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... Try to imagine a pharmacology course that made no mention of receptors ...’
—Humphrey Rang, 2006

1.1. INTRODUCTION

The evolution of the receptor concept is traced from the turn of the century
where the receptor was an organizational concept to the present day where
seven transmembrane (7TM) receptors are considered to be complex control
units for cellular function. Drug receptor effect can be quantified without
knowledge of molecular mechanism through the operational model of drug
action. Alternatively, biochemical knowledge of the receptor as an indepen-
dent protein unit recognizing both external chemicals and cytosolic protein
independently can be used to understand ligand-specific receptor effects and
how these might be exploited therapeutically.

1.2. THE RECEPTOR AS AN ON-OFF SWITCH

Historically, the concept of drug receptors began as an abstract idea and
continued throughout pharmacology for another 70-80 years as such.
Models considering receptors essentially had drugs activate (as a switch) a
black box to produce tissue response. It is useful first to consider receptors
as pharmacological switches since the theories used to describe drug action in
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these systems lay the foundation for the more mechanistically driven models
of receptors in use today. These ideas have formed the basis for quantitative
receptor theory on which new information about the biochemistry and struc-
ture of receptors has been added. These will then be discussed in terms of
specific mechanistic models of 7TM receptor function and how these assist in
the quantification of drug effect.

1.3. HISTORICAL BACKGROUND AND CLASSICAL
RECEPTOR THEORY

What is considered a “given” today, namely that drugs interact with specific
binding sites on the cell membrane called receptors, is an extremely important
tenet of pharmacology. As stated by Rang [1], it indeed was “Pharmacology’s
big idea.” The main reason it is such an important cornerstone of pharmacol-
ogy is that it introduces order into the apparent chaos of physiology. For
example, a simple molecule such as epinephrine mediates a myriad of physi-
ological processes. A large subset of these, namely cardiac chronotropy, inot-
ropy, lusitropy, vascular relaxation, lacrimal, pancreatic, and salivary gland
secretion, bronchiole, uterine and urinary bladder muscle relaxation, decreased
stomach motility, skeletal muscle tremor, and melatonin synthesis are medi-
ated by a small subset of membrane-bound proteins, specifically ;- and B,-
adrenoceptors. This immediately puts order in the collection of physiological
processes in that it gives them a common place to start, namely the interaction
of epinephrine with the receptor. This order fits in well with the discipline of
medicinal chemistry in that chemists have access to the processes for potential
control.

At the turn of the twentieth century, different groups carried out research
that caused them to postulate the existence of control points on cells that
responded to chemicals, that is, receptors. For example, Paul Ehrlich (1854—
1915) carried out studies on agent “606” (salvarsan) for syphilis. His work with
dyes and bacteria led him to propose that there are “chemoreceptors” (actu-
ally a collection of “amboreceptors,” “triceptors,” and “polyceptors™) on para-
sites, cancer cells, and microorganisms that could be exploited therapeutically
[2]. In Cambridge, John Newport Langley (1852-1926) studied the drug jabo-
randi (contains the alkaloid pilocarpine) and atropine and concluded that
receptors were “switches” that received and generated signals and that these
switches could be activated or blocked by specific molecules [2]. However, it
is A.J. Clark (1885-1941) who is considered the father of modern receptor
pharmacology. Clark was the first to suggest, from studies of acetylcholine and
atropine, that a unimolecular interaction occurs between a drug and a “sub-
stance on the cell.” As he put it [3] ...

... it is impossible to explain the remarkable effects observed except by assuming
that drugs unite with receptors of a highly specific pattern....
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In fact, it was Clark who described pharmacological phenomena in chemical
terms [3, 4], a concept readily accepted today, but quite heretical in Clark’s
time. The prevailing concepts guiding physiology at the turn of the century
were rooted in homeopathic theories (i.e., a fundamental theory centered on
the surface tension of the cell membrane) like the Arndt-Schulz Law and
Weber-Fechner Law [2]. A generally accepted statement to describe physio-
logic phenomena was simply that “certain phenomena occur frequently.”

One of Clark’s most valuable contributions to pharmacology was the appli-
cation of mathematical rules to the behavior of biological systems. Thus, the
dose-response curve became the common currency of pharmacology, and its
judicious use in the work of Clark and others built the framework for what
had become known as “receptor theory,” namely the application of simple
thermodynamic rules to pharmacological systems.

An early example of mathematics applied to the study of receptors was
provided by A.V. Hill, a student of Langley. He expressed the time course of
contraction of frog rectus abdominus to the agonist nicotine (N) through an
equilibrium concentration-response curve of the form:

j— N —
~ kK’+kN

(1.1)

where Y is contraction height, M is threshold, and k’, k are constants. While
this work predated the routine use of binding isotherms to receptor work
considerably, Hill lost interest in the approach, and it was left to Irving
Langmuir, a chemist at General Electric Company in the United States, to
devise an equation for the quantification of molecules binding to a surface, in
particular, chemicals to metal filaments for light bulbs. Thus, the Langmuir
adsorption isotherm quantifies the fraction of the substance bound to a surface
(the pharmacological counterpart being receptor, denoted p,) by a molecule
[A] as:

[A]

—[A] K, 12)

Pa=

where K, is the ratio of what Langmuir referred to as the “rate of evapora-
tion” of the substance away from the surface (pharmacologically, the rate of
offset of the molecule from the receptor) divided by the “rate of condensation”
of the molecule toward the surface (pharmacologically, the rate of onset
toward the receptor). In pharmacological terms, the specific terminology for
molecules that produced such activation is “agonist.” While mechanistically,
this equation is based on thermodynamic principles governing agonist binding
to receptors, operationally, it also defines the universally observed relationship
between agonists and the pharmacological responses they induce to tissues
and cells. Thus, any observed receptor-mediated response in any tissue can be
summarized by a form of the Langmuir isotherm where the fractional maximum
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given by Equation 1.2 is multiplied by the maximal response observed from
the preparation (Response, = pa * Enax):

[A]'Emax

[A]+ECs, (13)

Response, =

where EC;, refers to the concentration of agonist A that produces half the
maximal response to drug A. It should be noted that Equation 1.3 is written
for a system demonstrating a Hill coefficient (in honor of A.V. Hill) of unity.
If there is cooperativity in the system (either in the binding of the drug to the
receptor [vide infra] or in the cellular processes that translate drug binding
into cellular response), then Equation 1.3 becomes:

[A]n ) Emax

[A]"+EC} (14

Response, =

where n is the Hill coefficient for the dose-response curve. Figure 1.1 shows
data from Clark (effect of acetylcholine on frog heart chronotropy) fit to the
Langmuir adsorption isotherm (Eq. 1.3). Irrespective of mechanism, it can be
seen that the curve shown in Fig. 1.1 concisely summarizes the data. Thus, the
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Figure 1.1 (a) Alfred. J. Clark (1885-1941), Professor of Pharmacology at University
College London and later Chairman of Pharmacology in Edinburgh. Clark applied
chemical laws to biological phenomena and is regarded as the father of receptor phar-
macology. (b) Clark’s data showing responses of frog heart to acetylcholine. Data points
are fit to the Langmuir adsorption isotherm (Eq. 1.3).
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16 data points are summarized by a shorthand that states acetylcholine pro-
duces a chronotropic effect in the frog heart that begins its effect at 50nM, is
half maximal at 2.8uM, and is approximately maximum at 500 uM.

The adsorption isotherm furnished an extremely useful method of sum-
marizing and handling dose-response data, but what was still required is a way
to relate the observed data to the molecular mechanism of the drugs producing
the effect. With no independent estimate of the affinity of the agonist he was
using, Clark had to assume a one-to-one correspondence between the mole-
cules of agonist he added to his preparation and the quanta of excitation those
molecules gave to the tissue; that is, there was no provision for variance in
the “power” of the molecules to induce tissue response. Ariens and Van
Rossum, leading a germinal receptor group in Nijmegen, began the process
of relating the molecular mechanism of drugs to the observed effects of
drugs [5-7]. Thus was introduced the concept of “intrinsic activity,” denoted
o, as a scaling factor to accommodate the observation that not all agonists
produce the maximal response of the preparation. Under these circumstances,
Equation 1.4 becomes:

Response , = M (1.5)
[A]"+ECY,

where, for o = 0.5, this would depict a drug that produced 50% of the tissue
maximal response. Intrinsic activity became the first parameter designed to
scale observed drug effect with the molecular “power” of an agonist to induce
response. While this improved the correspondence between some observed
effects of agonists, it was left to R.P. Stephenson, a pharmacologist working in
Edinburgh, to extend this process to another level. Stephenson postulated that
there was no reason to assume that tissue response was linked to agonist
concentration in a linear manner (as was the requirement of the Clark and
Ariens treatments). Instead, he postulated the existence of a theoretical
parameter he called “stimulus,” which is the result of the immediate interac-
tion of the drug with the receptor [8]. This stimulus is imparted to the cell
which then processes it in various ways, according to its needs, to yield tissue
response. This loosely defined a function (referred to as the stimulus-response
function) relating tissue excitation and response. Thus, tissue response was
given as:

Response, = f[M} (1.6)
[A]+Ka

where e is a term efficacy (used to depict the power of the drug to produce

response) and f is the stimulus-response mechanism. The important aspect of

Equation 1.6 is that it allows the tissue response to be dissociated from recep-

tor occupancy; experimental data would soon show the importance of that

feature of the model.
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Stephenson’s concept of efficacy was required because of his observa-
tion that a series of related alkyltrimethylammonium compounds produced
different maximal levels of guinea pig ileal contractions within a similar
concentration range [8]. Since the agonist potencies indicated that the com-
pounds had similar affinities for the receptor, Stephenson reasoned that
another property of these molecules had to be operative to make them dis-
similar in terms of producing muscle contraction; that was the property
he termed “efficacy.” This concept opened up a completely new way to look
at tissue activation through receptors. Specifically, there were no constraints
regarding the power of molecules to produce pharmacological response.
Technically, powerful agonists could produce maximal tissue response by
activating only a portion of the available receptors; the remaining portion
would thus be described as being “spare” or not required for the production
of maximal response. This offered maximal control to tissue systems since
the cellular receptor density (i.e., varying proportions of spare receptors)
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Figure 1.2 Response of guinea pig ileum to contraction by histamine and the rela-
tionship between histamine receptor occupancy and tissue response. (a) Contractile
responses of guinea pig ileum to histamine. Ordinates: percent maximal contraction
to histamine (solid lines) or calculated receptor occupancy from Langmuir adsorp-
tion isotherm (Eq. 1.2) for dotted line. Abscissae: logarithm of molar concentrations
of histamine. Data shown for control (n = 12) and after alkylation of a portion
of the population of histamine receptors with SY-28 (N-ethyl-N-B-bromoethyl)-1"-
naphylmethylamine) (200nM exposure for 3min followed by 3h wash; n = 8). Data
from Reference 11. (b) Calculated relationship between histamine receptor occupancy
(dotted line in panel A) and control histamine response. This is the experimentally
derived stimulus-response relationship between histamine and guinea pig ileum.
Note the abscissal axis for panel B does not extend to complete receptor occupancy
and that essentially 100% tissue response is obtained with an 18% histamine receptor
occupancy.
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could be used by the tissue to control sensitivity to the hormone or neurotrans-
mitter. Experimental evidence to support the existence of spare receptors
came with the use of receptor alkylating agents (specifically, B-haloalkylamines)
which could irreversibly block portions of the receptor population in any
given tissue [9, 10]. It was observed that irreversible removal of large portions
of receptor populations rendered tissues less sensitive to agonists but that
these agonists still were capable of producing the maximal tissue response.
This experimentally defined the shape of stimulus—response relationships as
postulated by Stephenson; an example of the process used to do so is shown
in Fig. 1.2. These data formed the concepts leading to the present model
universally used to depict agonist response in tissues, namely the operational
model.

1.4. THE OPERATIONAL MODEL OF DRUG ACTION

While Stephenson’s treatment of drug receptor-mediated response can be
used to fit data to molecular models, it still utilized efficacy essentially as a
fitting parameter tailored to make experimental data fit the model. This arbi-
trary nature of efficacy led Black and Leff to postulate a new model of drug
action based on observed effects of drugs in tissues; they called this approach
the operational model of drug action [12]. This model is based on the premise
that the efficacy term emerges from an experimentally observed behavior of
pharmacological systems, specifically the saturable relationship between
receptor stimulation and observed response. An example of the shape of such
a relationship is shown in Fig. 1.2b. The hyperbolic shape of this relationship
forms the basic premise of this model; the ligand occupied receptor [AR]
activates the cellular stimulus-response cascade with a general equilibrium
dissociation constant denoted K (this is the concentration of [AR] complex
producing 50% maximal response):

Response  [AR]
E ax [AR]+Kg

(1.7)

The more efficient is the process from production of [AR] to response, the
smaller is Kg. Substituting mass action for the production of [AR] yields the
equation for the operational model:

[A][RI ]'Emax

Response =
[A]([R.]+Kg)+ K4 -Kg

(1.8)

The constant used to characterize the propensity of a given system and a
given agonist to yield response is the ratio [R]/Kg; this is denoted t. Substituting
for t yields the working equation for the operational model:
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[A]'T'Emax

R ne=———
PO = A Tt + )+ Kx

(1.9)

It can be seen that tissue response is now a function of biologically related
quantities, namely the receptor density [R,] and Kg, concentration of occupied
(activated) receptor available for interaction with the cellular machinery
mediating tissue response.

At this point, it should be pointed out that the unknown nature of the
biochemical reactions linking receptor occupancy and tissue response is
not an impediment to the system-independent measure of drug activity.
This is because of the null method. Thus, when comparisons of agonists are
made in the same tissue at equal levels of response, then the impact of the
biochemical cascade translating receptor occupancy and tissue response is
removed since their effects are the same for both agonists. Under these cir-
cumstances, ratios of receptor affinities (i.e., K,) and/or ratios of efficacies
(ratio of 1 values) become unique identifiers of the particular agonist-receptor
pairs. Up to this point, only agonism has been discussed, but receptor theory
also has provided a number of models to describe the antagonism of agonist
response. It is worth considering these before discussion of 7TM receptor
mechanisms.

1.5. RECEPTOR ANTAGONISM

There are two major mechanisms of receptor antagonism: orthosteric, whereby
the antagonist and agonist compete for the same binding site on the receptor,
and allosteric, whereby each has their own binding site on the receptor and
the interaction between them takes place through a conformational change in
the receptor protein. It is important to differentiate these since these respec-
tive antagonist types have different behaviors in pharmacological and physi-
ological systems.

All equations for orthosteric molecular interaction can be derived from the
integral of the differential equation describing the receptor occupancy by an
antagonist with time (dpg/dt) as a function of time and the competition between
agonist [A] and antagonist [B] for receptors [13]:

dps/dt =k, %((1_93)

B

(1-ps) [A]/KA
T ALK+ j‘p‘* (110

where py, is the equilibrium receptor occupancy by antagonist and K, and Kg
are the equilibrium dissociation constants of the agonist and antagonist recep-
tor complexes, respectively. Upon integration this yields:
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pas = ([A]/Ka/([A]/Ka +1))-(1-(0(1-e*2")+pge™2")) (1.11)
where:

¥ =[B]/Kg /([B]/Kp +[A]/KA +1) (1.12)

ps =[B]/Kgs/([B]/Kg +1) (1.13)

@ =([B]/Kg+[A]/Ka+1)/([A]/Ks+1) (1.14)

For accurate estimation of Ky (1/affinity of the antagonist), there must be
enough time elapsed in the experiment for the agonist to re-equilibrate with
the antagonist-bound receptors. If there is sufficient time for this to occur (the
dissociation rate of the antagonist is rapid such that the agonist can attain
correct receptor occupancy) and time/k, > 10, then Equation 1.11 for receptor
occupancy by agonist (p,) reduces to the familiar, and much simpler, equation
for simple competitive antagonism presented by Gaddum [14]:

[Al/Ka
[A]/Ka+[B]/Kp +1

pa= (1.15)

This equation predicts the well-known shift to the right of agonist dose—
response curves with no diminution of maxima produced by competitive
antagonists (note that agonist (p,) will be complete (p, — 1) when [A] > [B]).
On the other hand, if the antagonist has a slow offset, there may not be suf-
ficient time for re-equilibration during the experiments and noncompetitive
antagonism may result. Under these circumstances, time/k, <0.01 and Equation
1.11 reduces to the Gaddum equation for noncompetitive antagonism:

[Al/Ka
[A]/Kx (1+[B]/Kp)+[B]/Kp +1

Pa= (1.16)

Under these conditions, Equation 1.16 predicts that the presence of the
antagonist ([B] # 0) essentially precludes complete receptor occupancy by the
agonist (ps always <1 with nonzero values of [B]). This can produce dose—
response curves with depressed maxima. It can be seen that competitive (sur-
mountable) and noncompetitive (insurmountable) are only kinetic extremes
of the same mechanism of drug action (orthosteric binding of antagonist to
the agonist binding site).

The other major mechanism for drug-induced receptor blockade is through
allosteric interaction whereby the agonist and antagonist bind to their own
sites on the receptor, and the interaction between them occurs through a
conformational change in the receptor:



10 GPCR MOLECULAR PHARMACOLOGY AND DRUG TARGETING

Ka
A +

B
+
R
(1.17)
Kb OCKb
oK,
R

A + BR——"ARB

The effect of the modulator on the affinity of the receptor for ligand A is
quantified by a factor o (designated the cooperativity constant—the use of
this symbol should be differentiated from its use denoting intrinsic activity by
Ariens); the affinities of ligands A and B for the receptor are K, and K,
respectively. Under these circumstances, the effect of an allosteric modulator
on the binding of ligand A is given by [15]:

[A]/Ka (1+0[B]/Ks)
[A]/Ka (1+0[B]/Kg)+[B]/Kg +1

Pa= (1.18)

Equation 1.18 defines the changes in affinity of the receptor for A when the
modulator B is bound; these can be positive (i.e., increase affinity when o > 1)
to yield potentiation of binding or negative (decrease affinity when o < 1) to
yield antagonism. Unlike orthosteric antagonism, binding is not precluded by
a negative allosteric modulator but rather, the affinity of the receptor is reset
to a different level. Also, since allosteric effect is mediated by binding of the
modulator at a separate site, it is saturable; that is, when the allosteric sites are
completely bound by modulator, the effect reaches a maximal limit.

The other major delineation between orthosteric and allosteric effect is that
allosteric effects can modulate agonist affinity and efficacy separately. This is
because modulators essentially stabilize a new conformation of the receptor.
To describe the effect on agonist efficacy, an extended model of allosteric
modulation of receptors is required. Thus, the Ehlert allosteric model [15]
(scheme 18) is linked to the Black and Leff operational model [12] to yield
the following [16-18]:

aK

A+BRIT——>ABR %ARE

*
Ky oKy E Response
-

\ (1.19)
A+R ———>AR’ K'e ™4 ABRE

+ K +
R R
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The model for this is a melding of Equations 1.9 and 1.18 to yield [16-18]:

[A]/Kat(1+0B[B]/Kp)Ema

Response = [A]/K,(1+a[B]/Kg+1(1+0aB[B]/Kg))+[B]/Kg+1

(1.20)

In this model, the agonist and modulator-bound receptor complex has the
potential ability to signal; therefore, B refers to the change in the efficacy of
the agonist when the receptor is bound by modulator (§ = t'/t where 7’ is the
efficacy of the agonist when the modulator is bound to the receptor). This
permits the model to predict a range of separate effects on affinity and efficacy
of the agonist.

While orthosteric effects are preemptive (once the antagonist binds, no
effect can be produced by the agonist) whereby there is never a species of
protein with both agonist and antagonist bound, allosteric effects are permis-
sive. This latter property means that there are protein species with agonist and
antagonist co-binding simultaneously. Under these circumstances, the antago-
nist (actually more specifically, allosteric modulator) can change the receptor
reactivity toward the agonist in a number of ways, that is, ranging from
increased to decreased affinity, increased to decreased efficacy. Moreover,
these effects can be probe dependent, that is, be different for different agonists
[19]. This can lead to interesting effects such as that seen with the N-methyl-
D-aspartate (NMDA) receptor antagonist ifenprodil [20]. This drug reduces
the efficacy but increases the affinity of the receptor for NMDA; under these
circumstances, ifenprodil potency, as an antagonist, increases with increasing
concentrations of NMDA; that is, the antagonism increases as the system is
more highly driven.

These models of receptor function can be used to characterize agonist and
antagonist action using null methods with no knowledge of receptor structure
or biochemistry required; that is, the receptor can be viewed as an operational
on—off switch. While this was imperative in the early years of receptor theory
where no mechanism-based knowledge concerning receptor function was
available, the last 20 years of technological advancement has furnished a
wealth of information about the structure and function of receptors. This has
added greatly to the understanding of drug and receptor function. It is worth
considering how knowledge of receptor structure and biochemical function
has added to the models used to describe and predict drug action.

1.6. SPECIFIC MODELS OF GPCRs (7TM RECEPTORS)

Improvement in biochemical and structural techniques has provided the
capability to characterize receptors and, more importantly, the other cellular
bodies with whom they interact. There are two fundamental discoveries that
led to our current model of receptor function, namely receptor allosterism and
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membrane protein translocation (the “mobile receptor hypothesis” [21]). Allo-
sterism was first described for ion channels [22, 23] and enzymes [24] and was
subsequently applied to receptors [25-27]. The application of the idea that
ligands can specifically bias protein conformation through selective binding
(conformational selection [28]) gives a molecular basis for the concept of
agonist efficacy (and actually, all allosteric modulation of receptors).

In this scheme, drugs bind to a limited number of preexisting receptor
conformations and stabilize those through binding (at the expense of other
conformations according to Le Chatelier’s principle of an equilibrium respond-
ing to perturbation). Selective affinity of the ligand for specific receptor active
states creates a bias in the collection of receptor conformations, that is, a ligand
with higher affinity for one of the conformations will enrich it through selec-
tive binding. Scheme 21, shown below, shows how selective affinity can produce
receptor activation: shown are two receptor conformations R and R* con-
trolled by an equilibrium dissociation constant L. where L = [R*]/[R]:

[,

The scheme above shows a ligand A with an affinity (defined as the equi-
librium association constant K, = k,/k,) of K, for receptor state R and aK, for
receptor state R*. The factor oo denotes the differential affinity of the agonist
for R¥; that is, oo = 10 denotes a 10-fold greater affinity of the ligand for the
R* state. Therefore, o (selective affinity) confers the ability of the ligand to
alter the equilibrium between R and R*. This can be seen by calculating the
amount of R* (both as R* and AR*) present in the system in the absence of
A and in the presence of A. The equilibrium expression for ([R*] + [AR*])/
[Ri] where [R] is the total receptor concentration given by the conservation
equation [Ry,] = [R] + [AR] + [R*] + [AR*] is:

_ L{+o[A]/K,)
P TATKA (L ol)+ 141 (122)

In the absence of agonist ([A] = 0), po = L/(1 + L) while in the presence
of a maximal concentration of ligand (saturating the receptors; [A] — )
P~ = (au(1 + L))/(1 + aL). Therefore, the effect of the ligand on the proportion
of the R* state is given by the ratio p./p,. This ratio is given by:

P _o(+L) (123)
po (1+al) ’
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Equation 23 predicts that if the ligand has an equal affinity for both the R
and R* states (oo = 1) then p../p, will equal unity, and no change in the propor-
tion of R* will result from maximal ligand binding. However, if o > 1, then the
presence of the conformationally selective ligand will cause the ratio p../p, to
be >1, and the R* state will be enriched by the presence of the ligand. R* is a
completely new conformation of the receptor which could be more or less
sensitive to the endogenous agonist or could signal in its own right (be an
agonist). The fact that 7TM receptors are designed to be allosteric in nature
(bind small molecule hormones or neurotransmitters in one region of the
receptor to cause a change in shape to affect a protein—protein interaction in
another part of the receptor) may make 7TM receptors especially prone to
allosteric effects by other small molecules.

The other major idea that changed the way in which we view 7TM recep-
tors is the discovery that they float in the lipid membrane and can associate
with other membrane-bound proteins to become different species [21]. This
confers two special properties on receptors that provide for maximal signal
control. The first is that the relative stoichiometries of receptors and inter-
actants can be used by the cell for fine-tuning of signal magnitude and cell
sensitivity. The second is that it allows the receptor to function in a much
more complicated mode than a simple on—off switch. In a hard-wired mode
whereby the activated receptor is mandatorily linked to a single response
element, receptor activation is binary in that excitation either is or is not
imparted to the cell. In a floating disconnected mode, the receptor can link
to a range of couplers giving it the capability to discern which response
element it activates in response to which initial stimulus it receives. In short,
it becomes a microprocessor.

1.7. THE RECEPTOR AS MICROPROCESSOR:
TERNARY COMPLEX MODELS

The floating receptor hypothesis resulted in the prototype model of 7TM
receptor action, namely the ternary complex model (first published by DelLean
and colleagues [29]). This describes a receptor that, when activated by an
agonist, moves laterally in the cell membrane to physically couple to a trimeric
subunit referred to as a G protein. Supporting this model were data showing
that physical complexes between receptors and G proteins could be isolated
after addition of agonist to receptor systems (i.e., References 30, 31). The
prevalence of this mechanism (receptor protein that recognize external ligands
and transmit signals to cellular GTPase heterotrimers called G proteins to
elicit response) led to the pervasive name for 7TM receptors from that period
as G protein-coupled receptors (GPCRs).

Receptor behavior that was inconsistent with the ternary complex model
was observed nine years after its description; this was the impetus for the
publication of the extended ternary complex model [32]. Specifically, Costa
and Herz [33] noted that a peptide opioid receptor antagonist selectively
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reduced the basal level of NG108 cells containing | opioid receptors and that
this behavior was due to the reversal of elevated basal tissue response due to
receptors that spontaneously formed an active state. There was no provision
for spontaneous non-ligand-dependent activation of receptors in the original
ternary complex model; thus, a new model had to be devised: this was the
extended ternary complex model.

The extended ternary complex model describes a receptor that can exist in
two states, active ([R,]) and inactive ([R;]), named for their ability to activate
G proteins [G]) that coexist according to an allosteric constant unique for the
receptor type (denoted L = [R,]/[Ri])—see Fig. 1.3a). The affinity of the ligand
for [R;] is denoted K, (equilibrium association constant); the ligand has a dif-
ferential affinity for [R,] of oK,. The unbound receptor has an affinity for G
protein of K,; ligands can confer a different affinity of the receptor for G
protein denoted YK,. This model describes response production (elevated con-
centrations of [R,] and [AR,]) as a fraction of total receptor species (denoted

p) as:
L[G]/K¢c (1+oy[A]/KA)

p= [A]/K,(1+0oL(1+7[G]/Kg))+L(1+[G]/Kg)+1 (1.24)

where K, and Kg are equilibrium dissociation constants (reciprocals of asso-
ciation constants). Figure 1.3b shows the effects of changing o on dose-
response curves of a system with existing constitutive activity (shown as an
elevated basal response which can be reduced by ligands with o < 1). Such
ligands are referred to as inverse agonists. Formally identical effects are
observed with changes in vy values.

The extended ternary complex model gives a vectorial quality to efficacy.
As discussed above, efficacy can be described as a selective affinity of the
ligand for various receptor states. Thus, oo > 1 leads to positive agonism while
o < 1 results in inverse agonism. This model has been referred to as a “two-
state” model, probably because of the two unliganded species [R;] and [R,].
However, this is a misnomer since the model actually describes infinite recep-
tor states when the receptor is ligand bound; that is, the magnitude of y confers
a unique affinity of the receptor for G proteins when the receptor is ligand
bound. Under these circumstances, every value of y defines a new ligand-
bound receptor state.

A theoretical shortcoming of the extended ternary complex model is the
fact that it allows only the activated receptor to form complexes with G
protein. Thermodynamically, there is no reason a priori that all receptor species
(active and inactive) cannot bind to G proteins; when this is added to the
extended ternary complex model, a cubic model results where the receptors
form the species [ARiIG] as well as [ARaG]. The resulting model is known as
the cubic ternary complex model [34-36]; this is a more rigorous and thermo-
dynamically correct model, but it is more difficult to use since there are a
greater number of parameters that cannot be independently estimated.
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Figure 1.3 The extended ternary complex model for 7TM receptor function [32]. (a)
Schematic diagram showing a receptor that can exist in an inactive [Ri] and active [Ra]
state; both states can interact with a ligand A and the active state interacts with G
protein [G]. A variant is the cubic ternary complex model where the inactive receptor
can also interact with G protein [34-36]. (b) Effects of ligands with varying efficacy (o
values) producing the response-yielding species [ARaG] according to Equation 1.24.
This simulation shows a system with constitutive activity (basal effect = 0.5) and the
effect of positive (oo > 1) and inverse (o < 1) agonists.

At this point, the existing models, while being able to accommodate complex
receptor function (vide infra), still basically considered receptors as on-off
switches. However, the floating nature of the receptor and the ability to form
complexes with multiple membrane-bound proteins as well as biochemical
studies of receptors produced evidence that multiple interaction of receptors
with cytosolic proteins in the cell membrane exist (i.e., see Fig. 1.4). For
example, the thyrotropin receptor has the capability of coupling to all four
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Figure 1.4 Pleitotropic coupling for 7TM receptors. (a) Various regions of the cyto-
solic loops of receptors can bind to various cellular coupling proteins (i.e., G proteins,
B-arrestin). Gray areas represent sites for receptor phosphorylation. (b) Coupling of
three G proteins to opioid receptors; ordinates are density measurements reflecting
amount of ternary complex (receptor, G protein, and opioid agonist D-Ala%,D-Leu’
enkephalin [DADLE]). Data redrawn from Reference 37.

major G protein families (a total of 10 G protein subunits) [38]. In general,
the use of recombinant receptor systems made clear that most receptors could
couple to multiple G proteins [39-44]; it is not entirely clear to what extent
these multiple couplings are artifacts of recombinant overexpression or physi-
ological relevant fine-tuning of receptor signaling.

The preceding discussion has focused on receptor coupling that results in
activation of G proteins. Historically, the canonical view of GPCR signaling
cascades places receptor activation in a queue preceding receptor phosphory-
lation, binding of phosphorylated receptor to arrestin-family adapters, uncou-
pling from G proteins [45], and internalization of those complexes to the
endocytotic compartment [46]. The binding to B-arrestin was thought primarily
to serve the function of turning off the G protein signal. A major recent devel-
opment in receptor pharmacology is the discovery of the ability of GPCRs
to signal directly through the B-arrestin pathway to activate extracellular
signal-regulated kinases (ERKs) through the formation of cytosolic “recepto-
somes” [47, 48]. Under these circumstances, -arrestins can be considered
to act as multifunctional adapters and scaffolds enabling the recruitment
of signaling molecules (i.e., ERK) and other assemblies in an activation-
dependent manner [49, 50]. Thus, receptors are now known to produce activa-
tion of ERK1/2 pathways via G protein-dependent or G protein-independent
pathways [51-53]. G protein versus receptosome signaling differs both from
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its cellular origins and temporal relationship to ligand stimulation. For example,
parathyroid hormone (PTH) produces G protein-dependent and G protein-
independent stimulation of ERK1/2. While the G protein component is tran-
sient, a temporally distinct long-lasting stimulation is produced by direct
stimulation of B-arrestin by the activated receptor. Interestingly, different
chemical analogues of PTH have been shown to selectively activate these
separate signaling pathways. Thus, while [Trp'|PTHrp-(1-36) selectively pro-
duces G protein-mediated ERK1/2 stimulation, [D-Trp", Tyr**]PTH-(7-34)
selectively produces B-arrestin-dependent, and G protein-independent, stimu-
lation of ERK1/2 [54].

1.8. RECEPTORS AS BASIC DRUG RECOGNITION UNITS

In lieu of direct biochemical characterization, historically, receptor classifica-
tion was based on the observed system-independent measurement of agonist
potency ratios (PRs) and antagonist equilibrium dissociation constants. This
approach depends on the concept that the receptor is the single discerning
unit for agonism. Under these circumstances, the affinity and efficacy terms in
Equation 1.9 (namely K, and 1 respectively) refer to the specific interaction
of a given agonist for a given receptor (irrespective of which cell type response
is mediated). Under these circumstances, the magnitude of the relative ratio
of potency (PR) for two full agonists (A and B) is a unique identifier of the
agonists and receptor type since it is independent of all tissue-based response
elements:

KAA '(TB +1)

PR, =
e Kap (ta+1)

(1.25)

Deviation of such PR estimates were considered to be presumptive evi-
dence of differences in the receptor (as the minimal recognition unit). The
emphasis of classical pharmacology was recognition of chemicals since the
response systems usually came as an intact unit (i.e.,isolated tissues). However,
the independent nature of the receptor and response elements (a “floating”
receptor interacting with different free G proteins and other cytosolic pro-
teins) adds another element of recognition, namely the recognition of the
response element after agonist binding. The impact of this factor became clear
with the use of recombinant receptor systems where the relative stoichiometry
of these elements could be varied. In addition, technological advances fur-
nished the means to selectively observe the individual components of cellular
response, thereby allowing the measurement of changes in distinct receptor-
coupled pathways to agonist activation. These types of systems furnished
experimental data that was totally inconsistent with the previously described
assumptions concerning PRs of agonists. Specifically, it was observed that the
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potency of agonists for a single receptor differed when different response
cascades, mediated by that same receptor, were measured. For example, for
pituitary adenylate cyclase-activating polypeptide (PACAP) receptors, which
pleiotropically mediate changes in cyclic adenosine monophosphate (AMP)
and inositol phosphate 3 (IP;), two PACAP peptide fragments (PACAP, »; and
PACAP, 35) produced elevated cyclic AMP and IP; in cells. However, the rela-
tive potency of these two agonists for these pathways was reversed [55]. Thus,
the relative efficacy of PACAP,_»; for cyclic AMP elevation is higher than that
for PACAP, 35 but lower for elevation of IPs. In historical terms, this would
have implied that the responses to the two agonists were mediated by different
receptors. Since only one receptor type was transfected into the cell, this was
not an option requiring consideration of alternative ideas. It should be noted
that relative ratios of potency need not be reversed to denote functional selec-
tivity since the actual numerical value of the PR accurately depends on relative
affinity and efficacy of the agonist for the receptor recognition unit.

A tacit assumption in the historical view of agonist PRs is the idea that all
agonists produce a uniform receptor-active state, that is, they all flip the recep-
tor switch in an identical manner. However, there is an abundance of evidence
to show that proteins spontaneously produce a myriad of conformations in
response to thermal energy [56-59]. In accordance to the concept of confor-
mational selection [28], ligands interact with these collections of conforma-
tions (termed “ensembles”) and stabilize subsets of them through selectively
high affinity [60, 61]. If there were a collection of conformations, then some
may have greater affinity for some response elements than others. Under these
circumstances, the minimal recognition unit, with respect to the response ele-
ments of the cell, would not be the receptor per se but rather the receptor-
active state (i.e., ligand-stabilized subset of receptor conformations made after
ligand binding). If the active state were the minimal recognition unit, then the
experimental results indicating differing PRs for different response pathways
can be accommodated. Such differences require that different ligands stabilize
different ensembles of receptors to produce different macro-active states
interacting with the cell.

The varying PRs observed for PACAP analogs led to a modified model of
receptor stimulus whereby stimulus could “traffic” to different portions of a
cellular stimulus-response cascade [62]. There has been a large body of evi-
dence since that time to verify this mechanism with many ligands (see
References 63-67 for reviews of specific papers), suggesting that many ligands
produce different receptor-active states. This is, in fact, consistent with experi-
mental observations. There is another large body of data from a number of
experimental approaches that confirm that ligands can stabilize different
receptor conformations [68-72]. This idea completes the general notion of
7TM receptors as microprocessors. Thus, a range of transient receptor confor-
mations can be stabilized by different ligands to form varying predominant
conformations that then interact with a range of independent cytosolic reac-
tants to produce cellular response.
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1.9. RECEPTOR STRUCTURE

In parallel experiments conducted over the past decades, studies on 7TM
receptor structure have contributed to the models of function. In particular,
point mutation studies have elucidated the various separate regions that inter-
act with different ligands and different response coupling elements. The notion
of receptor allostery has attained prominence now that functional, as opposed
to binding, high-throughput screens are increasingly being used for new drug
discovery. It can be argued that the early use of radioligand binding assays in
screening has biased systems to the detection of orthosteric ligands, leaving
an impression that allosteric molecules for 7TM receptor are comparably rare
[73]. However, 7TM receptors are nature’s prototype allosteric protein binding
small hormones and neurotransmitters in one region of the protein and chang-
ing shape to produce a change in a protein—protein interaction in another part
of the protein. Theoretically, it would be predicted that many small molecules
would function as drugs in an allosteric manner. As functional high-throughput
screens are implemented, a corresponding increase in the number of allosteric
modulators are being discovered.

Allosteric molecules can produce immensely powerful receptor-mediated
effects. For example, biochemical [74, 75] and structural [76] studies of the
chemokine (C-C) motif receptor 5 (CCRS5) receptor show a number of small
molecule allosteric modulators that can block the interaction of enormous
proteins (CCRS and gpl120, the HIV viral coat protein both over 120Da).
These ideas, taken together with the notion that ligands stabilize preferred
conformations of receptors to affect response, lead to the notion that the
complete surface of the receptor may be considered a potential drug binding
active site. With this in mind, structural definition of binding pockets may not
be as relevant to 7TM receptors as it is for enzymes.

1.10. FUTURE CONSIDERATIONS

Present concepts of 7TM receptor function suggest a broad range of chemical
interventions for possible therapeutic utility. Receptors are now known to
have an intrinsic activity (spontaneous formation of active states) that prob-
ably is part of the normal sampling of tertiary structures in conformational
space. This makes them active control points for cells to limit and increase
external signals and internal needs. A useful way to interrogate possible chemi-
cal probing of such a system is through the Receptor Probability model
described by Onaran and Costa [60, 61]. This model makes no assumptions as
to the conformation of the receptor, nor its pharmacological function, but
rather describes the probability that a given ligand will produce a conforma-
tional bias in the ensemble that may or may not subsequently have biological
effect. This opens the concept of efficacy away from a linear idea whereby
ligands must produce a set number of effects (i.e., activation, desensitization,
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Figure 1.5 Some interactions of 7 transmembrane receptors with cellular components
to generate phenotypes of efficacy. Cellular response does not automatically indicate
direct interactions of the ligand-bound receptor with some of these processes (i.e., not
a universal indicator of molecular efficacy) and ligands can have mixed efficacies, that
is, be an inverse agonist at one G protein subtype and a positive agonist at another.
This scheme also highlights the potential for cellular signaling through non-G protein
pathways (i.e., B-arrestin).

internalization) in order. With the probability model, efficacy can be “collat-
eral” [77] in that ligands can produce subsets of activities. For example, there
are a number of antagonists for many receptor types that actively produce
receptor internalization without producing receptor activation [78; see also
Reference 65].

In general, a rich array of behaviors can be ascribed to 7TM receptors
(Fig. 1.5). For example, fine-tuning of external control may be achieved by
receptors in the formation of hetero- or homodimers (or higher-order oligo-
mers) or association with other membrane proteins such as receptor activity-
modifying proteins (RAMPs). In fact, it is an unfortunate misnomer to refer
to 7TM receptors as GPCRs as they are known to couple to a vast other array
of signaling proteins in the cell [79-83]. Under these circumstances, 7TM
receptors can be considered to be viable active moieties in cells, the activity
of which can be altered by agonists, inverse agonists, antagonists, and agents
that otherwise alter their disposition (i.e., actively internalize receptors).

Another general idea to emerge is the labile nature of receptors in response
to binding. In light of thermodynamic concepts relating to spontaneous forma-
tion of receptor conformations, binding should be considered an active, rather
than a passive, phenomenon; that is, binding of any ligand to the receptor will
change the overall makeup of the conformational ensemble (i.e., according to
Eq. 1.23). Simulations of the effects of binding to a random collection of
protein conformations show a correlation between affinity and “efficacy,” the
latter being defined as the ability to change the conformation of the receptor
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ensemble [84]. This can be made more evident by examination of equations
describing collections of protein conformations. Thus, consider a system con-
taining a root inactive receptor conformation R and multiple other conforma-
tions labeled R; where i = 1 to n all controlled by various allosteric constants
(denoted L;). Under these circumstances, the fraction of receptors not in the
R state under basal conditions is given by:

n
L;
i=1

pnonR:—n
(1+2Lij

i=1

(1.26)

With affinity of A for R; as K (equilibrium dissociation constant of ligand—
receptor complex is K™) and affinity of A for each state K; as ;'K the fraction
of receptors not in the R state in the presence of a saturating concentration
of ligand is given by [66]:

>L +[A]/Ki‘I‘iLi
= i (1.27)
[A]/K(1+i‘PiLij+(1+iLij

i=1 i=1

pnonR =

It can be seen that no change in the fraction of receptors different from the
R state will occur in the presence of the ligand only if the affinities of the
ligand for every state is the same (equal to K, i.e., ¥;,, = 1). If the ligand has
differential affinity for any of the states R;, then it will alter the fractional
makeup of the ensemble and produce different relative quantities of the spe-
cific conformations. Thus, a receptor system, at any given instant, provides a
ligand with a choice of conformations to which it can bind; in effect, the ligand
enters a “conformational cafeteria.” The ligand, in turn, will bind to propor-
tions of states commensurate with the respective affinities it has for each state.
However, as these conformations are interconvertible, the proportions of the
states will change according to the selective affinities they have for the ligand;
that is, the ligand becomes a stabilizing influence toward certain preferred
states for which it has the highest affinity. This is an extension of the effects
described for two states but highlights the probability of changes in ensembles
with increasing conformational states; that is, the more states there are, the
higher the probability that a given ligand with macroaffinity for the receptor
will alter the relative quantities of the various conformations upon binding.

The rich range of behaviors observed for 7TM receptors, intrinsic or in
response to chemicals or cellular reactants, makes these proteins versatile and
complex control points for physiological function. This, in turn, gives pharma-
cologists and medicinal chemists vast opportunity to exploit these complex
control units through selective binding to specific tertiary conformations. The
complexity of this overall system is both advantageous (high potential) and
disadvantageous (difficulty in assessing value). It may be that introduction of
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new selective ligands into the most complex system of all (patients in the
clinic) will be the step that discerns value from extraneous complexity.

REFERENCES

1. Rang, H.P. (2006) The receptor concept: Pharmacology’s big idea. Br J Pharmacol.
147, S9-S16.

2. Holmstedt, B. Liljestrand, G. (1981) Readings in Pharmacology. New York: Raven
Press.

3. Clark,A.J.(1937) General pharmacology.In Heffter’s Handbuch Der Experimentellen
Pharmakologie, Ergband 4. Berlin: Springer.

4. Clark, A.J. (1933) The Mode of Action of Drugs on Cells. London: Edward Arnold.

S. Ariens, E.J. (1954) Affinity and intrinsic activity in the theory of competitive inhibi-
tion. Arch Int Pharmacodyn Ther. 99, 32-49.

6. Ariens, E.J. (1964) Molecular Pharmacology, Vol. 1. New York: Academic Press.

7. Van Rossum, J.M. (1966) Limitations of molecular pharmacology. Some implica-
tions of the basic assumptions underlying calculations on drug-receptor interactions
and the significance of biological drug parameters. Adv Drug Res. 3, 189-223.

8. Stephenson, R.P. (1956) A modification of receptor theory. Br J Pharmacol. 11,
379-393.

9. Furchgott, R.F. (1966) The use of B-haloalkylamines in the differentiation of recep-
tors and in the determination of dissociation constants of receptor-agonist com-
plexes. Adv Drug Res. 3, 21-55.

10. Furchgott, R.F. (1972) The classification of adrenoreceptors (adrenergic receptors).
An evaluation from the standpoint of receptor theory. In Handbook of Experimental
Pharmacology, Catecholamines, Vol. 33, ed. H. Blaschko, E. Muscholl, pp. 283-335.
Berlin: Springer-Verlag.

11. Kenakin, T.P. (1975) Blockade of histamine-induced contractions of intestinal
smooth muscle by B-haloalkylamines. PhD thesis, University of Alberta, Edmonton,
Alberta.

12. Black, J.W., Leff, P. (1983) Operational models of pharmacological agonist. Proc R
Soc Lond [Biol]. 220, 141-162.

13. Paton, W.D.M., Rang, H.P. (1965) The uptake of atropine and related drugs by
intestinal smooth muscle of the guinea pig in relation to acetylcholine receptors.
Proc R Soc Lond [Biol]. 163, 1-44.

14. Gaddum, J.H. (1937) The quantitative effects of antagonistic drugs.J Physiol Lond.
89, 7P-9P.

15. Ehlert, FJ. (1988) Estimation of the affinities of allosteric ligands using radioligand
binding and pharmacological null methods. Mol Pharmacol. 33, 187-194.

16. Kenakin, T.P. (2005) New concepts in drug discovery: Collateral efficacy and per-
missive antagonism. Nat Rev Drug Discov. 4,919-927.

17. Kenakin, T.P, Jenkinson, S., Watson, C. (2006) Determining the potency and molec-
ular mechanism of action of insurmountable antagonists. / Pharmacol Exp Ther.
319, 710-723.



18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

THE EVOLUTION OF RECEPTORS 23

Price, M.R., Baillie, G.L., Thomas, A., Stevenson, L.A., Easson, M., Goodwin, R.,
McLean, A., Mclntosh, L., Goodwin, G., Walker, G., Westwood, P, Marrs, J.,
Thomson, F., Cowley, P, Christopoulos, A., Pertwee, R.G., Ross, R.A. (2005)
Allosteric modulation of the cannabinoid CB1 receptor. Mol Pharmacol. 68,
1484-1495.

Christopolous, A., Kenakin, T.P. (2002) G-protein coupled receptor allosterism and
complexing. Pharmacol Rev. 54, 323-374.

Kew, J.N.C., Trube, G., Kemp, J.A. (1996) A novel mechanism of activity-dependent
NMDA receptor antagonism describes the effects of ifenprodil in rat cultured corti-
cal neurons. J Physiol. 497, 761-772.

Cuatrecasas, P. (1974) Membrane receptors. Annu Rev Biochem. 43,169-214.
Katz, B., Thesleff, S. (1957) A study of the “desensitization” produced by acetylcho-
line at the motor end-plate. J Physiol. 138, 63-80.

Del Castillo J., Katz B. (1957) Interaction at end-plate receptors between different
choline derivatives. Proc R Soc London [Biol]. 146, 369-381.

Monod, J., Wyman, J., Changeux, J.P. (1965) On the nature of allosteric transitions.
J Biol Chem. 12, 88-118.

Colquhoun, D. (1973) The relationship between classical and cooperative models
for drug action. In Drug Receptors, ed. H.P. Rang, pp. 149-82. Baltimore, MD:
University Park Press.

Karlin, A. (1967) On the application of a “plausible model” of allosteric proteins
to the receptor for acetylcholine. J Theor Biol. 16, 306-320.

Thron, C.D. (1973) On the analysis of pharmacological experiments in terms of an
allosteric receptor model. Mol Pharmacol. 9, 1-9.

Burgen, A.S.V. (1966) Conformational changes and drug action. Fed Proc. 40,
2723-2728.

DelLean, A, Stadel, .M., Lefkowitz, R.J. (1980) A ternary complex model explains
the agonist-specific binding properties of adenylate cyclase coupled B-adrenergic
receptor. J Biol Chem. 255, 7108-7117.

Limbird, L.E., Lefkowitz, R.J. (1978) Agonist induced increase in apparent -
adrenergic receptor size. Proc Natl Acad Sci U S A. 75,228-232.

Ross, E.M., Maguire, M.E., Sturgill, TW., Biltonen, R.L., Gilman, A.G. (1977)
Relationship between the B-adrenergic receptor and adenylate cyclase. J Biol
Chem. 252, 5761-5775.

Samama, P, Cotecchia, S., Costa, T., Lefkowitz, R.J. (1993) A mutation-induced
activated state of the B,-adrenergic receptor: Extending the ternary complex model.
J Biol Chem. 268, 4625-4636.

Costa, T., Herz, A. (1989) Antagonists with negative intrinsic activity at d-opioid
receptors coupled to GTP-binding proteins. Proc Natl Acad Sci U S A. 86, 7321-7325.
Weiss, .M., Morgan, PH., Lutz, M.W., Kenakin, T.P. (1996) The cubic ternary com-
plex receptor-occupancy model. I. Model description. J Theor Biol. 178,151-167.
Weiss, JM., Morgan, PH., Lutz, M.W., Kenakin, T.P. (1996) The cubic ternary
complex receptor-occupancy model. II. Understanding apparent affinity. J Theor
Biol. 178, 169-182.

Weiss, JM., Morgan, PH., Lutz, M.W., Kenakin, T.P. (1996) The cubic ternary
complex receptor-occupancy model. III. Resurrecting efficacy. J Theor Biol. 181,
381-397.



24

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

GPCR MOLECULAR PHARMACOLOGY AND DRUG TARGETING

Roerig, S.C., Loh, H.H., Law, PY. (1992) Identification of three separate guanine
nucleotide-biding proteins that interact with the d-opioid receptor in NG108-15 X
glioma hybrid cells. Mol Pharmacol. 41, 822-831.

Laugwitz, K.L., Allgeier, A., Offermanns, S., Spicher, K., Van Sande, J., Dumont,
J.E., Schultz, G. (1996) The human thyrotropin receptor: A heptahelical receptor
capable of stimulating members of all four G protein families. Proc Natl Acad Sci
U S A. 93,116-120.

Gudermann, T., Kalbrenner, F., Schultz, G. (1996) Diversity and selectivity of
receptor-G protein interaction. Annu Rev Pharmacol Toxicol. 36, 429-459.
Hermans, E. (2003) Biochemical and pharmacological control of the multiplicity of
coupling at G-protein receptors. Pharmacol Ther. 99, 25-44.

Albert, PR., Robillard, L. (2002) G-protein specificity: Traffic direction required.
Cell Signal. 14,407-418.

Burford, N.T., Wang, D.X., Sadee, W. (2000) G-protein coupling of p-opioid recep-
tors (OP3) elevated basal signaling activity. Biochem J. 348, 531-537.

Offermanns, S., Wieland, T., Homann, D., Sandmann, J., Bombien, D., Spicher, K.,
Schultz, G., Jakobs, K.-H. (1994) Transfected muscarinic acetylcholine receptors
selectively couple to Gi-type proteins and Gq/11. Mol Pharmacol. 45, 890-898.
Wise, A., Sheehan, M., Rees, S., Lee, M., Milligan, G. (1999) Comparative analysis
of the efficacy of A, adenosine receptor activation of Gj,a0 G proteins following
coexpression of receptor and G protein and expression of A; adenosine receptor
G0 fusion proteins. Biochem. 38, 2272-2278.

Kohout, T.A., Lefkowitz, R.J. (2003) Regulation of G protein-coupled receptor
kinases and arrestins during receptor desensitization. Mol Pharmacol. 63, 9-18.
Scott, M.G.H., Benmerah, A., Muntaner, O., Manullo, S. (2002) Recruitment of
activated G protein-coupled receptors to pre-existing clathrin-coated pits in living
cells. J Biol Chem. 277, 3552-3559.

DeWire, SM., Ahn, S., Lefkowitz, R.J., Shenoy, S.K. (2007) B-arrestins and cell
signaling. Annu Rev Physiol. 69, 483-510.

Lefkowitz, R.J., Shenoy, S.K. (2005) Transduction of receptor signals by beta-
arrestins. Science. 308, 212-217.

Terrillon, S., Bouvier, M. (2004) Receptor activity-independent recruitment of -
arrestin reveals specific signaling modes. EMBO J. 23, 3950-3961.

Luttrell, L.M. (2005) Composition and function of G protein-coupled receptor
signalsomes controlling mitogen-activated protein kinase activity. J Mol Neurosci.
26, 253-263.

Azzi, M., Charest, P.G., Angers, S., Rousseau, G., Kohout, T., Bouvier, M. (2003)
B-arrestin-mediated activation of MAPK by inverse agonists reveals distinct active
conformations for G-protein-coupled receptors. Proc Natl Acad Sci U S A. 100,
11406-11411.

Seta, K., Nanmori, M., Modrall, J.G., Neubig, R.R., Sadoshima, J. (2002) AT1 recep-
tor mutant lacking heterotrimeric G-protein coupling activates the Src-Ras-ERK
pathway. J Biol Chem. 277, 9268-9277.

Wei, H., Ahn, S, Shenoy, S.K., Karnick, S.S., Hunyady, L., Luttrell, L.M., Lefkowitz,
R.J. (2003) Independent B-arrestin 2 and G-protein-mediated pathways for angio-
tensin II activation of extracellular signal-regulated kinases 1 and 2. Proc Natl Acad
Sci U S A. 100, 10782-10787.



54.

55.

56.

57.

8.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

THE EVOLUTION OF RECEPTORS 25

Gesty-Palmer, D., Chen, M., Reiter, E., Ahn, S., Nelson, C.D., Wang S. (2006)
Distinct B-arrestin- and G protein-dependent pathways for parathyroid hormone
receptor-stimulated ERK1/2 activation. J Biol Chem. 281, 10856-10864.

Spengler, D., Waeber, C., Pantaloni, C., Holsboer, F., Bockaert, J., Seeburg, PH.,
Journot, L. (1993) Differential signal transduction by five splice variants of the
PACAP receptor. Nature. 365, 170-175.

Fraunfelder, H., Parak, F,, Young, R.D. (1988) Conformational substrates in pro-
teins. Annu Rev Biophys Biophys Chem. 17, 451-479.

Fraunfelder, H., Sligar, S.G., Wolynes, P.G. (1991) The energy landscapes and
motions of proteins. Science. 254, 1598-1603.

Hilser, J., Freire, E. (1997) Predicting the equilibrium protein folding pathway:
Structure-based analysis of staphylococcal nuclease. Proteins. 27, 171-183.

Hilser, J., Dowdy, D., Oas, T.G., Freire, E. (1998) The structural distribution of
cooperative interactions in proteins: Analysis of the native state ensemble. Proc
Natl Acad Sci U S A. 95, 9903-9908.

Onaran, H.O., Costa, T. (1997) Agonist efficacy and allosteric models of receptor
action. Ann N'Y Acad Sci. 812, 98-115.

Onaran, H.O., Scheer, A., Cotecchia, S., Costa, T.A. (2000) A look at receptor
efficacy. From the signaling network of the cell to the intramolecular motion of
the receptor. In The Pharmacology of Functional, Biochemical, and Recombinant
Systems Handbook of Experimental Pharmacology, Vol. 148, ed. T.P. Kenakin, J.A.
Angus, pp. 217-280. Heidelberg: Springer.

Kenakin, T.P. (1995) Agonist-receptor efficacy II: Agonist-trafficking of receptor
signals. Trends Pharmacol Sci. 16,232-238.

Kenakin, T.P. (1998) Agonist selective receptor states: The new level of selectivity?
Pharm News. 5,20-25.

Kenakin, T.P. (2002) Efficacy at G protein coupled receptors. Annual Rev Pharmacol
Toxicol. 42,349-379.

Kenakin, T.P. (2003) Ligand-selective receptor conformations revisited: The promise
and the problem. Trends Pharmacol Sci. 24, 346-354.

Kenakin, T.P. (2006) Collateral efficacy as pharmacological problem applied to new
drug discovery. Expert Opin Drug Disc. 1, 635-652.

Urban, J.D., Clarke, W.P,, von Zastrow, M., Nichols, D.E., Kobilka, B., Weinstein, H.,
Javitch, J.A., Roth, B.L., Christopoulos, A., Sexton, PM., Miller, K.J., Spedding, M.,
Mailman, R.B. (2007) Functional selectivity and classical concepts of quantitative
pharmacology. J Pharmacol Exp Ther. 320, 1-13.

Gether, U, Lin, S., Kobilka, B.K. (1995) Fluorescent labeling of purified [,-
adrenergic receptor: Evidence for ligand specific conformational changes. J Biol
Chem. 270, 28268-28275.

Ghanouni, P, Gryczynski, Z., Steenhuis, J.J., Lee, T.W., Farrens, D. L. Lakowicz, J.R.,
Kobilka, B.K. (2001) Functionally different agonists produce distinct conformations
in G-protein coupling domains of the B2-adrenergic receptor. J Biol Chem. 276,
24433-24436.

Palanche, T., Ilien, B., Zoffmann, S., Reck, M.P.,, Bucher, B., Edelstein, S.J., Galzi,
JL. (2001) The neurokinin A receptor activates calcium and cAMP responses
through distinct conformational states. J Biol Chem. 276, 34853-34861.



26

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

GPCR MOLECULAR PHARMACOLOGY AND DRUG TARGETING

Swaminath, G., Xiang, Y., Lee, T.W.,, Steehuis, J., Parnot, C., Kobilka, B.K. (2004)
Sequential binding of agonists to the 3, adrenoceptor: Kinetic evidence for inter-
mediate conformational states. J Biol Chem. 279, 686-691.

Hruby, V.J.,, Tollin, G. (2007) Plasmon-waveguide resonance (PWR) spectroscopy
for directly viewing rates of GPCR/G-protein interactions and quantifying affini-
ties. Curr Opin Pharmacol. 7, 507-514.

Rees, S., Morrow, D., Kenakin, T. (2002) PCR drug discovery through the exploita-
tion of allosteric drug binding sites. Receptors Channels. 8,261-268.

Watson, C., Jenkinson, S., Kazmierski, W., Kenakin, T.P. (2005) The CCRS5 receptor-
based mechanism of action of 873140, a potent allosteric non-competitive HIV
entry-inhibitor. Mol Pharmacol. 67, 1268-1282.

Maeda, K., Nakata, H., Koh, Y., Miyakawa, T., Ogata, H., Takaoka, Y., Sbibayama,
S., Sagawa, K., Fukushima, D., Moravek, J., Koyanagi, Y., Mitsuya, H. (2004)
Spirodiketopiperazine-based CCRS inhibitor which preserves CC-chemokine/
CCRS interactions and exerts potent activity against RS human immunodeficiency
virus type 1 in vitro. J Virol. 78, 8654-8662.

Kondru, R., Zhang, J., Ji, C., Mirzadegan, T., Rotstein, D., Sankuratri, S., Dioszegi,
M. (2008) Molecular interactions of CCRS5 with major classes of small-molecule
anti-HIV CCRS antagonists. Mol Pharmacol. 73, 789-800.

Kenakin, T. (2006) Collateral efficacy as pharmacological problem applied to new
drug discovery. Expert Opin Drug Discov. 1, 635-652.

Gray, J.A., Roth, B.L. (2001) Paradoxical trafficking and regulation of 5-HT,,
receptors by agonists and antagonists. Brain Res Bull. 56, 441-451.

Hall, R.A., Premont, R.T., Leflowitz, R.J. (1999) Heptahelical receptor signaling:
Beyond the G protein paradigm. J Cell Biol. 145, 927-932.

Heuss, C., Gerber, U. (2000) G-protein-independent signaling by G-protein-coupled
receptors. Trends Neurosci. 23, 469-475.

Brady, A.E., Limbird, L.E. (2002) G protein-coupled receptor interacting proteins:
Emerging roles in localization and signal transduction. Cell Signal. 14, 297-3009.
Lanier, S.M. (2004) AGS proteins, GPR motifs and the signals processed by het-
erotrimeric G proteins. Biol Cell. 96, 369-372.

Hill, SJ. (2006) G-protein-coupled receptors: Past, present and future. Br J
Pharmacol. 147, S27-S37.

Kenakin, T.P, Onaran, O. (2002) The ligand paradox between affinity and efficacy:
Can you be there and not make a difference? Trends Pharmacol Sci. 23, 275-280.



