the
receptor from other response-generating elements of the
cell that characterizes acute desensitization often is fol-
lowed by sequestration of the receptor protein away from
the cell surface and, in the face of persistent agonist
presence, down-regulation of receptor protein [64]. The
multitudes of intracellular signaling events that mediate
these various components of signal attenuation are still
being unraveled. However, some events mediating acute
desensitization have been sufficiently characterized such
that their relationship to agonist efficacy may be inspected.

The simplest approaches have utilized incubations of
cells or tissues with equieffective concentrations of agonists
of varying efficacies for a set period of time, to induce rapid
desensitization, before the removal of agent and the subse-
quent testing of a receptor-mediated response (e.g. intra-
cellular messenger accumulation) to a given agonist. The
relative differences between maximal steady-state responses
under the various conditions employed may be compared to
the ability of each agonist to individually generate the same
response. Correlations between intrinsic activity or cou-
pling efficiency and ability to induce desensitization have
thus been noted [65—68]. Protein reconstitution studies and
associated peptide-mapping techniques have also been
employed in demonstrating that the propensity of agonists
to activate a particular intracellular response may be cor-
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related with their subsequent ability to promote receptor
phosphorylation by specific kinases [69].

The advent of newer techniques has also allowed for the
assessment of the efficacy-dependence of longer-term de-
sensitization events. For example, the technique of stop-
flow cytometry enables real-time measurements to be made
of cell-surface receptor number in the continued presence
of agonist, in contrast to earlier studies that necessitated the
washout of agonist prior to subsequent testing of the
preparation. Utilizing such an approach, a link has been
demonstrated recently between agonist efficacy and the
ability to induce receptor sequestration [70]. Similar find-
ings have been made by applying more conventional
approaches to the study of agonist-mediated receptor inter-
nalization [71], and these may also be extended to incor-
porate agonist-mediated receptor down-regulation [72], the
latter representing a useful method that does not require
functional measurements.

Desensitization is not only a phenomenon associated
with positive efficacy. Constitutively active mutant recep-
tors have been shown to be constitutively desensitized and
phosphorylated [73], and inverse agonists have been uti-
lized in reducing the extent of this phenomenon [74].
Constitutively active wild-type receptors also have been
identified that undergo basal phosphorylation and desensi-
tization [75]. Furthermore, positive agonist-induced desen-
sitization has been shown to modulate inverse agonist
efficacy in a manner that is inversely proportional to the
intrinsic activity of the latter [76].

Taken together, these findings highlight a significant
link between receptor desensitization and agonist efficacy,
and identify the desensitization phenomenon as a viable
experimental technique for the assessment of relative ago-
nist efficacy.

PRACTICAL SIGNIFICANCE

The aim of pharmacological intervention in the alleviation
of disease states requires the ability to predict agonist
activity in humans from information gleaned using in vitro
and in vivo experimentation. The inability to divorce the
influence of the assay system from the expression of
agonism means that the current, operational measures of
relative intrinsic efficacy are still the most useful means of
achieving this end. For example, it is common to see the
term “functionally selective” in reference to agonists that
appear to exert a type of tissue selectivity by virtue of their
ability to express agonism only in well-coupled receptor—
effector systems. In less efficient systems, these compounds
may appear indistinguishable from neutral antagonists, and
this needs to be taken into account when designing or
screening pharmacological agents for use in humans. The
common practice of screening such ligands in cell lines
expressing high receptor levels increases the probability of
ascribing a degree of efficacy to these compounds that may
not be retained in vivo, where the expression level of the
target receptor is much lower. Under these circumstances, a
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partial agonist detected in a cell line may behave as an
antagonist in vivo, which would clearly be detrimental to
the patient. By measuring relative agonist intrinsic efficacy,
the impact of variability in stimulus—response coupling
between cell lines, tissues, and species can be accounted for.

Although newer technologies have afforded the experi-
menter a greater choice in biological screening assays, the
danger also exists that an investigator may settle on a
particular assay, or assays, for rapid screening purposes that
will not give useful information with regard to the potential
final utility of the pharmacological agent in the treatment
of the condition for which it was designed initially. The
expression of agonism will change depending on which
cellular response is measured in the same assay system, due
to the effects of signal amplification. Obviously, the need to
choose those assays that best reflect the desired clinical
endpoint is paramount. The bottom line, however, is that
measurement of relative intrinsic efficacy will minimize the
predictive errors that may otherwise occur if only one, or a
handful, of absolute functional measures were chosen to
screen for agonistic activity.

CONCLUDING REMARKS

As stated by Kenakin [25], “the definition of how an agonist
activates a receptor relies upon the model one chooses for
the receptor.” If we are to accept that receptors, like other
proteins, adopt a variety of conformations in the absence of
ligand, and are differentially stabilized by ligand binding,
then the “binding” and “activation” steps are inextricably
linked. This is because the application of thermodynamic
principles to the development of models of the drug—
receptor interaction will always lead to the expression of
one entity (either affinity or efficacy) affecting the other.
Newer concepts, based on the probabilistic models often
utilized in statistical mechanics or molecular dynamics [77],
have been presented in efforts to rationalize both affinity
and efficacy in terms of a single, common, numerical
formulation. However, the application of these concepts to
pharmacology is relatively new, and has yet to yield a robust
and readily applicable means for drug and receptor classi-
fication. As such, the operational approaches, based on the
methods outlined in this commentary, are still the most
practical means of obtaining a relative measure of ligand
efficacy, provided that the experimenter remains aware of
the caveats involved in making their experimental deter-
minations. As biomedical technology evolves to the extent
that changes in the intramolecular environment of the
receptor protein may be correlated systematically to the
expression of drug binding (affinity) or to changes in
cell/tissue activation state (efficacy), then the classic ap-
proaches may be replaced eventually with newer methods
that overcome the apparent system dependence of most of
the current techniques.
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