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Abstract

The past decade has witnessed a significant growth in the iden-
tification of allosteric modulators of G protein—coupled receptors
(GPCRe), i.e., ligands that interact with binding sites that are to-
pographically distinct from the orthosteric site recognized by the
receptor’s endogenous agonist. Because of their ability to modu-
late receptor conformations in the presence of orthosteric ligand,
allosteric modulators can “fine-tune” classical pharmacological re-
sponses. This is advantageous in terms of a potential for engendering
greater GPCR subtype-selectivity, but represents a significant chal-
lenge for detecting and validating allosteric behaviors. Although al-
losteric sites need not have evolved to accommodate endogenous
ligands, there are a number of examples of where such modulators
have been shown to contribute to physiological or pathophysiolog-
ical processes. Studies are also beginning to unravel the structural
basis of allosteric modulation of GPCRs. It remains to be determined
whether such modulation represents interactions within monomers
versus across dimers.
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Allosteric site: a binding
site on the receptor that is
topographically distinct
from (does not exhibit any
overlap with) the orthosteric
site

Cooperative binding: the
binding of more than one
molecule of the same ligand
to a receptor complex. This
term is often also used more
loosely to describe the
binding of two or more
molecules of any type
binding to the same
receptor

INTRODUCTION

G protein—coupled receptors (GPCRs) constitute the largest family of integral mem-
brane proteins, accounting for approximately 3%-4% of the human genome (1).
Perhaps more than any other type of protein, GPCRs have evolved to recognize
a plethora of endogenous stimuli, and act to transmit messages encoded in stimuli
from the exterior to the interior of the cell. The ubiquitous cell surface distribu-
tion of these proteins and their involvement in virtually all biological processes ac-
counts for the fact that the largest proportion of currently marketed medicines target
GPCRs (2).

Despite the eminent tractability of GPCRs as drug targets, significant challenges
remain with respect to understanding mechanisms of drug action at GPCRs and
translating this understanding into more selective, effective medicines. Some of these
challenges relate to a relative lack of appreciation of the paradigms of protein activity
that have potentially enormous implications for drug discovery at GPCRs. For ex-
ample, most proteins contribute to signaling networks that involve protein-protein
interactions, yet the notion that GPCRs may form dimers or higher order oligomers,
or that they partake in accessory protein interactions beyond the well-established G
protein interaction, has only gained prominence within the past decade (3, 4). Simi-
larly, and despite evidence of the phenomenon peppering the literature since the late
1960s, the past decade has also witnessed the development of interest in targeting
ligands to allosteric sites on GPCRes, i.e., domains that are topographically distinct
from that utilized by endogenous agonists. Much of this interest has been driven by
the pharmaceutical industry and the change in high-throughput screening methods
from predominantly binding-based to functional. However, the relevance of GPCR
allosterism is not restricted to drug discovery but has important implications for
structure-function analyses of GPCR action.

CONCEPTS AND TERMINOLOGY

The phenomenon of allostery has long been observed in the study of biological
processes, well before the term allosteric was actually coined. This term has since come
to encompass different, albeit related, mechanisms by which protein function can be
regulated and fine-tuned in either a positive or negative direction. Two broad concepts
underpin the majority of studies on allosterism. The first, developed initially in the
field of enzymology, is that many proteins possess more than one binding site. For
example, early studies of Bohr on hemoglobin (perhaps the most famous experimental
model of allosterism) revealed that the protein could simultaneously bind more than
one molecule of oxygen (5), a phenomenon termed cooperativity. A.V. Hill derived his
famous equation, often used to empirically fit dose-response curve data, as an attempt
to quantify cooperative binding reactions (6). Experiments with ligand-gated ion
channels, such as GABA, and nicotinic acetylcholine receptors (nAchR), also helped
disseminate the notion that cooperative binding is likely a general phenomenon for
the function of many proteins. Importantly, the binding of successive equivalents of
ligand to a cooperative protein is often associated with an alteration in the affinity
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of the remaining (free) binding sites for subsequent ligand, highlighting the fact that
the sites are conformationally linked.

The second important concept associated with allosterism was best enunciated in
the studies of Wyman (7), who highlighted the ability of proteins to undergo global
conformational changes thatyield binding pockets with different affinities for ligands.
It follows that the binding of a given ligand to such proteins can bias the conforma-
tional states toward those with the highest affinity for that ligand. Because protein
conformations govern their behavior, the consequences of this important insight
cannot be overstated. For example, early studies by Katz (8) on the nAchR explicitly
incorporated receptor isomerization between different states, separating the binding
step from the activation (i.e., gating) and desensitization steps. The same concept
also predicted the phenomena, now experimentally well established, of constitutive
activity and inverse agonism; thermodynamic considerations require that isomeriza-
tion of proteins between multiple conformational states must include active states (no
matter how transiently) even in the absence of bound ligands (6).

The concepts of site-site interactions and global protein conformational changes
coalesced in a series of seminal papers by Monod and colleagues, where the word
allosteric was first coined. The authors began by tackling the phenomenon of end-
product inhibition in enzymes, noting that many inhibitors were often strikingly
diverse in structure from the enzyme’s substrate. This led to the suggestion that
the inhibitors utilized a different binding site than the substrate, but that the sites
were conformationally linked such that the inhibition could be transmitted from the
inhibitor site to the substrate site (9). This culminated in a proposal of a formal mech-
anism for allosteric proteins, which required an oligomeric architecture, cooperativity
in binding, and global conformational changes between states that were preferentially
selected by different ligands (10). This last, strict definition of allosteric proteins is
at odds with the more widespread use of the term today to describe multi-site in-
teractions on proteins, irrespective of whether they are oligomeric or not, and/or
the transition of proteins between conformational states, irrespective of whether
they possess multiple binding sites or not. As such, discussions of allosterism re-
quire a frame of reference and clear definitions of what is meant when using the term
allosteric.

When dealing with GPCRs, there is a third concept thatis of relevance to allosteric
regulation, namely, that GPCRs must translocate within the membrane and interact
with other proteins to transmit external stimuli to the cell and alter a response. The
sites of interaction of the GPCR agonist and that of accessory interacting cellular
proteins are different and topographically distinct. Thus, GPCRs are naturally al-
losteric in that they possess more than one type of binding site, with the G protein
itself being the best-known allosteric modulator of agonist binding to GPCRs (6, 11).
Allosteric protein-protein interactions are highly likely to occur for GPCRs because
these receptors interact with a variety of cellular proteins, in addition to or indepen-
dently of the G proteins (4). However, such interactions are beyond the scope of the
current review. Rather, we focus on GPCRs as pharmaceutical targets for exogenous
allosteric modulators, although some discussion is reserved for putative endogenous
modulator ligands.

www.annualreviews.org » Allosteric Modulation of G Protein—Coupled Receptors

Allosteric modulator: any
ligand that binds to an
allosteric site
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Allosteric interaction: an
interaction between ligands
that bind to distinct,
nonoverlapping, but
conformationally linked,
recognition sites on the
receptor macromolecule

Orthosteric site: the
primary binding site on the
receptor that is recognized
by the endogenous agonist
for that receptor

Allosteric agonist (or
activator): allosteric
modulators that mediate
receptor activation in their
own right by binding to a
recognition domain on the
receptor macromolecule
that is distinct from the
orthosteric site

The necessity for a distinction between the site on a GPCR recognized by its
endogenous agonist and other topographically distinct binding sites has led to the
term orthosteric being used to refer to the endogenous agonist binding site (12). An
allosteric interaction occurs between the orthosteric site and any additional confor-
mationally linked site when both sites are occupied by ligands. Allosteric modulators
are thus defined as ligands that bind to an allosteric site on the GPCR to modulate the
binding and/or signaling properties of the orthosteric site. This is a more restricted
definition than the one in Wyman’s model of interchanging conformational states in
which an allosteric modulator is any ligand that preferentially selects one conforma-
tional state over another, irrespective of where it binds. Clearly, this latter definition
is applicable to all protein-binding ligands!

There are different “flavors” of allosteric modulators, as defined recently by the
TUPHAR Committee on Receptor Nomenclature and Drug Classification (12), al-
though allosteric modulators have the potential to display a combination of these
properties (see Mechanisms Underlying Allosteric Modulation, below). For exam-
ple, because allosteric and orthosteric sites are conformationally linked, allosteric
agonists also have the capacity to modulate binding and/or signaling of orthosteric
ligands; the extent to which such modulation occurs over and above agonistic proper-
ties of the allosteric ligand will depend on the nature of the orthosteric ligand and the
experimental conditions. Moreover, the same allosteric modulator can act at the same
receptor and be an enhancer of one orthosteric ligand, an inhibitor of another, and ex-
ert no effect on a third. These varying responses to allosteric modulators render them
potential treasure-troves of pharmacological tools for sculpting biological responses
but also make the task of detecting and exploiting such modulators more difficult
than the study of orthosteric agonists and antagonists. Table 1 lists examples of pu-
tative allosteric modulators at all three major subclasses of mammalian nonsensory

GPCRs.

MECHANISMS UNDERLYING ALLOSTERIC MODULATION

Itis now apparent that GPCRs have a far wider range of behaviors than previously ap-
preciated (e.g., ligand binding, G protein coupling, second messenger generation, ion
channel coupling and gating, accessory protein interaction, oligomerization, phos-
phorylation, internalization, etc.), each potentially associated with a unique spectrum
of conformational states. Thus, although classic paradigms of GPCR activity as-
sume that all functional outcomes following the initial binding event are sequentially
linked, ideas based on varying receptor conformations (“conformational hypothesis”)
make it clear that this need not be the case, and that different ligands can differen-
tially bias GPCR conformations toward one type of behavior versus another (13).
Allosteric modulators of GPCRs add another layer of complexity because they en-
gender additional conformational states both on their own and in the presence of a
bound orthosteric ligand. As a consequence, allosteric ligands have the potential to
contribute significant “texture” to the pharmacology of both traditional (orthosteric)
agonists and antagonists in a ligand-, receptor-, and even cell-dependent manner.
The great challenges for studies on GPCR allosterism, therefore, relate to the need
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Table 1 Selected examples of putative allosteric modulators of GPCRs

Receptor Example modulator(s)
Family A

Adenosine Ay PD 81723, LUF 5484

Adenosine Ay Amilorides

Adenosine A3 VU5455, VU8504, DU124183

Adrenoceptor o
Adrenoceptor o, 0B
Adrenoceptor oxp
Adrenoceptor (3,
Cannabinoid CB;
Chemokine CXCR1, CXCR2
Chemokine CXCR3
Chemokine CCR5
Chemokine CXCR4
Chemokine CCR1, CCR3
Dopamine Dy
Dopamine D,
Endothelin ETy
Growth hormone
secretagogue receptors
Muscarinic M1-M3

Neurokinin NK;

Opioid y, &

Purine P2y,

Serotonin SHT5,1p
Serotonin SHT,a, SHT;
Serotonin SHT;¢

Amilorides, benzodiazepines, conopeptide p-TIA
Amilorides

Agmatine

Zinc

Org 27569, Org 27759, Org 29647

Repertaxin

IP-10,I-TAC

Trichosanthin, AK602, AK530, TAK779, SCH 351125, 873140
RSVM, ASLW, Trichosanthin

UCB35625

Zinc

Amilorides, zinc, L-prolyl-L-leucylglycinamide
Aspirin, sodium salicylate

L-692429, GH-releasing peptide 6

Gallamine, alcuronium, brucine, W84, C;/3-phth, WIN 62577, AC-42,
thiochrome, M'T7, M T3, strychnine, staurosporine, tacrine, McN-A-343

Heparin

Cannabidiol

2,2’-pyridylsatogen tosylate

SHT moduline

Oleamide

Oleamide, PNU-69176E

Family B

CRF1 Receptor Antalarmin, NBI 35965, DMP696, NBI 27914, BIBN4096BS
Glucagon Bay27-9955, L-168049

GLP1 receptor T-0632

Family C

Calcium sensing receptor

GABAjg
Glutamate mGluR;

Glutamate mGluR;
Glutamate mGluR;3
Glutamate mGluR4
Glutamate mGluR5
Glutamate mGluR~

Fendeline, cinacalcet, NPS 467, NPS 568, L-amino acids, NPS 2143,
Calhex 231

CGP7930, CGP13501, GS39783

(-)-CPCCOFEt, Ro 67-7476, Ro 01-6128, BAY36-7620, PH]R214127,
NPS 2390, EM-TBPC, cis-64a

LY 487379, biphenyl-indanone A, LY-181837, LY-354740

LY-354740

SIB-1893, MPEP, (-)- PHCCC

MPEP, DFB, DmeoB, DCB, CPPHA, CDPPB

AMNO082

www.annualreviews.org o Allosteric Modulation of G Protein—Coupled Receptors



Annu. Rev. Pharmacol. Toxicol. 2007.47:1-51.

to appreciate the diversity of possible allosteric effects on GPCR biology and the
ability to delineate the molecular processes governing protein allostery.

In recent years, new methodologies have been developed for studying alloster-
ism at the molecular level. For example, a novel computational procedure, termed
statistical coupling analysis (SCA), mines large databases of homologous proteins
and compares their sequences in order to identify evolutionarily covarying residues
(14). Given its reliance on the availability of large databases, it is unlikely that SCA
will identify novel allosteric networks between orthosteric and small-molecule al-
losteric sites specific to individual GPCRs. Nevertheless, it represents a conceptually
elegant approach for building a picture of allosteric networks in the absence of ter-
tiary structure information. Additional computational methods to delineate allosteric
networks within proteins include the nonequilibrium molecular dynamic simulation
procedure of anisotropic thermal diffusion (which monitors the propagation of ther-
mal energy throughout a protein from a local site), evolutionary trace analysis, and
normal mode/principal component analyses (15, 16). NMR hydrogen/deuterium ex-
change techniques are experimental methods key for mapping fluctuations in protein
structure derived from distinct conformational states (17).

The significant experimental and computational advances being made in the study
of protein conformational states have the potential to describe the molecular nature
of allosterism. However, many of these methods are technically challenging, have not
been applied to most proteins, and may not be readily amenable to the drug discovery
process involving allosteric modulators of GPCRs. Perhaps a currently more tractable
problem is the other challenge facing drug discovery at GPCRs, namely, a conceptual
understanding of the manifestations of allosterism at these receptors. To do so, it
is necessary to balance two potentially contrasting goals: quantitative models that
describe experimentally-observed allosteric behaviors and parsimonious mechanisms
that can be applied to data generated from GPCR discovery programs. To this end,
the most common approaches currently utilize macroscopic mass action schemes that
encapsulate the allosteric interaction in a handful of thermodynamic parameters, the
latter of which describe the allosteric interaction in terms of effects on binding affinity
and/or effects on efficacy.

Allosteric Effects on Affinity

A receptor that binds an allosteric ligand represents a new structure owing to the con-
formational change that ensues. Accordingly, the rates at which an orthosteric ligand
associates or dissociates from its binding site on this receptor conformation need not
be the same as rates for the unoccupied receptor. Because ligand affinity is defined as
the ratio of ligand association to dissociation rates, a key manifestation of an allosteric
interaction is an alteration in the affinity of an orthosteric ligand for its binding site.
Hence, allosteric enhancement can arise from an increase in ligand association rate
and/or a decrease in ligand dissociation rate (the latter being more common), whereas
allosteric inhibition can arise from opposite changes. Both association and dissocia-
tion rates can change in the same direction, but enhancement or inhibition can still
result depending on the relative effect on one parameter compared with the other.

May et al.
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The simplest model of allosteric interactions, which also forms the basis of many
quantitative studies of GPCR allosterism, is the allosteric ternary complex model
(AT'CM) shown in Figure 1a. In this model, orthosteric and allosteric ligands bind
reversibly and saturably to their respective binding sites on the free receptor. The
interaction is driven by the concentration of each ligand, their equilibrium dissoci-
ation constants (i.e., Ky, Kg) and an additional parameter, &, commonly referred to
as the cooperativity factor (18). This latter parameter describes the magnitude of the
allosteric change in ligand affinity that occurs between two conformationally linked
sites when they are both bound and represents the ratio of the dissociation constants
of the free receptor to that of the occupied receptor. Because of conformational link-
age, the allosteric interaction between the two sites is reciprocal: what ligand A does
to ligand B is the same as what ligand B does to ligand A. An « value >1 describes
positive cooperativity (allosteric enhancement of binding), while an « value < 1 (but
>0) describes negative cooperativity (allosteric inhibition of binding): an & = 1 de-
scribes neutral cooperativity, i.e., no net effect on binding affinity at equilibrium. If
it is assumed that the stimulus imparted to the cell by the ARB ternary complex is
no different than the stimulus imparted by the binary AR complex, then the ATCM
describes allosteric effects purely on the basis of affinity modulation.

From this model, the fractional occupancy of the receptor by orthosteric ligand
A (pa), in the presence of allosteric modulator, B, can be expressed as

[A]

Ka 1
A, (+Bg) '

Ka T (1+eBlgy)

PA =

where K, and Kp denote the equilibrium dissociation constants of A and B, respec-
tively. If « equals 0, this equation becomes one for simple competitive antagonism
(19). In the absence of allosteric modulator, the occupancy of the orthosteric site
is determined solely by [A] and K, but in the presence of modulator, the apparent
equilibrium dissociation constant (Ky,,), becomes

Ka(1+ B, )
(140, )

This relationship highlights an important feature of allosteric interactions that
behave according to the ATCM, namely, that these effects are saturable, i.e., approach
a limit, the magnitude of which is governed by o. Thus, as the concentration of

KAPP =

modulator approaches infinity, the maximal allosteric effect on fractional receptor
occupancy approaches the following:

PAB]ls0 = T Ro -
STV
Figure 2 illustrates the effects of an allosteric enhancer (o = 10) and an allosteric in-
hibitor (x = 0.1) on the receptor occupancy of an orthosteric ligand. Compared with
the theoretically infinite degree of inhibition obtained with a competitive orthosteric
antagonist (Figure 24), the maximal displacement to the right of the orthosteric lig-

and curve by an allosteric antagonist approaches a limit (Figure 25). For the allosteric
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Allosteric enhancer (or
potentiator): allosteric
modulators that enhance
orthosteric ligand affinity
and/or agonist efficacy

Allosteric antagonist (or
inhibitor): allosteric
modulators that reduce
orthosteric ligand affinity
and/or orthosteric agonist
efficacy



Annu. Rev. Pharmacol. Toxicol. 2007.47:1-51.

KA
R AR — — — — — — » Stimulus (S)
K/
Modified
RB ARB = = = = = = * stimulus (B x S)
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L 1. Affinity modulation
R 2. Efficacy modulation
3. Allosteric agonism
Figure 1

Allosteric models of drug action. (#) The simple allosteric ternary complex model (ATCM),
which describes the interaction between an orthosteric ligand, A, and allosteric modulator, B,
in terms of their respective equilibrium dissociation constants (Ka, Kg), and a cooperativity
factor, «, that denotes the magnitude and direction of the allosteric effect on ligand binding
affinity. Stimulus is assumed to be imparted to the cell by the AR and ARB species, and an
additional proportionality factor, 3, may be added to account for modulator-induced
alterations in efficacy. (b) The allosteric two-state model, which describes allosteric modulator
effects on affinity, efficacy, and the distribution of the receptor between active (R*) and
inactive (R) states, in terms of distinct conformations selected by ligands according to their
cooperativity factors for the different states. Note that in this model, there are three different
molecular manifestations of the allosteric effect.
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Figure 2

Behavior of the ATCM.

(@) A competitive
interaction results in a
theoretically limitless
rightward shift of the
concentration-occupancy
curve for orthosteric ligand,
A. (b) In contrast, an
allosteric enhancer

(o« = 10) or allosteric
inhibitor (¢ = 0.1) exhibits
progressive inability to
maximally shift the
orthosteric ligand
occupancy curve at maximal
modulator concentrations.
Arrows indicate increasing
concentrations of ligand B.
(¢) The same interactions as
shown in panel 4, but using
a fixed (Kj) concentration
of orthosteric ligand and
increasing concentrations of
either a positive, negative,
or neutral allosteric
modulator.
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enhancer, the orthosteric occupancy curve is shifted to the left, such that the same
effect is obtained at lower concentrations of orthosteric ligand (Figure 25). How-
ever, as with the allosteric antagonist, the degree of enhancement approaches a limit
defined by «. Figure 2¢ shows the same modulator interactions but from the point
of view of a single (K4) concentration of orthosteric ligand tested against increasing
concentrations of modulator. These latter curves show the saturability of the allosteric
effect at the asymptotes of the curves (determined by Equation 3).

The simulations in Figure 2 illustrate additional aspects of the ATCM that need
to be considered when applying this model to experimental data. First, as evidenced
by the lack of effect on the maximal occupancy by orthosteric ligand in the presence of
modulator (Figure 2b), the ATCM does not predict effects on the maximal binding
capacity (Bmay) of orthosteric ligands. Second, as shown in Figure 2¢, the ATCM
predicts monophasic, sigmoid curves with Hill coefficients of unity for both positively
and negatively cooperative interactions. This contrasts with another application of
the ternary complex model, namely, in describing the interaction of an orthosteric
ligand, a GPCR, and a G protein (11). The main difference between the two models
is that the G protein TCM can result in shallow and biphasic binding curves if
the G protein amount is limiting, whereas the ATCM does not because exogenous
allosteric modulator ligands are present in vast excess relative to the concentration
of receptor. In addition, the ATCM does not distinguish between ligands that do or
do not possess efficacy, whereas the cooperativity factor in the G protein TCM is an
index of orthosteric ligand efficacy (11).

Although it is a relatively simple scheme, the ATCM highlights the fact that for
drug discovery focusing on allosteric modulators of GPCRs, one needs to determine
a minimum of two thermodynamic parameters, Kg and «, in contrast to orthosteric
interactions, which can be characterized on the basis of Kz values alone. Moreover,
Kg and « in the ATCM are independent, implying that they can be individually
manipulated in structure-activity studies to attain pharmacological selectivity either
on the basis of binding affinity or cooperativity with the orthosteric site.

Allosteric Effects on Efficacy

The ATCM has been successfully applied to a number of experimental systems to de-
rive quantitative estimates of modulator affinity and binding cooperativity. Although
the most direct application of this model has been to binding data, it can also be
applied to functional data, but requires the additional assumption that the modulator
does not perturb the signaling capacity of the receptor. Given the vast spectrum of
conformational states available to GPCRs, however, it is not surprising that allosteric
modulators have been discovered that affect orthosteric ligand efficacy in addition
to, or independently of, effects on ligand affinity (e.g., 20-24). For example, the
metabotropic glutamate mGluR1 receptor antagonist, CPCCOE¢, does not affect
the binding of [*H]glutamate, but it concentration-dependently suppresses maxi-
mal response to glutamate in an inositol phosphate accumulation assay (Figure 34)
(20); this type of allosteric antagonism is a classic example of noncompetitive antago-
nism. In contrast, the allosteric modulator, CGP7930, allosterically enhances both the
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Figure 3

Allosteric effects on efficacy. (#) CPCCOEt reduces glutamate signaling without affecting
glutamate potency or binding at mGluR1 receptors (right column graph); data replotted from
Reference 20. (b)) CGP7930 increases GABA potency and maximal effect but does not change
the binding of the orthosteric antagonist, P H]CGP62349, at GABAg receptors (right column
graph); data replotted from Reference 21. (c) The allosteric modulator, Org27569, reduces the
efficacy of CP55940 at human cannabinoid CB; receptors while increasing its potency and
binding affinity (right column graph); data replotted from Reference 24.
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potency and maximal agonist effect of GABA at GABAg receptors (Figure 3b)
(21), but has no appreciable effect on the binding of the orthosteric antagonist
PH]CGP62349 (Figure 3b inset). Even more strikingly, in a recent study novel
allosteric modulators of cannabinoid CB; receptors were shown to have a complete
divergence in their effects on agonist binding versus agonist function (24). As shown
in Figure 3¢, Org27569 is an allosteric antagonist of CP 55940 function, but alloster-
ically enhances ["H]CP 55940 binding.

These types of findings are becoming increasingly reported because of the shift
in emphasis from binding assays to functional assays as the high-throughput meth-
ods of choice in drug discovery (6). As a consequence, the simple ATCM becomes
inadequate for describing effects of modulators that alter orthosteric ligand efficacy.
To describe this in classic pharmacological terms, it is necessary to postulate an addi-
tional parameter (8 in Figure 14) to account for effects of the allosteric modulator
on the orthosteric agonist’s intrinsic efficacy (¢). The stimulus imparted to the cell by
the [AR] complex is modified by this factor when emanating from the [ARB] ternary
complex (13, 24, 25). Thus, the [ARB] complex can be viewed as both a perceptive
receptor species (26) because the orthosteric and allosteric ligands “perceive” each
other’s presence (as manifested in the parameter «), and a permissive receptor species
(13), in that the stimulus imparted to the cell can be transmitted in either an unaltered
or altered form (determined by both « and f).

At the molecular level, a divergence in effects of allosteric modulators on affinity
relative to efficacy is consistent with the expectation that the binding of these com-
pounds biases the conformational equilibria sampled by GPCRs to favor one set of
states over another. The simplest extension of the ATCM that accommodates such
properties in a conformational model is the allosteric two-state model (AT'SM) of
Hall (27). (Figure 1b). The AT'SM describes the interaction of an allosteric modula-
tor with an orthosteric ligand on a receptor that is able to isomerize between inactive
(R) and active (R*) states. An attractive feature of this model is that it can describe
both ligand efficacy and allosteric modulation in a common language, namely, coop-
erativity factors that modify the transition of the receptor from bound to unbound,
and active to inactive, species. Thus, the cooperativity factors oc and 3 determine the
ability of the orthosteric and allosteric ligands, respectively, to promote an active re-
ceptor state; the cooperativity factor, v, denotes the ability of each ligand to modulate
the binding affinity of the other, whereas the factor, 5, denotes the ability of either
ligand to modify the transition to the active state of the ternary complex. Figure 15
also highlights that the stimulus emanates from all four R* species and that response
is determined by the most abundant of these species.

From the AT'SM, the fractional response of the orthosteric ligand in the presence
of allosteric modulator can be expressed as

a[A] B[B] ayd[A]
L[1+ 52+ 48 (14 )]

1+L+][<‘—2(1+/3L)+%[1+aL+%‘§](1+aﬂaL)]'
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The equation for the fractional binding of orthosteric ligand in the presence of mod-
ulator is

Al
Ky 5

L :
1Al 1+L+K§(1+ﬂL)
Ky I+aL+ VK[—E](I+aﬂ5L)

Because Equations 4 and 5 are not identical, it follows that a functional readout can
provide a different answer than a binding-based assay of receptor activity because
the two formats sample different receptor species. The fact that allosteric modula-
tors can have diverse effects on both affinity and efficacy has important implications
for modulator-based drug discovery. For instance, novel ligands should ideally be
characterized in as wide a spectrum of assays as possible. In addition, modulators
that affect orthosteric ligand efficacy may not manifest changes in maximal agonist
responsiveness if the receptor reserve of the bioassay system is high. In the presence
of significant stimulus-response coupling, efficacy enhancers would not increase ef-
fects of maximal agonist concentrations above the existing ceiling, and allosteric in-
hibitors may not be able to reduce the maximum response over a limited range of
inhibitor concentrations. Under these circumstances, the only manifestations of the
allosteric effect would be an increase or decrease, respectively, in orthosteric ag-
onist potency; such a pattern may be misinterpreted as an affinity-only allosteric
effect.

Allosteric Agonism

Another important feature of the AT'SM is the prediction that allosteric modulators
can enrich active-state GPCR conformations in their own right, i.e., the modula-
tors may express the property of agonism in the absence of bound orthosteric lig-
and. Evidence for this phenomenon was provided as far back as 1990, when Bruns
& Fergus (28) demonstrated positive allosteric modulation of the adenosine A; re-
ceptor. In addition to enhancing the binding of the orthosteric agonist radioligand
[*H]cyclohexyladenosine, the allosteric modulator PD 81723 was able to inhibit
forskolin-stimulated cAMP in A; receptor-expressing FRTL-5 cells, a classic G-
mediated response characteristic of A; receptor activation; because this effect extends
to other A, allosteric enhancers, the phenomenon may be a general one for this class of
compounds (29). Allosteric agonists have also been reported for M; and M, mAch re-
ceptors, SHT}; receptors, chemokine CXCR4 receptors, GABAj receptors, mGIluRS5
receptors, mGluR7 receptors, and ghrelin receptors (6, 30-35). In addition, Zn** ions
can function as natural allosteric agonists of melanocortin MC1 and MC4 receptors,
as well as positive allosteric enhancers of the function of the endogenous agonist,
o-MSH (36).

Intuitively, one may expect that the enrichment of an active GPCR state by an
allosteric modulator would lead to both allosteric agonism and allosteric enhance-
ment of orthosteric agonist binding/function. Similarly, the promotion of inactive
receptor states could lead to allosteric inverse agonism and allosteric antagonism of
orthosteric agonist binding/function. Although possible, this need not be the case. For
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Figure 4

When binding and
function do not agree.

(@) Simulations of an
allosteric agonist, B, that
is able to increase both the
potency and maximal
agonist effect of
orthosteric ligand, A, in a
functional assay. Equation
4 (defined as the fractional
stimulus, S) was processed
through a hyperbolic
stimulus-response
function (Epax %

S/[S + Kg]) to account for
nonlinear
stimulus-response
coupling; Epnax = 130;
Kg = 0.0011. (5) The
same ligands as in panel «,
but this time against the
binding (using Equation
5) of a K concentration
of ligand A. For all
simulations, the following
parameters were used:

L = 107% LogKy = -9,
LogKpg = —6, « = 30,

B = 100,y = 0.15,

5 =3.
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example, although the negative allosteric modulator of mGIuRS receptors, MPEP,
is an inverse agonist and an allosteric antagonist of glutamate function (37), it pro-
duces no discernible effect on the binding of glutamate. Similarly, alcuronium is an
allosteric inverse agonist at M, mAch receptors, a weak allosteric enhancer of pi-
locarpine binding to the orthosteric site, but an allosteric inhibitor of pilocarpine’s
efficacy (22). Figure 4 illustrates a series of simulations based on the AT'SM for a mod-
ulator that exhibits negative binding cooperativity with an orthosteric agonist (y < 1)
but positive efficacy ( >1) and positive activation cooperativity (5 >1). It can be seen
that a divergence in behaviors arises depending on the measured endpoint (function
versus binding): the functional assay reveals enhanced orthosteric agonist potency and

May et al.



Annu. Rev. Pharmacol. Toxicol. 2007.47:1-51.

maximal response whereas the binding assay reveals weak antagonism. This type of
behavior has been noted for the allosteric modulator, L-692429, at ghrelin receptors
(34).

Recently, Schwartz & Holst (38) have coined the term ago-allosteric modulator
to differentiate allosteric ligands that display both allosteric agonism and an ability
to allosterically modulate the binding and/or function of orthosteric ligands, from
allosteric ligands that display only agonism or modulation. However, a consideration
of the molecular mechanisms of allosterism suggest that the ago-allosteric property
is theoretically present in all allosteric ligands because they all cause a redistribution
of conformationally linked receptor states, which can include signaling species. The
majority of allosteric agonists identified to date also can allosterically modulate (ei-
ther in a positive or negative fashion) the activity of orthosteric ligands. In contrast,
there are many allosteric modulators that do not appear to act as agonists; this reflects
the fact that these compounds very rarely sample the conformational space that en-
compasses signaling receptor states, or that experiments to detect the manifestation
of the agonistic property have not been performed.

More Complex Allosteric Models

In the absence of detailed structural data on the networks of amino acids that transmit
allosteric effects, it is inevitable that allosteric behaviors will be observed experimen-
tally that cannot easily be explained by relatively simple mass-action schemes such as
the ATCM and ATSM. These models can be extended in efforts to accommodate such
data. Some examples include a mixed mode of orthosteric and allosteric binding for
the modulator (39), multiple allosteric sites (40), the addition of G protein—coupling
to the ATSM (6), and the incorporation of allosteric modulation occurring across
dimeric arrays (6, 41). These extensions can generally only be related to experimental
data by simulation rather than fitting, but their heuristic nature can prove useful for
informing the design of additional experiments.

In some cases, the apparent need to extend a model to accommodate experimental
data is misguided. For example, most of the models described above do not explicitly
incorporate nonlinear stimulus-response coupling, even though such coupling char-
acterizes practically all receptor systems (19). Failure to add such a coupling step may
be one reason why simpler models that relate linearly the generation of active recep-
tor species to response apparently fail to simulate or fit experimentally observed data.
Another important point is that all these models assume an equilibrium state between
reactants. In reality, many biological assays, especially those used for high-throughput
functional screening, are not at equilibrium over the time course of response gen-
eration and measurement. Such nonequilibrium artifacts can introduce complexity
to simple orthosteric interactions (42), let alone to allosteric interactions, which by
their very nature may perturb the time taken to attain equilibrium. Thus, although a
mechanistic framework is absolutely indispensable for the study of allosteric mech-
anisms, it is necessary to ensure that the assumptions underlying the chosen model
are also satisfied experimentally.
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THERAPEUTIC ADVANTAGES OF ALLOSTERIC
MODULATORS

The actions of drugs that act via the orthosteric site on GPCRs rely on the affinity
of the compound for the receptor of interest. To observe a therapeutic effect, an or-
thosteric compound must thus have a sufficiently high affinity and be maintained at a
sufficiently high concentration in the receptor compartment. Under these conditions,
orthosteric agonists will induce an activated state, orthosteric antagonists will induce
an inactive state, and responses to both types of ligands will generally be unresponsive
to fluctuations in the levels of the endogenous orthosteric ligand, even though the
latter phenomenon is a normal property of physiological signaling and reflects the
vital role that timing and location play in chemical transmission. As a consequence,
orthosteric ligands may be associated with effects related to toxicity, desensitization,
and long-term changes in receptor up/down regulation. In contrast, allosteric modu-
lators offer the potential to overcome such responses, as well as possessing additional
advantages not attainable with orthosteric ligand therapies.

The type of therapeutic advantage obtained with an allosteric modulator generally
depends on the nature of the cooperative effect(s) that the modulator produces. One
exception to this rule is the selectivity that can arise from binding to an allosteric
site. It is possible that allosteric sites are binding sites for unidentified endogenous
ligands [i.e., “orphan” allosteric sites (15)] but, by and large, this need not be the case.
In contrast to orthosteric sites, therefore, allosteric sites need not have evolved to
accommodate an endogenous ligand, and may simply represent domains that serve
normal structural roles; only with the advent of synthetic, exogenous molecules have
these domains yielded novel binding cavities for such compounds. These serendip-
itous allosteric sites (15) can thus show much higher sequence divergence across
receptor subtypes compared to orthosteric domains owing to a lack of evolutionary
pressure. This is particularly useful for GPCRs where selective orthosteric therapy
has been difficult because of sequence conservation of the orthosteric site across re-
ceptor subtypes. Figure 52 shows an example of the type of selectivity that can be
attained on the basis of selective binding by allosteric modulators at adenosine A;
GPCRs, relative to A; and A, GPCRs (43).

Another type of pharmacological selectivity that is unique to allosteric modulators
is based on cooperativity. An allosteric modulator may display neutral cooperativity
(x = 1 in the ATCM) with an orthosteric ligand at all subtypes of a given recep-
tor except the subtype of interest, which is termed absolute subtype selectivity (44).
Figure 5b demonstrates a striking example of this effect in which the allosteric mod-
ulator, thiochrome, enhances the affinity of acetylcholine at M4 mAch receptors while
having no effect at all other muscarinic (mACh) receptor subtypes. This selective ef-
fect is totally attributable to cooperativity because thiochrome binds to all five mAch
receptor subtypes with almost identical affinity (44).

Given that allosteric sites can provide for selective targeting of receptors, it is also
conceivable that a hybrid approach, whereby an orthosteric ligand is linked to an
allosteric ligand via an appropriate spacer moiety, may provide another means of tar-
geting the orthosteric site while using the allosteric site as a selective attachment point.
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The advantages of bivalent ligands comprising dual orthosteric pharmacophores have
been known for some time (45), but very little is known about this approach with re-
spect to orthosteric/allosteric hybrids. Recently, however, Holzgrabe and colleagues
have demonstrated proof-of-concept of this method by linking the nonselective mAch
orthosteric agonist oxotremorine-M to different allosteric ligands of mAch receptors
(46); the results indicated that subtype-selective antagonism or even agonism could
be achieved. Figure 64 illustrates schematically a mechanism for a bivalent ligand, B,
that s able to occupy both orthosteric and allosteric sites on a receptor. The fractional
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Modes of selectivity with
allosteric modulators.

(@) VUF5455 has selective
affinity for the A3 adenosine
receptor to enhance the
binding of the agonists,
[12°1]-AB-MECA,
compared to its lack of
effect on the binding of
orthosteric agonists of A;
and A, receptors; data
taken from Reference 43.
(b) Thiochrome has similar
affinity for all 5 mAch
receptor subtypes, but
neutral cooperativity for all
subtypes except the M4
receptor, where it selectively
enhances the binding of
acetylcholine (ACh) via
positive cooperativity; data
replotted from Reference
56.
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Figure 6

(4) A model of bivalent
ligand binding to both
orthosteric and allosteric
sites. The orthosteric
probe ligand is indicated
as an open circle.

(b) Simulations of the
effects of a bivalent
modulator under
conditions of varying
degrees of cooperativity
between its allosteric
moiety and an orthosteric
ligand. Simulations were
according to Equation 6.
(¢) Relationship between
the maximum fractional
effect of a bivalent
modulator on the binding
of an orthosteric ligand
(Equation 7) and the ratio
of the modulator’ affinity
for the allosteric site alone
to its affinity for
occupying both
orthosteric and allosteric
sites.
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occupancy of orthosteric ligand, A, is given by the following equation:

G ’
1+(B] Kl—ﬂ%/
[A]+KA <1+‘;</}§;l)3

where Kp denotes the equilibrium dissociation constant of B when it occupies both
orthosteric and allosteric sites, Ki; denotes the equilibrium dissociation constant of B
when its allosteric modulator moiety occupies the allosteric site only, and o denotes
the cooperativity factor for the allosteric interaction between A and B. If B does not
bind to the allosteric site its affinity is governed only by Kg, and the above equation
reduces to the classic Gaddum equation for competitive antagonism. If the binding
of B does not overlap with the orthosteric site, then the interaction is governed
only by Kf and «, and Equation 6 is equivalent to Equation 1 describing the simple
ATCM. However, the overall behavior of a bivalent compound most likely represents
a composite of both effects.

In general, bivalent ligands tend to show a higher affinity for the receptor than
their respective component pharmacophores (45). Thus, it is reasonable to expect
that Kg will usually be less than Kj (i.e., higher affinity for dual-site occupancy
versus allosteric-site occupancy alone) in the scheme shown in Figure 64, resulting
in an overall inhibitory effect of the bivalent ligand on the binding of an orthosteric
probe. However, this inhibition of binding may be offset by the allosteric actions
of the bivalent ligand if the value of « is significantly greater than 1. Figure 6b
illustrates this situation. Although the bivalent ligand has a 100-fold greater affinity
when occupying both orthosteric and allosteric sites compared with its affinity for
the allosteric site alone, high positive cooperativity will offset this by increasing the
affinity of the bivalentligand for the allosteric site when the orthosteric site is occupied
by the probe ligand. In turn, this will result in a progressive blunting, and possibly in
reversal, of the inhibitory effect of the bivalent ligand (Figure 6b). This phenomenon
can be explored by determining the maximal fractional effect on the binding of A,
which occurs when [B] — oo:

PAE o0 = % 7.

a4 )

When Kp « Kj, the maximum fractional effect approaches 0, as expected for com-
petitive interactions. In contrast, when Kj; « K, the maximum fractional effect on
binding is determined by o, as shown in Equation 3. In between these two extremes,
different effects can be observed. Figure 6¢ illustrates the relationship between max-
imal fractional effect and the ratio of Kj; to K for different values of «. The concen-
tration of radioligand for the simulations was equal to its K4, so the initial fractional
level of binding is 0.5. If the affinity of the bivalent ligand for occupying both sites is
substantially increased relative to the affinity for the allosteric site alone (i.e., Ky <
K3), then the maximal effect would be inhibitory unless the allosteric component of
the interaction is characterized by very high positive cooperativity. This is consistent
with the simulations shown in Figure 64, where the effect switched from inhibitory
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to potentiating at very high values of «. Thus, if the main purpose in the design of a
bivalent compound is to target the orthosteric site (either as an agonist or antagonist)
while gaining selectivity from the allosteric site, then the allosteric component of the
molecule should possess negative, neutral, or only weak positive cooperativity.

In addition to novel modes of selectivity, the saturability of allosteric interactions
also represents a therapeutic advantage, because it leads to a ceiling over and above
which further increments in modulator dose will not produce target-based effects.
This phenomenon is governed by the cooperativity factor of the interaction and thus
relies on the modulator possessing limited degrees of cooperativity. By and large
this applies to all allosteric enhancers, but many allosteric antagonists exhibit very
high degrees of negative cooperativity with the endogenous agonist such that their
behavior is indistinguishable from that of a competitive antagonist. Where applicable,
however, saturability in the allosteric effect has distinct advantages. Specifically, the
modulator may be administered in a larger dose than would be applied to an ortho-
steric ligand of similar affinity, thus maintaining an adequate depot in the receptor
“compartment” without the dangers normally associated with high doses of ortho-
steric ligands. Therefore, allosteric modulators can be more forgiving with respect to
affinity requirements than orthosteric ligands for at least two reasons: 1) low-affinity
modulators can be given in larger doses while maintaining a favorable (mechanism-
based) safety profile, and 2) the cooperativity factor may compensate for the low
affinity and be the primary determinant of the selectivity, as well as the magnitude,
of the effect.

If an allosteric modulator does not possess appreciable efficacy, it can provide
another powerful therapeutic advantage over orthosteric ligands, namely, the ability
to selectively tune up or down tissue responses only when the endogenous agonist is
present. This provides a spatial and temporal character to the actions of such modula-
tors thatis unattainable with orthosteric ligands. There are a number of circumstances
where this property can prove particularly useful. For example, neurodegenerative
disorders such as Alzheimer’s disease are characterized by suboptimal therapies with
respect to orthosteric ligands (47). Allosteric enhancers may provide superior al-
ternatives, because they will boost the actions of the endogenous neurotransmitter
and thus maintain the spatial and temporal profile associated with signaling via that
transmitter.

The preceding examples mostly relate to allosteric modulators that do not possess
efficacy in their own right. Allosteric agonists represent a different situation because
the theoretical advantage of modulating endogenous activity only when the orthos-
teric site is occupied is not applicable to such agents. It is also currently unknown
whether allosteric agonists will engender similar degrees of receptor desensitization,
phosphorylation, internalization, etc., as observed with orthosteric ligands; Klaasse
et al. (48) have recently shown that the allosteric enhancer, PD 81723, can enhance
agonist-mediated internalization of the adenosine A; receptor while having no acute
effect on its own, but May et al. (49) have shown that prolonged exposure to M; mAch
receptor modulators can lead to an alteration of cell surface receptor expression.

There are three potential advantages to allosteric agonists. The first is that
allosteric agonism may be the best way to obtain selective agonists for certain
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receptors, as has been seen with the M; mAch agonist, AC-42 (50) and the mGluR7
agonist, AMNO82 (33). This can be achieved on the basis of selective affinity for a
nonconserved binding site or by selective signaling; allosteric agonists, by promoting
unique conformational states, may activate one type of cellular pathway (e.g., effector
coupling) but not another (e.g., desensitization). The second advantage of allosteric
agonists is that they may find clinical utility in combination therapies for certain
disorders. For example, blockade of the orthosteric site on the chemokine CXCR4
receptor has been identified as a potential means for combating HIV, but it can lead
to severe side effects. One way around this is to use allosteric agonists that are neu-
trally cooperative with coadministered orthosteric antagonists; proof of concept for
this approach has recently been provided (30). Finally, allosteric agonists that act as
enhancers of the endogenous agonist may prove clinically more efficacious compared
with either agonists or allosteric enhancers alone (38).

DETECTING, VALIDATING, AND QUANTIFYING
ALLOSTERIC EFFECTS

GPCR-based screening assays require a “probe” that provides a readout of receptor
activity. One such physiological probe is the G protein itself; coupling of constitu-
tively active receptors to G proteins, for instance, can provide a signal susceptible
to perturbation by test ligands. Usually, however, the assay is supplemented with a
chemical probe, ideally the endogenous agonist for that receptor or a surrogate ag-
onist, against which the effects of test compounds are compared. Similarly, binding
assays use labeled agonist or antagonist probes. Because allosteric interactions are
characterized by cooperativity between topographically distinct sites, the nature of
the probe can make a huge difference in one’s ability to detect an allosteric effect;
each combination of orthosteric probe and allosteric ligand will be characterized
by unique cooperativity factors. Thus, a characteristic feature of allosteric interac-
tions is that they are probe-dependent. A second characteristic, as discussed above,
is that allosteric effects can be saturable, such that further increments in modulator
concentration do not produce further effect. These two characteristics of allosteric
interactions are the main signposts that should guide discovery efforts toward the
detection, validation, and quantification of an allosteric effect. Ideally, such studies
should be supplemented, where possible, with more direct evidence of the ability of
a GPCR to bind more than one ligand (see below).

Radioligand Binding Assays

Although assays of GPCR function have surpassed binding assays as the high-
throughput screening methods of choice, binding assays still retain importance in
studies of GPCR allosterism because they can, in many cases, directly validate an
allosteric mode of action. The need to differentiate allosteric from orthosteric lig-
ands often requires that ligands be characterized on the basis of where they bind,
in addition to what they do. Depending on the cooperativity factor, «, allosteric an-
tagonists can be revealed by their inability to fully inhibit the specific binding of a
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radiolabeled orthosteric probe (Figure 2c). However, this may not always be read-
ily apparent. The detection of allosteric effects requires careful consideration of the
signal-to-noise window, which depends primarily on two factors: the concentration
of probe used in the assay and the cooperativity between the probe and the allosteric
modulator. As shown in Figure 7, changing the concentration of orthosteric probe
will produce characteristic effects on the maximal asymptotic level of binding (gov-
erned by the relationship shown in Equation 3) and the midpoint location parameter
([Bls0) of the enhancement (Figure 74) or inhibition (Figure 7b) curve. Under these
conditions [B]s is defined by the following relationship (6):

[A]+KA>.

B =K (s

Equations 3 and 8 have important implications for the detection of allosteric mod-
ulators. First, the allosteric interaction may not be readily discernible if the concen-
tration of orthosteric probe is too high. Second, at low concentrations of orthosteric
probe, allosteric antagonists may appear indistinguishable from orthosteric antago-
nists, especially if the negative cooperativity is high. Third, a determination of [B]sg
as a function of radioligand concentration can be a useful measure for differentiat-
ing competitive antagonism from allosteric inhibition. Whereas a simple competitive
interaction is characterized by a linear relationship between occupancy and shift
(the latter defined by the midpoint location parameter, ICs), allosteric antagonism
yields a curvilinear relationship, which becomes more pronounced as o approaches 1
(Figure 7c¢). Directly labeling a high-affinity allosteric modulator and monitoring its
interaction in competition with test ligands can obviate many of these issues. How-
ever, examples of labeled modulators are currently limited, and even when they are
available, they still require studies that determine the type of cooperativity that occurs
with orthosteric ligands.

Another useful application of binding assays to detect and quantify allosteric inter-
actions involves the study of allosteric effects on the rates of association or dissociation
of orthosteric ligands with the GPCR. As noted above, affinity modulators must in-
voke a conformational change that alters either one or both kinetic rate constants
that govern the binding of the orthosteric ligand. The most common investigational
method is to assay dissociation kinetics because the only way dissociation of a pre-
bound GPCR-orthosteric ligand complex can be modified is by the concomitant
binding of a modulator to a topographically distinct and vacant site. Although asso-
ciation kinetic assays can be, and have been, used to detect allosteric effects, a second
orthosteric ligand can alter the apparent association rate of an orthosteric ligand ow-
ing to competition between the two ligands that affects the time required to achieve
a new equilibrium (51).

Effects of allosteric modulators on orthosteric ligand dissociation have been de-
tected for all three major subclasses of mammalian nonsensory GPCRs. In some
cases, the effect is an acceleration of dissociation, whereas in others it is a slowing.
Analytical methods have also been developed to quantify these effects according to
the ATCM (52). These methods are very useful in providing an internal check for
the ATCM as an appropriate model for a given allosteric interaction because the
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Figure 7

Detecting allosteric effects
in equilibrium binding
assays. Simulations were
performed according to
Equation 1 for an allosteric
enhancer (#) or inhibitor (b);
note the effects of increasing
radioligand concentration.
(¢) The increase in the
midpoint location
parameter for an antagonist
([B]s0) as a function of the
amount of radioligand in
the assay (Equation 8); data
replotted from Reference 6.

23



Annu. Rev. Pharmacol. Toxicol. 2007.47:1-51.

24

100 |- f -
° Equilibrium
5
= L i
8 Dissociation
()]
= 50 g
Z
x
* : \ -

0 | L | L | L

108 107 10¢ 10°
[Tetra-W84] (M)

200 ———— 17—

% Specific [P(HINM S binding

log [modulator]

Figure 8

Kinetic effects can be used to unmask allosterism, but can also lead to complex behaviors.

(@) The allosteric modulator, tetra-W84, displays neutral equilibrium binding cooperativity
with [*H]N-methylscopolamine at M mAch receptors. However, its allosteric properties are
revealed when its effects on association or dissociation kinetics of P H]NMS are monitored;
data replotted from Reference 53. (b) Effects of the allosteric enhancer, alcuronium, or the
allosteric inhibitor, heptane-1,7-bis-(dimethyl 3’-phthalimidopropyl)-ammonium bromide
(C7/3-phth), on the binding of PH]NMS at recombinant human M, mAch receptors after
90 min (alcuronium) or 60 min (C7/3-phth) incubation. Complex binding curves are observed
because the highest concentrations of each modulator retard the dissociation of the
radioligand to such an extent that reaction equilibrium is not achieved within the incubation
period. Data replotted from Reference 54.

results obtained from equilibrium assays should be consistent with those obtained
from the kinetic assays (6, 52, 53). Another advantage of the kinetic binding assay
is that it can detect allosteric modulators that may be missed in equilibrium bind-
ing studies. As shown in Figure 84, the allosteric modulator, tetra-W84, interacts
with neutral cooperativity (x = 1) against the orthosteric mAch receptor probe,
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PH]N-methylscopolamine (PH]NMS). However, its allosteric nature is unmasked
when its effects on [PH]NMS association and dissociation kinetics are monitored
(53); because the equilibrium binding affinity is defined as the ratio of ligand asso-
ciation to dissociation rates, and because tetra-W84 affects these to the same extent
over the same concentration ranges, neutral cooperativity with PH]NMS results at
equilibrium.

The ability of allosteric modulators to exert profound effects on the binding ki-
netics of orthosteric ligands can also lead to complex binding curves in assays that are
ostensibly conducted under equilibrium conditions. A contributing factor is that the
approach of a system toward an equilibrium state is limited by the dissociation rate of
the slowest-dissociating component (51). If this component is the orthosteric probe,
then, at high modulator concentrations, one may observe marked deviation from
binding equilibrium such that it is not attained during the time course of the assay.
Figure 85 shows the outcome of this effect for the binding of an allosteric enhancer,
alcuronium, and inhibitor, C;/3-phth, which both slow the dissociation of [ H]NMS
from M, mAch receptors (54). The complex curves were fitted to a kinetic version
of the ATCM (52, 54) to derive appropriate estimates of Kp and «, but it is obvious
that a lack of appreciation of the kinetic effects of modulators can erroneously lead
one to seek alternate and more complex models to accommodate the data.

There are examples of allosteric ligands that appear to exert profound effects on
the By of orthosteric ligands, with or without effects on orthosteric ligand affinity
(e.g., 23, 55, 56). Although there are a number of potential mechanisms underlying
this phenomenon, most remain poorly explored. One possibility is that the allosteric
modulator has such a slow rate of dissociation from its binding site as to be essen-
tially irreversible. If the interaction is characterized by negative cooperativity, then
the consequence of irreversible or pseudoirreversible modulator binding would be a
permanent occlusion of the orthosteric ligand binding pocket. This finding is consis-
tent with the effects of allosteric antagonists of the chemokine CCRS5 receptor, such
as 873140 (23), which bind in an essentially irreversible fashion. Because allosteric
interactions are reciprocal, dissociation kinetic assays would not be able to detect
such modulators. The readout from such assays is the radioactivity of the orthosteric
ligand, which is preequilibrated with the receptor and its dissociation monitored
over time; as long as the orthosteric probe is on the receptor, however, the nega-
tive cooperativity would result in occlusion of the allosteric pocket, thus preventing
the modulator from ever binding and changing the dissociation of the orthosteric
ligand. Under such conditions, alternative approaches are required to validate an al-
losteric mode of action. One possibility is to perform interaction experiments with
different modulators, preferably of different chemical structures, which would be ex-
pected to blunt one another’s effects if they compete for a common allosteric site (23).
Moreover, these types of experiments can also be utilized to detect multiple allosteric
sites that interact both with one another and with the orthosteric site with different
degrees of cooperativity (57). In situations where modulator binding is readily re-
versible, interaction experiments can prove even more useful, as they can be applied
to both kinetic and equilibrium binding assays (57, 58).
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Functional Assays

Functional assays represent the primary platform for GPCR-based drug discovery.
This is logical, given that the ultimate goal of pharmacotherapy is to perturb physio-
logical function for therapeutic benefit. Advantages of functional versus radioligand
binding assays include the ability to detect a wider spectrum of behaviors, with less
bias placed on modulators that predominantly affect orthosteric ligand binding affin-
ity. Functional assays can readily detect allosteric ligands that mediate their effects
on orthosteric ligand efficacy as well as affinity. It is not surprising, therefore, that
the advent of high-throughput functional screening has dramatically increased the
number of hits, but this has also led to some difficulties in assay and lead optimization
for compounds that mediate their effects through allosteric mechanisms owing to
issues related to validation and potential divergence of findings when different assay
formats are used (47, 59).

The simplest approach for detecting and quantifying allosteric effects in a func-
tional assay is to investigate the effects of increasing concentrations of putative mod-
ulator ligands on the location (i.e., ECs) of the concentration-response curve for
an orthosteric agonist, in a manner analogous to classic Schild analysis (6). Because
the most relevant interactions in vivo are those with the endogenous agonist, the
latter should always be used in functional studies wherever possible. For some sys-
tems, e.g., orphan receptors, this may not be possible but it should be noted that the
probe-dependence of the allosteric effect can lead to different results with surrogate
probes relative to endogenous agonists. For allosteric antagonists that do not affect
the maximum or basal responsiveness, the concentration ratio (CR) is determined by
dividing the ECs in the presence of antagonist to that in its absence. This ratio is

related to the ATCM as follows (18):

(Bl(1 — )

CR-1=—/———".
o[B] + K3

9.

In a similar manner, CRs can also be determined for allosteric enhancers; in this
case the control agonist ECsy should be divided by that obtained in the presence of
enhancer. This CR can be related to the ATCM as shown below (18):
a[B] + Kp

Bl +Kp

Figure 9 shows the application of these equations to the analysis of the allosteric

CR = 10.

antagonist, gallamine at M, mAch receptors (Figure 94), and the allosteric enhancer,
PD117975 at adenosine A, receptors (Figure 954). The saturability of the allosteric
effect is manifested as a curvilinear regression of the logarithm of the modulator
concentration on the logarithm of CR—1 (inhibitors) or CR (enhancers). As with
the binding assay, this functional approach has certain implications for the study
of antagonists. If the negative cooperativity is very high, then the regression will be
difficult to distinguish from a linear Schild regression thatis obtained with competitive
antagonists (6). It is therefore necessary to study the actions of antagonists over as
wide a concentration range as possible. The probe dependence of allosterism also
predicts that application of the Schild method to allosteric antagonists can result in

May et al.



Annu. Rev. Pharmacol. Toxicol. 2007.47:1-51.

a

100 T T T
om
w
>~
om 10 1/a —]
w
o N il
(&)

1 1 I 1 I 1
-6 -5 -4 -3
log [gallamine] (M)
b

100 T T T
o \
<
oln 10 - =
w
o
(&) L 4

1 1 I 1 I 1

-8 -7 -6 -5

log [PD117975] (M)

different Schild slopes and pA; estimates (attributable to different « values), i.e., the
antagonism will be agonist-dependent, in contrast to classic orthosteric antagonism,
which is agonist-independent if the same receptor mediates both the agonist and
antagonist effects (13).

As with the radioligand binding assay, functional assays are commonly optimized
for high-throughput screening by monitoring the effects of increasing concentra-
tions of a test compound against a fixed concentration of orthosteric ligand. When
screening for an allosteric modulator, it is important to determine the optimal con-
centration of agonist so as to increase the likelihood of detecting an allosteric effect
while maintaining a reasonable signal-to-noise ratio. This is particularly important
for modulators with limited degrees of cooperativity because the detection window
will be small. One can determine the maximal window for detecting allosteric effects

www.annualreviews.org » Allosteric Modulation of G Protein—Coupled Receptors

Figure 9

Schild analysis of allosteric
modulator effects. (2)
Regression (Equation 9) of
the effects of increasing
concentrations of gallamine
as an antagonist of
acetylcholine-mediated
negative ionotropic effects
on the electrically driven
guinea pig atrium; data
replotted from Reference
42. (b) Regression (Equation
10) of the effects of the
enhancer, PD117975, on
R-PIA-mediated
stimulation of ERK1/2
phosphorylation at human
adenosine A; receptors,
expressed in a CHO cell
line. Note the differences in
the calculation of the
concentration ratio (CR) for
the inhibitor relative to the
enhancer.
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in functional assays by comparing the effects of different degrees of cooperativity on
the concentration-response curve of an agonist at maximal occupancy of the allosteric
site. The response to an agonist, A, in the presence of allosteric modulator, B, the
latter of which affects only the affinity of the agonist according to the AT'CM, can be
modeled as a general logistic equation of the following form:

Emax 3 [A] i

E= 11.

[B]

UL
A -+ ECsl ()

where E represents effect and nyy denotes the logistic slope factor for the curve. In the
absence of modulator, this equation reduces to that of the simple logistic function:
Emax ) [A]“H

Egeg= ——m4MMmm——. 12.
BI=0 ™ TA]H 4 [ECso]m

At maximal occupancy of the allosteric site (i.e., [B] — 00), this equation becomes
Emax ° [A i

[A]rm + [ECso]™H 13.

Ep-e =
To determine the maximal window of agonist response for different degrees of coop-
erativity at each concentration of agonist, therefore, one must subtract Equation 12
from Equation 13.
Ennax - [A]™ - [ECso]"™ (e — 1)

Empi—o — Eploo = . 14.
(Bl=0 7 =P (A" + [ECso]™) + (@ - [A]™ + [ECso]™) *

This can be rearranged in terms of fractional response and to normalize agonist
concentrations to the ECsq:

(AP
Epl=0 —Epjoo merr (@ — 1) is
E T (_1arm (AP ‘ '
max ([EC;O]“II + 1) + (“ CECerm T 1)

Figure 10 shows the detection windows for different degrees of cooperativity ver-
sus different concentrations of an orthosteric agonist, normalized to its ECso. These
simulations highlight two important points: (#) different fixed concentrations of or-
thosteric agonist provide the optimal likelihood of detecting an allosteric effect, de-
pending on whether the screen is for enhancers or inhibitors; and () this process
depends on the slope of the agonist concentration-response curve. Functional as-
says characterized by very steep agonist concentration-response relationships (e.g.,
most calcium-based assays) have stricter requirements than assays where the agonist
concentration-response curve is characterized by slopes < 1.

The principles underlying concentration ratio analysis have been modified and
extended over the years to accommodate a variety of approaches for studying al-
losterism at GPCRs. These include direct fitting of the AT'CM to functional data
using nonlinear regression (52), additivity of concentration ratio analyses (60), and
pharmacological resultant analysis (61). However, for all these situations it is assumed
that the allosteric modulator does not affect efficacy, only affinity, of the orthosteric
ligand. If this is not the case, then the application of the ATCM is inappropriate
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Figure 10

Detection windows for allosteric effects in functional assays. Equation 15 was used to simulate
the maximal attainable allosteric effect for varying degrees of cooperativity when tested against
different concentrations of an agonist (as a multiple of its ECs¢) whose concentration-response
curve is characterized by a normal (i.e., unity) (2), steep (&), or shallow (¢) Hill coefficient (ng).
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and the method will yield erroneous estimates of the cooperativity factor, « (18).
A method has recently been presented that follows these issues in greater detail
(25).

The methods described above can also be applied to the detection and quantifica-
tion of allosteric agonists. Thus, the agonist should be tested against as wide a range as
possible of concentrations of orthosteric antagonist. If the Schild regression deviates
from linearity, this may indicate negative cooperativity. This method was recently
used to demonstrate that the agonist, AC-42, was interacting allosterically with the
orthosteric antagonist, atropine, at mAch M; receptors (35). Furthermore, the probe-
dependence of the effect was further validated when different degrees of antagonism
were observed with another orthosteric antagonist, pirenzepine (35). Unfortunately,
this approach will only work if there is appreciable cooperativity between the allosteric
agonist and orthosteric antagonist. The probe-dependence of allosterism means that
certain allosteric agonists may interact with essentially neutral cooperativity with the
chosen orthosteric antagonist, thus manifesting an apparent resistance to antagonism
(30, 33).

Given the widespread use of functional screening assays, allosteric modulators are
now being identified that affect orthosteric ligand efficacy (see above). The quantifi-
cation of such effects requires extension of the AT'CM, which only deals with effects
on affinity. Although a molecular model such as the ATSM (Figure 15; Equations 4
and 5) describes allosteric effects on efficacy, it contains many parameters that cannot
readily be fitted to concentration-response data unless certain assumptions regarding
the degree of receptor reserve and constitutive receptor activity of the system are
met. An alternative approach is to derive an operational model of allosterism that
contains as few parameters as possible while allowing for experimental quantification
of allosteric effects on affinity and efficacy. One such model that has been derived
(13, 24, 25), utilizes a simple extension of the ATCM and includes an additional em-
pirical proportionality constant, 3 (Figure 14), which accounts for allosteric effects
of the modulator on orthosteric ligand intrinsic efficacy. The derivation of the model
is described elsewhere (24) but one form applicable to experimental concentration-
response data is:

E.t"[A]" (1 n ﬁ_[BBJ)
[[A] (1 + %) + Ky (1 + %)]n + T [A]" (1 + %‘”)

where E denotes the effect, E,, denotes the maximum possible effect, t is an oper-

E= - 16.

ational measure of orthosteric ligand efficacy equal to the product of the intrinsic
efficacy and maximum number of receptors, and n is a logistic slope factor that gov-
erns the shape of the stimulus-response function. Figure 11 shows the application
of this model to the interaction between the allosteric antagonist, Org27569, and
the agonist WINS55212-2 at CB; receptors in a mouse vas deferens preparation (24),
and to the allosteric enhancer, GS39783, against GABA at recombinant GABAg
receptors (62). In the case of Org27569, the model estimated an « value greater
than 1, indicating positive binding cooperativity (confirmed in separate binding as-
says), but a (3 value less than 1, accounting for the diminution in efficacy. For the
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GABAj enhancer, the model reveals modest positive cooperativity on the binding
of GABA, and a more pronounced effect on the signaling of the orthosteric ligand.
Thus, this operational model of allosterism represents a minimalist model that can be
fitted to experimental data to help inform the design of additional structure-function
studies.

Other Methods

In studies of enzymes, allosteric modulators have routinely been detected by high-
throughput screening using enzyme kinetic assays and in a number of cases followed
by X-ray crystallography to confirm the site of action of a modulator as a pocket
distinct from the enzyme’s active site. Specific examples of this approach include the
discovery of inhibitors for HIV-1 reverse transcriptase, p38 MAP kinase, and protein
tyrosine phosphatase 1B, and of allosteric activators for the enzyme glucokinase (15).
Unfortunately, thus far, there is only one published crystal structure of a GPCR, e.g.,
bovine rhodopsin in its inactive state (63), and structure-based in silico screening
approaches will require further refinement before proving robust enough to supplant
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Figure 11

An operational model of
allosterism. (2) The CB;
modulator Org27569 is an
allosteric antagonist of
WINS55212-mediated
effects on the electrically
evoked contractions of the
mouse vas deferens; data
replotted from Reference
24. (b) GS39783 is an
allosteric enhancer of the
effects of GABA at GABAgp
receptors in a cell-based
assay of inositol phosphate
accumulation; data
replotted from Reference
62. In both panels, the
datasets were fit to Equation
16 to derive estimates of the
negative logarithm of the
allosteric modulator
dissociation constant (pKp),
the effect on orthosteric
ligand binding (), and the
effect on orthosteric ligand

efficacy (B).
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functional screening for modulators as the method of choice. However, a number
of computational advances in recent years may provide new methods for identifying
allosteric pockets on proteins. For example, Abagyan and colleagues have developed
a novel algorithm, internal coordinate mechanics, which has successfully identified
novel binding pockets in a diverse range of proteins (including GPCRs), the so-called
pocketome (64, 65).

Additional experimental methods have recently been developed to detect allosteric
binders that do not rely on the availability of a labeled probe. One such method is
biointeraction chromatography, which quantifies the elution rate of a ligand from a
protein immobilized in affinity chromatography columns in the absence or presence of
another ligand (66). In this experimental setup, coadministration of an allosteric mod-
ulator results in a conformational change that alters the retention time of the probe
ligand, thus changing its elution rate. Compared to orthosteric radioligand-based
analyses, an advantage of biointeraction chromatography is that it can detect effects
of modulators on low-affinity orthosteric ligands, whereas the binding assay is limited
to the use of high-affinity probes. Another approach for detecting allosteric binders
is affinity-selection mass spectrometry. This sensitive process uses chromatography
followed by mass spectrometry to directly isolate ligand-protein complexes from a
pool of complex mixtures of reactants. As with biointeraction chromatography, the
presence of allosteric modulators in the reaction mixture changes the recovery of
ligand samples in the chromatographic step, thus indicating a conformational change
in the protein of interest (67).

With respect to GPCRs, there have been a number of elegant developments
in spectroscopic and biophysical methods for monitoring receptor conformational
changes. To date, these methods have generally been used to differentiate GPCR lig-
ands on the basis of their efficacy; it remains to be determined if such methods have
the capacity to differentiate them as orthosteric or allosteric ligands. Another novel
approach applied to GPCR allosteric modulators, developed by Mandell and col-
leagues, utilizes a variation of signal analysis to computationally characterize patterns
in GPCR structure and then use this information to design peptides that selectively
target a given GPCR. This approach has led to the discovery of allosteric modulator
peptides of D; dopamine and M; mAch receptors (68, 69).

WHERE ARE THE ALLOSTERIC SITES?

In contrast to many other proteins, GPCR structural studies have proceeded largely
in the absence of a high-resolution X-ray crystal structure. The publication of the
inactive-state bovine rhodopsin structure (63) has certainly helped, but has had only
limited application thus far to the study of allosteric binding sites. Moreover, as men-
tioned in the Introduction, above, GPCRs display enormous diversity in the type of
endogenous ligands they recognize; thus the domains that comprise the orthosteric
site for one type of GPCR may represent an allosteric site for another. For example,
the orthosteric site for many Family A GPCRs comprises regions in the transmem-
brane (TM) domain core, whereas for Family C receptors the orthosteric site is in
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the extracellular N terminus (6); for these latter receptors, allosteric modulators bind
in the TM regions (see below).

Family A GPCRs

The Family A (rhodopsin-like) receptors represent the largest subfamily of GPCREs.
Within this family, the most extensive structural studies of allosteric binding sites have
been on mAch receptors. In part, this reflects the fact that the earliest evidence of
allosteric modulation was noted for this receptor family (see 6, 70). It also reflects the
utility of having a series of structurally diverse allosteric modulators that recognize at
least one common allosteric site, albeit with different affinities, on all five subtypes of
mAch receptors. Two basic approaches generally have been used in most mutagenesis
studies of mAch receptor allosterism. The first has involved site-directed mutagenesis
of residues that are conserved across each of the five subtypes of receptors, aiming
to exploit commonalities within the allosteric domains. The second widespread ap-
proach has involved creation of chimeric receptors and mutagenesis of nonconserved
residues in an effort to delineate the structural basis of modulator selectivity. Due
to space constraints, an exhaustive overview is not presented. Interested readers are
directed to other reviews (6, 70).

Using the M, mAch receptor as the prototypical model, most structure-function
studies to date have localized the common allosteric site to domains comprising the
second (E2) and third (E3) extracellular loops, as well as the top of TM domain 7.
Thus, the highly acidic " EDGE!” sequence, specific to the E2 loop of the M,
receptor, has long been postulated to contribute to the binding of positively charged
modulators, especially gallamine (71, 72). Additional studies have identified Y'77 in
the E2 loop, N*!? (and the corresponding K’ in the M; receptor) at the junction of
E3/TM7, and T* near the top of TM7 as playing crucial roles (2, 73-76). Of the
conserved residues, W*? (corresponding to W* in the M; receptor) in TM7 has
also been implicated in the actions of allosteric modulators of mAch receptors (77,
78). Thus, in contrast to the orthosteric site, which is believed to comprise residues
in the top third of the TM bundle core, the common allosteric site of the mAch
receptors involves distinct residues that primarily utilize extracellular loop regions.
Importantly, most mutations in these regions that affect allosteric modulator binding
have minimal effects on binding of orthosteric ligands, further suggesting that the
two types of ligands interact with topographically distinct domains.

Chemokine receptors are other Family A GPCR members that can be alloster-
ically modulated by small-molecule inhibitors. Much focus has been on the CCR5
and CXCR4 subtypes of chemokine receptors owing to their relevance as targets in
the treatment of HIV infection. Alanine scanning mutagenesis and molecular mod-
eling of the TM helices of CCR5 have shown that the small molecule inhibitors
TAK-779 and SCH-C bind near the extracellular surface of the receptor within a
cavity formed between TM1, TM2, TM3, and TM7 (79, 80). A more detailed mu-
tagenesis study has revealed that substitution of a number of residues in TM1 (L*}
and Y?7), TM2 (V®, W® and A%), TM5 (1'®), and TM7 (E*** and G?%) reduces
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the activity of three CCRS inhibitors, TAK-779, SCH-C, and AD101. Additional
mutational analysis has shown that three residues are required for the efficient in-
teraction of all three compounds with CCRS: A negative charge in TM7 (E*) is
required for interaction with a positively charged nitrogen atom common to all three
inhibitors, an interaction that also takes place between GSK873140 and CCRS5 and
between antagonists of other chemokine receptors (81). The aromatic moiety of
Y?” in TMI1 interacts with AD101 and SCH-C, while this residue’s phenolic hy-
droxyl group is important for its interaction with TAK-779 (82). A hydrophobic
aromatic group in TM2 (W?9) is also essential for interaction with each of these com-
pounds. However, substitutions of other residues in the TM regions of CCR5 have
more compound-specific effects (82). In addition, although mutagenesis has strongly
suggested that TAK-779, SCH-C, and AD101 do not interact with the extracellu-
lar domains of CCRS5, an interaction between GSK873140 and residues located in
the E2 loop (R!8, C!78, and S'®) has been implicated in the binding of this com-
pound to CCRS (81, 83), suggesting subtle differences in the interaction of inhibitors
with CCRS.

The first potent inhibitor of HIV interaction with CXCR4 was the bicyclam
JM1657, later developed into JM3100 (or AMD3100) (84). The binding of AMD3100
has been studied using techniques similar to those employed to determine the small-
molecule binding site of CCRS. Tiwo negatively charged aspartate residues (D! and
D?%?) located respectively in TM4 and TM6 of CXCR4 are particularly important
for interaction with positively charged bicyclam molecules (85, 86). A glu residue in
TM7 (E*®) provides an additional negative charge for the interaction of AMD3100
with CXCR4 (87). AMD3100 may also interact with several asp and phe residues
(D81 D18 DI D% F and F2%) in the E2 loop of CXCR4 (88).

More limited studies have assessed the location of the allosteric binding site on
adenosine receptors. Kourounakis et al. (89) reported that mutation of T?”’ to alanine
resulted in a decrease in both agonist affinity and the effects of the prototypical
adenosine A; receptor allosteric modulator, PD 81723. T?”7 may thus be important
in the conformational change involved in receptor activation and is consistent with
a mechanism whereby the A; modulator, akin to orthosteric agonists, can promote
receptor-G protein coupling. Gao et al. (90) investigated the residues involved in the
allosteric modulation of the adenosine A; receptor, and identified N*°, D8, D107 F182]
or N?7* as playing differential roles in the ability of various modulators to interact
with that receptor.

Family B GPCRs

The most characterized Family B GPCRs are those that bind peptide hormones
such as secretin, calcitonin, glucagon, and glucagon-like peptides (GLPs). These
peptides range in length from ~27 to 52 amino acids and orthosteric binding is
complex, involving interactions both with the large N-terminal extracellular do-
main of the receptor as well as the exoloops (91). Identification of small-molecule,
nonpeptide drugs acting at Family B GPCRs has been problematic and, of those
available, the mechanistic basis for their action is not well studied, but in many
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cases is likely to be allosteric. Among the best characterized are antagonists of the
corticotrophin-releasing factor (CRF) 1 receptor. These appear to bind within the
TM domains of the receptor at sites distinct from those involved in peptide binding.
For example, Liaw et al. (92) demonstrated that H'* (TM3) and M?’® (TMS5) are
important for subtype selectivity of the compound NBI 27914 for CRF; over CRF;
receptors. Mutation of these amino acids, however, did not affect peptide binding,
consistent with the drug binding to a site distinct from that of the natural peptide
ligand. Furthermore, the related compound, NBI 35965, slowed the dissociation of
bound peptide ligands, indicative of allosteric modulation of orthosteric binding, an
effect that may depend on the activation state of the receptor (93). Similarly, the
glucagon receptor antagonist, L-168049, interacts with F184 and Y239 within TM2
and TM3, respectively; mutation of these residues does not alter binding of glucagon
94).

An interesting paradigm that occurs for selected Family B receptors is their mod-
ulation through interaction with the receptor activity modifying protein (RAMP)
family of proteins (95). For example, three distinct receptor phenotypes arise from
heterodimerization of the calcitonin receptor-like GPCR (CLR) with three indi-
vidual RAMPs. Selective, high-affinity CGRP1 receptor (the heterodimer of CLR
and RAMP1) antagonists have been developed that act at the interface between the
GPCR and RAMP components (95). A key amino acid for this interaction is W’* of
RAMP1, in which mutation to ala or lys leads to a 100-fold decrease in affinity of
the compound BIBN4096BS without altering CGRP binding or activity (96). These
data suggest that BIBN4096BS and related compounds may act allosterically and that
the interface between stable GPCR-accessory protein interfaces can also constitute
allosteric binding pockets.

Family C GPCRs

Family C GPCRs, which include the mGluRs, GABAg, and Ca**-sensing recep-
tors, are characterized by a large bilobate extracellular orthosteric ligand-binding
domain, commonly referred to as a “Venus flytrap” domain (97). These receptors
form constitutive dimers, with the GABAg receptor identified as the first obligatory
heterodimeric GPCR, being composed of two subunits, GABAg; and GABAg,. The
mechanism of activation of this heterodimeric complex is particularly interesting in
that GABA binds to only one of the subunits (GABAg;) to mediate G protein acti-
vation via the other (GABAg;) subunit (97). Whether this mechanism of activation
occurs for other GPCRs remains to be determined.

Allosteric modulators of mGluRs offer therapeutic potential in the treatment of
disorders such as epilepsy, anxiety, pain, cognitive dysfunction, schizophrenia, and
drug abuse. The binding site of such allosteric modulators of mGluR1 and mGluR5
receptors involves residues located on TM3, TMS5, TM6, and TM7. Binding of
the mGluR1-selective negative allosteric modulator, CPCCOEt, depends on T8!°
and A®® at the extracellular surface of TM7 (20). Malherbe et al. (98) demon-
strated that T® but not A3, was also involved in the binding of the allosteric
inhibitor EM-TBPC to rat mGlul receptors but additional residues have also been
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implicated, including V7*7 located in TM5 and W% F%! 'and Y% located in TM6.
(98). Lavreysen et al. (99) provided strong evidence for a common binding site for
allosteric inhibitors acting at mGluRs by demonstrating that binding of the allosteric
inhibitor PH]R214127 could be completely antagonized by a number of allosteric
modulators.

MPEP is another potent and selective allosteric inhibitor of mGluR5 receptors
(100). Site-directed mutagenesis has identified that residues from TM3, P$* and Y%®
from TMS, L73; TM6, T78, W78 F78 and Y°!; and from TM7, A%, are important
for its actions (98). Similar to the mechanism of inhibition caused by EM-TBPC and
CPCCOEt at mGluR1 receptors, MPEP has been proposed to interact with a cluster
of aromatic residues on mGluR5 and impede the movement of TM6, thereby stabi-
lizing the inactive form of the receptor (98). Pagano et al. (100) reported that binding
of MPEP and its close analog, PH]M-MPEP, at human mGlIuR5 receptors involved
1551 P93 and S%8 in TM3, as well as A%1? in TM7. By using receptor mutants of
mGluR1 and mGluR5, Pagano et al. (100) also demonstrated that CPCCOEt could
completely inhibit [’H]M-MPEP binding in a concentration-dependent manner, in-
dicating that some allosteric inhibitors of mGluR1 and mGluRS5 occupy overlapping
positions within the TM domains.

Allosteric enhancers of mGluRs have also been identified. The residue V7*’, lo-
cated in TMS5 of rat mGluR1, appears to be critical for the activity of different classes
of mGluR1 enhancers (101, 102). Two additional residues, S and C®’!, located in
TM3 of rat mGluR1, also appear to be involved in the binding of some of these
modulators (101). At the mGluR2 receptor, G, S and N7*° have all been im-
plicated in allosteric enhancer binding (103, 105). A number of residues important
in the activity of the allosteric enhancer DFB at rat mGluRS5 receptors have been
reported: S%7 in TM3; L™ in TMS; T78, W78 and F’¥ in TM6; and M®! in
TM7 (106).

Human Ca’*-sensing receptors can be allosterically modulated by L-amino acids,
small peptides, Calhex 231, and a number of structurally related phenylalkylamine
compounds such as NPS R-467, NPS R-568, and NPS 2143 (107-112). For example,
the binding site of Ca’* receptor allosteric inhibitors involves residues located in
TM2, TM3, TM6, and TM7. NPS R-568 activity was reduced in Ca’*-sensing
receptors with mutations at F®® in TM2, F6%* in TM3, or E¥7 at TM7 (111, 112).
Residues Fo%8, R%0 6% and E®7 have been implicated in NPS 2143 binding while
F684 1668 'WBI8 E87 and I®*! have been implicated in Calhex 231 binding (110, 111).

Urwyler et al. (113) have identified two compounds, CGP7930 and CGP13501,
that act as allosteric enhancers at the GABAj receptor. Binet et al. (31) demonstrated
that CGP7930 activates a mutant receptor containing only the heptahelical domain of
the GABAg, receptor but whether CGP7930 also binds to the heptahelical domain of
the GABAg; receptor is not known. Given that GABA binds in the GABAg; subunit
of the heterodimer, this latter finding suggests the intriguing possibility that allosteric
modulation occurs across a dimer (see below).

The binding site of Family C GPCR allosteric modulators has thus far been
demonstrated to reside predominantly within the TM domain of these receptors.
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Interestingly, a number of residues that are critical for the binding of allosteric
modulators at mGluRs and the Ca**-sensing receptor are overlapping. This sug-
gests that although these compounds are often highly selective, they occupy a similar
location within the TM domains.

Allosterism Across Dimers?

Given the evidence in recent years that GPCRs can form dimers or higher or-
der oligomers, a logical question is whether allosteric interactions arise across such
oligomeric arrays, and whether the allosteric site on a GPCR represents another con-
formationally linked orthosteric site in a dimer (or oligomer). As mentioned above,
the interaction between the modulator, CGP7930, and GABA on the GABAz het-
erodimeric GPCR likely occurs across the dimer. However, the topography of the
binding site for the modulator (TM region) is distinct from that of GABA (N-terminal
domain). In contrast, mutational mapping of the binding site of Zn?*, an allosteric
agonist of the MC1 receptor, has identified residues on the inner face of TM3, which
also contribute to the binding of the orthosteric agonist, x-MSH (36). This latter
finding can be reconciled if the interaction is assumed to occur between two ortho-
steric sites that are allosterically linked in a receptor dimer.

Surprisingly, there have been very few adequately controlled studies that have
investigated if cooperative binding is a general phenomenon for GPCRs. Re-
cently, however, accumulating data suggest that this may be the case. For example,
Mesnier & Baneres (114) have used an elegant spectroscopic approach to demonstrate
conformational changes in one monomer of the leukotriene B4 receptor by agonist
occupancy of a second monomer linked to the first in a dimeric arrangement. Sim-
ilarly, Urizar et al. (115) have provided kinetic evidence of negative cooperativity in
the binding of orthosteric ligands to glycoprotein hormone receptors, and Springael
et al. (116) have shown similar evidence for negative cooperativity between orthos-
teric ligands that bind to chemokine receptor homo- and heterooligomers. Indeed,
if all GPCRs function as obligate oligomers, binding cooperativity should be readily
demonstrable.

In general, there is good evidence for many allosteric sites on GPCRs being topo-
graphically distinct from the orthosteric site (see above). When considering whether
mutagenesis data that suggest a close proximity of attachment points for orthosteric
and allosteric ligands implies that the sites are identical, it is informative to examine
findings with enzymes for which crystal structures have been solved with allosteric
modulators bound to the protein. In the case of p38 MAP kinase, for example, Pargellis
etal. (117) reported that the allosteric inhibitor, BIRB-796, bound in a pocket that did
not utilize atoms that contributed to the binding of ATP to the enzyme’s active site.
Nonetheless, the crystal structure of the complex showed that the BIRB-796 pocket
was immediately adjacent to the ATP binding pocket, highlighting the fact that al-
losteric sites can be very close to but topographically distinct from orthosteric sites.
Interestingly, a recent study by Trankle et al. (118) has shown that two molecules of
tacrine, an allosteric modulator of mAch receptors, can bind cooperatively within
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the common allosteric site on a single M, mAch receptor monomer. Overall,
however, it remains to be established whether interactions between distinct orthos-
teric and allosteric sites on GPCRs imply interaction within a monomer or across a
dimer. It is likely that both situations will be shown to exist.

ENDOGENOUS ALLOSTERIC MODULATORS

Although the preceding sections have focused on exogenous allosteric modulators,
evidence exists for endogenous modulators of various GPCRs. The G protein itself, as
well as the expanding list of GPCR-interacting proteins, are examples of endogenous
allosteric GPCR-protein partners. Similarly, if GPCRs function as dimers or higher
order oligomers, then every endogenous orthosteric ligand for a given receptor is also
a potential allosteric modulator as a consequence of cooperativity. However, evidence
exists for other endogenous molecules, including ions, lipids, and peptides, acting as
allosteric modulators for GPCRs.

The binding of ions such as Zn’*, Na*, and Ca’* is important for the function
of numerous ligands at different GPCRs. For example, Zn’* can allosterically mod-
ulate the activity of orthosteric ligands at Dy, D, (119, 120), and D4 (121) dopamine
receptors; MC1 and MC4 melanocortin receptors (36); 3, adrenergic (122); and p
opioid receptors (123). The putative binding site for Zn?* differs among receptors, as
do the manifestations of its allosteric effect. For example, for the MC1 melanocortin
receptor, Zn’* binding is believed to involve C*’!, located in E3, and D%, at the ex-
tracellular end of TM3 (36). At the 3, adrenergic receptor, Zn>* has been suggested
to interact with the intracellular ends of TMS5 (E?*°) and TM6 (H?*%°; C?%) to en-
hance agonist affinity (122). Binding of Zn’* to the p opioid receptor involves TM7
(H?') and E2 (D?!%) and results in reduction of both agonist and antagonist binding
(123). Zn** also reduces orthosteric antagonist binding at the D, and D4 dopamine
receptors, and studies on D, receptors have implicated two residues located toward
the extracellular end of TM6 (H?*?? and %) in its allosteric actions (119).

Na* can modulate the ability of Zn** to inhibit antagonist binding to the Dy
dopamine receptor (121), indicating that two or more allosteric sites within a GPCR
can be occupied simultaneously by ions to regulate the orthosteric site and each
other. The ability of Na* to allosterically modulate the activity of orthosteric ligands
at GPCRs has been well documented for more than two decades. Site-directed muta-
genesis studies have indicated that a highly conserved aspartate in TM2 is important
for mediating this effect in different GPCRs (6). The conservation of this site likely
reflects its importance in receptor activation and the role of Na* in stabilization of
the ground (inactive) GPCR state (124).

Ca’* is another ion involved in GPCR allosterism: it can act both as an allosteric
modulator of some GPCRs and as an orthosteric ligand that itself is subject to modu-
lation. For example, the absence of Ca?* can greatly reduce the affinity and potency of
certain agonists and antagonists at the GABA heterodimeric receptor, an effect de-
pendent on $?¢ in the GABAgR1 subunit (125). Conversely, aromatic and aliphatic
L-amino acids can potentiate the actions of Ca’* as the orthosteric agonist of the
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Ca’*-sensing receptor (126) by binding to a site in the receptor that is close to, but
topographically distinct from, the orthosteric Ca’* binding site.

A number of reports have suggested the existence of endogenous allosteric peptide
modulators of GPCR activity. For instance, the small tetrapeptide, 5-HT-moduline
(Leu-Ser-Ala-Leu/LSAL), which was originally isolated from rat brain, is an al-
losteric modulator highly specific for the 5-HT'p receptor, where it acts as an in-
surmountable inhibitor of ligand binding (127). This effect yields inhibition of ag-
onist action in terms of G protein coupling (128) and in a mouse model of social
interaction (127). The tripeptide, Pro-Leu-Gly (PLG), also known as melanotropin
release inhibiting factor-1 (MIF-1), is an endogenous allosteric modulator of D, and
D, dopamine receptors, where it promotes a high-affinity receptor conformation
and enhances the binding and activity of orthosteric agonists (129, 130). This ef-
fect is reminiscent of the action of allosteric enhancers of the A; adenosine receptor
(see above).

MAch receptors may also be regulated by allosteric peptides, including the k opi-
oid receptor agonist, dynorphin, and polycationic peptides, such as poly-L-arginine,
poly-L-lysine, and poly-L-ornithine (6). Interestingly, human eosinophil major basic
protein and eosinophil peroxidase may act as allosteric antagonists of the M; mAch
receptor (6). This finding is of potential pathophysiological relevance because antago-
nism of the M, receptors may be responsible for some of the processes associated with
diseases of the airways: decreased binding of acetylcholine to neuronal autoinhibitory
M, mAch receptors can lead to increased bronchoconstriction (131).

Endogenous lipids can also allosterically regulate GPCRs. For instance, the ami-
dated lipid, oleamide, regulates the activity of 5-HT at several 5-HT receptor sub-
types, including the 5-HTs, 5-HT,4, 5-HT;¢, and 5-HT; receptors (132, 133).
The endocannabinoid receptor agonist, anandamide, can also modify the binding
and function of ligands at M; and M4 mAch receptors in a noncompetitive manner
(55). The steroid hormone, progesterone, inhibits the maximum binding of oxytocin
and arginine vasopressin to the rat oxytocin receptor and the progesterone metabo-
lite, 53-dihydroprogesterone, alters the binding of oxytocin to the human oxytocin
receptor (134). Cholesterol can similarly regulate ligand binding to the oxytocin re-
ceptor. Removal of cholesterol from cell membranes decreases the maximum binding
of oxytocin, whereas the presence of cholesterol stabilizes the receptor in a high-
affinity conformation and decreases dissociation of oxytocin (135). Modifications in
receptor function may result from an alteration in membrane fluidity or membrane
microdomains following changes in the membrane sterol content. However, molec-
ular modeling has suggested that cholesterol interacts with nonpolar residues located
in TMS (P17, Y?® and W2%) and TM6 (M?*¢ and W?%) in the oxytocin receptor
(136), in contrast to the putative oxytocin binding site that is believed to be located
in the extracellular domains of the receptor.

There are a number of diseases that appear to be mediated, at least in part,
by the actions of endogenous GPCR modulators. For example, Chagas’ disease,
an infection caused by the parasite Tiypanosoma cruzi, involves autoantibodies that
bind to the M, mAch and (; adrenergic receptors and cause insurmountable
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inhibition of the binding of receptor ligands through an interaction with the second
extracellular loop of the receptors (137, 140). The antibodies additionally stimulate
agonist-like receptor activity, which leads to a decrease and increase in atrial con-
traction through the mAch and adrenergic receptors, respectively (137, 139). It is
believed that this chronic receptor activation leads to damage to cardiac tissue in this
disease.

Sjogren’s syndrome is another autoimmune disease in which autoantibodies ap-
pear to activate mAch receptors (141), although some confusion exists regarding
the epitope and the receptor subtype that these antibodies target. Nonetheless, the
recognition that certain disorders are characterized by the presence of allosteric au-
toantibodies suggests a role for neutrally cooperative ligands (o« = 1 with respect
to the endogenous transmitter) as potential therapeutics; theoretically, these ligands
could block the action of the allosteric autoantibodies but not those of endogenous
orthosteric agonists.

As described in the preceding section, the extracellular loop regions are impor-
tant for the binding of different allosteric modulators to some GPCRs. Interestingly,
autoantibodies from schizophrenic patients have also shown reactivity against the
E2 loop of the M; and M, mAch receptors, where they stimulate receptor signaling
(142). Similarly, antibodies present in patients with preeclamsia can activate the AT}
angiotensin receptor; this activation is inhibited by a synthetic peptide correspond-
ing to a portion of the E2 loop of the receptor (143). Synthetic antibodies raised
against E2 in the M; mAch and 3, adrenergic receptors also have agonist effects
(144, 145), whereas single-chain variable fragments can possess inverse agonist ac-
tivity at M, mAch and (3, adrenergic receptors (146, 147), suggesting that E2 may
play an important function for these GPCRs. Antibodies against E2 in the 5-HT4,
receptor also possess agonist-like activity (148), whereas those against the 5-HT'
serotonin receptor can stabilize the high-affinity agonist-bound receptor conforma-
tion (149), suggesting a common allosteric binding site for antibodies possessing
activity at GPCRs.

The above findings imply that endogenous allosteric modulators of GPCR ac-
tivity may play important roles in physiological and pathophysiological processes.
Although every GPCR will not necessarily be associated with unique allosteric
sites for endogenous modulators, the list of such endogenous substances is likely to
increase.

CONCLUSIONS

Allosteric modulators tremendously expand the chemical space of potential GPCR
therapeutic agents, and many of the theoretical behaviors associated with such com-
pounds are being rapidly identified. The great challenges facing the field are the
optimization of screening assays for the reliable detection/validation of allosteric
modulator effects and the further development of novel methodologies for studying
protein allostery, including a better structural identification of allosteric binding sites.
Given the preeminence of GPCRs as therapeutic targets, the rewards of successfully
meeting these challenges are significant.
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. Many GPCRs contain allosteric binding sites, which are topographically

distinct from the orthosteric site recognized by the endogenous agonist.

. Binding to an allosteric site on a GPCR changes receptor conformation

and can modulate the binding affinity of orthosteric ligands, the signaling
efficiency of orthosteric ligands, or can perturb signaling even in the absence
of orthosteric ligand.

. Allosteric sites represent attractive drug targets for small molecules because

they can engender selectivity across receptor subtypes through binding to
nonconserved regions and/or cooperativity with orthosteric ligands at a par-
ticular receptor subtype. Moreover, allosteric modulators that exert their
effects only in the presence of the endogenous agonist may provide a safer
pharmacological profile than do orthosteric agonists and antagonists.

. A great challenge for GPCR-based drug discovery is the ability to reliably

detect, validate, and quantify the actions of allosteric modulators. This chal-
lenge results because allosteric effects can vary depending on the nature of
the orthosteric ligand and are limited by the degree of cooperativity between
allosteric and orthosteric sites.

. Structural studies are beginning to elucidate the molecular determinants

of allosteric sites on GPCRs. Domains that contribute to the orthosteric
pocket on one type of GPCR can contribute to an allosteric pocket for
another GPCR.

. Although allosteric sites need not have evolved to accommodate endoge-

nous ligands, ions, lipids, and peptides can serve as endogenous allosteric
modulators for some GPCRs.
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