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Opportunities and challenges in the
discovery of allosteric modulators of
GPCRs for treating CNS disorders

The G protein-coupled receptors (GPCRs), which are
also known as seven-transmembrane receptors (7TMRs),
are crucial for transducing signals from the extracellular
environment into intracellular changes in cell function.
GPCRs are activated by a diverse range of ligands and
stimuli, including hormones, neurotransmitters, mem-
brane lipids, ions, odorants, enzymes and photons of light,
and have diverse roles in every cell and organ system.
Human GPCRs are subdivided into four major classes (A,
B, Cand F) on the basis of their primary sequence homol-
ogy'?. Given the roles of GPCRs in cellular responses to
extracellular ligands, it is not surprising that these recep-
tors have been among the most successful of drug targets’.

Despite the proven success of GPCRs as drug targets,
many intense efforts to develop selective ligands or
drug candidates for GPCRs have failed. Thus, there is a
major need to develop new approaches for the discovery
of therapeutic agents that target this important class of
receptors. Traditionally, drugs that target GPCRs bind
to the same site as the endogenous agonist (referred to
as the orthosteric site), to either activate or inhibit the
receptor. Although this is a strategy well suited for some
receptors, many GPCRs respond to stimuli such as
light, protons, divalent cations, highly charged nucleo-
tides, peptides and proteins; in many of these cases, these
endogenous ligands cannot be easily modified to retain
drug-like properties. For example, many amino acids
and peptides cannot cross the blood-brain barrier,
meaning that alternative ligands must be developed to
modulate certain targets in the central nervous system
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Abstract | Novel allosteric modulators of G protein-coupled receptors (GPCRs) are providing
fundamental advances in the development of GPCR ligands with high subtype selectivity
and novel modes of efficacy that have not been possible with traditional approaches. As new
allosteric modulators are advancing as drug candidates, we are developing an increased
understanding of the major advantages and broad range of activities that can be achieved
with these agents through selective modulation of specific signalling pathways, differential
effects on GPCR homodimers versus heterodimers, and other properties. This understanding
creates exciting opportunities, as well as unique challenges, in the optimization of novel
therapeutic agents for disorders of the central nervous system.

(CNS).Inaddition, some GPCRsare activated by enzymatic
cleavage. Alternative strategies for modulation may
provide advantages in the development of therapeutic
agents that target some receptors. Furthermore, as
orthosteric binding sites are often highly conserved, it is
difficult to achieve high selectivity for individual GPCR
subtypes. The need to develop new approaches for tar-
geting GPCREs is especially urgent for neurological and
psychiatric diseases, which have been especially challeng-
ing to address therapeutically and have historically had a
very high attrition rate’.

Allosteric modulators of GPCRs

Interestingly, CNS drug discovery efforts to target ligand-
gated ion channel neurotransmitter receptors have
focused primarily on developing ligands that interact with
allosteric sites that are topographically distinct from the
orthosteric neurotransmitter site>®. By binding to allos-
teric sites, such ligands can act as either positive allosteric
modulators (PAMs) or negative allosteric modulators
(NAMs) to potentiate or inhibit activation of the receptor
by the endogenous agonist, respectively. Selective PAMs
of GABA, (y-aminobutyric acid type A) receptors, such
as benzodiazepines and barbiturates, were among the
earliest-approved drugs for the treatment of CNS dis-
orders’. These allosteric modulators can provide many
potential advantages over traditional agonists, including
the requirement for the synaptic release of the neuro-
transmitter and the activation of the receptor by the
endogenous agonist. However, optimization of allosteric
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Cooperativity factors
Parameters that are used
to quantify the magnitude
of the effect of an allosteric
ligand on the affinity or
functional response to the
orthosteric ligand.

modulators for GPCRs did not become practicable until
the late 1990s and early 2000s, when the advent of high-
throughput functional screening technologies enabled
the study of the functional effects of small molecules on
GPCR signalling that were independent of the effects
on orthosteric ligand binding. Over the past decade, the
discovery and understanding of allosteric modulators
have gained tremendous momentum, and GPCR allos-
teric modulators are now marketed as therapeutic agents
for the treatment of hyperparathyroidism®’ and HIV
infections'.

To date, no GPCR allosteric modulators have been
approved for the treatment of psychiatric and neurological
disorders. However, multiple allosteric modulators have
entered clinical development (TABLE 1). Phase II clinical
trials have now demonstrated promising effects of metabo-
tropic glutamate receptor 5 (mGluR5) NAMs in anxiety
and affective disorders, Parkinson’s disease and fragile X
syndrome'""?. More recently, a novel mGluR2 PAM
entered Phase II testing for schizophrenia and anxious
depression'*'*, and Merck has announced the initiation of
a Phase II trial of a PAM that targets the M, receptor —a
subtype of muscarinic acetylcholine receptors (mAChRs)
— in patients with Alzheimer’s disease (ClinicalTrials.gov
identifier: NCT01852110). Other allosteric modulators are
now in late discovery or preclinical development, includ-
ing mGluR5 PAMs for schizophrenia'®; mGluR4 PAMs
for Parkinson's disease'; and M, -receptor PAMs for the
treatment of psychosis associated with schizophrenia and
psychosis associated with Alzheimer’s disease'” (TABLE 1).
Results from early optimization and animal studies are
now emerging for allosteric modulators of a range of other
CNS GPCRs from families A (Supplementary informa-
tion S1 (table)), B (Supplementary information S2 (table))
and C (Supplementary information S3 (table)) and are
indicative of a healthy pipeline of novel allosteric mod-
ulators that hold promise for the treatment of multiple
neurological and psychiatric disorders.

Allosteric modulator pharmacology

PAMs, NAMs and NALs. GPCRs are dynamic proteins
that spontaneously transition between multiple func-
tionally distinct conformational states'®". These include
states with varying affinities for orthosteric ligands, as
well as different interactions with G proteins and other
effector or signalling molecules. PAMs and NAMs are
thought to stabilize receptors in specific conformational
states that increase or decrease the functional response to
orthosteric agonists, respectively. Both PAMs and NAMs
can modulate the affinity of the orthosteric binding
pocket for an orthosteric ligand or affect the intrinsic
efficacy of an orthosteric agonist to engage downstream
signalling mechanisms". Allosteric modulators within a
structural class can each have any one of a broad range of
effects on GPCRs, including positive or negative modu-
lation, or even inverse agonism (where the constitutive
activity of a receptor is reduced by ligand binding).
Within this continuum, neutral allosteric ligands (NALSs)
can bind to allosteric sites, but have no effect on receptor
responses to orthosteric ligands; however, these agents
compete with PAMs and NAMs for binding to allosteric
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sites and block their actions'*'. Although they are not
pursued as drug candidates themselves, NALs provide
important tools to validate binding sites and could theo-
retically serve as candidates for radiolabelling or PET-
(positron emission tomography)-ligand development if
they possess sufficiently high affinity.

The diverse effects of allosteric ligands on receptor
behaviour have been outlined in detail in multiple excel-
lent reviews and can be described and quantified by
equations that are based on various ternary-complex
mass-action models. These equations take the interactions
among the receptor, orthosteric ligands, allosteric ligands
and effector proteins into account and provide a compu-
tational approach to define the magnitude and direction
of an allosteric effect, using one or more cooperativity
factors'®?2 More recently, an operational model of allos-
terism that describes the allosteric modulation of both
affinity and efficacy was introduced; this model also
incorporates the ability of a compound to induce allosteric
agonism*~%. Briefly, in the operational model, modula-
tion of binding affinity is governed by a cooperativity
factor, which is denoted as a, and allosteric modulation of
efficacy is incorporated by the introduction of the para-
meter . In addition, a composite cooperativity parameter
(known as logaf) can be used to incorporate the modula-
tion of both affinity and efficacy. As some PAMs also have
intrinsic efficacy in the absence of an orthosteric agonist,
the parameters T, and 1, have also been incorporated to
account for the intrinsic efficacy of the orthosteric and
allosteric ligands, respectively.

This operational model of allosterism has been highly
useful in quantifying different aspects of allosteric modula-
tor function and can provide valuable information about
cooperativity factors and the structure-activity relation-
ships (SARs) of predicted affinities when conducting
a lead-optimization programme. To test the validity of
the model, Gregory et al.* recently took advantage of the
radioligands and the range of allosteric modulators for
mGluR5. The study confirmed that for mGluR5 PAMs
and NAMs, with diverse chemical scaffolds and vary-
ing degrees of cooperativity, affinity estimates that were
derived from functional assays that used the operational
model fitted well with affinities that were measured in
radioligand-binding experiments. It should be noted, how-
ever, that the functional estimates of affinity may change
depending on the signalling pathway being measured. As
such, estimates of functional affinity may actually be more
relevant than the binding affinity when considering a par-
ticular signalling cascade. This point is also important if
a correlation between the inhibition constants (Ks) that
are predicted using traditional binding assays do not align
with those predicted by functional affinity assessments.

Allosteric agonists and ago-PAMs. As mentioned above,
in addition to potentiating responses to orthosteric
agonists, GPCR PAMs can have intrinsic efficacy and
activate the receptor in the absence of an orthosteric
agonist. PAMs that also possess intrinsic allosteric ago-
nist activity in a given functional assay are referred to as
ago-PAMs; however, the presence or absence of ago-PAM
activity may depend on the assay system that is used
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Table 1| Reported allosteric modulators currently in development or being marketed

Receptor Indications Modulator examples (company) Stage of
(NAM or PAM) development
CaSR (PAM) Hyperparathyroidism  Cincalet (Amgen) Launched
CCR5 (NAM) HIV Maraviroc (Pfizer) Launched
CXCR1 and CXCR2 Inflammatory Reparixin (Dompé) Phase II/1lI
(NAM) responses
mGluR5 (NAM) Fragile X syndrome, Mavoglurant (also known as AFQ056; Novartis) Phase /111
Parkinson’s disease, Dipragulant (Addex) Phase |l
major depression STX107 (Seaside) Phase Il
Basimglurant (also known as RO4917523; Roche) Phase II/1ll
Fenobam (Neuropharm) Phase Il
mGluR2 (PAM) Schizophrenia ADX71149 (Addex/Ortho McNeil-Janssen) Phase Il
JNJ-40411813 (Janssen) Phase Il
['*C]INJ-42491293 (Janssen) Phase Il
mGluR2 and mGluR3  Schizophrenia AZD8529 (AstraZeneca) Phase Il
(PAM)
M receptor (PAM) Alzheimer’s disease MK-7622 (Merck) Phase Il

CaSR, extracellular calcium-sensing receptor; CCR5, chemokine CC-motif receptor 5; CXCR, chemokine CXC-motif receptor;
M,, muscarinic acetylcholine subtype 1; mGluR, metabotropic glutamate receptor; NAM, negative allosteric modulator;

PAM, positive allosteric modulator.

for assessment, the level of receptor expression or the
efficiency of receptor coupling with a given second-
messenger system*”**. Thus, B and 1, values for an allos-
teric ligand are determined not only by the individual
ligands but also by the biological assay system that is being
investigated. For this reason, when evaluating effects of
a given PAM in systems with low stimulus-response
coupling efficiency or low levels of receptor expression,
T, values may approach 0 and ago-PAM activity may not
be discernible, despite robust potentiation of orthosteric
agonist responses. However, when measuring responses
in cells with high receptor expression and/or coupling
efficiency, the same PAM may display high 1, values and
marked ago-PAM activity in a given assay*’ .

This discrepancy was recently demonstrated for
a series of mGluR5 PAM:s using a cell line in which
mGluR5 was expressed under the control of an inducible
promoter®. In cells in which high levels of mGIuR5
expression were induced, multiple mGluR5 PAMs showed
robust ago-PAM activity in inducing calcium-mobilization
responses, but in cell lines that expressed only low levels
of mGluR5, these mGluR5 PAMs exhibited no discern-
able allosteric agonist activity. However, the efficacies
and potencies of these same PAMs in potentiating the
response to glutamate were not notably affected by
changes in mGluR5 expression®®. Interestingly, the com-
pounds that displayed ago-PAM activity in calcium assays
in cells that overexpressed mGluR5 — but not in cells in
which lower levels of mGluR5 were expressed — behaved
as ‘pure’ PAMs with no discernible agonist activity when
multiple responses were measured in native systems using
electrophysiological readouts. However, in a subsequent
study”, mGluR5 PAMs were intentionally optimized to
induce robust calcium responses in the absence of exog-
enously applied glutamate, even in cells with low levels
of mGluR5 expression. These mGluR5 ago-PAMs exhib-
ited strong agonist activity in multiple native systems,
providing a direct demonstration of the effect of receptor

expression on T, and of the potential context dependence
of responses to specific PAMs. It should be noted, how-
ever, that in addition to modulation by receptor density,
alterations in T, and T, are also dependent on signalling
pathways, and t values may not change equally for dif-
ferent pathways. Recent studies with mGluR5 PAMs pro-
vide direct evidence that PAMs for this receptor subtype
maintain activity dependence in certain CNS circuits®.

In addition to ago-PAMs, GPCR ligands can bind to
sites that are distinct from the orthosteric site and have
direct agonist activity without potentiating responses to
orthosteric agonists. Of such ligands, allosteric agonists
of mAChRs have been the most widely studied. Early
studies suggested that M -receptor allosteric agonists
may have major advantages over orthosteric M -receptor
agonists as they are comparatively more selective for the
M, -subtype receptors*~*%; however, most M,-receptor
allosteric agonists are so-called ‘bitopic ligands’ that
bind simultaneously both to an allosteric site and to
the orthosteric site’’* and require engagement of the
orthosteric site for their activity. In these cases, the com-
pounds bind to the orthosteric sites across all mAChR
subtypes, but exhibit functional selectivity for certain
subtypes®. Most M -receptor bitopic agonists tend to
act as weak partial agonists at M| receptors and exhibit
only weak agonist activity in systems where M, receptors
are expressed with low receptor reserve. Owing to this
weak partial agonist activity, allosteric agonists can suffer
from the same problems as do traditional M -receptor
orthosteric agonists and it can be difficult to achieve
high selectivity*. Although it is not yet clear whether the
same loss of selectivity would be observed with allos-
teric agonists of other receptor subtypes, these findings
present major issues for the optimization of M, -receptor
bitopic agonists as drug candidates owing to dose-limiting
off-target activity; however, this problem could be avoided
by M, -receptor PAMs or ago-PAMs, as long as they do not
engage the acetylcholine (ACh) binding site.

694 [ SEPTEMBER 2014 [ VOLUME 13

www.nature.com/reviews/drugdisc

© 2014 Macmillan Publishers Limited. All rights reserved



Partial antagonists. The discovery of GPCR NAMs that
act by modulating efficacy () raises the exciting possibility
that NAMs that modulate  with low levels of negative
cooperativity could act as ‘partial antagonists’ that only
partially reduce agonist responses when the allosteric site
is fully occupied®. It has been postulated that because
‘partial’ NAMs exhibit limited negative cooperativity
in blocking orthosteric agonist responses, they might
reduce the adverse-effect profiles that may be associ-
ated with complete blockade of some GPCRs using full
NAMs or inverse agonists. However, this potential advan-
tage remains theoretical as, to date, partial NAMs have
not been optimized for use in in vivo studies. The same
potential advantage exists for PAMs that show limited
levels of positive cooperativity; with these ligands, a satu-
ration of effect is postulated to provide safety in the event
of an overdose, as exemplified by benzodiazepine PAMs of
GABA, receptors’. Several examples of partial antagonists
that act exclusively by modulating efficacy have now been
identified*"*'. However — as with orthosteric partial ago-
nists, allosteric agonists and ago-PAMs — partial antago-
nist activity can depend on the level of receptor expression
or coupling efficiency. For example, Gregory et al.*®
reported that three low-cooperativity mGluR5 NAMs
behaved as partial antagonists in cells that expressed
low levels of mGluR5, but induced greater decreases in
glutamate responses in cells that expressed high levels of
mGluR5. Thus, it will be important to consider the impact
of receptor expression and coupling efficiency on different
native-system responses when evaluating compounds that
have been optimized to induce low levels of cooperativity
with the orthosteric agonist.

Structural determinants of allosteric modulation
Revealing the structural determinants of the inter-
actions between allosteric modulators and GPCRs will
be crucial for the understanding of the mode of action
of allosteric ligands and to allow for structure-based
drug discovery. Early modelling and mutagenesis stud-
ies provided insights into the NAM binding pocket of
mGluR1 (REFS 42,43), and this was followed by extensive
mutagenesis and computational docking studies using
models of mGluRs that were based on insights from
crystal structures of class A GPCRs***. These studies
identified an allosteric binding pocket in the seven-
transmembrane domain (TMD) that is a common bind-
ing pocket for a range of mGluR allosteric modulators
and pinpointed specific residues that are crucial for the
activity of PAMs, NAMs and NALs. Similar mutational
analyses and modelling studies suggest that allosteric
modulators of class A GPCRs can also bind to the TMD
but, in addition, engage the extracellular loops (ECLs) of
the receptor. Specifically, nuclear magnetic resonance
(NMR) spectroscopic studies of the B,-adrenergic recep-
tor suggest that orthosteric agonists induce a reshaping
of the extracellular surface — including a salt bridge link-
ing ECL2 and ECL3 — that may reveal highly specific
binding sites for allosteric modulators*’.

Over the past year, the first two co-crystal structures
of allosteric modulators in complex with the TMDs
of class A and class C GPCRs have been reported***.
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Furthermore, the co-crystal structure of an allosteric
antagonist in complex with the TMD of a class B GPCR
has also been reviewed, thus completing the structures of
the three main GPCR groups™. Insights from these crystal
structures fit well with existing models and greatly expand
our understanding of GCPR structure—function relation-
ships (FIG. 1). Notably, the increasing number of GPCR
crystal structures will allow comparative modelling and
docking studies®, as well as molecular-dynamics simu-
lations®, to contribute more substantially to the under-
standing of the structural basis of allosteric modulation.

Allosteric modulation of the M, receptor. The first study
reports the structure of the class A mAChR, M,, in com-
plex with the PAM LY2119620 (REF. 48) and reveals a
complex that includes both the PAM and an orthosteric
agonist (iperoxo). LY2119620 enhances the affinity of
the M, receptor for iperoxo and behaves as an ago-PAM
in GTP-yS-binding and extracellular signal-regulated
kinase 1 (ERK1)- or ERK2-phosphorylation assays.
Consistent with previous homology modelling and dock-
ing studies that implicate a role for ECL2 (REFS 39,53), the
co-crystal structure reveals that the allosteric modulator
is positioned above the orthosteric ligand and interacts
with the extracellular vestibule by forming n-m inter-
actions with a tyrosine residue in the ECL2 and a tryp-
tophan residue at the top of transmembrane-spanning
domain 7 (TM7) (FIG. 1a). The ligand is further positioned
by two hydrogen bonds and a salt bridge. LY2119620
does not directly interact with iperoxo, but the two bind-
ing sites are separated only by Tyr4267*, which interacts
with both ligands. The structure of the M, receptor TMD
is largely independent of the presence of LY2119620, sug-
gesting that the allosteric binding pocket is pre-formed
when iperoxo binds. The largest change that is observed
in the presence of LY2119620 is a re-orientation of the
Trp4227% side chain to form the - interaction with
LY2119620 and a slight contraction of the allosteric
binding site. This reduction is small, however, compared
with the marked contraction of the allosteric site that is
observed upon the binding of the orthosteric agonist.
The tightening of the allosteric site upon agonist binding
is a direct effect of the inward motion of TM6, which
contacts the LY2119620, iperoxo and the G protein.
These observations are consistent with the notion that
LY2119620 enhances the binding affinity of the agonist
by slowing its dissociation; in addition, these results con-
firm that LY2119620 has poor agonist activity and affinity
for the inactive conformation of the receptor.

Allosteric antagonist bound to the CRF, receptor. No
co-crystal structure of a class B GPCR with a PAM has
been revealed. However, the corticotropin-releasing fac-
tor receptor 1 (CRF, receptor) has been co-crystallized
with a NAM, CP-376395 (REF 50). CRF1 receptors medi-
ate the response to stress and have been considered to
be a drug target for depression and anxiety. CP-376395
binds in a hydrophobic pocket in the cytoplasmic half
of the receptor, about 18 A below the orthosteric bind-
ing site of the peptide agonist or the orthosteric binding
sites of class A GPCRs (FIC. 1b). The most prominent polar
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Figure 1| Structure of GPCRs in complex with allosteric modulators. a|Interaction of a class A GPCR

(G protein-coupled receptor) — the M, subtype muscarinic acetylcholine receptor (Protein Data Bank (PDB) identifier:
4MGT) —in complex with the positive allosteric modulator (PAM) LY2119620 (pink) and the orthosteric ligand iperoxo
(white). Y177 and W422 engage the PAM via n—m interactions. Y426 separates the allosteric ligand binding site from the
orthosteric ligand binding site. b | Interaction of the class B corticotropin-releasing factor receptor type 1 (CRF, receptor)
with the allosteric antagonist CP-376395 (pink; PDB 4K5Y). The binding pocket in the intracellular half of the seven-
transmembrane domain is dominated by hydrophobic interactions. The conserved N283 forms a crucial hydrogen bond
with the ligand. c | Interaction of the class C metabotropic glutamate receptor type 1 (PDB 40R2) with the negative
allosteric modulator FITM (pink). The binding pocket overlaps with the orthosteric ligand binding site in class A GPCRs.
Itis largely hydrophobic, with T815 contributing an important hydrogen bond to the ligand.

contact is a hydrogen bond of the pyridine nitrogen with
the highly conserved Asn283>*. The ligand is separated
from the orthosteric site by a layer of residues that include
Argl65%%°, His199°4°, Met276°* and GIn355”. It is pro-
posed that, when in this location, the ligand tethers TM6
to TM3 and TMS5, thereby locking the receptor in an
inactive conformation. This proposition is supported
by the fact that CP-376395 acts as an inverse agonist in
reducing basal signalling. A series of compounds with
a range of allosteric effects are expected to bind in this
region of the receptor.

Allosteric modulation of mGIuR1. The second direct
measure of an interaction of an allosteric modulator
with the TMD has been conducted on the class C GPCR
mGluR1 (REF. 49). In contrast to the M, receptor, mGluR1
is activated by glutamate binding to a large extracellular
domain called the Venus-flytrap domain (VFD)®.
Conformational changes of the VFD are transduced via a
cysteine-rich domain (CRD) to the TMD. The TMD was
co-crystallized with a NAM called FITM?, which binds
to a pocket that is formed by the TMD and lies just above
the membrane centre (FIC. 1¢). This pocket is directly
analogous to the pocket that many orthosteric ligands
of class A GPCRs, such as iperoxo and ACh, leverage in
M, receptors. The similarity between the allosteric site
on mGluR1 and the orthosteric site on class A GPCRs
is especially striking in light of the absence of sequence
homology between these two GPCR subfamilies. Indeed,
this site similarity further reinforces the remarkable sim-
ilarities in the function and three-dimensional topology
of the crystal structures of members of the different
GPCR subfamilies that are observed, despite the rela-
tively low sequence homology between the subfamilies”.

Although the allosteric binding pocket in mGluR1
shares common features with the orthosteric bind-
ing pocket in class A GPCRs, there are also important

differences. The TMD of mGluR1 is more compact than
those of class A GPCRs®, thus limiting space and access
to the NAM binding site. The mGluR1 binding pocket
involves side chains from residues in TMD helices 2, 3,
5, 6 and 7, as well as ECL2. Consistent with the com-
pact TMD, the pocket is elongated and narrow. Ligand-
receptor interactions are dominated by tightly fitted
hydrophobic interactions; only one hydrogen bond
to Thr8157 is observed. In particular, the intracellu-
lar site of the TMD adopts an inactive conformation
which is stabilized by a salt bridge between Lys678>4¢
and Glu783%* in an analogy to the ‘ionic lock’: a salt
bridge that is observed between Arg** and the acidic
residue in the 6.30 position of class A GPCRs. This con-
formation of the TMD is consistent with FITM acting
as a NAM and suggests that FITM stabilizes the TMD
in this locked conformation. It is interesting to note
that previous mutagenesis, pharmacological and radio-
ligand-binding studies have indicated that multiple
mGluR1 NAMs bind to a common site that is not shared
by known mGluR1 PAMs***. This is in contrast to
mGluR5, where NAMs, PAMs, NALs and ago-PAMs can
all bind to a single site that is thought to be homologous
with the most prominent allosteric site for NAMs on
mGluR1 (REFS 26,44,58,60). As the structure of mGluR1
in complex with a NAM has now been elucidated, it
will be important to determine whether mGluR1 PAMs
interact with the same site as that occupied by FITM.
It will also be interesting to see whether interaction with
a PAM stabilizes a receptor conformation that prevents
the formation of the salt bridge between Lys678** and
Glu783%%, thereby disrupting the ionic lock and push-
ing the receptor into an active conformation. Such
studies — using a known structure — will hopefully
aid in translation to other mGluRs, such as mGluR2,
mGluR4 and mGluR5, that are primary drug targets for
selective PAMs.
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Optimizing synthetic GPCR allosteric modulators
The complexity of the actions of allosteric modulators
raises unique challenges for lead-optimization efforts
that are aimed at advancing these agents as drug can-
didates. As discussed below, recent studies are now pro-
viding direct evidence that GPCR allosteric modulators
can provide many of the predicted advantages over
orthosteric ligands, and an understanding of approaches
to address the complexities of allosteric modulators in
lead-optimization efforts is beginning to emerge.

Selectivity. A primary driver for the early drug discovery
efforts that were focused on allosteric modulators for
GPCRs was the hope of developing greater subtype
selectivity within the receptor classes that had previously
proved to be intractable using traditional orthosteric
approaches. For instance, multiple efforts to develop
highly selective glutamate binding-site agonists and
antagonists for any one of the eight individual subtypes
of mGluRs (mGluR1-mGluR8) had failed, probably
owing to the high conservation of the orthosteric glu-
tamate binding site across the subtypes. However, the
discoveries of the mGluR1 NAM CPCCOEt*"** and
the mGluR5 NAM SIB-1757 (REF. 63) provided the first
highly selective antagonists for any individual mGluR
subtype. These developments stimulated intense efforts
that have yielded highly selective NAMs and PAMs for
most of the eight mGIuR subtypes?-?7#%5¢4+-71 Another
major validation for achieving high subtype selectivity
came with the discovery of highly selective allosteric
agonists and PAMs for several individual subtypes of
mAChRs, including Ml (REFS 72-74), M4 (REFS 75,76)
and M, (REFS 71,77). This was especially encouraging in
light of the tremendous efforts to develop selective ago-
nists of individual mAChR subtypes in the 1990s, all of
which had failed to achieve high subtype selectivity'”*.
It is especially striking that high subtype selectivity
appears to be the norm, rather than the exception, for
many GPCR allosteric modulators. Many allosteric mod-
ulators that have been identified via screening display
subtype selectivity without further optimization and,
in other cases, medicinal-chemistry efforts have been
highly successful in achieving subtype selectivity””7s.
Furthermore, the broad profiling of a limited number of
GPCR allosteric modulators for their modulatory effects
on other GPCRs has revealed remarkable selectivity for
the intended GPCR relative to a broad range of other
receptors?*3>41L6668-7L7 However, it should be noted that
selectivity can be dependent on the assay used for assess-
ment, as well as the probe compound that is used in con-
junction with the allosteric modulator. For example, the
M,-receptor PAM LY2033298 binds to the M, receptor
and exhibits differential cooperativity, both positive and
negative, with distinct orthosteric agonists in binding
assays, as well as in functional assays such as ERK phos-
phorylation and GTP-yS binding®. Additionally, the use
of receptors from different species in the assessment of
allosteric ligand activity may also reveal differences in
cooperativity, probe dependence or ago-PAM activity,
depending on the pathway and ligand that are used®. For
instance, several mGluR1 NAM:s have been optimized
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— using cell lines that expressed either rat or human
mGluR1 — that later proved to be relatively inactive
at mGluR1 in the other species®. Likewise, LY2033298,
an M, -receptor PAM”, is highly selective for human
M, receptor over rodent M, receptor, in terms of both
affinity and cooperativity®'. Furthermore, many recep-
tors may respond to more than one endogenous ligand;
therefore, the activity of a modulator should be assessed
in the presence of different endogenous ligands. The
above points require that the activity of a compound is
carefully profiled in multiple assays, across species and
against additional ligands, as these points are key to the
interpretation of in vivo pharmacology studies.

Maintenance of spatial and temporal aspects of GPCR
signalling and the impact of ago-PAM activity. Another
potential advantage of GPCR PAMs is that these com-
pounds may preserve the normal function of endoge-
nous neurotransmitters and enhance neurotransmitter
action in a more physiologically appropriate manner.
Recent studies with mGluR5 PAMs provide direct evi-
dence that PAMs for this receptor subtype maintain
activity dependence in certain CNS circuits®. These
studies are described in BOX 1. The striking negative
impact of the loss of this advantage with compounds
that possess mGluR6 ago-PAM activity has proven to
be crucial for the optimization of mGluR5 PAMs as
potential therapeutic agents. Although the elimination
of allosteric agonist activity is not the only factor that
is important for developing safe and effective mGluR5
PAMs, efforts to optimize mGluR5 PAMs for clinical
development must strictly avoid ago-PAM activity. We
have monitored for agonist activity, using calcium-
mobilization assays in cell lines and astrocytes as well as
using brain-slice electrophysiology, to profile mGluR5
responses in the hippocampus, prefrontal cortex and
striatum. As mentioned above, the ability to detect the
ago-PAM activity of mGluR5 PAMs depends in part on
receptor expression levels and the efficiency of receptor—
response coupling®. Thus, it is important to ensure that
any potential for ago-PAM activity is assessed at different
levels of receptor expression and in native systems>*.
Although it appears to be important to avoid ago-
PAM activity for mGluR5 PAMs, the preferred profile
must be carefully considered and empirically deter-
mined for each programme or target. If tonic levels of
the endogenous agonist are low, there may be a need
for high cooperativity and ago-PAM activity to achieve
maximal efficacy. For instance, ago-PAM activity could
be beneficial in efforts to optimize M, -receptor PAMs or
M,-receptor PAM:s for the treatment of Alzheimers dis-
ease, which is associated with a loss of cholinergic neu-
rons early in the course of the disease®, or for mGluR4
PAMs for the treatment of Parkinson’s disease, in which
mGluR4 agonists have shown robust efficacy®.

Stimulus bias. GPCRs do not only exist in simple inactive
or active conformations, but activate a broad range of
signalling pathways, including both G protein-dependent
and G protein-independent signalling. Agonists can
stabilize multiple active states that can differentially
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Box 1 | Maintenance of spatial and temporal aspects of GPCR signalling

The discovery of GPCR (G protein-coupled receptor) allosteric modulators has been a welcome advance, especially
considering the number of theoretical advantages that allosteric modulators may bring relative to traditional receptor
agonists and antagonists. These advantages include the potential for achieving greater GPCR-subtype selectivity and
the benefits that may be provided by therapeutic agents that modulate the activity of endogenous neurotransmitters
in a manner that maintains the intrinsic regulatory systems that govern neurotransmitter release and cell signalling™.
This kind of modulation could maintain a more natural physiological state and reduce the chance of adverse effects
or the problems associated with receptor desensitization that are often observed with the use of traditional agonists.
In support of this latter point, Gjoni et al."”* showed that GABA, (y-aminobutyric acid type B) receptors desensitize,

in terms of both cell-surface expression and signalling, when exposed to saturating concentrations of GABA;
however, exposure to a low concentration of GABA plus a PAM (positive allosteric modulator) did not cause apparent
desensitization, despite both treatment paradigms resulting in a similar acute response. Another example has been
shown in vitro by Sanger et al.'*: rat primary cortical neuronal cultures were incubated overnight with various agonists
and PAMs for the group Il mGluRs (metabotropic glutamate receptors). In these experiments, the calcium oscillations
that were elicited in response to the group Il receptor agonist LY379268 and the mGluR2-preferring agonist LY541850
were diminished after overnight incubation with the receptor agonists; however, the responses were not altered when
the cultures were incubated with the PAM CBiPES. Finally, Parmentier-Batteur et al.'*” administered the mGluR5 PAM
CDBBP (3-cyano-N-(1,3-diphenyl-1H-pyrazol-5-yl)benzamide) daily for 7 days and compared responses after acute or
chronic treatment in an amphetamine-induced hyperlocomotion model. In these studies, CDPPB also did not alter
mGluR5-expression levels or the phosphorylation status of downstream effectors in the striatum; interestingly, this
effect was brain-region-specific and mGluR5 expression was downregulated in the frontal cortex after chronic dosing.
In this case, tolerance to CDPPB-mediated changes in electroencephalograph activity was observed. Similarly to the
effect observed in the cortex with mGIluR5 PAMs, tolerance to a PAM of the adenosine A, receptor has also been shown
to develop after 4 weeks of chronic dosing, both at the level of receptor expression and in a behavioural assay for
neuropathic pain'®. Therefore, although there are situations in which PAMs may induce less desensitization, this
potential advantage of PAMs may be target- and tissue-specific.

Another potential advantage of GPCR allosteric modulators is that these compounds may preserve the normal function
of endogenous neurotransmitters. This is especially true for PAMs, which require the normal release of the endogenous
neurotransmitters on the GPCR and enhance neurotransmitter action in a more physiologically appropriate manner.
It is hoped that preserving the normal mechanisms that regulate synaptic function could elicit fewer adverse effects
and greater efficacy than would be the case with traditional agonists, which bypass normal mechanisms for regulating
synaptic transmission. For example, mGluR5 has important roles in two opposing forms of synaptic plasticity in the
hippocampus. These include the long-term potentiation (LTP) and long-term depression (LTD) of synaptic strength,
each of which is induced by highly specific patterns of activity of glutamatergic afferents'*. When mGluR5 is activated by
glutamate that is released from the terminals of afferents that fire with low frequency, it induces LTD (or a weakening of
synaptic connections). By contrast, the activation of mGluR5 by higher-frequency theta-burst afferent activity enhances
LTP (or the strengthening of synaptic connections). In the simplest view, mGluR5 activation could enhance both forms of
synaptic plasticity and thereby enhance cognitive function. However, mGluR5 orthosteric agonists induce profound LTD
at the expense of LTP and thereby shift the balance of these forms of synaptic plasticity™**!*!. This pathological shift in the
balance of LTP and LTD occurs with increased mGluR5 signalling in fragile X syndrome (FXS) and is thought to lead to
cognitive disruption in patients with FXS**2 In contrast to orthosteric agonists, mGluR5 PAMs enhance hippocampal LTP
and LTD while maintaining the normal patterns of presynaptic activity required to induce each form of plasticity?®3'.
This provides an ideal profile for improving cognitive function, and mGluR5 PAMs enhance cognitive function in multiple
rodent models®*7>143-151,

The ability of mGluR5 PAMs to potentiate both LTP and LTD while maintaining the strict dependence on specific
patterns of activity provides an example of a clear advantage of the use of PAMs to enhance the signalling that is induced
by the endogenous transmitter. To confirm the importance of PAM versus agonist activity for this profile, Rook et al.?
optimized mGluR5 ago-PAMs that have high intrinsic agonist activity (denoted as Tp) in calcium-mobilization assays in cell
lines and astrocytes. In contrast to the pure PAMs, ago-PAMs had effects that were similar to orthosteric agonists and
induced profound LTD and prevented normal activity-dependent induction of LTP and LTD?. Furthermore, mGluR5
orthosteric agonists'*? and ago-PAMs? induced seizure activity and behavioural convulsions that were not observed
with mGluR5 PAMs that lacked allosteric agonism?.

engage different signalling pathways, thereby biasing the ~ For instance, VU0029767 and VU0090157 are selective

receptor in favour of the activation of specific signalling
pathways®**. In addition, allosteric modulators have the
potential to selectively modulate the ability of agonists
to stabilize specific active conformations of the receptor
and thereby introduce a stimulus bias that differentially
alters the effects on specific signalling pathways of the
endogenous agonist.

Over the past several years, multiple GPCR PAMs
have been shown to differentially alter signalling path-
ways that are activated by endogenous neurotransmitters.

M, -receptor PAMs, both of which induce comparable
potentiation of ACh-induced calcium mobilization in
M -receptor-positive cells. Furthermore, VU0090157
potentiates the ACh-induced activation of phospho-
lipase D (PLD) — similarly to enhancing calcium
mobilization — whereas VU0029767 has no effect on
M, -receptor-mediated activation of PLD in the same cell
background that was used in the calcium-mobilization
studies”. The M -receptor-mediated calcium mobi-
lization and activation of phospholipase C involves
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signalling through Ga, whereas PLD typically involves
the activation of Ga,, or small G proteins such as the
RAS-related protein RRAS®. Thus, it is possible that
VU0090157 potentiates the ability of ACh to stabilize
conformations that activate both signalling pathways,
whereas VU0029767 may selectively potentiate the abil-
ity of ACh to stabilize a conformation of the M, recep-
tor that couples to Ga_but is unable to form productive
signalling complexes with Ga , or small G proteins.
Although the precise roles of these signalling pathways
in different physiological and behavioural responses to
M -receptor activation are not known, closely related
M -receptor PAMs that have such striking differences
in their effects on M, -receptor signalling could have
fundamentally different effects on animal behaviour
and could display distinctions in therapeutic efficacy or
adverse-effect liability. Similar examples of biased signal-
ling in cell lines have now been observed for PAMs that
act at multiple GPCR subtypes, including M . receptors®,
mGluRs”", calcium-sensing receptors’>* and cannabi-
noid receptors®. In addition, there are now multiple
examples of NAMs that selectively inhibit specific sig-
nalling pathways that are activated by the endogenous
agonist. This includes biased or functionally selective
NAMs for mGIuR7 (REF. 95), prostaglandin D, recep-
tors® and substance K (also known as neurokinin 2)
receptors”. The unique potential of GPCR NAMs to
selectively inhibit agonist effects on specific signalling
pathways is not shared by orthosteric antagonists and
provides an exciting opportunity to develop biased
NADMs that target the pathways that are most crucial for
achieving a therapeutic effect.

Most examples of biased signalling with GPCR
modulators have been observed in cell lines that express
recombinant receptors. However, recent studies reveal
that mGluR5 PAMs can display stimulus bias in CNS
preparations, and this directly affects the functional
response to different mGluR5 PAMs. As discussed
above, mGluR5 PAMs have been a major focus for the
development of novel agents for reducing positive symp-
toms and enhancing cognitive function in patients with
schizophrenia. One possible effect of mGluR5 activa-
tion in the CNS that could be important for the thera-
peutic efficacy of mGluR5 PAMs is the potentiation of
currents through the NMDA (N-methyl-p-aspartate)
subtype of ionotropic glutamate receptors and an
NMDA-receptor-dependent form of synaptic plasticity
that is termed long-term potentiation (LTP). However,
increased activation of NMDA receptors can also lead
to excitotoxicity and cell death, and it is possible that
the mGluR5-mediated potentiation of NMDA-receptor
currents contributes to the cell death and toxicity in the
CNS that has been observed with some mGluR5 PAMs.
Interestingly, a novel mGluR5 PAM known as NCFP
potentiates multiple mGluR5-mediated responses in
both recombinant and native systems, but does not
potentiate mGluR5-mediated enhancement of hippo-
campal LTP%, suggesting a strong bias or context-
dependent pharmacology that could have an impact
on the in vivo effects of mGluR5 PAMs. More recently,
VU0409551 was optimized as a novel mGluR5 PAM that
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potentiates multiple responses to mGluRS5 activation but
does not potentiate hippocampal LTP or mGluR5 cou-
pling to the modulation of NMDA-receptor currents
in hippocampal neurons”. Interestingly, VU0409551
has robust antipsychotic-like effects and enhances
hippocampal-dependent cognitive function in multiple
animal models. VU0409551 does not induce adverse
effects such as seizures, and does not induce cell death
in the CNS at doses tenfold greater than those needed
for efficacy in rodent models. These studies suggest that
biased mGluR5 PAMs that retain efficacy in rodent mod-
els, despite not potentiating NMDA-receptor currents,
can be optimized. Such biased mGluR5 PAMs could pro-
vide an advantage in avoiding NMDA-receptor-mediated
adverse-effect liability and CNS toxicity.

Although the ability of allosteric modulators to confer
or introduce stimulus bias presents potential opportuni-
ties to develop more highly selective drug candidates, the
potential for stimulus bias also introduces complexities
for the optimization of GPCR allosteric modulators as
therapeutic agents. Signalling in the CNS is complex
and a given GPCR can couple to different signalling
partners in different cell populations. In most cases, we
do not have a clear understanding of the specific signal-
ling pathways that are crucial for therapeutic efficacy
or that mediate adverse effects. However, it is generally
agreed that understanding signalling bias may ultimately
become crucial for reducing failures in predicting drug
efficacy; definitively linking a given pathway to a desired
pharmacological response will certainly be one of the
horizons of GCPR drug discovery.

In the absence of this understanding, however, perhaps
a more practical approach is to proceed in parallel, by
optimizing compounds that have no apparent stimulus
bias. Inadvertent optimization of allosteric modulators
that induce an unrecognized stimulus bias could lead
to the discovery of compounds that are potent and
have high efficacy in the cell-based assay used to drive
chemical optimization, but display an unexplained lack
of efficacy in native systems, in vivo models or clinical
studies. For instance, early optimization of a series of
mGluR7 NAMs using a calcium-fluorescence assay
yielded highly selective NAMs with nanomolar potency,
that nonetheless failed to block functional responses to
mGluR7 activation in the hippocampal formation®. This
context-dependent NAM activity was initially missed
when a single assay for mGluR7 function was used,
but became evident when the effects of these mGIuR?7
NAMs were investigated in other cell-based assays and
native tissues. Although it is not practical to incorporate
a broad range of functional assays in a rapidly advancing
chemistry programme, the potential for unknowingly
optimizing biased modulators can be largely mitigated
by establishing multiple assays of receptor signalling in
order to choose initial hits and scaffolds that are devoid
of biased signalling. These assays can then be used at key
points during the optimization effort, especially follow-
ing major structural changes to a chemical scaffold, to
ensure that the chemistry does not inadvertently intro-
duce bias into a lead series. Although the assays that are
used may not entirely reflect the unknown signalling
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pathways in the CNS that are required for efficacy, this
strategy favours the optimization of compounds that
potentiate a range of pathways that are engaged by the
target receptor. In cases where the optimization of biased
compounds is desired, it is crucial to include assays to
detect bias in the CNS circuits that are being targeted,
as — depending on the specific cell population — a
given receptor may engage a given signalling pathway
via multiple mechanisms.

Modulation of affinity versus efficacy. In addition to the
potential for inadvertently optimizing compounds that
differentially modulate the coupling of a receptor to dis-
tinct signalling pathways, it is also possible to optimize
allosteric modulators that have effects on agonist affinity
that do not predict functional changes in receptor activ-
ity. Because allosteric modulators can modulate both
agonist affinity and coupling efficiency, it is possible
for an allosteric modulator to have differential effects
on the affinity versus the efficacy of a given orthosteric
agonist. A prominent example of this is the case of the
cannabinoid type 1 (CB,) receptor allosteric modula-
tor Org27569, which is an allosteric enhancer of ago-
nist binding, but an allosteric inhibitor of CB, receptor
coupling efficiency, and functionally acts as a NAM'®.
Another CBl receptor modulator, PSNCBAM-1, has
PAM-like effects on a, but functions as a NAM owing
to negative cooperativity with respect to the modula-
tion of B'*". Thus, the use of measures of potentiation of
agonist binding to drive SAR optimization could yield
compounds that display orderly SARs for PAM activity
when assessed with agonist binding but that act as
functional NAMs or have a range of functional actions,
including NAM-like, NAL-like or PAM-like activities,
that bear no relationship to the effects on agonist affinity.
Because of this potential, it is crucial to use functional
measures of allosteric modulator activity to drive the SAR
in lead-optimization efforts.

Differential effects of allosteric modulators on GPCR
homodimers versus heterodimers. Numerous GPCRs
have been reported to form functional dimers in vitro.
Among the class A GPCRs, related members of the
same subclass, such as the melatonin receptors MT1
and MT, (REFS 102,103), or members from different
families, such as the adenosine A and dopamine D,
receptors'®, can form heterodimers in cell lines. Several
other class A GPCR pairs also interact in expression
systems'®'%” and evidence suggests that heteromers
and homomers of class A GPCRs can exhibit distinct
orthosteric pharmacological profiles'® and signalling
properties'®!® and induce different cell-trafficking
characteristics'®''. However, to date, most studies of
class A GPCR heteromers have been performed in cell
lines, and so the extent to which class A GPCRs func-
tion as heteromers in native systems is not yet clear'®.
Also, although multiple studies reveal different effects
of orthosteric ligands at homomeric versus heteromeric
forms of class A GPCRs, the effect of the heteromeric
assembly of the other classes of GPCRs on the responses
to allosteric modulators has not been extensively studied.

There are examples of heteromeric interactions between
class B GPCRs (reviewed in REF. 112); in some cases these
have been identified as hetero-oligomerizations rather
than dimerizations. Many class B GPCRs, such as the
calcitonin gene-related peptide (CGRP) receptor and
the secretin receptors, form complexes with accessory
proteins that are known as receptor activity-modifying
proteins (RAMPs). Although class B GPCRs do not truly
heterodimerize, these important RAMP interactions can
control class B GPCR trafficking and pharmacology. In
the case of CGRP receptors, co-assembly with distinct
RAMPs creates pharmacologically distinct receptors
that respond to different endogenous peptides or small-
molecule ligands'*2. The clinically used (non-allosteric)
antagonists olcegepant and telcagepant interact with the
CGRP receptor when it is bound to RAMP1, but not
RAMP2 (REF. 112).

In contrast to the class A GPCRs, some class C
GPCRs, including the GABAB receptors, require assem-
bly into a heteromeric form for normal function'**!*,
whereas other class C GPCRs, such as the mGluRs, can
function as constitutive homodimers'*. However, recent
fluorescence resonance energy transfer (FRET)-based
studies demonstrated that specific subgroups of mGluRs
(groups 1, 2 and 3) can also interact as heterodimers in
cell lines''¢. These findings were extended to evaluate
the effects of allosteric modulators on putative hetero-
dimers after co-expression of mGluR2 and mGluR4
in rat superior cervical ganglion cells'”. These studies
confirmed that mGluR2 and mGluR4 can interact in
this cellular background and suggested that the occu-
pation of only one orthosteric site (that is, either the
mGluR2 or mGluR4 protomer of the dimer) was insuf-
ficient to activate the dimer, but that co-application of
orthosteric agonists that were selective for mGluR2
and mGluR4 induced functional heterodimer activity.
Interestingly, an mGIluR2 NAM, Ro 64-5229, was inef-
fective in blocking glutamate responses in cells that
expressed both mGluR2 and mGluR4. This result had
been predicted from previous work using receptor
mutagenesis that suggested that both protomers of an
mGluR must be occupied by a NAM to block signal-
ling from the extracellular domain''®'". Intriguingly,
however, these experiments presented the first evidence
that the mGluR2 PAM BINA and the mGluR4 PAMs
PHCCC and VUO0361737 do not appear to potentiate
agonist activation of mGluR2-mGluR4 heterodimers. In
addition, simultaneous application of an mGluR2 PAM
and an mGluR4 PAM did not restore potentiation, sug-
gesting that the mGluR2-mGluR4 heterodimer has a
unique pharmacological profile in its response to allos-
teric modulators that is clearly distinct from homomeric
mGluR2 or mGluR4 receptors.

More recently, these studies were extended in cell
lines and native tissues in order to further our under-
standing of the unique profile of allosteric modulators
on mGluR2-mGluR4 heterodimers and to provide
evidence that this heterodimer may have a unique role
that is distinct from that of homomeric mGluR2 and
mGluR4 receptors in regulating activity in certain brain
circuits'®. Studies in human embryonic kidney 293
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Figure 2 | Heterointeractions between mGluR subunits differentially alter the
pharmacology of allosteric modulators. a|Expression of metabotropic glutamate
receptor type 4 (mGluR4; beige receptor) alone results in potentiation of responses to
glutamate (blue circle) by PAMs (positive allosteric modulators; green hexagon) such as
PHCCC and 4-PAM2 (left graph of the panel). Co-expression of mGluR2 (blue receptor)
results in a loss of PHCCC- or 4-PAM2-induced potentiation of the response to
glutamate (middle graph). When an mGluR2-selective agonist (red circle) is used

to activate responses in cells that express mGluR2 and mGluR4, no potentiation

by PHCCC or 4-PAM2 is observed (right graph). b | PAMs such as VU0155041 or

Lu AF21934 (yellow hexagon), which are known to interact with a distinct site on the
mGluR4 protein, are able to potentiate glutamate responses at mGluR4 homomeric
receptors (left graph of the panel). In contrast to PHCCC and 4-PAM2, the potentiation of
the glutamate response by VU0155041 or Lu AF21934 is retained in the presence

of mGluR2 (middle graph) and these PAMs are also able to shift the response curve of
an mGluR2-selective agonist markedly to the left (right graph), suggesting that there

is transactivation between the two sides of the receptor dimer.
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(HEK293) cells confirmed that mGluR4 PAMs, such
as PHCCC and 4-PAM2, induced robust potentiation
of mGluR4 responses when the mGluR4 was expressed
alone, but were inactive as potentiators on the mGluR2-
mGluR4 heterodimer'® (FIC. 2). By contrast, other PAMs,
represented by VU0155041 and Lu AF29134 (REF. 69),
exhibited robust or even enhanced PAM activity on the
mGluR2-mGluR4 heterodimer. Interestingly, PHCCC
and 4-PAM2 are thought to bind to an allosteric site
in the TMD of mGluR4 that is distinct from the TMD
site that is occupied by VU0155041 and Lu AF21934
(REF. 121). Modelling of the experimental results using the
operational model of allosterism suggested that PHCCC
and 4-PAM?2 exhibited the same affinity regardless of
whether homodimers or heterodimers were present, but
showed aloss of cooperativity with orthosteric agonists.
By contrast, VU0155041 and Lu AF21934 actually exhib-
ited reduced affinity, but an increase in cooperativity, for
the heterodimer. Importantly, these studies revealed that
PAMs in the same class as VU0155041 and Lu AF21934
could weakly, but significantly, potentiate the activity of a
selective mGluR2 agonist, suggesting that transactivation
may occur between the two receptors within the dimer
(FIG. 2¢). This proposed transactivation was further sup-
ported by the ability of an mGluR2 NAM, MNI 137, to
non-competitively block the response of the heterodimer
to an mGluR4 agonist'*.

The capacity of mGIluR2 and mGluR4 to form a
pharmacologically unique heterodimer is especially
interesting in light of previous studies that revealed that
these receptors are co-expressed in specific brain circuits,
such as at the synapses of neurons that originate in the
cortex and project to the striatum (corticostriatal syn-
apses). mGluR2 and mGluR4 can be co-immunoprecip-
itated using subtype-selective antibodies from cultured
cell lines and from cortical and striatal brain tissue from
mice and rats'®, suggesting a potential interaction of the
proteins in these regions. Interestingly, PHCCC, which
potentiates mGluR4-mediated but not mGluR2-mGluR4
heterodimer-mediated responses in cell lines, did not
potentiate responses to mGluR4 agonists at the corti-
costriatal synapse'”. By contrast, both of the mGluR2-
mGluR4 heterodimer PAMs — Lu AF21934 (REF. 69) and
VU0155041 (REF. 120) — induced robust potentiation
of the response to an mGluR4 agonist. The finding that
no potentiation was observed with PHCCC suggested
that, as in cell lines, the mGluR2-mGluR4 interaction
may be dominant, particularly over mGluR4 homodi-
mers, whenever mGluR2 and mGluR4 are co-expressed.
In contrast to the lack of efficacy of PHCCC at the corti-
costriatal synapse, this mGluR4 PAM induces strong
potentiation of responses to mGluRS5 activation at several
other central synapses where mGluR4 is likely to function
as a homodimer®'?>'%, Together with previous studies,
these observations provide strong evidence that mGIluR2
and mGluR4 can function as pharmacologically distinct
homodimers or mGluR2-mGluR4 heterodimers, each of
which has distinct functions in the CNS. This suggests
that a revision of our view of mGluR function and the
pharmacology of mGluR allosteric modulators is war-
ranted, and that an increased focus on understanding

NATURE REVIEWS ‘ DRUG DISCOVERY

VOLUME 13 | SEPTEMBER 2014 | 701

© 2014 Macmillan Publishers Limited. All rights reserved




REVIEWS

mGluR heterodimerization will help to ensure that
compounds with the highest potential for efficacy are
developed. Additionally, it may be possible to tailor drug
development to either engage or avoid heterodimers,
potentially limiting adverse effects. Finally, an apprecia-
tion of the complexity of heterodimerization is needed
to understand and interpret the results of studies of the
effects of allosteric modulators in native systems.

Complexities in allosteric modulator optimization
The new insights into allosteric modulator function that
are outlined above highlight the need to address the com-
plexities that are associated with biased signalling, with
the effects of receptor expression on ago-PAM versus
pure PAM activities, with species specificity, with dif-
ferential effects on affinity versus efficacy and with the
potential impact of heterodimer formation. In addition,
allosteric modulators have notoriously shallow SARs and
exhibit fundamental changes in their modes of efficacy
(known as ‘molecular switches’) upon minor structural
changes to the scaffold!*”#2+12¢, Although these issues
raise challenges, each can be managed in a practical way
to allow lead-optimization efforts to advance strong
candidates for development.

The propensity of structurally similar ago-PAMs,
PAMs, NAMs and NALs to be produced from a given
allosteric-modulator chemotype has been termed mode
switching, and the subtle underlying structural changes
that elicit these divergent outcomes are often referred
to as molecular switches. The concept of molecular
switches can also be extended to encompass small
changes to a ligand that modulate its receptor-subtype
selectivity?»!>"%, In a lead-optimization campaign,
it is important to avoid chemical series that possess a
strong propensity for molecular switching, as this can
complicate the SAR, and the metabolites that are gener-
ated in vivo can switch the mode of pharmacology or
alter receptor-subtype selectivity®. To rapidly identify
molecular switches, we and others have utilized a ‘triple
add’ screening paradigm, for both high-throughput
screening and primary screening, that allows the detec-
tion of agonist, PAM and antagonist activity in a single
screen®”*!. We first noted molecular switching within a
series of mGluR5 NAMs that were based on a hetero-
biarylacetylene chemotype'**'?. Here, subtle structural
modifications converted a partial NAM (compound 1)
into either a full NAM (compound 2) or a potent PAM
(compound 3) (FIC. 3a). The fact that the addition of a
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Figure 3| ‘Molecular switches’ within GPCR allosteric ligands. a|The first report of molecular switches within the
classical biarylacetylene core, where subtle changes convert an mGluR5 (metabotropic glutamate receptor type 5) partial
antagonist (compound 1; which fully occupied the allosteric site but decreased an 80% maximal effector concentration,
EC,, toonlyanEC, ) to either a potent NAM (negative allosteric modulator; compound 2) or a PAM (positive allosteric
modulator; compound 3). b | The first example of an in vivo cytochrome P450 (CYP)-mediated molecular switch of a pure
mGIluR5 PAM (compound 4) into a potent ago-PAM (compound 5) that engendered adverse events. ¢ | Exploiting a scaffold
with a propensity for molecular switches to gain access to ligands for another receptor subtype. Here, a potent mGluR5
PAM with weak mGluR3 NAM activity (compound 6) is modified, via a para-methoxy (p-OMe) molecular switch, into the
first selective, potent mGluR3 NAM (compound 7) which can also penetrate the central nervous system. Glu Max, maximal

response to glutamate; IC, , half-maximalinhibitory concentration.
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Figure 4 | ‘Flat’ SARs. The prototypical scaffold of BQCA (compound 8), which is an M, muscarinic acetylcholine
receptor PAM (positive allosteric modulator), was shown to possess a notoriously ‘flat’ or ‘shallow’ structure—activity
relationship (SAR). An initial chemical-optimization effort afforded hundreds of analogues (including compound 9) in
which R1 and R2 were not fluoro substituents that had very low success rate in potentiating M -receptor-mediated
calcium mobilization in cell lines (fewer than 5% of compounds were active). Application of the ‘fluorine walk’ identified
multiple regions in which fluorine atoms were tolerated and improved M, -receptor potency, such as in compound 10.

A subsequent re-optimization campaign with the optimal fluorine atoms in place was highly productive and led to the
discovery of potent M, -receptor PAMs, such as compound 11. The inset summarizes the effects of modifications of

different regions of the BCQA scaffold on different components of the PAM response. EC

half-maximum response; pK|, dissociation constant.

- effector concentration for

small polar moiety in compound 3 had such a profound
effect on pharmacology led us to evaluate the oxidative
metabolites of allosteric modulators. Indeed, oxidative
metabolism converted a pure mGluR5 PAM (com-
pound 4) into a potent mGluR5 ago-PAM (compound 5)
that engendered marked adverse events in vivo that were
attributable solely to the switch in pharmacological mode
of the metabolite to an ago-PAM? (FIG. 3b).

In addition to mode switches, SARs are notoriously
shallow for GPCR allosteric modulators, and subtle elec-
tronic or steric perturbation of a ligand often leads to a
complete loss of activity, dramatically complicating the
drug metabolism and pharmacokinetic (DMPK) and
chemical optimization for clinical candidates'®”®!24-126,
The literature in this area is filled with examples in
which the synthesis of thousands of compounds yields
libraries in which less than 10% of the compounds are
active as allosteric modulators, with subtle steric or
stereoelectronic changes abolishing activity (for example,
see REF. 131); yet, there are also cases wherein the SAR is
robust and tractable!*’#!2412 Therefore, for the chemi-
cal optimization of allosteric ligands, focused iterative
library synthesis provides a distinct advantage over
traditional singleton approaches; moreover, multiple
dimensions of a scaffold must be surveyed to identify

regions that can tolerate modification. As SARs for
allosteric modulators are often extremely shallow or
flat, the strategy of ‘walking’ fluorine atoms around an
allosteric ligand has achieved some success in identify-
ing positions that are tolerant to change; moreover, once
structural changes are incorporated into the core, opti-
mization efforts are typically more fruitful, as illustrated
by the M, -receptor PAM BQCA (compound 8), and ana-
logues 9-11 (REFS 72,132,133) (FIC. 4). It is important to
consider that the composite potency value for a PAM
(the effector concentration for half-maximum response;
EC,)) at a fixed concentration of agonist is not derived
from a single ligand-receptor interaction, but rather a
composite of the multiple pharmacological parameters
that have been outlined above (1,, a and ) as well as the
dissociation constant (pK,), all of which are subject to
unique SARs!*7#124-12613 Digsecting the individual con-
tributions of each parameter to the composite EC,_ of the
M, -receptor PAM BQCA (compound 8) and its related
analogues — a series with very flat SAR (based on com-
posite EC,)) — showed that the SAR of this series was
actually robust and markedly enriched the understand-
ing of flat allosteric SARs"*. FIGURE 5 shows our current
approach to allosteric-modulator chemistry and profil-
ing, with a balance between driving improvements in
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the SAR with a primary measure of compound potency
and extensively profiling select compounds to widen our
understanding of compound pharmacology.

Flat SARs represent further challenges in attempts
to optimize the DMPK profile of an allosteric ligand.
Whereas subtle steric or stereoelectronic modifica-
tions often abolish potency, blocking sites of oxidative

metabolism or introducing chemical ‘shunts’ is not
possible. For example, the selective mGluR3 NAM
(compound 7) underwent rapid cytochrome P450
(CYP)-mediated O-dealkylation of the para-methoxy
moiety, which is the essential switch for mGluR3 NAM
activity®. All attempts to block or slow metabolism with
steric and electronic approaches led to a loss of mGluR3

Hit explosion,
4-6 series in parallel

l

Potency, % max determinations
at human or rodent receptors,
/ assess for switches

Poor SAR

Good SAR

Select compounds

Efficacy assessment —_—

ive fold
rational modelli
il

DMPK profiling:
protein binding,
clearance,

CYP profile,
brain penetration

Multiple assay profiling
(2-3 assays), multiple probes,
radioligand binding

—_— or probe depend

No bias or probe dependence

esired proper

‘ Native tissue or in vivo assessment ‘

=

Figure 5| An approach for the chemical optimization of allosteric modulators. Our approach has been to drive an
iterative chemistry effort primarily from the determination of the EC,  (effector concentration for half-maximum response)
and maximal responses to an allosteric modulator. In the majority of cases, the most well-characterized endogenous
ligand is used; in situations in which more than one endogenous ligand exists, profiling should include all relevant
endogenous ligands, at least with selected compounds. Although the ‘% max’ values that are determined in this manner
may be artificially capped (that is, the maximal response induced by the compound has reached the maximal response
of the system), this capping can serve as an initial triage step to rank compounds as having ‘high’ versus ‘low’ efficacy.
Such ranking can be validated with an efficacy experiment in which a constant amount of compound is incubated with
increasing concentrations of orthosteric ligand (‘fold shift’). Selected compounds can then be progressed to produce
concentration-response curves to examine the effects of multiple concentrations of allosteric modulator in the presence
of a full orthosteric agonist. Application of the operational model of allosterism can then be used to predict compound
affinity in the functional assay to be used for assessment. Additional profiling in other functional assays can be used

to assess ligand bias; at this stage it is important to consider non-G-protein-dependent assays, such as p-arrestin
recruitment. If an allosteric or orthosteric radioligand is available, compounds can be further profiled for displacement
or effects on radioligand affinity. Intentional optimization of compounds with distinct in vitro profiles (signal bias, probe
dependence) can then be pursued, with the goal of translating these properties into native or in vivo system models,
such as for brain-slice electrophysiology or behavioural studies. Additionally, compounds with differential profiles can be
tested for adverse effects to try to understand if a signalling profile that has been identified in vitro may predict efficacy
and/or adverse effect profiles. Additional libraries of compounds can then be synthesized by rapidly identifying tractable
structure—activity relationships (SARs) and using deuterium labelling or fluorine walk strategies to address the common
finding that allosteric ligands often lose activity or switch pharmacology at the target with chemical modification.

In parallel, drug metabolism and pharmacokinetics (DMPK) analyses (including the profiling of possible cytochrome-P450
(CYP) interactions and blood-brain barrier permeability) should be ongoing to identify compounds with the highest
likelihood to progress.

Chemistry
and DMPK

Library-based chemistry,
deuterium labelling,

\ flourine walk
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NAM activity. Ultimately, replacing the CH, group with
CD, maintained mGluR3 activity and decreased metabo-
lism, enabling in vivo proof-of-concept studies®. Based
on the results from such studies, blocking metabolically
labile sites with deuterium has emerged as a powerful tool
in the allosteric medicinal-chemistry toolkit for successful
optimization.

After a decade of effort in this arena, several principles
have emerged for the successful chemical optimization of
allosteric ligands for GPCRs'7#124712_First, it is beneficial
to perform primary assays in ‘triple add’ mode, or to use
another strategy to capture ligands with a propensity for
‘molecular switches’; such ligands or chemotypes should
be avoided for lead optimization. In the same vein, owing
to potential species differences, the optimization screen-
ing plan needs to include cell lines from humans as well
as other species, and chemotypes that display strong
species bias should be deprioritized to accelerate clinical
development. Second, multi-dimensional iterative paral-
lel synthesis — as opposed to singleton synthesis — and
early introduction of the fluorine walk are both highly
recommended to rapidly identify productive SARs and
series for advancement. Third, major metabolites of allos-
teric ligands must be synthesized and evaluated to ensure
that no CYP-mediated molecular switches are present; if
any are, the series should be discarded. Using deuterium
to block metabolic ‘soft’ spots has emerged as an attrac-
tive strategy to improve disposition while maintaining
target potency. Fourth, to avoid potential adverse events,
or for instances where ago-PAM activity is desired, the
chemical lead optimization should be driven in cell
lines with low receptor expression and cross-checked in
native systems. Fifth, in terms of stimulus bias, it is best to
choose scaffolds with no evidence of stimulus bias unless
the bias can be rationally understood from a biological
perspective. Finally, as different allosteric ligands can act
at the same, partially overlapping, or distinct allosteric
sites, radio- and PET-ligand efforts should be developed
in the same chemical series as the candidate and the can-
didate should be confirmed — using extensive in vitro
profiling to ensure accurate occupancy data — to act
competitively.

Conclusions

The discovery and development of allosteric modulators
for GPCRs that are expressed in the CNS has advanced
considerably over the past decade. The isolation of the first
crystal structures of class A, class B and class C GPCR

REVIEWS

representatives, particularly in complex with allosteric
ligands, will undoubtedly open new avenues for the
development of therapeutics for this important family of
drug targets. Careful attention to issues such as signal bias,
molecular switching, the generation of pharmacologically
active metabolites and complex native-tissue or in vivo
pharmacology will push the field closer to the realization
of allosteric modulation as a path forward for the devel-
opment of therapeutics for some of the most challenging
human neurological and psychiatric disorders.

What will the next decade of allosteric modulator
pharmacology bring? The finding of a highly conserved
binding site for allosteric compounds in the same region
of many GPCRs suggests that this site — or allosteric
sites in general — may not be accidental. The potential
discovery of ‘natural” allosteric ligands raises the ques-
tion of what may be the ‘true’ orthosteric ligand and
raises interesting queries regarding the physiological
implications of the ability of synthetic small molecules
or therapeutic antibodies to displace potential endog-
enous allosteric compounds. The observation that
heterodimers with drastically different pharmacologi-
cal responses exist suggests that there will be multiple
opportunities to tailor drug development to specific
receptor heteromers; it will be paramount to under-
stand which combinations are required for efficacy, to
ensure that these combinations are recapitulated in the
human brain and to identify combinations that might
be rationally avoided to limit adverse effects. Although
at present the complexities of signal bias represent a
challenge for the medicinal-chemistry campaigns for
allosteric modulators and should be avoided until they
have been better understood and translated in vivo, the
field of pharmacology must take on the challenge of this
fascinating area of GPCR biology to eventually translate
allosteric modulators into the most highly effective and
minimally toxic therapeutics. Despite the challenges and
caveats in allosteric-ligand development, the advantages
of allosteric modulation of GPCRs are clear and provide
exciting new opportunities for the discovery of novel
agents for the treatment of CNS disorders and other
diseases in humans.

Note added in proof

While the present manuscript was under review, a
structure of the metabotropic glutamate receptor 5
transmembrane domain in complex with the negative
allosteric modulator mavoglurant was published'®*.
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