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Abstract

Allosteric modulation of GPCRs has initiated a new era of basic and translational discovery, filled
with therapeutic promise yet fraught with caveats. Allosteric ligands stabilize unique
conformations of the GPCR that afford fundamentally new receptors, capable of novel
pharmacology, unprecedented subtype selectivity, and unique signal bias. This review provides a
comprehensive overview of the basics of GPCR allosteric pharmacology, medicinal chemistry,
drug metabolism, and validated approaches to address each of the major challenges and caveats.
Then, the review narrows focus to highlight recent advances in the discovery of allosteric ligands
for metabotropic glutamate receptor subtypes 1-5 and 7 (mGlu 1_s57) highlighting key concepts
(“molecular switches”, signal bias, heterodimers) and practical solutions to enable the
development of tool compounds and clinical candidates. The review closes with a section on late-
breaking new advances with allosteric ligands for other GPCRs and emerging data for endogenous
allosteric modulators.
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1. INTRODUCTION

1.1. Historical Overview of Allosteric Modulation

In recent years, the conformational flexibility of various proteins and receptors has been
exploited to identify ligands that modulate pharmacological function by actions at
topographically distinct binding sites (i.e., an allosteric site) other than the defined,
regulatory site of the endogenous ligand/neurotransmitter/agonist (i.e., the orthosteric
site).112 There is no question that allosteric modulation is a “hot” and dynamic area of
research, with new insights and innovations reported at an ever-increasing rate. The concept
of allosteric modulation was posited over 50 years ago; however, the field lacked the
technology and tools to capitalize on its promise until the late 1990s. Indeed, the birth of the
field was 1965, with the proposal of allosterism by Monod, Wyman, and Changeux to
describe the actions of ligands and conformational selection mechanisms within bacterial
regulatory enzymes.1~13 At around the same time, the benzodiazepines, or BZDs (1, Figure
1), were among the first approved drugs for the treatment of disorders of the central nervous
system (CNS) and shown to be allosteric modulators of GABA, receptors, ligand-gated
chloride-selective ion channels that are activated by y-aminobutyric acid (GABA).14
Whereas direct agonists of GABA receptors are excitotoxic, allosteric modulation of
GABA receptors by the BZDs has proven to be both effective and well-tolerated.14
Moreover, the BZDs display a wide range of molecular pharmacological profiles including
positive allosteric modulators (PAMs) that potentiate GABA receptor response to GABA,
negative allosteric modulators (NAMS) that non-competitively decrease channel activity, and
neutral allosteric ligands (NALs, formerly referred to as silent allosteric modulators or
SAMs) that occupy the allosteric site yet elicit no functional response but can block the
action of PAMs and NAMs.1-12.14 These exciting findings fundamentally altered our
thinking of target modulation beyond traditional approaches and were expanded to other
challenging and/or intractable molecular targets. This novel strategy has now been applied to
a diverse breadth of regulatory proteins, including ion channels, caspases, kinases,
phospholipases, and G protein-coupled receptors (GPCRs) with great success, providing key
proof-of-concept compounds, clinical candidates, and marketed therapeutics.212 Despite its
far-reaching, holistic impact, allosteric modulation has truly transformed GPCR research and
GPCR-focused drug discovery. Although many excellent reviews have covered various
aspects of GPCR allosteric modulation,1~12 we focus here on new discoveries and lessons
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learned en route to optimizing key in vivo proof-of-concept tool compounds and preclinical
candidates.

1.2. Allosteric Modulation of GPCRs

G protein-coupled receptors (GPCRs), also commonly referred to as seven transmembrane
spanning receptors (7TMRs), have been and remain staples as targets for drug
discovery.1-12.15.16 Classical approaches of target modulation focused on orthosteric ligands
(agonists, competitive antagonists, and inverse agonists); these ligands constitute up to 40%
of historically marketed drugs, and of the 19 top-selling drugs through 2013, seven targeted
GPCRs.1-1215.16 The top-selling drug of 2014 was aripiprazole (2, Figure 1), a dopamine
receptor partial agonist, with worldwide sales in excess of $9 billion.1” Moreover, recent
years have seen a plethora of fundamentally new paradigms and technologies to drive GPCR
drug discovery.18 Despite the success of GPCRs as a druggable target class, many efforts
have failed to identify selective ligands based on the high evolutionary conservation of the
orthosteric binding site.1~12 In addition, for many GPCRs, agonists are not tolerated as
chronic therapeutics; therefore, alternative strategies are required to safely and selectively
activate receptors.1=12 As X-ray crystal structures and cocrystals with orthosteric and/or
allosteric ligands are increasingly available, GPCR ligand optimization is embracing
structure-based drug design and subsequently providing the next generation of homology
models for in silico screening.1? Advances in molecular pharmacology and screening have
propelled the discovery and development of allosteric modulators, biased ligands, and
designer receptors exclusively activated by designer drugs (DREADDs),19:20 while
deepening our conceptual understanding and utilization of signal bias along with divergent
ligand profiles targeting GPCR heterodimers.10 Of all of these advances, allosteric
modulation is the front runner, with allosteric ligands reported across the four major GPCR
families (families A, B, C, and F) that overcome major limitations and liabilities of their
orthosteric congeners (nondrug-like properties, limited CNS exposure, peptidic ligands,
subtype and/or GPCR-nome selectivity, desensitization, down-regulation).112 At present,
there are two marketed drugs that allosterically modulate GPCRs, cinacalcet [Sensipar, 3, a
PAM of the calcium-sensing receptor (CaSR)]%! and maraviroc [Selzentry, 4, a C-C
chemokine receptor 5 (CCR5) NAM],22 further validating the pharmacological approach
(Figure 1). Moreover, multiple allosteric modulators are in clinical development:10 reparixin
(5, a CXCR1 and CXCRy NAM in Phase 11/111); multiple mGlus NAMs in Phase Il or Phase
I11 [mavoglurant (6), dipraglurant (7), STX107 (structure not disclosed), basimglurant (8),
fenobam (9)]; several mGlu, PAMs in Phase Il or Phase 111 [ADX71149 (10), JNJ-40411813
(11), and the tracer [11C]-42491293 (12)]; a dual mGluy;3 PAM [AZD8529 (13) in Phase I1];
and finally, an My PAM (MK-7622 recruiting in Phase 1, structure not disclosed).23-26
Behind these, the preclinical pipelines of numerous academic and industrial laboratories are
filled with allosteric modulators targeting various GPCRs.1-12

1.3. Pharmacological Considerations with Allosteric Modulation of GPCRs

GPCRs, highly flexible proteins that are continuously sampling new conformations within
the lipid bilayer, are ideal targets for allosteric modulation.1~12 It is important to note that,
when bound by both the orthosteric and allosteric ligands, the GPCR is in effect a new

receptor species, capable of diverse and potentially non-native signaling and function.1-12
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This phenomenon can be exploited in drug discovery (vide infra), if the requisite secondary
assays are in place. Moreover, allosteric ligands can induce a broad range of
pharmacological modes of action upon binding to the GPCR. Like the BZDs, PAMs and
NAMs stabilize conformations of the GPCR that enhance and diminish, respectively, the
functional response elicited by the orthosteric ligand.1~12 In addition, the affinity of the
GPCR for the orthosteric ligand and/or its efficacy can be modulated by PAMs and NAMs,
as can the activity of the receptor on downstream signaling cascades in the absence of
orthosteric agonist. NALs have also been reported for GPCRs, wherein these ligands occupy
the allosteric site and induce no functional response but block the functional activity of both
PAMs and NAMs.1~12 PAMs can also function as pure PAMs, devoid of receptor activation
irrespective of receptor expression in cell lines or native preparations, or ago-PAMs, wherein
the ligand induces allosteric agonism, to varying degrees, in the absence of orthosteric ligand
but also potentiates activation of the GPCR when the orthosteric ligand binds.1~12 In certain
instances, where the basal “tone” might be low, an ago-PAM could be advantageous,
whereas in other scenarios, ago-PAMs can lead to adverse events and toxicity. Allosterism
has also afforded a new mode of pharmacology within the NAM manifold: partial
antagonists.2’~2% These are NAMs with weak negative cooperativity that only partially block
receptor signaling when fully occupying the allosteric site.2” The inability of such ligands to
induce a complete blockade of signaling might be advantageous for certain GPCR targets,
where either signal ablation or inverse agonist activity can lead to adverse effect liability.
Finally, allosteric ligands can bind, and activate, the GPCR in the absence of the orthosteric
ligand, so-called allosteric agonists.1~12:30-32 This includes PAMs that also exhibit an
intrinsic activity (ago-PAMSs), as well as allosteric agonists that activate the receptor but do
not potentiate responses to orthosteric agonists. In most cases, allosteric agonists that do not
also exhibit PAM activity have been found to be bitopic ligands that do bind the orthosteric
site but engender functional selectivity through activation at an allosteric site.1-12:30-32
These ligands are typically partial agonists, and their efficacy varies with receptor expression
such that they appear to be nearly full agonists in high-expression/-reserve systems/tissues
but weak partial agonists or even antagonists in systems with low receptor expression/
reserve.30 Thus, this mode of allosteric pharmacology has somewnhat fallen out of favor for
certain targets with preference afforded to PAMs.

Beyond the mode of pharmacology elicited by an allosteric ligand, numerous other
considerations must be addressed and strategies put into place for a successful allosteric
modulator discovery campaign.1~12 The first consideration is the assay protocol for both the
initial high-throughput screen and the primary assay. Because of the propensity of certain
allosteric ligands to display pharmacological mode switching, through subtle “molecular
switches” (vide infra),33-3% a paradigm in which multiple additions of test compound and
agonist are added is particularly beneficial at both stages of ligand screening. An example of
such a functional assay (e.g., intracellular calcium mobilization, measured by a calcium-
sensitive dye, as a surrogate for GPCR activation/inhibition) can be performed by adding the
compound (1st add), followed 2 min later by a low concentration [for example, a
concentration eliciting a response that is 20% of the maximal response (~ECyq)] of
orthosteric agonist (2nd add), followed 1 min later by an near-maximal ECgg concentration
of orthosteric agonist (3rd add).36 This allows identification of agonists, ago-PAMs, PAMs,
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and antagonists/NAM s in a single kinetic assay, reducing the need for multiple high-
throughput screening (HTS) campaigns and, importantly, capturing the propensity of a given
chemotype for mode switching early. ldeally, ligands with the latter profile are deprioritized,
as oxidative metabolism of these ligands can also produce metabolites with undesired or
opposing modes of pharmacology (vide infra),3” complicating both proof-of-concept studies
and development.

Another important consideration is the species of the receptor cell line employed. As
allosteric sites are evolutionarily less conserved than the orthosteric site, the literature is
filled with examples of allosteric ligands that display significant species
differences.1-12:38.39 Therefore, it is critical to have available cell lines for rat, dog,
nonhuman primate (NHP), and human and to evaluate lead scaffolds to assess for species
differences. Clearly, an allosteric ligand that is active on the human receptor, but not on
either rat or dog receptors, will complicate development and preclude standard safety
assessment. Accordingly, early-stage proof-of-concept programs are often driven with a
rodent receptor for the primary assay, with periodic checks against human; however, in late-
stage programs, structure-activity relationships (SARs) with the human receptor and
counter-screen against safety species’ cell lines predominate. When possible, it is
advantageous to select for allosteric ligands that do not display pronounced species bias en
route to clinical candidates.1-12

Yet another common caveat is that of ligand bias.041 Certain allosteric ligands will
potentiate any orthosteric ligand, whereas others will only potentiate a subset of orthosteric
ligands (and can often exhibit negative cooperativity with others). This phenomenonon
requires careful consideration to be made both in the HTS phase and during primary
screening as to the orthosteric agonist to employ (ideally the native/endogenous ligand).40:41
Therefore, it is critical to evaluate the response of an allosteric ligand to both native and
synthetic agonists early and to deprioritize ligands with significant ligand bias, as failure to
do so might require the addition of exogenous agonists in vivo to observe activity.

Signal bias is an emerging concept of significant interest with allosteric ligands.42:43
Whereas the endogenous orthosteric agonist typically stabilizes an active conformation of
the GPCR that activates its canonical downstream signaling cascades, allosteric ligands are
capable of stabilizing unique activated conformations that enable selective activation of only
certain downstream signaling pathways, both G protein-dependent and G protein-
independent, while leaving others unaffected.2:43 Signal bias, also referred to as stimulus
bias, has been demonstrated for both PAMs and NAMs for a wide range of GPCRs including
M1 and My receptors, calcium-sensing receptors, multiple mGlu receptors, and cannabinoid
receptors, to list only a few.10:44-50 An interesting case in point involves the M; PAMs
VU0029767 (15) and VU0090157 (16), which both provide comparable potentiation of
acetylcholine- (ACh-) induced calcium mobilization in stable, M-expressing cell lines.>!
As expected, M1 PAM VVU0090157 potentiates the ability of ACh to stabilize an M receptor
conformation that couples to Gaq [and subsequent activation of phospholipase C (PLC) to
release intracellular calcium] as well as Ga.12 (or other small G proteins), leading to
activation of phospholipase D (PLD). In contrast, M; PAM VVU0029767 stabilizes a unique
activated conformation that does not activate PLD. This could be mediated by stabilizing a
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conformation of the receptor that is not able to productively couple to Ga.» (or other small
G proteins) but does productively couple to Ga, for the subsequent activation of PLC to
ultimately release intracellular calcium.®® Since these early proof-of-principle discoveries,
signal bias has been replicated in native tissues and has been a major driver in avoiding
adverse pharmacological events through a selective activation of specific signaling
pathways, for example, mGlus PAMs (vide infra).>2-5% Although requiring numerous
secondary assays to detect and optimize, signal bias will undoubtedly be a major player in
future allosteric modulator drug discovery programs.

Finally, one last pharmacological consideration with PAMs that should be discussed is the
PAM ECsq (potency). It is important to note that the ECsg value for potentiation is most
often based on a submaximal concentration of orthosteric agonist, typically approximately
20% of the maximal response (~ECyg), a concentration arbitrarily set to enable comparative
SARs.1~12 This is not an absolute measure of PAM potency, as endogenous agonist tone will
vary across brain regions/circuits/synapses and native peripheral tissues; therefore, the ECsg
value determined with an EC,q of agonist can either over-or underestimate in vivo PAM
potency.1~12 Thus, this measure of potency is essential to drive SARs and early
pharmacokinetic (PK)/pharmacodynamic studies; however, it is not an absolute value to be
held rigidly, as there are many caveats discussed in detail in the following sections.

1.4. Quantification of Allosteric Interactions

The binding of an allosteric ligand to a GPCR engenders a distinct subset of receptor
conformations that cannot be achieved through occupancy with an orthosteric ligand alone.
As a result, allosteric ligands can potentiate or inhibit the binding and/or efficacy of an
orthosteric ligand. An ongoing challenge in the field is the quantification of the myriad of
effects an allosteric ligand can have on the response to an orthosteric ligand.1~12

1.4.1. Affinity Modulation—The simplest framework to describe allosteric interactions at
GPCRs is the allosteric ternary complex model (ATCM) (Figure 2a). In this model, the
receptor (R) can be bound by orthosteric ligand (AR) or allosteric ligand (BR) as determined
by the concentration of each ligand and the equilibrium dissociation constants (or affinity) of
each ligand (Kx and Kg) for the free receptor. The magnitude and direction of the change in
ligand affinity when the receptor is simultaneously bound (ARB) is described by the
“cooperativity factor” a.. Because the two binding sites are conformationally linked, the
allosteric interaction is reciprocal.® Cooperativity is also saturable; therefore, allosteric
ligands can offer the advantage of being safer in the case of overdose. According to the
ATCM, allosteric modulators are quiescent in the absence of orthosteric ligand, and
cooperativity manifests only as a consequence of the presence of an orthosteric ligand.
Therefore, allosteric modulators offer the potential to modulate receptor activity in a spatial
and temporal fashion. An a value less than 1 (but greater than 0) indicates a negative
allosteric interaction, such that the binding of one ligand decreases the affinity of the other.
The effect of increasing concentrations of a negative allosteric modulator on the binding of
an orthosteric ligand is simulated in Figure 2a. An a value greater than 1 denotes positive
cooperativity, such that the binding of one ligand enhances the affinity of the second. In
Figure 2, the influence of a positive allosteric modulator on orthosteric ligand binding is
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simulated. Neutral allosteric ligands (NALS) that occupy allosteric sites but have no net
effect on orthosteric ligand affinity are described by an a value equal to 1. Neutral allosteric
ligands represent important pharmacological tools to study and validate small-molecule
allosteric ligands; however, they might also offer therapeutic benefit in blocking the binding
of pathological endogenous allosteric modulators.®® In such a scenario, altering endogenous
agonist activity might not be necessary or desirable.

1.4.2. Efficacy Modulation—It has become increasingly apparent that allosteric ligands
can exhibit an intrinsic efficacy (positive or inverse), in addition to, or exclusive of,
cooperativity with orthosteric ligands. Furthermore, the binding of an allosteric ligand can
also influence the orthosteric agonist efficacy.>’ Importantly, efficacy modulation can occur
independently of affinity modulation, as is commonly observed for small-molecule allosteric
modulators interacting with family C GPCRs.51-65 Moreover, efficacy modulation need not
be in the same direction as a..87-89 To accommodate this increased complexity, multiple
models have been proposed.59-7> The most widely adopted framework is an operational
model of allosterism that combines an operational model of agonism’6 with the ATCM
(Figure 2b).”” The advantage of this quantitative framework is that efficacy modulation (of a
specific functional readout/effect) is distilled to a single cooperativity factor, 8, which is
derived experimentally. As simulated in Figure 2b, efficacy modulation can manifest as
changes in agonist potency and maximal response; in contrast, a influences only agonist
potency. In practice, the relative contributions of a and p to the allosteric interaction
observed in a functional assay can be delineated where there is a change in the agonist
maximal response®3.68 or by constraining a to the value determined through radioligand
binding assays.’8-80 Alternatively, where there is no change in agonist maximal response,
which can occur when an orthosteric agonist has high coupling efficiency, a composite a.§
parameter has been reported to quantify the interaction.#8:81 It is apparent that assessment of
allosteric interactions using functional assays introduces considerable complexity and
analytical challenges. The unique receptor conformations engendered by allosteric ligands
gives rise to further complexity, such as the phenomena of probe dependence and biased
agonism/modulation.

1.4.3. Probe Dependence of Cooperativity—The degree and direction of the
cooperativity observed is determined by the chemical nature of the two ligands
simultaneously bound to the receptor, referred to as probe dependence. It is therefore
important to consider probe dependence when assessing allosteric interactions and
classifying ligand pharmacology. Probe dependence can manifest as variations in the degree
of positive or negative cooperativity depending on the orthosteric ligand employed. In
addition, there are multiple instances (for example, at muscarinic acetylcholine receptors)
where the direction of cooperativity will switch depending on the orthosteric ligand
probe.”8:82-85 Tq syccessfully translate the pharmacology observed in cell-based assays to
the native system and ultimately the whole animal, the influence of probe dependence needs
to be considered in systems where it is impractical to use the endogenous agonist and a
surrogate agonist is required.
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Moreover, certain GPCRs have multiple endogenous ligands; for such receptors,
considerations of probe dependence must be included early within the drug discovery
pipeline. For example, GLP-1 receptors have at least six endogenous ligands including
oxyntomodulin, full-length GLP-1(1-36)NH>, and its metabolite GLP-1(9-36)NH,. Early
small-molecule GLP-1 receptor allosteric ligands had probe dependent effects, being weak
positive modulators (af < 2) of GLP-1(1-36)NH, and robust potentiators of oxyntomodulin
(ap =10-30) and GLP-1(9-36)NH, (a.p > 100) activity in CAMP assays.81:86.87 A recent
example of this is represented by PAMs of the glucagon-like peptide 1 receptor, a family B
GPCR, where the native agonist is a 39-amino acid peptide, GLP-1.88:89 Several PAM
chemotypes have been discovered that potentiate either endogenous GLP-1 (or the related
splice variants) or the therapeutically relevant synthetic peptides liraglutide or exendin-4.
Thus, these allosteric ligands either rely on endogenous GLP-1 tone or are coadministered
with a synthetic peptide for potentiator activity at the GLP-1 receptor. A more versatile and
useful allosteric ligand would potentiate both endogenous and synthetic peptide ligands
equally. A functional HTS screen and subsequent optimization effort identified VU0453379
(14), a GLP-1 receptor PAM without ligand bias, as affording comparable ECsq values and
efficacy for the GLP-1 receptor as well as synthetic peptides luraglatide and exendin-4.88:89
Clearly, for targets where multiple endogenous orthosteric ligands exist, such marked
differences in allosteric ligand pharmacology can have significant effects when translating
cell-based studies to the whole animal. Probe dependence of different endogenous ligands
could be exploited as a means of driving selectivity; however, if not given due consideration,
it could also result in unanticipated on-target biological effects.

1.5. The Problem with Potency

The vast majority of drug discovery efforts rely on a single functional assay (most often
intracellular Ca?* mobilization) and allosteric modulator titration curves to a single
concentration of orthosteric agonist and associated potency estimates to inform SARSs.
However, the potency of an allosteric modulator is dependent on the concentration of agonist
and the coupling efficiency of the agonist and system.54 Additionally, the potency derived
from a modulator titration curve represents a composite of modulator affinity as well as
efficacy and affinity cooperativity. The shortcomings in relying on potency values alone as a
means of informing allosteric modulator SARs are exemplified in Figure 3. Numerous
diverse small-molecule allosteric ligands have been revealed for mGlus, including both
negative and positive allosteric modulators of glutamate.23.90.91 |n addition, allosteric
radioligands are available for mGlus, allowing determination of novel allosteric ligand
affinity using simple inhibition binding assays.?293 Comparison of negative modulator
potencies with affinity estimates from binding assays shows that only 59% of potency values
are within a factor of 3 of affinity estimates (Figure 3a). For mGlus NAMs, in 17% of cases,
potency values overestimate affinity, and in 23% of cases, potency values underestimate
affinity by more than a factor of 3. For an assessment of the ability of mGlus PAMs to
potentiate responses to glutamate/quisqualate, the lack of concordance between affinity and
potency is even more pronounced. In this case, only 10% of PAM potencies are within 3
times affinity estimates, and the majority of mGlus PAMs (86%) have higher potency than
affinity (Figure 3b). The larger discordance for mGlug PAMs might be due, in part, to the
smaller data set available; however, more likely, this reflects the fact that mGlus PAM
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potency is determined by both cooperativity and affinity, so that compounds with high
cooperativity can fully potentiate receptor responses when occupying only a small fraction
of the receptors. In addition to the influence of agonist concentration, modulator affinity, and
cooperativity between ligands, the differences in assay kinetics between functional and
binding assays can also be a contributing factor to potency/affinity discrepancies. Binding
assays are performed at equilibrium (or a close approximation thereof), whereas functional
assays are often not; this is particularly so for intracellular Ca?* mobilization, where the
response measured occurs within seconds of exposure to agonist. A final contributing factor
is that modulator titration curves in functional assays are limited in that they will only detect
allosteric ligands that inhibit or enhance the activity of the agonist. Therefore, there is the
possibility that ligands designated as inactive might in fact include NALs. Indeed, this
property was recently exploited in the rational discovery of a high-affinity NAL for
mGlus.?4 Although convenient, relying on allosteric titration curves and potency estimates
alone has significant limitations because there is no way to delineate whether chemical
modifications are changing affinity, cooperativity, or efficacy.

1.6. Homo- versus Heterodimers

For GPCRs of families A and B, it has been shown that specific GPCR pairs can interact
when expressed in vitro and that the pharmacology of ligands interacting at heteromers can
be distinct.%> For example, in vitro coexpression of p- and 8-opioid receptors results in
changes in the absolute potencies and rank orders of potency of various ligands®>:96
compared to the expression of each receptor alone. Similarly, heteromers of various GPCRs
have been shown to couple to distinct G proteins or signal-transduction cascades, at times
even engaging in completely new pathways, as shown in the coexpression of D; and D,
dopamine receptors.%” This obviously presents significant biological complexity, as unique
heteromers have the potential to differentially interact with ligands; couple to unique
signaling components; and undergo distinct mechanisms of receptor trafficking, regulation,
and internalization.%5:98-102 Both family A and family B GPCRs have been reported to be
subject to heterointeractions that can involve higher-order oligomerization rather than strict
dimerization,95:103

Allosteric modulator pharmacology can also be impacted by the complexation of GPCRs
with other GPCRs, as well as other cellular interacting proteins, such as G proteins
themselves, scaffolding proteins such as those found in synaptic terminals such as
postsynaptic density proteins, and other signaling components. In the case of family B
receptors that are responsive to ligands such as calcitonin gene-related peptide (CGRP),
adrenomedullin, intermedin, amylin, and secretin, interactions with receptor-activity-
modifying proteins (RAMPS) are essential for full receptor function and interaction with
various RAMPs (i.e., RAMP1-RAMP3) can dictate signaling, pharmacology, and
trafficking.194-108 For example, both CGRP and adrenomedullin act through a common
receptor, the calcitonin receptor-like receptor (CLR); specificity, however, is directed by
RAMPs. In this case, CLR complexed with RAMP1 leads to a high-affinity receptor for
CGRP, whereas CLR complexed to RAMP2, although able to bind CGRP with lower
affinity, also responds to adrenomedullin.194 Although the majority of the above-mentioned
complexes are not heterodimerizations between two GPCRs, these interactions with cellular
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proteins are almost certainly cell-type-specific and might be responsible for differential
ligand interactions with the same GPCR when a receptor is expressed in distinct cellular
backgrounds or within different endogenous cell populations.

In contrast to the class A GPCRs, the class C GPCRs, including the GABAg receptors,
calcium-sensing receptors, taste receptors, and metabotropic glutamate receptors, function as
constitutive dimers.109-116 GABAg receptors are obligate heterodimers composed of distinct
GABAg1 and GABAR; subunits that are required to assemble into heteromeric form for
signal transduction and membrane trafficking.109117.118 Although agonists for the receptor
bind within the GABAg; subunit, signaling does not occur in the absence of GABAR,, and
this protomer both enhances the binding of agonists to GABAg; and contains the region of
the heteromeric receptor that is responsible for coupling to G proteins. A positive allosteric
modulator of the GABAg receptor, termed CGP7930 (17), has been shown to bind within
the GABAg, TM domain to potentiate the effects of GABA.119 As the GABAg; and
GABAg; subunits are not functional when each is expressed alone, this result indicates that
CGP7930 is essentially a heterodimer-specific allosteric modulator. Similarly, the three
identified taste receptors [taste receptor type 1 members 1, 2, and 3 (T1R1, T1R2, T1R3)] do
not function when expressed alone or in homodimeric form.120 Another example of
heteromer-specific regulation is seen in the case of a TIR2/T1R3 heteromer: Whereas the
T1R2 subunit binds the agonist aspartame, cyclamate (PAM) and lactisole (NAM) regulate
the activity of aspartame by binding to T1R3.121-125 This suggests that these modulators are
influencing the interaction of aspartame with its TLR2 binding site by transactivation or
transinhibition across the protomers.

Until recently, the mGlu receptors were reported to function as disulfide-linked, constitutive
homodimers.110.126-128 Thjs family of eight related receptors is further classified into three
groups based on sequence homology, G protein coupling profile, and receptor
pharmacology:129 Group | contains mGlu; and mGlus; group Il encompasses mGlus, and
mGlug; and group 11 consists of mGlus, mGlug, mGlu;, and mGlug. In a recent and elegant
study by Doumazane et al., it was shown that, in vitro, members of different mGlu groups
can heterodimerize as assessed using time-resolved fluorescent resonance energy transfer
(FRET) techniques.130 In these studies, group | receptors could dimerize together but not
with members of the other two groups. In contrast, these in vitro studies showed that
members of group Il and 111 could heterodimerize both within their group as well as with
members of the other group.139 These studies also demonstrated that, in this system used for
the assessment of receptor activity, mGlu receptors formed strict heterodimers rather than
higher-order oligomers. Kammermeier coexpressed mGlu, and mGluy in rat superior
cervical ganglion cells and reported results examining the ability of allosteric modulators to
regulate heteromeric mGlus (Figure 4).131 In these experiments, activation of one side of the
putative heterodimer was not sufficient to induce receptor activation; in contrast,
coapplication of mGlu, and mGlu, orthosteric agonists activated responses when mGlu, and
mGlu, were coexpressed. In these studies, the mGlu, NAM Ro 64-5229 (18) did not
antagonize glutamate responses in mGluys-expressing cells (but see results below for a
separate study with a distinct mGlu, NAM). As it has previously been suggested that both
halves of an mGlu receptor homomer need to be occupied with a NAM to block glutamate-
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mediated activation, the finding that a NAM that binds to only one side of the heterodimer
does not block receptor activation was predicted.132133 |n contrast to their effects on
homomeric receptor forms, PAMs of either mGlu, [biphenylindanone A, BINA (19)] or
mGluy [(-)-A-phenyl-7-(hydroxyimino)-cyclopropa[ 6jchromen-1a-carboxanide, PHCCC
(20), or N-(4-chloro-3-methoxyphenyl)-2-pyridine carboxamide, VU0361737 (21)] no
longer potentiated responses mediated by heterodimer activation.13! Consistent with a
pharmacologically distinct profile for an mGluy,4 heterodimer, application of both an mGlu,
PAM and an mGlu4 PAM also did not restore potentiation.

Work from our own laboratories has built on and extended these studies into native tissues,
and the results are consistent with mGlusy4 heteromer expression in the brain.134 We first
performed studies in HEK293 (human embryonic kidney) cells in which we expressed either
mGlu, alone, mGluyg alone, or mGlu, and mGlu, together. Studies in HEK293 cells
confirmed that certain mGluy PAMs, such as PHCCC (20) and N-(4-(N-(2-
chlorophenyl)sulfamoyl)phenyl)picolinamide (4-PAM2, 22), induced robust potentiation of
responses to mGlu, when expressed alone but did not potentiate responses when mGlu, and
mGluy were coexpressed. These two PAMSs are known to bind to an overlapping site on
mMGlu,.135 We then used two structurally distinct mGlus PAMs, represented by cis-2-[[(3,5-
dichlorophenyl)amino]carbonyl]cyclohexanecarboxylic acid (23, VU0155041) and (15,2R)-
M.-(3,4-dichlorophenyl)-cyclohexane-1,2-dicarboxamide (24, Lu AF29134),136 which are
known to bind to a distinct binding site on mGlus when compared to PHCCC (20) and 4-
PAM2.135.137 Tg our surprise, VU0155041 and Lu AF21934 retained the ability to
potentiate glutamate-mediated responses; when an agonist was used that only activated the
mGlu, side of the heterodimer, VU0155041 and Lu AF21934 potentiated responses to a
greater extent than when interacting with mGlus homomers. Fitting the data using an
operational model to assess ligand affinity and cooperativity, we observed that PHCCC (20)
and 4-PAM2 exhibited the same affinity when interacting with a homodimer of mGlu, or an
mGluy,4 heteromer; their reduced efficacy appeared to be due to a loss of cooperativity with
an orthosteric agonist.134 Interestingly, VU0155041 and Lu AF21934, the two compounds
able to potentiate mGluy/s-dimer-mediated responses, exhibited enhanced cooperativity but
reduced predicted affinity when interacting with mGluy4 heteromers.138 In further support
of heteromer formation, VU0155041 and Lu AF29134 significantly potentiated responses
induced by a selective mGlu, agonist only when mGlu, and mGlu, were coexpressed.
Similarly to observations with cyclamate and lactisole at the taste receptors, these results
suggest that there is transactivation between the subunits of the dimer, permitting the
orthosteric site of one protomer to communicate with, and be influenced by, occupation of
an allosteric site on the other protomer. In contrast to Kammermeier,131 we found that an
mGluy; NAM, MNI-137 (25), could noncompetitively block the response to an mGluy
agonist;134 this finding provides additional support for the transactivation hypothesis.

It should be noted that, in these studies, mGlu, and mGlug were simply cotransfected in
HEK?293 cells together using equal amounts of DNA. It was, therefore, somewhat surprising
that responses to PHCCC (20) and, in particular, 4-PAM2 (as it is highly efficacious in
potentiating mGlu, when expressed alone), were completely lost when glutamate was used
as the orthosteric agonist. In these studies, no attempt was made to force dimerization.
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Therefore, it was predicted that there should be three distinct populations of receptors in
these cells: mGluy;o homomers, mGlugys homomers, and mGluy,4 heteromers. However, the
pharmacology results, particularly those performed with an agonist that activates only the
mGluy side of the dimer, suggested that almost all of the mGlu, expressed in these cells was
in heteromeric form. This prompted an exploration of the stoichiometry of this apparent
dominance of heteromer formation. Remarkably, when transfected in a 1:10 ratio (mGlu,/
mGlug), PHCCC (20) or 4-PAM2 still did not potentiate the activity of glutamate.134 These
results suggest that heteromerization appears to dominate, causing mGlug to assemble
almost exclusively in heterodimer form when the two are coexpressed. Future studies
examining this dominant effect and the intracellular/membrane trafficking of mGlugy,
receptors versus mGluy,, receptors are clearly warranted.

Upon discovering that different allosteric modulators exhibited distinctions in their ability to
potentiate mGlug homomers versus heteromers, we sought to expand our studies to native
tissue populations and probe for the potential presence of functional heterodimers in
endogenous cell populations, such as neurons in which mGlu, and mGluy can be
coexpressed. One such cell population is neurons projecting from the cortex to the striatum
(corticostriatal) synapses; these synapses will respond to both mGlu, and mGlu,
agonists.134:136,139-143 After validating antibody specificity in vitro using cell lines
coexpressing mGluy and mGlug, we performed coimmunoprecipitation studies showing that
that mGlu, and mGluy can be coimmunoprecipated from cortical and striatal brain tissue
from mice and rats, suggesting the potential interaction of the proteins in these regions.
Previous studies had shown that Lu AF21934, a PAM that we had noted to activate mGluy;s
heteromers, was effective in potentiating responses at corticostriatal synapses. This led us to
test the hypothesis of whether PHCCC (20), a “homomeric mGluy-selective PAM”, would
also potentiate corticostriatal responses. Consistent with the hypothesis that an mGluy;,
heteromer is responsible for contributing to presynaptic responses in these neurons, PHCCC
(20) did not potentiate the effects of mGlu, agonists at the corticostriatal synapse.136 In
contrast, and in confirmation of the results with Lu AF21934 reported by Bennouar et al.,136
VU0155041 induced robust potentiation of the response to the mGlu, agonist L-AP4.134
Consistent with our observations in cell lines, the lack of potentiation with PHCCC (20)
suggested that, again, the mGlu,,, interaction dominates when mGlu, and mGlug, are
expressed together. As a final experiment providing further validation of the expression of an
mGluy,4 heteromer at corticostriatal synapses, the group Il mGlu antagonist MNI-137
blocked responses to L-AP4, a group 111 agonist. This again suggests that there is a
functional heteromer, responsive to both mGlu, and certain mGluy ligands, expressed at this
location.

It should be noted that PHCCC (20) has been shown to potentiate responses at numerous
other synaptic locations in the brain, including the striatopallidal synapse, the lateral
olfactory tract-piriform cortex projections, and neurons projecting from the subthalamic
nucleus to the substantia nigra pars compacta.}26-128 This suggests that there might be
differential expression of mGlu, homomers versus heteromers throughout the brain and
potentially in other non-neuronal tissues. Although complicating from a biology and
pharmacology perspective, the mGlu receptors are the targets of intense study for the
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development of therapeutics for a number of disorders, particularly those of the CNS. For
example, activation of mGluy has been proposed to be a novel, nondopaminergic strategy to
treat Parkinson’s disease (PD).144.145 To date, numerous mGlus PAMs from different
research groups all appear to show consistent antiparkinsonian activity in rodent PD models
such as haloperidol-induced catalepsy. 126:146-149 However, the finding that some
compounds affect neurotransmitter release from cortical projections into the striatum and
others do not could have important implications for PD therapy, from standpoints of both
efficacy and side effects. Whereas efficacy in acute, symptomatic PD models is induced by
multiple PAMs and might not directly involve corticostriatal synapses, there are other
complicating factors in PD treatment where changes in corticostriatal function might have
implications. For example, in dopamine-depleted animals, corticostriatal synapses are
overactive,150:151 and this has been proposed to contribute to the loss of striatal medium
spiny neurons in PD.152 Dysregulation of plasticity at these synapses, such as changes in
long-term depression (LTD) and long-term potentiation (LTP), has been proposed to
contribute to the development of L-3,4-dihydroxyphenylalanine)- (.-DOPA-) induced
dyskinesias, a debilitating and irreversible complication of prolonged L-DOPA
treatment.153.154 |n this case, it is possible that heteromer-potentiating mGlu, PAMs could
provide additional therapeutic benefits, such as restoring the morphology of striatal neurons
and reversing L-DOPA-induced dyskinesias. Homomer-selective PAMs, in contrast, might be
useful in treating the motor symptoms of PD with a reduced side-effect profile that might
come from the lack of potentiation of mGluy, or changes in the regulation of its activity,
when it is complexed with other mGlus. Obviously, this exciting area of GPCR
pharmacology and biology will require detailed future studies. Mapping of different
heteromer and homomer combinations would be helpful not only in thinking about
therapeutics development but also in deconvoluting potentially confusing in vivo results
induced by allosteric modulators with distinct profiles at homomeric and heteromeric forms
of a target receptor.

2. OPTIMIZATION OF GPCR ALLOSTERIC MODULATORS

In a word, chemical lead optimization of GPCR allosteric modulators is complex.1~12 The
medicinal chemist must consider ligand bias, signal bias, PAM versus ago-PAM
pharmacology, molecular switches, species differences, variations in affinity versus efficacy
modulation, and notoriously steep SARs, all while optimizing potency, efficacy, and the drug
metabolism and pharmacokinetic profiles. Within the PAM manifold, one must also consider
whether low efficacy or low fold-shift (i.e., low cooperativity) is a desired profile to drive the
SARs toward a candidate.1~12 For instance, preclinical in vitro and/or in vivo data might
suggest that PAMs with relatively high affinity and low cooperativity (or, conversely, low
affinity and high cooperativity) will exhibit more favorable safety-toxicity and/or efficacy
profiles. Therefore, efficient determination or estimation of PAM affinity and cooperativity
[and intrinsic efficacy (zg), if applicable] can prove vital to an optimization campaign. Also,
as suggested above, heterodimers must also be considered, as activation of homo- versus
heterodimers can result in dramatically different behavioral outcomes and/or efficacy
outcomes. Fortunately, despite the gravity of each caveat, approaches have been developed
to address each of these issues and enable the development of robust in vivo tool compounds
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and clinical candidates. As “chance favors the prepared mind”, the discovery team must
develop a workflow that incorporates a multiple-add screening paradigm, iterative parallel
synthesis, and matrix libraries, as well as generating or acquiring cell lines across relevant
species (e.g., mouse, rat, dog, nonhuman primate, and human) and with inducible
expression.}=12 Furthermore, key secondary assays must be in place to assess signal bias or
to drive a program toward a discrete signaling transduction pathway, as well as elucidate the
role of homo- versus heterodimers. However, successful navigation of these caveats provides
entry into drug-like small molecules with unprecedented levels of subtype selectivity and
opportunities for unique receptor pharmacology, while mimicking the most desirable aspects
of native systems.

2.1. Steep Structure—Activity Relationships

Although robust SARs have been noted for allosteric ligands in discovery programs, the bulk
of campaigns detail extremely “steep” SARs (also sometimes referred to as “flat” or
“shallow”) wherein a potent allosteric modulator, more routinely noted for PAMs, loses all
activity with a very modest structural modification.1~12 This common occurrence requires
that the classical medicinal chemistry approach of single-target designs be replaced with
iterative parallel synthesis and matrix libraries,1-12:155 hoth of which allow for serendipitous
SAR discoveries and ensure that hypotheses are fully tested before a given chemotype is
abandoned (Figure 5). The issue with steep SARs1%6 can be even more pronounced when
disposition is involved, as steric or electronic modulation of metabolic hot spots might not
be tolerated in terms of allosteric modulator activity, complicating translational science and
target validation beyond in vitro cell-based assays.

Recently, optimization of Ms NAM chemotype ML375 (26) proved very challenging with a
steep SAR (Figure 6).157:158 After five rounds of iterative parallel synthesis, with few
actives, a 3 x 7 matrix library approach was undertaken with a racemic core, wherein the
vast majority of synthesized compounds displayed Ms NAM activity in the mid- to high
micromolar range; however, one lone analogue (27) emerged with potent M5 NAM activity
(IC5¢ =517 nM). Resolution then afforded the active (S)-enantiomer, VU6000181 (28) with
an Ms 1Cxq of 264 nM and an improved in vivo disposition relative to that of 26.157.158 Of
note, very close analogues to 27 were weak to inactive, and a deliberate, single-compound
strategy would have unlikely identified 27, as the 26 other analogues in the matrix library
were too weak to be of interest. This example with M5 NAM exemplifies another key
challenge: addressing metabolic “hot spots” when so little structural or electronic
modification is tolerated.157:158 To overcome this limitation, employing the kinetic isotope
effect has proven effective. For example, an mGlus NAM, ML337, contains a key p-OMe
moiety on an aromatic ring that is critical for mGlu subtype selectivity and activity but is
also the major P45 route of metabolism (O-dealkylation) 159.160 A|| attempts to sterically or
stereoelectronically shunt metabolism resulted in the complete loss of mGluz NAM activity.
Ultimately, replacement of the OCH3 group with OCD3 afforded an equipotent analogue, but
both the in vitro and in vivo clearances were significantly lower (~50%), enabling in vivo
studies to be performed.180 Thus, in allosteric modulator series with steep SARs and drug
metabolism and pharmacokinetics (DMPK) issues, the kinetic isotope effect can be an
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invaluable tool in the medicinal chemist’s arsenal to improve disposition while maintaining
activity.

At the onset of a program, the “fluorine walk” has proven time and again to be an effective
means for quickly identifying regions of an allosteric ligand that are tolerant to
functionalization and then held constant for subsequent productive lead optimization.1-12
Here, fluorine atoms are “walked” around a core and sampled for their ability to retain or
enhance pharmacological activity by enhancing lipophilicity, accepting a hydrogen bond,
and/or filling a small pocket. When attempted with other moieties (Me, CI, CN, etc.), this
strategy often fails. Once optimal positions for fluorine incorporation are identified,
traditional optimization generally affords tractable, robust SARs.1-12

As mentioned previously, the ECsq value for an allosteric modulator is a conglomerate,
arbitrarily determined at a low (e.g., ECyg) concentration of orthosteric agonist, and reflects
the impacts of intrinsic efficacy (tg), cooperativity (a and g), and affinity (pKg) modulation
by the allosteric ligand.1~12 Christopoulos and colleagues!®® recently demonstrated that, for
a series of M1 PAMs with steep SARs, dissecting the relative contributions of intrinsic
efficacy (zg), cooperativity (a and g), and affinity (pKg) to the conglomerate ECs, exposed
deep, textured SARs. This approach should be considered when a very steep SAR is
encountered to rationalize the disparities. Additionally, when coupled with aggregate data
from in vivo efficacy studies with numerous compounds, heuristic modeling of in vivo
concentration effects (and/or longer-time-scale pharmacokinetic-pharmacodynamic
relationships) that incorporates aspects of modulator pharmacology from in vitro assays
(e.g., in vivo Gnax Values in an efficacy paradigm adjusted for the compounds’ respective
Kag, 18, a, and/or Svalues or some combination thereof) might reveal evidence suggesting
which modulator parameter(s) are most relevant to the particular efficacy paradigm and/or
key insight(s) into the biology of the target mechanism/system (e.g., endogenous orthosteric
ligand tone).1-12.161 Fyrthermore, with the increasing number of X-ray crystal structures of
GPCRs, with and without both orthosteric and allosteric ligands bound, there is hope that, in
time, a deeper understanding of binding modes will be developed, as well as the potential for
structure-based design of allosteric ligands.10

2.2. Molecular Switches

The propensity of a given allosteric chemotype to afford a broad range of pharmacology
(PAM, ago-PAM, NAM, partial antagonist, NAL) and/or a dynamic range of receptor-
subtype selectivity profiles with very subtle structural modifications have been termed
“molecular switches”.33-35 Although they have been described across multiple class A
GPCRs, they are most prevalent in metabotropic glutamate receptors (mGlus), especially
mGlus ligands.3° Before the concept of molecular switches was formalized, it was observed
in the first series of benzaldazine-based mGlus PAMs (Figure 7).62 Here, 3,3’-
difluorobenzaldazine (DFB, 29) was the first reported mGlus PAM, but SAR studies found
that the analogous dimethoxy congener (DMeOB, 30) was an equipotent mGlus NAM,
whereas a dichloro analogue (DCB, 31) was a NAL that blocked the function of both 29 and
30.62 After this initial discovery, hundreds of examples of this phenomenon have been
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reported, which raised concerns over the in vivo oxidative metabolism engendering
molecular switches for hydroxylated ligands.33-3%

Pharmacologically active metabolites representing mode-switched allosteric modulators
produced by simple, common metabolic biotransformations (e.g., hydroxylation of alkyl/aryl
moieties, N~/ O-dealkylation) have been observed for certain series of GPCR
modulators.33-35.160 Examples of such phenomena have been particularly pronounced
within the biaryl acetylene class of mGlus PAMs (Figure 8).10:35 Although central activation
of mGlusg has been hypothesized to have therapeutic value for schizophrenia and other
neurological disorders, a target-mediated adverse effect liability (neurotoxicity and
epileptogenesis) was recently discovered.>2-54.65 Although a subset of disclosed mGlus
PAMs with certain molecular pharmacological properties (e.g., specific affinity/cooperativity
profiles and/or signaling bias) have been found to avoid such adverse effects while also
retaining efficacy in preclinical models, it is now appreciated that mode-switched active
metabolites with distinct PAM pharmacology and/or direct mGlus agonist activity can
further confound drug discovery and development efforts for this target.3” For instance,
\VU0403602 (Figure 8), a mGlus PAM with potent but low-efficacy agonist activity, was
found to elicit pronounced receptor-mediated adverse effects in the form of seizures when
administered systemically to rats; however, these effects were completely abolished by
pretreatment with a pan-cytochrome P,5q inactivator [1-aminobenzotriazole (ABT)],
suggesting a role for metabolism in the manifestation of the proconvulsant behavioral
effects.37 Subsequent metabolite identification studies revealed that a principal circulating
metabolite (M1) produced by P450-mediated monohydroxylation of the VU0403602
cyclobutyl group was a brain-penetrant mGlus agonist-PAM exhibiting high agonist efficacy
with moderate potency, and its exposure following administration of VU0403602 to rats
pretreated with ABT was substantially reduced compared to rats administered the parent
compound alone.3” Systemic administration of chemically synthesized metabolite M1 to rats
produced similar adverse behavioral effects, further supporting the hypothesized deleterious
role of this metabolite. Additionally, rat brain slice electrophysiology experiments measuring
long-term depression (LTD) at the hippocampal SC-CAL synapse revealed that both parent
VU0403602 and metabolite M1 induced LTD and that both ligands also induced
epileptiform activity in CA3 neurons of the rat hippocampus.3’ These findings illustrate the
importance of thorough identification and characterization of allosteric modulator
metabolites, which can carry similar or often unanticipated distinct pharmacology at the
receptor target engendered by even subtle single-atom biotransformations. Furthermore,
potential species differences in the generation, disposition, and/or pharmacology of
modulator metabolite ligands represent an additional layer of complexity and a further
barrier to successful drug discovery and development in this area.1~12 Despite the negative
issues with molecular switches,33-35 they can also be advantageous in other contexts. Once
again, the literature is replete with examples in which weak off-target activity at a related
GPCR can be exploited to identify a molecular switch that engenders preferential activity at
the off-target GPCR while eliminating activity at the original target.10-3% This beneficial
feature enables discovery of in vivo tools and candidates without the need for a new HTS, as
recently demonstrated for mGlu;/mGlug,156:162 mGlus/mGlus,159:160 and M4/Mj5,162-165
However, in a lead-optimization campaign, it is critical to avoid chemical series that exhibit
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a strong propensity for molecular switching as this can confound the SARs and the
metabolites that are generated in vivo have the potential to switch the mode of pharmacology
and/or alter receptor-subtype selectivity.

2.2.1. Mutations That Give Rise to Molecular Switches—Allosteric ligands with
positive and negative cooperativity with the same orthosteric agonist are known to interact
within the same allosteric binding pocket on multiple GPCRs. For example, at mGlus,
multiple structurally diverse scaffolds that have positive cooperativity with glutamate are
able to fully displace binding of radiolabeled negative allosteric modulators (Figure 3b). In
addition, among allosteric ligands that lack complete selectivity, there are multiple instances
in which the direction of cooperativity differs between subtypes: MPEP is a NAM at mGlusg
and a PAM at mGluy,;166 PHCCC (20), an mGlus PAM, is a negative modulator at
mGluy.167:168 The reverse is also observed, where DFB (29) and CPPHA, mGlus PAMs,
negatively modulate responses to glutamate at mGlu, and mGlug.52169 This suggests that,
within shared allosteric pockets, the structural determinants of cooperativity might be
different such that ligands stabilize opposing receptor activation states. Moreover, allosteric
ligand selectivity can largely be driven by differential cooperativity. Indeed, this was
demonstrated for thiochrome interacting with muscarinic receptors (mAChRs), and in fact, it
might be more common than is currently appreciated for other classes of mMAChR
modulators. Specifically, thiochrome has similar affinities for subtypes M1-My, but it
exhibits neutral cooperativity with ACh at M1-M3 and positive cooperativity with ACh at the
M, subtype.170

Furthermore, as summarized above, in multiple mGlus-negative allosteric modulator
scaffolds, minor alterations can give rise to ligands with positive or neutral cooperativity,
and vice versa. Recently, the subtleties in ligand-receptor interactions that underlie
cooperativity were highlighted with the identification of engineered mutations in mGlu
receptors that give rise to molecular switches.33-3% Two early studies found that mutation of
a conserved Phe in TM6 could switch allosteric modulator cooperativity. At mGluy,
YM298198 switched from a NAM of glutamate-stimulated Ca2* mobilization to a PAM
when F801 was mutated to Ala.1” Conversely, DFB (29), a PAM of quisqualate-stimulated
Ca%* mobilization, became a NAM when the equivalent residue, F787, was substituted with
Ala in the rat mGlus sequence.172 Subsequent studies applying more rigorous quantitative
analyses identified another three conserved residues, Y658, W784, and S808 in rat mGlus,
that gave rise to molecular switches in allosteric ligand pharmacology when mutated.
Interestingly, W784A had differential effects on the cooperativity of negative allosteric
modulators from different scaffolds, including decreasing the magnitude of negative
cooperativity in addition to switching to positive cooperativity with gluta-mate.173174 Of
note, whereas mutation of this Trp was detrimental to the affinity of both negative and
positive allosteric modulators, the cooperativity of PAMs was either unaffected or
increased.1’4175 These data suggest that W784 is crucial for stabilization of distinct receptor
conformations by negative allosteric modulators. Conversely, Y658 in TM3 and S808 in
TM7 converted certain PAMs of glutamate at the wild-type rat mGlus receptor to NAMs or
neutral ligands.174175 Recent mGlus cocrystal structures of the 7TM domains with negative
allosteric modulators observed Y658, S808 and W784 hydrogen bonding with a water
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molecule.176:177 These data suggest that changes in the water network and/or the stability of
water-receptor interactions can also contribute to cooperativity mode switches, instead of, or
in addition to, direct ligand-receptor interactions. In the mGlu; 7TM cocrystal structure with
FITM (a negative allosteric modulator), however, no crystallographic waters were present
within the allosteric modulator binding pocket.178 The absence of such interactions within
the mGluy structure might reflect subtype-dependent differences (despite high homology
between mGlu; and mGlus) or the absence of water-mediated ligand-receptor interactions
within mGluy with FITM.

Single-point mutations that give rise to switches in the cooperativity of allosteric ligands are
not confined to the metabotropic glutamate receptors. For example, mutations within the
orthosteric site of My muscarinic receptors can switch LY2033298 from a negative
modulator of QNB affinity to a positive modulator.”® At the M; muscarinic receptor subtype,
a single-point mutation within the allosteric site switches the cooperativity of BQCA with
ACh from positive to neutral/NAM in both binding and functional assays.82 Collectively,
these data highlight the sensitivity of allosteric interactions to both the chemical nature of
the two ligands under investigation and their respective ligand-receptor interactions.

3. ADVANCES IN METABOTROPIC GLUTAMATE RECEPTOR (MGLU)
ALLOSTERIC MODULATORS

The metabotropic glutamate receptors (mGlus) are a group of eight GPCRs that bind
glutamate, the major excitatory neurotransmitter in the mammalian central nervous system
(CNS), and modulate synaptic transmission.17%-181 Characteristic of family C GPCRs, mGlu
receptors contain a seven transmembrane (7TM) a-helical domain connected through a
cysteine rich-region to a large bilobed extracellular aminoterminal domain, termed the Venus
flytrap domain (VFD). The mGlus are further subdivided into three groups according to their
homology, signal-transduction mechanisms, and pharmacology.17%-181 Whereas the group |
mGlus (mGluy and mGlus) are primarily located postsynaptically in neurons and coupled
through Gg to the activation of phospholipase C, the group Il mGlus (mGlu, and mGlug) and
the group 11l mGlus (mGlug, mGlug, mGlu; and mGlug) are primarily located
presynaptically and are coupled through Gj/, to the inhibition of adenylyl cyclase activity.
Orthosteric ligands of the mGlu receptors are typically glutamate analogues with poor
physiochemical properties, lack of mGlu subtype selectivity, poor oral bioavailability
(requiring prodrugs), and/or poor CNS penetration.10-179-181 These significant limitations
with orthosteric ligands make allosteric modulation, and the desired profiles of allosteric
ligands, a particularly attractive approach for mGlu receptors. Again, numerous excellent
reviews have covered mGlu receptor allosteric modulators,1-12:179-181 pyt the past three
years have witnessed significant advances, not yet captured in a review format. Here, we
present vignettes covering the latest developments with respect to allosteric modulators of
mGluy, mGluy, mGluz, mGlug, mGlus, and mGlus.

3.1. Allosteric Modulators of the mGlu; Receptor

Of the group | mGlu receptors (mGlu; and mGlus), mGlus is by the far the most understood
and validated in numerous CNS disorders with both orthosteric ligands and a wide range of
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allosteric NAMs and PAMs,1-12.23,54,55,90.91,182 For mGluy, the major focus has been on
mGlu; NAMs, for which several excellent reviews exist.183.184 |n contrast, very little work
has been focused on mGlu; PAMs since the first disclosure in the early 2000s by Roche
(Figure 9).185-188 Fjrst-generation PAMs 34-38 were potent but suffered from species
differences, poor DMPK profiles, and poor CNS exposures, with 38 as the only mGlu; PAM
tool compound with modest CNS exposure (K} value of 0.28).185-188 However, as the only
available mGlu; PAM in vivo tool, it has been employed to preclinically validate mGluy in
multiple CNS disorders.189-192 With the new emphasis on genetic basis of disease, two
recent, independent studies identified 12 rare, deleterious nonsynonymous single-nucleotide
polymorphisms (nsSNPs) in the GRM1 gene, which encodes mGluy, in schizophrenic
patients; this has renewed interest in mGlu; PAMs, as these mutations were shown to be loss
of function.193.194 Work from the Vanderbilt group has characterized the mutant mGlu;
receptors and demonstrated that 38 could indeed potentiate their response to glutamate and,
in some instances, restore signaling.162 However, to definitively validate mGlu; potentiation,
improved in vivo tools would be required. In lieu of an HTS, we relied on molecular
switches to gain access to novel mGlu; PAMs.162 From the earliest days of PHCCC (20),
pharmacological similarities between the mGlu, and mGlu; allosteric sites were
known.167.195 Thus, starting from the mGlu, PAM 39, imide manipulation induced a
“double molecular switch”, involving not only a change in subtype selectivity (from mGlug
to mGluy) but also a change in the mode of pharmacology from PAM to NAM, to produce
the mGlu; NAM 40.162 Further optimization led to a phthalimide moiety, which, in
combination with 6-chloro substitution of the pyridyl amide functionality, modulated the
mode of pharmacology to provide the mGlu; PAM 41.162 Subsequent optimization to
improve metabolic stability, CNS penetration, and mGlu subtype-selectivity gave rise to
mGlu; PAMs 42 and 43, which potentiated both human and rat mGlu, as well as the mGluy
mutants.156:196 PAM 42 exhibited an improved DMPK profile (K, > 1, A, > 0.04), but
selectivity versus mGlu, eroded (~35-fold).156 Application of the fluorine walk strategy led
to 43, a 12.9 nM mGlu; PAM with >793-fold selectivity versus mGlu,.196 Excitingly, these
new tool compounds enabled the dissection of the adverse effect liability of group | agonists,
such as DHPG, toward epileptiform and seizure liability, a consequence noted with mGlus
ago-PAMs. Interestingly, mGlu; ago-PAMs/PAMs did not induce epileptiform activity in the
CAZ3 region of the hippocampus or induce seizures in vivo at drug concentrations far above
the mGlu; PAM ECgq (>100 times), suggesting that the adverse effect liability of group |
agonists, such as DHPG, is mediated solely by agonism at mGlus.1%6 Thus, the genetic data,
coupled with the potential for a larger therapeutic window than mGlus, should garner more
attention for mGluy in the future.

3.2. Allosteric Modulators of the mGlu, and mGlu; Receptors

The group Il mGlus (mGlu, and mGlus) are primarily located presynaptically and are
coupled through Gj/, to the inhibition of adenylyl cyclase activity.127:197.198 Of note, mGlus,
but not mGlus,, is also found in glial cells, where its activation plays important roles in glial
function and glial-neuronal interactions.1%° Finally, both group 11 mGlu receptors are widely
expressed throughout the CNS, including but not limited to the amygdala, hippocampus, and
prefrontal cortex, regions linked to emotional states.200.201
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Frequently, the arguments undergirding the rationale for the development of allosteric
modulators of GPCRs can be traced to historical studies conducted with small-molecule
orthosteric ligands. Such is the case with the group Il mGlu receptors, where research with
both orthosteric mGluy/3 agonists and mGluy,s antagonists helped establish the potential for
these receptors as drug targets for the treatment of a variety of CNS disorders. In both cases,
a handful of highly functionalized glutamate analogues served as workhorse tools for in vivo
preclinical studies (Figure 10). Bicyclo[3.1.0Jhexane LY354740 (45, eglumegad)292 and its
closely related ether analogue LY379268 (46),203 both discovered at Eli Lilly, are
prototypical mGluy3 orthosteric agonist tools and have been used preclinically to establish
potential therapeutic applications for mGluy3 activation in anxiety,202:204-207
addiction,206:208-210 and certain types of neuroprotection.211-214 Moreover, LY 354740 (45)
and its corresponding A-acyl L-alanine-derived prodrug (LY544344)215.216 advanced into
multiple clinical trials in patients for the treatment of anxiety disorders; although results
were mixed, the drug was well-tolerated.?17-221 |n addition, much of the preclinical research
with these tools has been directed toward the establishment of the potential utility of an
mGlus/3 agonist in novel treatments for schizophrenia.222-225 Furthermore, a prodrug of the
sulfone mGlus/s agonist LY404039 (47, pomaglumetad)?2® known as LY 2140023 (48,
pomaglumetad methionil)227 (Figure 10) advanced into multiple clinical trials in
schizophrenic patients with initially encouraging results.228 Unfortunately, subsequent
clinical trials with LY2140023 were either inconclusive or failed to differentiate from
placebo,?2%-234 and further development of the compound was halted in 2012.23%

Concomitant to the development of these mGlu,/3 agonist tools, studies with orthosteric
mGluy/3 antagonists were establishing a potential therapeutic role for mGluy,z inhibition in
the treatment of a number of CNS disorders as well.236 Again, two highly functionalized
glutamate analogues, LY341495 (49)237 and MGS0039 (50)238 (Figure 10), were employed
for the vast majority of this preclinical work. Whereas MGS0039 (50) is an analogue of
mGluy3 agonist LY 354740 (45), LY 341495 (49) is quite structurally distinct. These tools
have been used to help establish antagonism of mGluy/3 as a novel target for the treatment of
obsessive-compulsive disorder (OCD),239:240 anxiety,241 cognition,242 and Alzheimer’s
disease.243-245 Additionally, much work describing the antidepressant effects of these
compounds has been published,238:239.241,246-251 jncluding studies designed to model
treatment-resistant depression (TRD)2°2 and anhedonia.2>3 With such therapeutic promise
for both mGluy/3 activation and inhibition, it was clear that selective ligands for the
individual group Il receptors were required to further understand the role of each in these
various indications. The design of allosteric modulators, both positive and negative, offers an
attractive mechanism for achieving such goals.

Research related to the design of selective positive allosteric modulators (PAMs) of mGluy
as potential alternatives to mGluy3 orthosteric agonists has been ongoing for some
time.254.255 The rationale for selective activation of mGlu, was buoyed by studies with
knockout mice that implicated activation of that receptor in driving the antipsychotic
efficacy of the Eli Lilly orthosteric mGlus,s agonists.256:257 The prototypical mGlu, PAM
preclinical tools are two structurally unrelated compounds (Figure 11): a tertiary
sulfonamide known as LY487379 (51)2°8.259 and a 2-cyclopentyl indanone known as BINA
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(19).250 Studies with these mGlu, PAMs have since recapitulated much of the preclinical
efficacy observed with mGluy3 agonists and sparked significant interest in this class of
compounds.261-265 |n fact, despite recent questions regarding the future prospects for
mGlus3 orthosteric agonists, 22 newly published and promising research efforts with mGlu,
PAMs have continued to emerge in recent years (2012-present) and are summarized below.

A collaborative effort between scientists at Sanford-Burnham, UC San Diego, and
Vanderbilt has continued to investigate new analogues of BINA (19) in search of mGlu,
PAMs with improved potency and pharmacokinetic (PK) properties (Figure 12). One effort
centered on the preparation and evaluation of a number of isoindolinone analogues such as
52 (Y = CH,) and benzisothiazolone analogues such as 53 (Y = S).266 Functional mGlus
activity, passive membrane permeability, rat plasma stability, and rat liver microsomal
stability were assessed to evaluate the new compounds. Five optimized compounds were
evaluated in rat PK studies, and all exhibited generally poor CNS penetration (brain/plasma
Kp < 0.13); however, compound 52 was a low-clearance compound with good bioavailability
and attained brain levels consistent with its mGlu, PAM functional potency following oral
dosing. Oral administration of 52 significantly reduced nicotine self-administration in rats. A
second optimization effort from this group departed more dramatically from the BINA (19)
chemotype; still, key structural features, such as the aryl carboxylic acid and lipophilic
ketone, were maintained (54, Figure 12).258 These compounds employ a 1,4-
diaryloxybutane core, a feature previously employed by Merck for the design of selective
mGlu, PAMs.287 Interestingly, the strategy used in this effort was not solely focused on
mGlu,, instead pursuing the design of mGluy/3 PAMs from within this scaffold.
Optimization of functional potency and in vitro DMPK properties identified nine
compounds for rat PK studies. Even though brain distribution was low (K} < 0.03),
compound 54 reached brain levels in excess of both its mGlu, and mGlug functional
potency. Subsequent evaluation of 54 in a rat model of cocaine dependence showed that it
dose-dependently decreased both cocaine- and food-maintained responding, in contrast to
the prior studies with the selective mGlu, PAM BINA (19), in which only decreased
cocaine-maintained responding was altered.258 These studies provide additional evidence
that activation of mGlu, might selectively modulate responding for drugs as opposed to
natural rewards.

Researchers at Taisho Pharmaceuticals recently published the detailed characterization of the
mGlu, PAM TASP0433864 (55),269 a compound that is closely related to a series of mGlus
PAMs previously reported by Merck and exemplified by compound 56 (Figure 13).270 A
host of in vitro pharmacology and ex vivo electrophysiology experiments established
TASP0433864 (55) as a generally selective mGlu, PAM; however, inhibitions of radioligand
binding to 5-HT,g and MAO-B by TASP0433864 (55) were within approximately 15 and
2.5 times, respectively, its mGlu, functional activity. TASP0433864 (55) reduced brain
metabolic activity elicited by the A-methyl-p-aspartate (NMDA) antagonist memantine in
the mouse prefrontal cortex (PFC), and quantitative electroencephalogram (EEG) studies in
rats demonstrated that TASP0433864 (55) dose-dependently attenuated the increases in -y-
band oscillation (GBO) induced by the NMDA antagonists MK-801 and ketamine. Because
the pathophysiology of schizophrenia is thought to involve cortical hyper-glutamatergic
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transmission caused by NMDA receptor hypofunction, these studies might indicate the
potential of an mGlu, PAM such as TASP0433864 (55) to modulate that signaling pathway
in schizophrenic patients. Finally, the antipsychotic effects of TASP0433864 (55) were
established in vivo through its ability to inhibit ketamine-induced hyperlocomotion in mice
and methamphetamine-induced hyperlocomotion in rats. Satellite PK studies in rats
demonstrated that drug in plasma, brain, and CSF reached levels in excess of the functional
mGlus potency at efficacious doses.269

Janssen previously reported on its successful use of a computational strategy utilizing the
three-dimensional shape and electrostatic similarity of multiple known mGlu, PAM
chemotypes for the discovery of a new imidazopyridine mGlu, PAM scaffold, exemplified
by compound 57.271 Recently, the same group described further optimization work within
this scaffold that culminated in the discovery of compound 58 (Figure 14).272 The objective
in this work was to improve upon poor oral PK observed with 57, which was attributed in
part to its high lipophilicity. New analogues were prepared with diversity at the C; position
and either a chloro or cyano group at the Cg position of the imidazopyridine ring.
Compounds 58-60 were among the new analogues that demonstrated both good mGlu,
PAM potency, stability in rat and human liver microsomes, and superior plasma exposure in
rats relative to lead 57 following oral dosing; however, 58 demonstrated the best balance of
properties. Compound 58 was evaluated in a sleep-wake EEG model, and oral administration
of 58 significantly suppressed REM sleep without clear effects on the other sleep-wake
stages; these effects are consistent with other mGlu, activators from distinct chemotypes. A
subsequent publication detailed continued optimization within this series in the context of a
4-phenylpiperidine substituent at the C; position (Figure 5) and described the discovery of
JINJ-42153605 (61).273 In this case, a triazolopyridine core was used as a less lipophilic
alternative to the imidazopyridine. Critical to the success of this effort was the identification
of the trifluoromethyl group at the Cg position as an optimal substituent for mGlu, PAM
activity. An extensive pharmacology, DMPK, and safety profile shows JNJ-42153605 (61) to
be a highly optimized compound. As was the case with 15, JNJ-42153605 (61) produced the
expected phenotype in the rat sleep-wake EEG model. Moreover, the antipsychotic effect of
JNJ-42153605 (61) was demonstrated by its ability to reverse PCP-induced
hyperlocomotion. Additional behavioral studies more fully evaluating the antipsychotic
properties of this compound were also recently reported.2’4 In conditioned-avoidance
experiments, JNJ-42153605 (61) demonstrated an ability to inhibit avoidance at doses that
do not impair the escape response on par with mGluy,z agonist LY404039 (47,
pomaglumetad) and D, receptor antagonists. This study constitutes the first published
example of efficacy with an mGluy PAM in this established antipsychotic model. Finally,
efforts to incorporate a radiolabel into this scaffold for the purposes of positron emission
tomography (PET) imaging studies culminated in the discovery of [11C]-labeled compound
62, which appeared to bind specifically and reversibly to mGlus receptors in vivo.2’>

A collaborative effort between Janssen and Addex Pharmaceuticals has resulted in a number
of recent advances in mGlu, PAM research. Compound 63 is a weak mGlu, PAM that was
identified as a hit from an HTS of the Addex library (Figure 15).27¢ Computational
modeling of the three-dimensional shape and overlay of 63 with other known mGluy PAMs
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helped inform an optimization strategy. SARs were generated around potency, stability, and
hERG activity with significant chemical diversity examined around the substituents attached
to the phenyl ring at the C,4 position of the pyridone ring. Careful attenuation of the basicity
of the 4-pyridyl nitrogen shown in compound 64 proved key for overcoming hERG activity.
Compound 64 was among the most attractive analogues and demonstrated superior brain
levels following subcutaneous dosing in mice relative to other comparators. Again, efficacy
in the aforementioned rat sleep-wake EEG model was employed to demonstrate activation of
mGlu, in the CNS by 64. A second compound from this series known as JNJ-40068782
(65), containing a 4-phenylpiperidine at the C, position, was also recently described.2>
Importantly, also disclosed was a radiolabeled version of JNJ-40068782 (65) containing a
tritium at the C4 position of the phenyl ring appended to the piperidine ring. This
radiolabeled compound was successfully employed in both in vitro and in vivo studies.
Interestingly, mGlu, PAMs from distinct chemotypes displaced [3H]-JNJ-40068782 from
cortical mGlus receptors, indicating a potential common binding site. JNJ-40068782 (65)
was found to be active in the rat sleep-wake EEG model and reversed PCP-induced
hyperlocomotion.

In 2012, Addex Pharmaceuticals and their Janssen partners released top-line data from an
exploratory phase Ila clinical study in patients with schizophrenia with a compound known
as ADX71149 that met the primary objectives of safety and tolerability. Also, the drug
demonstrated a positive effect as adjunctive treatment to antipsychotics in patients with
residual negative symptoms.277 At the time, the structure of the compound was not
disclosed; however, recently, that information was released to the public.28 ADX71149 is
also known as JNJ-40411813 (11, Figure 15) and is a member of the pyridone scaffold
highlighted above and a close structural analogue of JNJ-40068782 (65). The exchange of
the 3-cyano group in JNJ-40068782 (65) for the 3-chloro group in JNJ-40411813 (11) was
key for enhancing CNS penetration. The n-butyl group on the pyridone nitrogen of
JNJ-40411813 (11) was chosen as it provided the best balance of properties, including
hERG inhibition profile and efficacy following oral dosing in the rat sleep-wake EEG
model. Additionally, a pair of back-to-back publications provided further detailed
descriptions of its pharmacological and PK properties?’® and preclinical evaluation in
antipsychotic models.280 Not surprisingly, JNJ-40411813 (11) has a generally attractive
preclinical profile, including efficacy similar to that of mGluy3 agonist LY404039 (47) in
multiple antipsychotic animal models. JNJ-40411813 (11) was also recently examined in a
phase 11 proof-of-concept study in patients with major depressive disorder (MDD) with
significant anxiety symptoms.281 Although efficacy signals were met on some measures, the
signal on the primary outcome measure was not significant, and the overall data did not
support continued development of the compound in anxious depression.2’8

AstraZeneca has developed an mGlu, PAM known as AZD8529 (13) that has also advanced
into phase 11 clinical trials (Figure 16).282 AZD8529 (13) is an isoindolinone mGlu, PAM
with a 1,2,4-oxadiazole at the Cs position.283 Detailed preclinical information concerning
the compound is limited in the literature; however, a recent report describes its efficacy in
nonhuman primate models of nicotine reinforcement and relapse.284 Moreover, a phase Il
study (NCT02401022) for smoking cessation in female smokers is currently recruiting
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participants.28% There is also a publication providing details on the process chemistry
optimization of the synthesis of AZD8529 (13) that describes the development of an
intramolecular Diels-Alder reaction for the rapid synthesis of the key indolinone
intermediate 57.286 Even though AZD8529 (13) was active in seven preclinical antipsychotic
and two anxiolytic models, in a phase Il study in patients with symptomatic schizophrenia,
the compound failed to distinguish from placebo. It should be noted that this trial was
conducted at a single dose and lacked a method for directly measuring target engagement
(e.g., PET).282

The development of allosteric antagonists of the group Il mGlus has been a fruitful area of
research as well. 236255 Two related benzodiazepine analogues developed at Roche, 26
(RO4491533)287 and 59 (RO4432717)288.289 (Figure 17), are useful mGluy;s NAM in vivo
tools and have demonstrated efficacy in rodent models of depression2?0 and
cognition.288.290-292 One mGluy3 NAM, decoglurant (60, RO4995819),2%2 has advanced
into human clinical trials, including a phase Il trial in patients with major depressive
disorder (MDD) resistant to ongoing treatment with antidepressants (NCT01457677).294
Interestingly, decoglurant contains a 1,2-disubstituted alkyne, a feature also found in
multiple mGlus NAM clinical compounds.2% Although research directed toward the design
of novel allosteric antagonists of the group Il mGlus has not been as extensive as that
described above for mGlu, PAMs, some recent (2012—present) studies have been reported
and are summarized below.

Domain Therapuetics recently disclosed details regarding a pyrazolo[1,5-4]lquinazolin-5-one
scaffold as a chemotype for the design of mGluyz NAMs (Figure 18).2% A proprietary
FRET assay was used to screen a small compound collection and identified hit 61 as a
relatively weak mGluy3 NAM. Substitution of the Cg position was noted as key for
improving potency, and modification of the N-acyl group to an endocyclic amide improved
metabolic stability. Compound 62 is a potent mGluy;3 NAM with oral bioavailability and
CNS exposure (Kj = 0.27), and it was selected for study in a rodent memory deficit model.
Results showed that oral administration of compound 62 dose-dependently improved spatial
working memory in mice challenged with scopolamine. Following an earlier disclosure of
this general chemotype by Domain,27 scientists at Vanderbilt independently investigated the
SARs within this series.2% Several analogues were prepared and tested in functional assays
of mGlu, and mGlus with a diversity of aryl and heteroaryl groups at the C, and Cg
positions. Among the active compounds were mGluy;3 NAMs that were either equipotent at
each receptor or mGlus-preferring. Compound 63 was the most potent compound and
exhibited approximately 3-fold preference for mGlus.

The Vanderbilt group has also made substantial advances in the design of selective mGlus
NAMs (Figure 19). Their initial efforts began with an observation that compounds from
within a series of 1,2-diphenylethyne mGlus positive allosteric modulators (PAMs)36
sometimes displayed weak mGluz NAM coactivity but no mGlu, activity. Initial
optimization began from the simple amide cross-screening hit 64 and progressed to
VU0463597 (65, ML289).15% The methoxy group at the C, position of the distal phenyl ring
proved unique in conferring mGlus potency and selectivity versus mGlus, that is, a
molecular switch. Further optimization within this scaffold led to the second-generation
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analogue VU0469942 (66, ML337).160 This new compound is devoid of both mGlu, and
mGlus activity and can be used at high doses as an in vivo tool in mice; however, lower CNS
penetration and higher protein binding in rats prevent its utility in that species. In fact, the
Vanderbilt group recently published electrophysiology and in vivo work in a fear extinction
model in mice with VVU0469942 (66, ML337).2%9 These studies implicated mGlus as a
major regulator in PFC function and demonstrated the practical utility of a selective mGlus
NAM tool.

Seeking to identify still improved mGluz NAMs, we continued our effort toward this end.39
The goals in this instance were two-fold. First, the desire was to move beyond the 1,2-
diarylethyne scaffold because this motif is prone to bioactivation and formation of reactive
metabolites that can lead to toxicity.391:392 Second, the new mGluz NAM required
pharmacology and PK properties that enabled its use in both rats and mice. Once again,
mining an internal collection of mGlus PAMs proved fruitful by identifying compound 67
(Figure 20), which is essentially equipotent as an mGlus PAM and an mGluz NAM.
Importantly, as was the case with the aforementioned 1,2-diphenylethyne compounds, an
inherent selectivity versus mGlu, was also found with these analogues. Extensive SAR
development led to the identification of an optimized compound known as VU0650786 (68,
Figure 20). Installation of the 5-chloro substituent on the western pyridyl ring was key for
engendering good PK properties. Variation of the eastern aryl ring identified the 2-
fluoropyridin-3-yI ring as optimal for mGlugz versus mGlus selectivity and enhanced PK
properties. VU0650786 (68) demonstrated efficacy in a mouse marble burying model and a
forced swim test in rats, anxiolytic and antidepressant models, respectively, where efficacy
had previously been noted with orthosteric mGluy,s antagonists.239:240

Whereas highly selective and optimized tools now exist to study the effects of mGlu, PAMs
and mGluz NAMs in animal models of CNS disorders, selective mGlu, NAMs and mGlus
PAMs have remained elusive. Such compounds would add tremendous value and are almost
certainly being pursued in multiple laboratories. It is worth noting that one new selective
mGlu, NAM was just recently documented in the primary literature.2%° To better understand
the results of this study with VU0469942 (66, ML337) through the complementary use of an
mGluy NAM, we synthesized and characterized MRK-8-29 (70, Figure 21), a compound
discovered at Merck and reported to be an mGlu, NAM in the patent literature.236.303
MRK-8-29 (70) is a potent mGlu, NAM with excellent selectivity versus mGluz in
functional assays for those receptors. The generic features of this chemotype can be seen in
Markush structure 69 (Figure 21). Based on data from within the patent application, a
primary carboxamide was preferred to a cyano group at the C, position (RQ). A number of
aryl and heteroaryl groups (A) were tolerated at the C4 position. The C; position was
tolerant of a wide array of functional groups, including linkers (L) of varying lengths and
atom compositions and terminal groups (R1) that included heteroaryl rings and tertiary
amines.299:303 The disclosure of MRK-8-29 (38) led to the speculation that the structural
similarity between 70 and the M; PAM BQCA (71)3%4 was striking and that a scaffold-
hopping exercise might afford a novel mGlu, NAM chemotype. The exercise did yield a
potent (ICsq = 207 nM) and highly selective (>30 UM vs other mGlus) mGlu, NAM tool
compound, VU6001192 (72), validating that an established M, PAM chemotype serves as a
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viable alternative for new analogue design.30> With the development of new, subtype-
selective group Il NAMs, the field will soon understand the physiological roles and
therapeutic potential of the individual subtypes.

3.3. Allosteric Modulators of the mGlus Receptor

The metabotropic glutamate receptor 4 (mGluy) is a member of the group 111 mGlu receptor
family (along with mGlug_g).129:180.181 The group 111 mGlu receptors are predominantly
expressed presynaptically and act as both auto-and heteroreceptors in the regulation of
neurotransmitter release.129.180.181 Athough this group has received less attention than the
group | and Il mGlu receptors, because of the implication of mGlu, in a number of
therapeutic areas, this receptor has received growing research interest over the past eight
years, with interest predominantly centered on the role of mGlu, in Parkinson’s disease
(PD).136-138,144,145 pp js caused by the degeneration of dopaminergic neurons in the
substantia nigra that project to nuclei of the basal ganglia (BG). With the introduction of the
direct and indirect functional models of the BG, researchers identified mGlug as a potential
druggable target within the BG to bring balance to the indirect pathway. Subsequent gene-
profiling studies found mGluy, mRNA in the striatum and in presynaptic terminals at the
globus pallius external (GPe), which is overactive in PD,136-138,144,145

Because of the difficulty in identifying subtype-selective orthosteric ligands, much of the
research has been focused on identifying PAMs of mGlu,.1-12.136-138,144,145 A nymber of
selective PAMs have been identified and shown to be active in preclinical models of PD. The
first mGlug PAM that was profiled was (—)-PHCCC (20) (Figure 22); however, this
compound is a relatively weak mGlug PAM and is not selective. Nevertheless, (-)-PHCCC
(19) has been shown to be active in a number of models of PD including those modeling
neuroprotection; 167 however, these studies were after either intracerebroventricular (icv)
injection, or systemically in a 50% dimethyl sulfoxide vehicle because of its poor
pharmacokinetic (PK) profile and limited brain exposure. Next, another mGluy PAM (23,
VU0155041) was reported to be active in the haloperidol-induced catalepsy model of PD;144
however, this compound too suffered from poor brain exposure and was administered by icv
injection.148 Additionally, VU0155041 (23) was shown to be neuroprotective in the 6-
hydroxydopaine (6-OHDA) rat model.3%6 A subsequent report of an mGlus PAM with
systemic exposure in a nontoxic vehicle focused on the compound VU0364770 (73,
ML292).307 \yU0364770 (73) was found to be active in a number of PD models when
administered alone, including reversal of haloperidol-induced catalepsy and forelimb
asymmetry-induced by 6-OHDA lesions in the median forebrain bundle.146 In addition,
when dosed in combination with an inactive dose of L-DOPA, reversal of forelimb
asymmetry was potentiated,146 suggesting that mGlu, PAMs might provide L-DOPA-sparing
activity in the clinic. Two additional reports from Lundbeck (24, Lu AF21934)136 and
Addex (74, ADX88178)149 further support the use of mGlu, PAMs as possible therapeutic
interventions for PD through the modulation of the indirect pathway of the BG. Both Lu
AF21934 and ADX88178 were shown to be active in the 6-OHDA model; however, they
were only active in combination with L-DOPA. In addition to PD, Lu AF21934 and
ADX88178 have been shown to be active in animal models of anxiety308:309 and
psychosis,309.310
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3.4. Allosteric Modulators of the mGlug Receptor

mGlus is by the far the most advanced of all of the mGlu receptors in terms of allosteric
ligand tool compound and drug discovery, defining the field in terms of PAM, NAM, and
NAL ligands, as well as the core concepts of allosteric pharmacology and chemical
optimization.112:23.24.90.91 As mentioned previously, multiple mGlus NAMs are in the
clinic, and many excellent reviews are available.1-12:23.24.90.91 Therefore, this vignette will
cover new advances in the past year concerning partial NAMs, signal bias, and the first
reports of mGlus PAMs approved for investigational-new-drug- (IND-) enabling studies.

Complete blockade or inverse agonist activity by some full mGlus NAM chemotypes, such
as MPEP (75) and MTEP (76), demonstrated adverse effects, including psychotomimetic-
like effects in animals and psychosis in humans (with related acetylene-based NAMs),
suggesting a narrow therapeutic window.%%91 In response to this potential issue, we
identified mGlus allosteric ligands with a new mode of pharmacology: partial antagonism.2’
These allosteric ligands display weak negative cooperativity. Based on this, concentrations
of these compounds that fully occupy the allosteric site, in this case, the MPEP site, only
partially block receptor signaling, in essence allowing varying degrees of agonist activity.2’
Development of “partial” mGlus NAMs, characterized by their submaximal but saturable
levels of blockade (and negative cooperativity), might represent a novel, more general
approach to broaden the therapeutic window. However, this is not a consistent mode of
pharmacology conserved within a given chemotype; rather, the degree of partial antagonism
varies greatly.33-3%:311 To understand potential therapeutic versus adverse effects in
preclinical behavioral assays, the activities of the partial mGlus NAMs M-5MPEP (77),
Br-5MPEPy (78), and VU0477573 (79), in comparison with the full mGlus NAM MTEP
(76), were examined across models of addiction and psychotomimetic-like activity (Figure
23).312.313 \-5MPEP (77), Br-5MPEPy (78), and MTEP (76) all dose-dependently both
decreased cocaine self-administration and attenuated the discriminative stimulus effects of
cocaine. Moreover, the partial NAMs M-5MPEP (77) and Br-5MPEPYy (78) demonstrated
antidepressant-like and anxiolytic-like activity, corresponding with increasing in vivo mGlug
occupancy. PCP-induced hyperlocomotion, as well as the discriminative-stimulus effects of
PCP, was potentiated by MTEP (76), but not by M-5MPEP (77) and Br-5MPEPy (78).312
More recently, VU0477573 was reported as another partial NAM within this series that has
higher affinity than the earlier partial NAMs, an excellent PK profile, and efficacy in rodent
models of anxiolytic activity.313 Thus, data are accumulating that demonstrate that efficacy
with partial mGlus NAM activity is comparable to that observed with full NAM activity but
with a broader therapeutic index.

Recent advances are shedding light on the potential importance of differences in allosteric
agonist activity and signal bias in determining adverse effects of mGlus PAMs,1-12.90
Certain mGlus PAMs engender epileptiform activity, seizures, and neurotoxicity as
evidenced by fluorojade staining.52-5565 Many PAM chemotypes drift in and out of ago-
PAM activity, wherein the ligand activates mGlus on the absence of glutamate.%° In a recent
study, VU0403602 (81), an mGlus pure PAM derived from VU0360172 (80) optimized to
eliminate allosteric agonist activity, has robust in vivo efficacy and does not induce adverse
effects at doses that yield high brain concentrations (Figure 24). In sharp contrast, both in
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vitro mutagenesis and in vivo pharmacology studies demonstrated that VU0422465 (82) is a
potent ago-PAM that induces epileptiform activity and behavioral convulsions in rodents.3”
Thus, drug development efforts must avoid ago-PAM activity at mGlusg in both the parent
and, as described earlier, the principle circulating oxidative metabolites.

In addition, multiple examples of signal bias induced by mGlus PAMs were recently
uncovered.>2-55 Within the CPPHA (83) series of mGlus PAMSs (a non-MPEP site ligand),
the closely related analogue A-(4-chloro-2-((4-fluoro-1,3-dioxoisoindolin-2-
yl)methyl)phenyl)picolinamide (NCFP, 84) was found to be pharmacologically similar in all
respects (Figure 24), except that it did not potentiate the induction of LTD and LTP in the
hippocampus (i.e., synaptic plasticity), suggesting that NCFP (84) stabilizes a unique
activated conformation of mGlus.52 This finding is even more striking upon consideration
that a single fluorine atom modulated the signal bias. With the adverse effect liability of
mGlus PAMs, thought to be mediated by the NMDA receptor, one approach to avoid the
liability would be to identify PAMs that display signal bias away from potentiation of
NMDA receptor activation.® In 2015, an industrial-academic collaboration between Janssen
Research and Development and the Vanderbilt Center for Neuroscience Drug Discovery
(VCNDD) identified a PAM with this profile.54:55 \VU0409551 (85) is a potent, selective,
and orally bioavailable mGlus PAM that displays robust antipsychotic and cognition-
enhancing efficacy in the absence (stimulus bias) of direct potentiation of NMDA receptor
modulation (Figure 24). This unique signal bias broadened the therapeutic window, enabling
endorsement as the first disclosed mGlug PAM clinical candidate for which IND-enabling
studies were initiated.>*%5

Finally, Eisai recently disclosed their novel mGlus PAM safety assessment candidate 86,
wherein their strategy to avoid adverse effect liability was a low maximal glutamate fold-
shift (i.e., low cooperativity).314 This is consistent with a strategy proposed by Merck to
avoid adverse effect liability of mGlug PAMs by optimizing compounds with relatively low
cooperativity. These exciting advances highlight multiple strategies to overcome target-
related adverse events and the unique approaches and pharmacology possible with allosteric
ligands.

3.5. Allosteric Modulators of the mGlu; Receptor

Although most of the work surrounding the group 111 mGlu receptors has been concentrated
on mGluy, a receptor with growing implications for therapeutic relevance in Parkinson’s
disease and other disorders such as meduloblastoma, autism, and multiple sclerosis, both
NAM and PAMs of the metabotropic glutamate receptor 7 (mGlu;) were reported recently in
the literature. mGluy is thought to be a therapeutic target for various CNS disorders;
polymorphisms in the GRM7 gene have been linked to autism, depression, bipolar disorder,
attention deficit hyperactivity disorder (ADHD), and schizophrenia.312-329 The first reported
allosteric agonist of mGlu;, AMNO082 (87), demonstrates agonist activity in vitro and was
reported to be active in models of stress-related CNS disorders (Figure 25).330 However,
more recent reports suggest that the in vivo activity might involve mechanisms in addition to
mGluy.331 Although selective PAMs of mGluy have yet to be reported, two recent
compounds have been disclosed as pan-group Il PAMs, namely, VU0422288 (88) and
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VU0155094 (89).332 These compounds, much like pan-PAMs of the muscarinic receptor
families, have proven to be valuable tool compounds for beginning to validate the role of
mGluy in various biological and pathological processes.?! For example, these compounds
have been studied by electrophysiological experiments at Schaffer collateral-CA1 synapses
in the hippocampus. Among the group Il mGlu receptors, these synapses appear to express
mGlu; only in adult animals, and activation or potentiation of mGlu; produces robust effects
in modulation of synaptic transmission by a presynaptic mechanism.332-335 These studies
provide valuable proof-of-concept data that mGluy activity can be modulated by a PAM,
thus providing key indications for future therapeutic development. In addition to PAMs,
there have been several reports of antagonists/NAMs of the mGluy receptor. A recent report
details the pharmacology of the mGlu; antagonist XAP044 (90), which acts not through the
seven transmembrane region but rather through the extracellular Venus flytrap-like domain,
normally reserved for orthosteric binding.338 X AP044 (90) was shown to be CNS-penetrant
and to exhibit adaptogenic (antistress), antidepressant, and anxiolytic-like efficacy in rodent
models.336 The isoxazolopyridone allosteric antagonist MMPIP (91) is selective for mGlus,
exhibits a favorable in vivo pharmacokinetic profile, and is CNS-penetrant.337:338 |n
addition, a radiolabeled version of the compound ([*C]MMPIP) has been reported, and
although high radioactive signals were detected in in vitro autoradiography in the thalamus,
medulla oblongata, and striatum, no specific uptake relative to mGlu; was found in the
examined brain regions.33% MMPIP (91) also shows interesting pharmacology in vitro and
does not antagonize all responses mediated by mGlu; 340 Addex Therapeutics recently
reported a potent and selective mGlu; NAM, ADX71743 (92).341 ADX71743 (92) was
shown to be inactive against other subtypes of the mGlu receptor family and showed
anxiolytic-like efficacy in a mouse model. ADX71743 (92) was also used, along with a
group 111 receptor agonist, to elucidate the role of mGlu7 in modulating transmission in
hippocampal area CA1 in adult mice.33%:342 The results of this study suggest that mGluy
serves as a heteroreceptor at inhibitory synapses in area CA1 and that the effect of activation
of mGluy by stimulation of glutamatergic afferents is disinhibition and not reduced
excitatory transmission.335

4. LATE-BREAKING DISCOVERIES

Here, in the final section, we capture hot, late-breaking discoveries in the realm of GPCR
allosteric modulators, beyond the mGlu receptors discussed in depth. Three vignettes are
covered that include endogenous GPCR allosteric modulators, GABAg NAMs, and proton-
sensing GPR4 NAMs.

Recently, attention has focused on the possibility that allosteric sites on GPCRs, targeted by
exogenous synthetic ligands, can also be modulated by endogenous allosteric ligands.>®
These endogenous ligands consist of G proteins, ions, lipids, amino acids, peptides, and a
diverse array of accessory proteins.>® First, G proteins themselves have been shown to alter
GPCR conformation in an allosteric manner that is capable of modulating either binding or
signaling of both orthosteric agonists and antagonists.>® lons, such as sodium and
magnesium, have been shown to functionally modulate GPCRs, with the first report
appearing in 1973 that Na* is a NAM of opioid agonist binding.3*2 Since that time,
mutagenesis studies have found a conserved aspartate residue in the second transmembrane
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domain of class A GPCRs as critical for allosteric action of Na*,%6:343 and new examples
continue to be described. Third, lipids such as cholesterol have been shown to induce
conformational changes in GPCRs, by modulation of lipid membrane or lipid raft
compositions. In addition, endocannabinoids, lipoxin A4, pregnenolone and oleamide
display allosteric modulation of a variety of GPCRs.56 Amino acids, notably aromatic amino
acids (L-Phe, L-Trp, and L-Tyr), act as endogenous allosteric modulators of specific GPCRs,
such as the CaSR and GABAg, and both small and large peptides have also been found to
function as discrete GPCR allosteric modulators.56 This area is in its infancy, and we expect
that additional endogenous allosteric modulators will emerge as focused efforts search them
out.

In 2014, Nan and co-workers reported the discovery of the first negative allosteric modulator
(NAM) of GABAGR receptors 93 (Figure 26), derived from a scaffold-hopping exercise based
on the GABAg PAM CGP7930 (94).344 Whereas the literature is replete with GABAg
PAMSs, until now, NAMs remained elusive. NAM 93 decreased GABAg-induced IP3
production (ICsq = 37.5 uM), displayed no effect on other class C GPCRs, and did not bind
to the GABAGg orthosteric binding site.344 This new tool will enable further exploration of
GABAg function and therapeutic potential.

Last year, Okajima and co-workers reported the identification and characterization of a
series of imidazopryridine analogues, exemplified by 95 (Figure 27), that proved to be the
first negative allosteric modulators of proton-sensing GPR4 in extracellular acidification-
induced responses.34> Moreover, 95 inhibited acidic-pH-stimulated cAMP accumulation,
GPR4 internalization, and mRNA expression in inflammatory genes and was highly
selective among proton-sensing GPCRs. In contrast to the GPR4 orthosteric antagonist
psychosine (96), which loses efficacy in a histidine to phenylalanine mutation in the
orthosteric site, the NAM 95 retains the ability to inhibit acidic-pH-induced activity.34> This
new tool compound, with a distinct, more drug-like chemotype than its orthosteric congener,
will be invaluable in unraveling the complex pharmacology of proton-sensing GPRA4.

5. CONCLUSIONS

A decade of intense research and development has elucidated both benefits and challenges of
allosteric modulation of GPCRs, as well as the many caveats to successful optimization.
Highly subtype-selective allosteric modulators now exist for a wide array of GPCRs with a
diverse range of modes of efficacy beyond what is possible with traditional orthosteric
ligands. Strategies and tactics have emerged to address steep SARs, molecular switches,
signal bias, and differential effects on heterodimeric versus homodimeric complexes. The
speed and frequency of crystal structures of all families of GPCRs (A, B, and C), alone and
in complex with orthosteric and allosteric ligands, will offer new insights for ligand design
and receptor theory. What new challenges and discoveries will be made in the next decade?
Will surgical activation of discrete signaling pathways be commonplace? How many GPCR
allosteric modulators will enter the market as therapeutics and become standards of care?
One thing is certain: GPCR allosteric modulators have fueled a renaissance in GPCR
pharmacology and small-molecule design and discovery.

Chem Rev. Author manuscript; available in PMC 2017 June 08.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Lindsley et al.

Page 31

Acknowledgments

The authors warmly acknowledge the NIH [(NIGMS, NIMH, NIDA): MH102548, U19MH106839, DA037207,

GM106232, MH082867, DA023947, MH087965, MH097056, MH062646, MH074953 and MH08465]; Autism
Speaks Treatment Award; and William K. Warren, Jr. (and the William K. Warren Foundation) for support of our
programs in allosteric modulation of GPCRs.

The authors (C.R.H., C.M.N., T.M.B., PJ.C., and C.W.L.) currently receive funding from AstraZeneca to develop
Mg PAMs and have received compensation and research funding for other allosteric modulator programs from
Bristol-Myers-Squibb and Janssen.

Biographies

Dr. Lindsley is a Professor of Pharmacology and Chemistry at Vanderbilt University, holding
the William K. Warren, Jr., Chair in Medicine and Director of Medicinal Chemistry for the
Vanderbilt Center for Neuroscience Drug Discovery. He received his Ph.D. degree from the
University of California, Santa Barbara, in 1996 (Lipshutz research group) and pursued
postdoctoral studies at Harvard University (Shair research group) as an Institute of
Chemistry & Cell Biology Fellow. Dr. Lindsley was a Senior Research Fellow and Group
Leader in the Medicinal Chemistry Department at Merck and Company and then moved to
Vanderbilt University as the cofounding director of the Vanderbilt Center for Neuroscience
Drug Discovery, where he has advanced multiple drug candidates into development for
neurological and psychiatric indications. Dr. Lindsley is the founding Editor-in-Chief of
ACS Chemical Neuroscience and was the lone Associate Editor for Current Topics in
Medicinal Chemistry. He has received numerous awards for his translational research
including the John J. Abel Award from ASPET (2014), and the 2013 Philip S. Portoghese
Medicinal Chemistry Lecture Award from the American Chemical Society, among others.
His current interests lie in the area of allosteric modulation of GPCRs for the treatment of
schizophrenia, addiction, depression, Parkinson’s disease, Alzheimer’s disease, and other
neuropsychiatric disorders. Dr. Lindsley is the author of over 300 peer-reviewed
manuscripts, review articles, and book chapters. In addition, he is the inventor on over 60
issued U.S. patents.

Kyle A. Emmitte received his Ph.D. in Organic Chemistry in 2001 from the University of
North Carolina at Chapel Hill under the direction of Professor Michael T. Crimmins. He
subsequently joined the Oncology Medicinal Chemistry group at GlaxoSmithKline in
Research Triangle Park, North Carolina, where he made key contributions to the discovery
of the PLK1-inhibitor GSK461364 and co-led the team that discovered the IGF-1R inhibitor
GSK1904529. In 2008, he joined Vanderbilt University Medical Center as Research
Assistant Professor and the Vanderbilt Center for Neuroscience Drug Discovery (VCNDD)
as Associate Director of Medicinal Chemistry. During his time with the VCNDD, he led the
teams that discovered an mGlus NAM preclinical candidate as well as a number of allosteric
modulator tool compounds, including an optimized and highly selective mGluz NAM in vivo
tool. In 2015, he joined the University of North Texas Health Science Center as Associate
Professor in the Department of Pharmaceutical Sciences in the UNT System College of
Pharmacy.

Chem Rev. Author manuscript; available in PMC 2017 June 08.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Lindsley et al.

Page 32

Corey R. Hopkins received his B.S. in Chemistry from Indiana University and his Ph.D. in
Organic Chemistry from the University of Pittsburgh in 2002 under the direction of
Professor Peter Wipf. After his doctoral studies, he joined the medicinal chemistry
department at Aventis Pharmaceuticals where he worked on a number of CNS-related
therapeutic targets (multiple sclerosis, depression) and inflammation-related targets (asthma,
rheumatoid arthritis). In 2008, he joined the faculty as an Assistant Professor in the
Departments of Pharmacology and Chemistry at the Vanderbilt University Medical Center,
Nashville, TN, where he is also the Associate Director of Medicinal Chemistry for
Vanderbilt’s Center for Neuroscience Drug Discovery. His current interests lie in the area of
allosteric modulation of GPCRs; kinase inhibitors as they apply to rare and neglected
diseases; and ion channels for vector-borne diseases, such as malaria. Dr. Hopkins is the
author of over 70 peer-reviewed manuscripts, review articles, and book chapters. In addition,
he is the coinventor on over 25 patents.

Thomas Bridges is a Research Assistant Professor in the Department of Pharmacology at
Vanderbilt University and a drug metabolism and pharmacokinetics (DMPK) scientist within
the Vanderbilt Center for Neuroscience Drug Discovery (VCNDD). After obtaining a B.S. in
Biology from Wheaton College, he obtained his Ph.D. in Pharmacology in the Lindsley and
Conn laboratories of the VCNDD before completing a postdoctoral fellowship in the Daniels
laboratory, also of the VCNDD. He has since served as a DMPK Drug Discovery Scientist-1
and as the primary DMPK representative to multiple interdisciplinary drug discovery project
teams within the VCNDD (as well as program coleader), including those in active
partnerships with pharmaceutical companies. Consequently, his research background and
interests range from small-molecule medicinal chemistry and molecular pharmacology to
preclinical pharmacokinetics and pharmacometrics.

Karen J. Gregory is an early career researcher (Ph.D. 2009) with a strong expertise in the
molecular pharmacology of GPCRs. She has published 20 journal articles and 10 reviews/
book chapters on allosteric modulation and stimulus bias of neurotransmitter GPCRs. Her
research efforts are primarily directed toward the structural and molecular pharmacology of
metabotropic glutamate receptors, with a particular focus on allosteric modulators and
biased pharmacology. Research in her laboratory is currently supported by National Health
& Medical Research Council (Australia) Project Grant 1084775 and CJ Martin Postdoctoral
Fellowship 1013709.

Colleen M. Niswender, Ph.D., is an Associate Professor of Pharmacology and the Director
of Molecular Pharmacology for the Vanderbilt Center for Neuroscience Drug Discovery
(VCNDD) at Vanderbilt University. She obtained her doctorate in pharmacology in 1996 at
Vanderbilt and then pursued postdoctoral studies in pharmacology at the University of
Washington. She has worked with the VCNDD since 2004 and has extensive experience
with receptor biology, cell signaling, assay development, high-throughput screening, lead
optimization, and concepts of allosteric modulation. She is the author of over 140
publications, has contributed to numerous patents, and is currently involved in the
progression of several lead candidates into studies required for clinical trials. She is highly
interested in the basic biology and therapeutic potential of metabotropic glutamate and

Chem Rev. Author manuscript; available in PMC 2017 June 08.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Lindsley et al.

Page 33

muscarinic receptors in autism spectrum disorders, Parkinson’s disease, schizophrenia, and
other pathophysiological states that affect neurological and psychiatric health.

P. Jeffrey Conn is the Lee E. Limbird Professor of Pharmacology at Vanderbilt University
and Director of the Vanderbilt Center for Neuroscience Drug Discovery. He received his
Ph.D. degree from Vanderbilt in 1986 and pursued postdoctoral studies at Yale University
before joining the faculty at Emory University in 1988. Dr. Conn served as head of the
Department of Neuroscience at Merck and Company (West Point, PA) from 2000 to 2003
and then moved to Vanderbilt University as the founding director of the Vanderbilt Center
for Neuroscience Drug Discovery, where he has advanced multiple drug candidates into
development for neurological and psychiatric indications. Dr. Conn served as Editor in Chief
of Molecular Pharmacology, on editorial boards of multiple other journals, and on Scientific
Advisory Boards of multiple foundations and companies. He has received numerous awards
for his translational research. Dr. Conn’s research is focused on understanding the
pathophysiology changes that contribute to serious brain disorders, including Parkinson’s
disease, schizophrenia, and depression, and using this understanding to develop novel
therapeutic strategies for the treatment of these devastating disorders.

REFERENCES

1. Kenakin T, Miller LJ. Seven Transmembrane Receptors as Shapeshifting Proteins: The Impact of
Allosteric Modulation and Functional Selectivity on New Drug Discovery. Pharmacol. Rev. 2010;
62:265-304. [PubMed: 20392808]

2. Christopoulos A. Allosteric Binding Sites on Cell Surface Receptors: Novel Targets for Drug
Discovery. Nat. Rev. Drug. Discovery. 2002; 1:198-210. [PubMed: 12120504]

3. Kenakin TP. 7TM Receptor Allostery: Putting Numbers to Shapeshifting Proteins. Trends
Pharmacol. Sci. 2009; 30:460-469. [PubMed: 19729207]

4. Lane RJ, Abdul-Ridha A, Canals M. Regulation of G Protein-Coupled Receptors by Allosteric
Ligands. ACS Chem. Neurosci. 2013; 4:527-S34.

5. Fenton AW. Allostery: An Illustrated Definition for the ‘Second Secret of Life. Trends Biochem.
Sci. 2008; 33:420-425. [PubMed: 18706817]

6. Conn PJ, Christopoulos A, Lindsley CW. Allosteric Modulators of GPCRs as a Novel Approach to
Treatment of CNS Disorders. Nat. Rev. Drug Discovery. 2009; 8:41-54. [PubMed: 19116626]

7. Bridges TM, Lindsley CW. G-Protein Coupled Receptors: From Classical Modes of Modulation to
Allosteric Mechanisms. ACS Chem. Biol. 2008; 3:530-542. [PubMed: 18652471]

8. Christopoulos A, Kenakin T. G Protein-Coupled Receptors Allosterism and Complexing.
Pharmacol. Rev. 2002; 54:323-374. [PubMed: 12037145]

9. Lindsley CW. 2013 Philip S. Portoghese Medicinal Chemistry Lectureship: Drug Discovery
Targeting Allosteric Sites. J. Med. Chem. 2014; 57:7485-7498. [PubMed: 25180768]

10. Conn PJ, Lindsley CW, Meiler J, Niswender CM. Opportunities and Challenges in the Discovery
of Allosteric Modulators of GPCRs for the Treatment of CNS Disorders. Nat. Rev. Drug
Discovery. 2014; 13:692-708. [PubMed: 25176435]

11. Wenthur CJ, Gentry PR, Mathews TP, Lindsley CW. Drugs for Allosteric Sites on Receptors.
Annu. Rev. Pharmacol. Toxicol. 2014; 54:165-184. [PubMed: 24111540]

12. Menniti FS, Lindsley CW, Conn PJ, Pandit J, Zagouras P, Volkmann RA. Allosteric Modulation for
the Treatment of Schizophrenia: Targeting Glutamatergic Networks. Curr. Top. Med. Chem. 2013;
13:26-54. [PubMed: 23409764]

13. Monod J, Wyman J, Changeux J-P. On the Nature of Allosteric Transitions: A Plausible Model. J.
Mol. Biol. 1965; 12:88-118. [PubMed: 14343300]

Chem Rev. Author manuscript; available in PMC 2017 June 08.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Lindsley et al.

14.

15.

16.

17.

18.

19.

20.

21

22.

23.

24.

25.

26.

27.

28.

29.

30.

Page 34

Mohler H, Fritschy JM, Rudolph U. A New Benzodiazepine Pharmacology. J. Pharmacol. Exp.
Ther. 2002; 300:2-8. [PubMed: 11752090]

Lagerstrom MG, Schiéth HB. Structural Diversity of G Protein-Coupled Receptors and
Significance for Drug Discovery. Nat. Rev. Drug Discovery. 2008; 7:339-357. [PubMed:
18382464]

Overington JP, Al-Lazikani B, Hopkins AL. How Many Drug Targets are There? Nat. Rev. Drug
Discovery. 2006; 5:993-996. [PubMed: 17139284]

Lindsley CW. 2014 Prescription Medications in the United States: Tremendous Growth, Speciality/
Orphan Drug Expansion and CNS Dispensed Prescriptions Continue to Increase. ACS Chem.
Neurosci. 2015; 6:811-812. [PubMed: 26081717]

Jacobson KA. New Paradigms in GPCR Drug Discovery. Biochem. Pharmacol. 2015; 98:541-555.
[PubMed: 26265138]

Urban DJ, Roth BL. DREADDs (Designer Receptors Exclusively Activated by Designer Drugs):
Chemogenetic Tools with Therapeutic Utility. Annu. Rev. Pharmacol. Toxicol. 2015; 55:399-417.
[PubMed: 25292433]

Chen X, Choo H, Huang X-P, Yang X, Stone O, Roth BL, Jin J. The First Structure-Activity
Relationship Studies for Designer Drugs. ACS Chem. Neurosci. 2015; 6:476-484. [PubMed:
25587888]

. Harrington PE, Fotsch C. Calcium Sensing Receptor Activators: Calcimimetics. Curr. Med. Chem.

2007; 14:3027-3034. [PubMed: 18220738]

Dorr P, Westby M, Dobbs S, Griffin P, Irvine B, Macartney M, Mori J, Rckett G, Smith-Burchnell
C, Napier C, Webster R, Armour D, Price D, Stammen B, Wood A, Perros M. Maraviroc
(UK-427,857), a Potent, Orally Bioavailable, and Selective Small-Molecule Inhibitor of
Chemokine Receptor CCR5 with Broad-Spectrum Anti-Human Immunodeficiency Virus Type 1
Activity. Antimicrob. Agents Chemother. 2005; 49:4721-4732. [PubMed: 16251317]

Emmitte K. A mGIlu5 Negative Allosteric Modulators: A Patent Review (2010-2012). Expert
Opin. Ther. Pat. 2013; 23:393-408. [PubMed: 23339457]

Rocher J-P, Bonnet B, Boléa C, Liitjens R, Le Poul E, Poli S, Epping-Jordan M, Bessis A-S,
Ludwig B, Mutel V. mGIuR5 Negative Allosteric Modulators Overview: A Medicinal Chemistry
Approach Towards a Series of Novel Therapeutic Agents. Curr. Top. Med. Chem. 2011; 11:680-
695. [PubMed: 21261592]

Lavreysen H, Langlois X, Ahnaou A, Drinkenburg W, te Riele P, Biesmans I, Van der Linden I,
Peeters L, Megens A, Wintmolders C, et al. Pharmacological Characterization of JNJ-40068782, a
New Potent, Selective, and Systemically Active Positive Allosteric Modulator of the mGlua
Receptor and its Radioligand[3H]-JNJ-40068782. J. Pharmacol. Exp. Ther. 2013; 346:514-527.
[PubMed: 23766542]

Hopkins CR. Is There a Path Forward for mGlu, Positive Allosteric Modulators for the Treatment
of Schizophrenia? ACS Chem. Neurosci. 2013; 4:211-213. [PubMed: 23421671]

Rodriguez AL, Nong Y, Sekaran NK, Alagille D, Tamagnan GD, Conn PJ. A Close Structural
Analog of 2-Methyl-6-(phenylethynyl)-pyridine Acts as a Neutral Allosteric Site Ligand on
Metabotropic Glutamate Receptor Subtype 5 and Blocks the Effects of Multiple Allosteric
Modulators. Mol. Pharmacol. 2005; 68:1793-1802. [PubMed: 16155210]

Gould RW, Amato RJ, Bubser M, Joffe ME, Nedelcovych MT, Thompson AD, Nickols HH, Yuh
JP, Zhan X, Felts AS, Rodriguez AL, Venable DF, et al. Partial mGlug Negative Allosteric
Modulators Attenuate Cocaine Self-Administration, Demonstrate Antidepressant- and Anxiolytic-
Like Activity and Lack Psychotomimetic Effects. Neuropsychopharmacology. 2015

Nickols HH, Yuh JP, Gregory K, Morrison R, Bates BS, Stauffer S, Emmitte K, Bubser M, Peng
W, Nedelcovych MT, et al. VU0477573: Partial Negative Allosteric Modulator of the Subtype 5
Metabotropic Glutamate Receptor with High in Vivo Efficacy. J. Pharmacol. Exp. Ther. 2016;
356:123-136. [PubMed: 26503377]

Digby GJ, Noetzel MJ, Bubser M, Utley TJ, Walker AG, Byun NB, LeBois EP, Xiang Z, Sheffler
DJ, Niswender CM, et al. Novel Allosteric Agonists of the M1 Muscarinic Acetylcholine Receptor
Induce Brain Region-Specific Responses and Correspond with Behavioral Effects in Animal
Models. J. Neurosci. 2012; 32:8532-8544. [PubMed: 22723693]

Chem Rev. Author manuscript; available in PMC 2017 June 08.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Lindsley et al.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

Page 35

Sheffler DJ, Sevel C, Le U, Lovell KM, Tarr JC, Cho HP, Digby GJ, Niswender CM, Conn PJ,
Hopkins CR, et al. Further Exploration of M1 Allosteric Agonists. Subtle Structural Changes
Abolish M1 Allosteric Agonism and Result in Pan-mAChR Orthosteric Antagonism. Bioorg. Med.
Chem. Lett. 2013; 23:223-227. [PubMed: 23200253]

Digby GJ, Utley TJ, Lamsal A, Sevel C, Sheffler DJ, Lebois EP, Bridges TM, Wood MR,
Niswender CM, Lindsley CW, Conn PJ. Chemical Modification of the M1 Agonist VU0364572
Reveals Molecular Switches in Pharmacology as Well as a Bitopic Binding Mode. ACS Chem.
Neurosci. 2012; 3:1025-1036. [PubMed: 23259038]

Sharma S, Rodriguez A, Conn PJ, Lindsley CW. Synthesis and SAR of a mGIuR5 Allosteric
Partial Antagonist Lead: Unexpected Modulation of Pharmacology with Slight Structural
Modifications to a 5-(Phenylethynyl)pyrimidine Scaffold. Bioorg. Med. Chem. Lett. 2008;
18:4098-4101. [PubMed: 18550372]

Sharma S, Kedrowski J, Rook JM, Smith JM, Jones CK, Rodriguez AL, Conn PJ, Lindsley CW.
Discovery of Molecular Switches that Modulate Modes of mGIuR5 Pharmacology in Vitro and in
Vivo Within a Series of Functionalized 5-(Phenylethynyl)-pyrimidines. J. Med. Chem. 2009;
52:4103-4106. [PubMed: 19537763]

Wood MR, Hopkins CR, Brogan JT, Conn PJ, Lindsley CW. ’Molecular Switches’ on Allosteric
Ligands that Modulate Modes of Pharmacology. Biochemistry. 2011; 50:2403-2410. [PubMed:
21341760]

Rodriguez AL, Grier MD, Jones CK, Herman EJ, Kane AS, Smith RL, Williams R, Zhou Y, Mario
JE, Days EL, et al. Discovery of Novel Allosteric Modulators of Metabotropic Glutamate Receptor
Subtype 5 Reveals Chemical and Functional Diversity and in Vivo Activity in Rat Behavioral
Models of Anxiolytic and Antipsychotic Activity. Mol. Pharm. 2010; 78:1105-1123.

Bridges TM, Rook JM, Noetzel MJ, Morrison RD, Zhou Y, Gogliotti RD, Vinson PN, Jones CK,
Niswender CM, Lindsley CW, et al. Biotransformation of a Novel Positive Allosteric Modulator of
Metabotropic Glutamate Receptor Subtype 5 Contributes to Seizures in Rats Involving a Receptor
Agonism-Dependent Mechanism. Drug Metab. Dispos. 2013; 41:1703-1714. [PubMed:
23821185]

Bertrand D, Gopalakrishnan M. Allosteric Modulation of Nicotinic Acetylcholine Receptors.
Biochem. Pharmacol. 2007; 74:1155-1163. [PubMed: 17707779]

Cho HP, Engers DW, Venable DF, Niswender CM, Lindsley CW, Conn PJ, Emmitte KA,
Rodriguez AL. A Novel Class of Succinimide-Derived Negative Allosteric Modulators of
Metabotropic Glutamate Receptor Subtype 1 Provides Insight into a Disconnect in Activity
Between Rat and Human Receptors. ACS Chem. Neurosci. 2014; 5:597-610. [PubMed:
24798819]

Rajagopal S, Ahn S, Rominger DH, Gowen-MacDonald W, Lam CM, DeWire SM, Violin JD,
Lefkowitz RJ. Quantifying Ligand Bias at Seven-Transmembrane receptors. Mol. Pharmacol.
2011; 80:367-377. [PubMed: 21610196]

Kenakin T, Watson C, Muniz-Medina V, Christopoulos A, Novick S. A Simple Method for
Quantifying Functional Selectivity and Agonist Bias. ACS Chem. Neurosci. 2012; 3:193-203.
[PubMed: 22860188]

Kenakin T. Biased Signalling and Allosteric Machines: New Vistas and Challenges for Drug
Discovery. Br. J. Pharmacol. 2012; 165:1659-1669. [PubMed: 22023017]

Kenakin T, Christopoulos A. Signalling Bias in New Drug Discovery: Detection, Quantification
and Therapeutic Impact. Nat. Rev. Drug Discovery. 2013; 12:205-216. [PubMed: 23411724]

Leach K, Loiacono El, Felder CC, McKinzie DL, Mogg A, Shaw DB, Sexton PM, Christopoulos
A. Molecular Mechanisms of Action and in Vivo Validation of an M4Muscarinic Acetylcholine
Receptor Allosteric Modulator with Potential Antipsychotic Properties.
Neuropsychopharmacology. 2010; 35:855-869. [PubMed: 19940843]

Zhang Y, Rodriguez AL, Conn PJ. Allosteric potentiators of metabotropic glutamate receptor
subtype 5 have differential effects on different signaling pathways in cortical astrocytes. J.
Pharmacol. Exp. Ther. 2005; 315:1212-1219. [PubMed: 16135701]

Sheffler DJ, Conn PJ. Allosteric Potentiators of Metabotropic Glutamate Receptor Subtype 1a
Differentially Modulate Independent Signaling Pathways in Baby Hamster Kidney Cells.
Neuropharmacology. 2008; 55:419-427. [PubMed: 18625258]

Chem Rev. Author manuscript; available in PMC 2017 June 08.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Lindsley et al.

47.

48.

49.

50.

5L

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

Page 36

Leach K, Wen A, Davey AE, Sexton PM, Conigrave AD, Christopoulos A. Identification of
Molecular Phenotypes and Biased Signaling Induced by Naturally Occurring Mutations of the
Human Calcium-Sensing Receptor. Endocrinology. 2012; 153:4304-4316. [PubMed: 22798347]

Davey AE, Leach K, Valant C, Conigrave AD, Sexton PM, Christopoulos A. Positive and Negative
Allosteric Modulators Promote Biased Signaling at the Calcium-Sensing Receptor. Endocrinology.
2012; 153:1232-1241. [PubMed: 22210744]

Ahn KH, Mahmoud MM, Kendall D. A Allosteric Modulator ORG27569 Induces CB1
Cannabinoid Receptor High Affinity Agonist Binding State, Receptor Internalization, and Gi
Protein-Independent ERK1/2 Kinase Activation. J. Biol. Chem. 2012; 287:12070-12082.
[PubMed: 22343625]

Niswender CM, Johnson KA, Miller NR, Ayala JE, Luo Q, Williams R, Saleh S, Orton D, Weaver
CD, Conn PJ. Context-Dependent Pharmacology Exhibited by Negative Allosteric Modulators of
Metabotropic Glutamate Receptor 7. Mol. Pharmacol. 2010; 77:459-468. [PubMed: 20026717]
Mario JE, Niswender CM, Luo Q, Brady AE, Shirey JK, Rodriguez AL, Bridges TM, Williams R,
Days E, Nalywajko NT, et al. Identification and Characterization of Novel Allosteric Potentiators
of M1 Muscarinic Receptors Reveals Multiple Modes of Activity. Mol. Pharm. 2009; 75(3):577—
588.

Noetzel MJ, Gregory KJ, Vinson PN, Manka JT, Stauffer SR, Lindsley CW, Niswender CM, Xiang
Z, Conn PJ. A Novel Metabotropic Glutamate Receptor 5 Positive Allosteric Modulator Acts at a
Unique Site and Confers Stimulus Bias to mGlus Signaling. Mol. Pharmacol. 2013; 83:835-847.
[PubMed: 23348500]

Rook JM, Noetzel MJ, Pouliot WA, Bridges TM, Vinson PN, Cho HP, Zhou Y, Gogliotti RD,
Manka JT, Gregory KJ, et al. Unique Signaling Profiles of Positive Allosteric Modulators of
mGlus Determine Differences in in Vivo Activity. Biol. Psychiatry. 2013; 73:501-509. [PubMed:
23140665]

Rook JM, Xiang Z, Lv X, Ghoshal A, Dickerson J, Bridges TM, Johnson KA, Foster DJ, Gregory
KJ, Vinson PN, et al. Biased mGlus Positive Allosteric Modulators Provide in Vivo Efficacy
Without Potentiating mGlus Modulation of NMDAR Currents. Neuron. 2015; 86:1029-1040.
[PubMed: 25937172]

Conde-Ceide S, Martinez-Viturro CM, Alcazar J, Garcia-Barrantes PM, Lavreysen H, Mackie C,
Vinson PN, Rook JM, Bridges TM, Daniels SJ, et al. Discovery of VU0409551/JNJ-46778212: An
mGlus Positive Allosteric Modulator Clinical Candidate Targeting Schizophrenia. ACS Med.
Chem. Lett. 2015; 6:716-720. [PubMed: 26157544]

van der Westhuizen ET, Valant C, Sexton PM, Christopoulos A. Endogenous Allosteric Modulators
of G Protein-Coupled Receptors. J. Pharmacol. Exp. Ther. 2015; 353:246-260. [PubMed:
25650376]

Christopoulos A, Changeux JP, Catterall WA, Fabbro D, Burris TP, Cidlowski JA, Olsen RW,
Peters JA, Neubig RR, Pin JP, et al. International Union of Basic and Clinical Pharmacology. XC.
Multisite Pharmacology: Recommendations for the Nomenclature of Receptor Allosterism and
Allosteric Ligands. Pharmacol. Rev. 2014; 66:918-947. [PubMed: 25026896]

Hemstapat K, Da Costa H, Nong Y, Brady AE, Luo Q, Niswender CM, Tamagnan GD, Conn PJ. A
Novel Family of Potent Negative Allosteric Modulators of Group 1l Metabotropic Glutamate
Receptors. J. Pharmacol. Exp. Ther. 2007; 322:254-264. [PubMed: 17416742]

Lavreysen H, Wouters R, Bischoff F, Nobrega Pereira S, Langlois X, Blokland S, Somers M,
Dillen L, Lesage AS. JNJ16259685, a Highly Potent, Selective and Systemically Active mGluq
Receptor Antagonist. Neuropharmacology. 2004; 47:961-972. [PubMed: 15555631]

Litschig S, Gasparini F, Rueegg D, Stoehr N, Flor PJ, Vranesic I, Prezeau I, Pin JP, Thomsen C,
Kuhn R. CPCCOET, a Noncompetitive Metabotropic Glutamate Receptor 1 Antagonist, Inhibits
Receptor Signalling Without Affecting Glutamate Binding. Mol. Pharmacol. 1999; 55:453-461.
[PubMed: 10051528]

Lundstrom L, Bissantz C, Beck J, Wettstein JG, Woltering TJ, Wichmann J, Gatti S. Structural
Determinants of Allosteric Antagonism at Metabotropic Glutamate Receptor 2: Mechanistic
Studies with New Potent Negative Allosteric Modulators. Br. J. Pharmacol. 2011; 164:521-527.
[PubMed: 21470207]

Chem Rev. Author manuscript; available in PMC 2017 June 08.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Lindsley et al.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

Page 37

O’Brien JA, Lemaire W, Chen T-B, Chang RSL, Jacobson MA, Ha SN, Lindsley CW, Schaffhauser
HJ, Sur C, Pettibone DJ, Conn PJ, Williams DL Jr. A Family of Highly Selective Allosteric
Modulators of the Metabotropic Glutamate Receptor Subtype 5 (mGIuRS5). Mol. Pharmacol. 2003;
64:731-741. [PubMed: 12920211]

Urwyler S, Mosbacher J, Lingenhoehl K, Heid J, Hofstetter K, Froestl W, Bettler B, Kaupmann K.
Positive Allosteric Modulation of Native and Recombinant Gamma-Aminobutyric Acidg
Receptors by 2,6-Di-fert-Butyl-4-(3-hydroxy-2,2-dimethyl-prop-yl)-phenol (CGP7g30) and Its
Aldehyde Analog CGP13501 - Mol. Pharmacol. 2001; 60:963-971. [PubMed: 11641424]

Gregory KJ, Noetzel MJ, Rook JM, Vinson PN, Stauffer SR, Rodriguez AL, Emmitte KA, Zhou Y,
Chun AG, Felts AS, et al. Investigating mGlug Allosteric Modulator Cooperativity, Affintiy and
Agonism: Enriching Structure-Function Studies and Structure-Activity Relationships. Mol.
Pharmacol. 2012; 82:860-875. [PubMed: 22863693]

Parmentier-Batteur S, Hutson PH, Menzel K, Uslaner JM, Mattson BA, O’Brien JA, Magliaro BC,
Forest T, Stump CA, Tynebor RM, et al. Mechanism Based Neurotoxicity of mGlu5 Positive
Allosteric Modulators-Development Challenges for a Promising Novel Antipsychotic Target.
Neuropharmacology. 2014; 82:161-173. [PubMed: 23291536]

Ahn S, Shenoy SK, Wei H, Lefkowitz RJ. Differential Kinetic and Spatial Patterns of g-Arrestin
and G Protein-mediated ERK Activation by the Angiotensin Il Receptor. J. Biol. Chem. 2004;
279:35S18-3SS25.

Dias JA, Bonnet B, Weaver BA, Watts J, Kluetzman K, Thomas RM, Poli S, Mutel V, Campo B. A
Negative Allosteric Modulator Demonstrates Biased Antagonism of the Follicle Stimulating
Hormone Receptor. Mol. Cell. Endocrinol. 2011; 333:143-150. [PubMed: 21184806]
Jalan-Sakrikar N, Field JR, Klar R, Mattmann ME, Gregory KJ, Zamorano R, Engers DW,
Bollinger SR, Weaver CD, Days EL, et al. Identification of Positive Allosteric Modulators
VU0155904 (ML397) and VU0422288 (ML396) Reveals New Insights Into the Biology of
Metabotropic Glutamate Receptor 7. ACS Chem. Neurosci. 2014; 5:1221-1237. [PubMed:
25225882]

Price MR, Baillie GL, Thomas A, Stevenson LA, Easson M, Goodwin R, McLean A, Mcintosh L,
Goodwin G, Walker G, et al. Allosteric Modulation of the Cannabinoid CB1 Receptor. Mol.
Pharmacol. 2005; 68:1484-1495. [PubMed: 16113085]

Ehlert FJ. Analysis of Allosterism in Functional Assays. J. Pharmacol. Exp. Ther. 2005; 315:740-
754. [PubMed: 16046613]

Hall D. A Modeling the Functional Effects of Allosteric Modulators at Pharmacological Receptors:
An Extension of the Two-State Model of Receptor Activation. Mol. Pharmacol. 2000; 58:1412—
1423. [PubMed: 11093781]

May LT, Avlani VA, Sexton PM, Christopoulos A. Allosteric Modulation of G Protein-Coupled
Receptors. Curr. Pharm. Des. 2004; 10:2003-2013. [PubMed: 15279541]

Stahl E, Elmslie G, Ellis J. Allosteric Modulation of the M3 Muscarinic Receptor by Amiodarone
and A-ethylamiodarone: Application of the Four-Ligand Allosteric Two-state model. Mol.
Pharmacol. 2011; 80:378-388. [PubMed: 21602476]

Ehlert FJ, Griffin MT. Estimation of Ligand Affinity Constants for Receptor States in Functional
Studies Involving the Allosteric Modulation of G Protein-Coupled Receptors: Implications for
Ligand Bias. J. Pharmacol. Toxicol. Methods. 2014; 69:253-279. [PubMed: 24434717]

Roche D, Gil D, Giraldo J. Mechanistic Analysis of the Function of Agonists and Allosteric
Modulators: Reconciling Two-State and Operational Models. Br. J. Pharmacol. 2013; 169:1189-
1202. [PubMed: 23647200]

Black JW, Leff P. Operational Models of Pharmacological Agonism. Proc. R. Soc. London, Ser. B.
1983; 220:141-162. [PubMed: 6141562]

Leach K, Sexton PM, Christopoulos A. Allosteric GPCR Modulators: Taking Advantage of
Permissive Receptor Pharmacology. Trends Pharmacol. Sci. 2007; 28:382-389. [PubMed:
17629965]

Valant C, Felder CC, Sexton PM, Christopoulos A. Probe Dependence in the Allosteric Modulation
of a G Protein-Coupled Receptor: Implications for Detection and Validation of Allosteric Ligand
Effects. Mol. Pharmacol. 2012; 81:41-52. [PubMed: 21989256]

Chem Rev. Author manuscript; available in PMC 2017 June 08.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Lindsley et al.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

9L

92.

93.

94.

Page 38

Bernat V, Brox R, Heinrich MR, Aub erson YP, Tschammer N. Ligand-Biased and Probe-
Dependent Modulation of Chemokine Receptor CXCR3 Signaling by Negative Allosteric
Modulators. ChemMedChem. 2015; 10:566-574. [PubMed: 25655398]

Cook AE, Mistry SN, Gregory KJ, Furness SG, Sexton PM, Scammells PJ, Conigrave AD,
Christopoulos A, Leach K. Biased Allosteric Modulation at the CaS Receptor Engendered by
Structurally Diverse Calcimimetics. Br. J. Pharmacol. 2015; 172:185-200. [PubMed: 25220431]

Wootten D, Savage EE, Willard FS, Bueno AB, Sloop KW, Christopoulos A, Sexton PM.
Differential Activation and Modulation of the Glucagon-Like Peptide-1 Receptor by Small
Molecule Ligands. Mol. Pharmacol. 2013; 83:822-834. [PubMed: 23348499]

Abdul-Ridha A, Lane JR, Mistry SN, Lopez L, Sexton PM, Scammells PJ, Christopoulos A,
Canals M. Mechanistic Insights into Allosteric Structure-Function Relationships at the M4
Muscarinic Acetylcholine Receptor. J. Biol. Chem. 2014; 289:33701-33711. [PubMed: 25326383]
Abdul-Ridha A, Lopez L, Keov P, Thal DM, Mistry SN, Sexton PM, Lane JR, Canals M,
Christopoulos A. Molecular Determinants of Allosteric Modulation at the My Muscarinic
Acetylcholine Receptor. J. Biol. Chem. 2014; 289:6067-6079. [PubMed: 24443568]

Chan WY, McKinzie DL, Bose S, Mtchell SN, Witkin JM, Thompson RG, Christopoulos A,
Lazareno S, Birdsall NJ, Bymaster FP, Felder CC. Allosteric Modulation of the Muscarinic My
Receptor as an Approach to Treating Schizophrenia. Proc. Natl. Acad. Sci. U. S. A. 2008;
105:10978-10983. [PubMed: 18678919]

Farrell M, Roth BL. Allosteric Antipsychotics: M4Muscarinic Potentiators as Novel Treatments for
Schizophrenia. Neuropsychopharmacology. 2010; 35:851-852. [PubMed: 20145632]

Willard FS, Wootten D, Showalter AD, Savage EE, Ficorilli J, Farb TB, Bokvist K, Alsina-
Fernandez J, Furness SG, Christopoulos A, et al. Small Molecule Allosteric Modulation of the
Glucagon-Like Peptide-1 Receptor Enhances the Insulinotropic Effect of Oxyntomodulin. Mol.
Pharmacol. 2012; 82:1066-1073. [PubMed: 22930710]

Wootten D, Savage EE, Valant C, May LT, Sloop KW, Ficorilli J, Showalter AD, Willard FS,
Christopoulos A, Sexton PM. Allosteric Modulation of Endogenous Metabolites as an Avenue for
Drug Discovery. Mol. Pharmacol. 2012; 82:281-290. [PubMed: 22576254]

Morris LC, Days EL, Turney M, Mi D, Lindsley CW, Weaver CD, Niswender KD. A Duplexed
High-Throughput Screen to Identify Allosteric Modulators of the Glucagon-Like Peptide 1 and
Glucagon Receptor. J. Biomol. Screening. 2014; 19:847-858.

Morris LC, Nance KD, Gentry PR, Days EL, Weaver CD, Niswender CM, Thompson AD, Jones
CK, Locuson CW, Morrison RD, et al. Discovery of (S)-2-Cyclopentyl- A-((1-
isopropylpyrrolidin2-yl)-9-methyl-1-oxo-2,9-dihydro-1 H-pyrrido[3,4- b]indole-4-carboxamide
(VU0453379): A Novel, CNS Penetrant GLP-1 Positive Allosteric Modulator (PAM). J. Med.
Chem. 2014; 57:10192-10197. [PubMed: 25423411]

Lindsley CW, Stauffer S. R Metabotropic Glutamate Receptor 5 (mGlus) Positive Allosteric
Modulators (PAMs) for the Treatment of Schizophrenia: An Historical Perspective and a Review
of the Patent Literature. Pharm. Pat. Anal. 2013; 2:93-108. [PubMed: 24236973]

Emmitte KA. Recent Advances in the Design and Development of Novel Negative Allosteric
Modulators of mGlu5. ACS Chem. Neurosci. 2011; 2:411-432. [PubMed: 21927649]

Gasparini F, Andres H, Flor PJ, Heinrich M, Inderbitzin W, Lingenhohl K, Muller H, Munk VC,
Omilusik K, Stierlin C, et al. [3H]-M-MPEP, a Potent, Subtype-Selective Radioligand for the
Metabotropic Glutamate Receptor Subtype 5. Bioorg. Med. Chem. Lett. 2002; 12:407-409.
[PubMed: 11814808]

Cosford ND, Roppe J, Tehrani L, Schweiger EJ, Seiders TJ, Chaudary A, Rao S, Varney MA.
[3H]-MethoxymethyI-MTEP and [3H]-Methoxy-PEPy: Potent and Selective Radioligands for the
Metabotropic Glutamate Subtype 5 (mGlu5) Receptor. Bioorg. Med. Chem. Lett. 2003; 13:351—
1353. [PubMed: 12565928]

Gregory, KJ.; Malosh, C.; Turlington, M.; Morrison, R.; Vinson, P.; Daniels, JS.; Jones, C.;
Niswender, CM.; Conn, PJ.; Lindsley, CW.; Stauffer, SR. Probe Reports from the NIH Molecular
Libraries Program. Bethesda, MD: National Center for Biotechnology Information; 2010.
Identification of a High Affinity MPEP-Site Silent Allosteric Modulator (SAM) for the
Metabotropic Glutamate Subtype 5 Receptor (mGlus).

Chem Rev. Author manuscript; available in PMC 2017 June 08.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Lindsley et al.

95.

96.

97.

98.

99.

Page 39

Milligan G, Smith NJ. Allosteric Modulation of Heterodimeric G-Protein-Coupled Receptors.
Trends Pharmacol. Sci. 2007; 28:615-620. [PubMed: 18022255]

George SR, Fan T, Xie Z, Tse R, Tarn V, Varghese G, O’Dowd BF. Oligomerization of x4~ and 8-
Opioid Receptors. Generation of Novel Functional Properties. J. Biol. Chem. 2000; 275:26128—
26135. [PubMed: 10842167]

Rashid AJ, So CH, Kong MMC, Furtak T, EI-Ghundi M, Cheng R, O’Dowd BF, George S. D1-D2
Dopamine Receptor Heterooligomers with Unique Pharmacology are Coupled to Rapid Activation
of Gg/11 in the Striatum. Proc. Natl. Acad. Sci. U. S. A. 2007; 104:654-659. [PubMed: 17194762]

Ayoub MA, Levoye A, Delagrange P, Jockers R. Preferential Formation of MT1/MT2 Melatonin
Receptor Heterodimers with Distinct Ligand Interaction Properties Compared with MT2
Homodimers. Mol. Pharmacol. 2004; 66:312-321. [PubMed: 15266022]

Kostenis E, Milligan G, Christopoulos A, Sanchez-Ferrer CF, Heringer-Walther S, Sexton PM,
Gembardt F, Kellett E, Martini L, Vanderheyden P, Schultheiss H-P, Walther T. G-Protein-Coupled
Receptor Mas Is a Physiological Antagonist of the Angiotensin Il Type 1 Receptor. Circulation.
2005; 111:1806-1813. [PubMed: 15809376]

100. AbdAlla S, Lother H, Abdel-tawab AM, Quitterer U. The Angiotensin Il AT2 Receptor is an AT1

101

102.

103.

104.

105.

106.

Receptor Antagonist. J. Biol. Chem. 2001; 276:39721-39726. [PubMed: 11507095]

Levoye A, Dam L, Ayoub MA, Guillaume JL, Couturier C, Delagrange P, Jockers R. The Orphan
GPR50 Receptor Specifically Inhibits MT1Melatonin Receptor Function Through
Heterodimerization. EMBO J. 2006; 25:3012-3023. [PubMed: 16778767]

Milligan G. The Role of Dimerisation in the Cellular Trafficking of G-Protein-Coupled
Receptors. Curr. Opin. Pharmacol. 2010; 10:23-29. [PubMed: 19850521]

Archbold JK, Flanagan JU, Watkins HA, Gingell JJ, Hay DL. Structural Insights into RAMP
Modification of Secretin Family G Protein-Coupled Receptors: Implications for Drug
Development. Trends Pharmacol. Sci. 2011; 32:591-600. [PubMed: 21722971]

Russell FA, King R, Smillie S-J, Kodji X, Brain SD. Calcitonin Gene-Related Peptide:
Physiology and Pathophysiology. Physiol. Rev. 2014; 94:1099-1142. [PubMed: 25287861]
Bomberger JM, Parameswaran N, Spielman WS. Regulation of GPCR Trafficking by RAMPs.
Adv. Exp. Med. Biol. 2012; 744:25-37. [PubMed: 22434105]

Bomberger JM, Parameswaran N, Hall CS, Aiyar N, Spielman WS. Novel Function for Receptor
Activity-Modifying Proteins (RAMPS) in Post-Endocytic Receptor Trafficking. J. Biol. Chem.
2005; 280:9297-9307. [PubMed: 15613468]

107. Hay DL, Poyner DR, Sexton PM. GPCR Modulation by RAMPs. Pharmacol. Ther. 2006;

109:173-197. [PubMed: 16111761]

108. Sexton PM, Morfis M, Tilakarante N, Hay DL, Udawela M, Christopoulos G, Christopoulos A.

Complexing Receptor Pharmacology: Modulation of Family B G Protein-Coupled Receptor
Function by RAMPs. Ann. N. Y. Acad. Sci. 2006; 1070:90-104. [PubMed: 16888151]

109. Kniazeff J, Prezeau L, Rondard P, Pin J-P, Goudet C. Dimers and Beyond: The Functional Puzzles

of Class C GPCRs. Pharmacol. Ther. 2011; 130:9-25. [PubMed: 21256155]

110. Romano C, Yang WL, O’Malley KL. Metabotropic Glutamate Receptor 5 is a Disulfide-Linked

Dimer. J. Biol. Chem. 1996; 271:28612-28616. [PubMed: 8910492]

111. Jones KA, Borowsky B, Tamm JA, Craig DA, Durkin MM, Dai M, Yao W-J, Johnson M,

Gunwaldsen C, Huang L-Y, et al. GABAR Receptors Function as a Heteromeric Assembly of the
Subunits GABAgR1 and GABARR2. Nature. 1998; 396:674-679. [PubMed: 9872315]

112. Bai M, Trivedi S, Brown EM. Dimerization of the Extracellular Calcium-Sensing Receptor (CaR)

on the Cell Surface of CaR-Transfected HEK293 Cells. J. Biol. Chem. 1998; 273:23605-23610.
[PubMed: 9722601]

113. Kaupmann K, Malitschek B, Schuler V, Heid J, Froestl W, Beck P, Mosbacher J, Bischoff S,

Kulik A, Shigemoto R, Karschin A, Bettler B. GABAg-Receptor Subtypes Assemble into
Functional Heteromeric Complexes. Nature. 1998; 396:683-687. [PubMed: 9872317]

114. White JH, Wise A, Main MJ, Green A, Fraser NJ, Disney GH, Barnes AA, Emson P, Foord SM,

Marshall FH. Heterodimerization Is Required for the Formation of a Functional GABAg
Receptor. Nature. 1998; 396:679-682. [PubMed: 9872316]

Chem Rev. Author manuscript; available in PMC 2017 June 08.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Lindsley et al.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

Page 40

Javitch J. A The Ants go Marching Two by Two: Oligomeric Structure of G-Protein-Coupled
Receptors. Mol. Pharmacol. 2004; 66:1077-1082. [PubMed: 15319448]

Zhao GQ, Zhang Y, Hoon MA, Chandrashekar J, Erlenbach I, Ryba NJP, Zuker CS. The
Receptors for Mammalian Sweet and Umami Taste. Cell. 2003; 115:255-266. [PubMed:
14636554]

Pin JP, Prezeau L. Allosteric Modulators of GABAp Receptors: Mechanism of Action and
Therapeutic Perspective. Curr. Neuropharmacol. 2007; 5:195-201. [PubMed: 19305802]

Pin JP, Kniazeff J, Binet V, Liu J, Maurel D, Galvez T, Duthey B, Havlickova M, Blahos J,
Prezeau L, et al. Activation Mechanism of the Heterodimeric GABAp Receptor. Biochem.
Pharmacol. 2004; 68:1565-1572. [PubMed: 15451400]

Binet V, Brajon C, Le Corre L, Acher F, Pin J-P, Prezeau L. The Heptahelical Domain of
GABARg> Is Activated Directly by CGP7930, a Positive Allosteric Modulator of the GABAR
Receptor. J. Biol. Chem. 2004; 279:29085-29091. [PubMed: 15126507]

Xu H, Staszewski L, Tang H, Adler E, Zoller M, Li X. Different Functional Roles of T1IR
Subunits in the Heteromeric Taste Receptors. Proc. Natl. Acad. Sci. U. S. A. 2004; 101:14258-
14263. [PubMed: 15353592]

Jiang P, Cui M, Zhao B, Snyder LA, Benard LMJ, Osman R, Max M, Margolskee RF.
Identification of the Cyclamate Interaction Site Within the Transmembrane Domain of the
Human Sweet Taste Receptor Subunit T1R3. J. Biol. Chem. 2005; 280:34296-34305. [PubMed:
16076846]

Jiang P, Cui M, Ji Q, Snyder L, Liu Z, Benard L, Margolskee RF, Osman R, Max M. Molecular
Mechanisms of Sweet Receptor Function. Chem. Senses. 2005; 30(Suppl 1):i17-i18. [PubMed:
15738096]

Jiang P, Cui M, Zhao B, Liu Z, Snyder LA, Benard LMJ, Osman R, Margolskee RF, Max M.
Lactisole Interacts with the Transmembrane Domains of Human T1R3 to Inhibit Sweet Taste. J.
Biol. Chem. 2005; 280:15238-15246. [PubMed: 15668251]

Winnig M, Bufe B, Meyerhof W. Valine 738 and Lysine 735 in the Fifth Transmembrane Domain
of rTaslr3Mediate Insensitivity Towards Lactisole of the Rat Sweet Taste Receptor. BMC
Neurosci. 2005; 6:22-30. [PubMed: 15817126]

Cui M, Jiang P, Maillet E, Max M, Margolskee RF, Osman R. The Heterodimeric Sweet Taste
Receptor has Multiple Potential Ligand Binding Sites. Curr. Pharm. Des. 2006; 12:4591-4600.
[PubMed: 17168764]

Romano C, Yang WL, O’Malley KL. Metabotropic Glutamate Receptor 5 is a Disulfide-Linked
Dimer. J. Biol. Chem. 1996; 271:28612-2866. [PubMed: 8910492]

Kunishima N, Shimada Y, Tsuji Y, Sato T, Yamamoto M, Kumasaka T, Nakanishi S, Jingami H,
Morikawa K. Structural Basis of Glutamate Recognition by a Dimeric Metabotropic Glutamate
Receptor. Nature. 2000; 407:971-977. [PubMed: 11069170]

Tsuji Y, Shimada Y, Takeshita T, Kajimura N, Nomura S, Sekiyama N, Otomo J, Usukura J,
Nakanishi S, Jingami H. Cryptic Dimer Interface and Domain Organization of the Extracellular
Region of Metabotropic Glutamate Receptor Subtype 1. J. Biol. Chem. 2000; 275:28144-28151.
[PubMed: 10874032]

Niswender CM, Conn PJ. Metabotropic Glutamate Receptors: Physiology, Pharmacology, and
Disease. Annu. Rev. Pharmacol. Toxicol. 2010; 50:295-322. [PubMed: 20055706]

Doumazane E, Scholler P, Zwier JM, Trinquet E, Rondard P, Pin J-P. A New Approach to
Analyze Cell Surface Protein Complexes Reveals Specific Heterodimeric Metabotropic
Glutamate Receptors. FASEB J. 2011; 25:66-77. [PubMed: 20826542]

Kammermeier PJ. Functional and Pharmacological Characteristics of Metabotropic Glutamate
Receptors 2/4 Heterodimers. Mol. Pharmacol. 2012; 82:438-447. [PubMed: 22653971]
Lundstrom L, Bissantz C, Beck J, Wettstein JG, Woltering TJ, Wichmann J, Gatti S. Structural
Determinants of Allosteric Antagonism at Metabotropic Glutamate Receptor 2: Mechanistic
Studies with New Potent Negative Allosteric Modulators. Br. J. Pharmacol. 2011; 164:521-537.
[PubMed: 21470207]

Chem Rev. Author manuscript; available in PMC 2017 June 08.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Lindsley et al.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

Page 41

Hlavackova V, Goudet C, Kniazeff J, Zikova A, Maurel D, Vol C, Trojanova J, Prézeau L, Pin J-P,
Blahos J. Evidence for a Single Heptahelical Domain being Turned on Upon Activation of a
Dimeric GPCR. EMBO J. 2005; 24:499-509. [PubMed: 15660124]

Yin S, Noetzel MJ, Johnson KA, Zamorano R, Jalan-Sakrikar N, Gregory KJ, Conn PJ,
Niswender CM. Selective Actions of Novel Allosteric Modulators Reveal Functional Heteromers
of Metabotropic Glutamate Receptors in the CNS. J. Neurosci. 2014; 34:79-94. [PubMed:
24381270]

Ortuno, D.; Cheng, C.; Weiss, M.; Bergeron, M.; Shanker, Y. Identification and Characterization
of a Potent and Selective Positive Allosteric Modulator of mGluR4. Presented at Neuroscience
2008; Washington, DC. 2008. Poster 823.27/C40

Bennouar KE, Uberti MA, Melon C, Bacolod MD, Jimenez HN, Cajina M, Kerkerian-Le Goff L,
Doller D, Gubellini P. Synergy between I-DOPA and a Novel Positive Allosteric Modulator of
Metabotropic Glutamate Receptor 4: Implications for Parkinson’s Disease Treatment and
Dyskinesia. Neuropharmacology. 2013; 66:158-169. [PubMed: 22491024]

Rovira X, Malhaire F, Scholler P, Rodrigo J, Gonzalez-Bulnes P, Llebaria A, Pin JP, Giraldo J,
Goudet C. Overlapping Binding Sites Drive Allosteric Agonism and Positive Cooperativity in
Type 4 Metabotropic Glutamate Receptors. FASEB J. 2015; 29:116-130. [PubMed: 25342125]

Valenti O, Mannaioni G, Seabrook GR, Marino MJ. Group 111 Metabotropic Glutamate-Receptor-
Mediated Modulation of Excitatory Transmission in Rodent Substantia Nigra Pars Compacta
Dopamine Neurons. J. Pharmacol. Exp. Ther. 2005; 313:1296-1304. [PubMed: 15761115]

Lovinger DM, McCool BA. Metabotropic Glutamate Receptor-Mediated Presynaptic Depression
at Corticostriatal Synapses Involves mGIuR2 or 3. J. Neurophysiol. 1995; 73:1076-1083.
[PubMed: 7608756]

Kahn L, Alonso G, Robbe D, Bockaert J, Manzoni OJ. Group 2 Metabotropic Glutamate
Receptors Induced Long Term Depression in Mouse Striatal Slices. Neurosci. Lett. 2001;
316:178-182. [PubMed: 11744231]

Martella G, Platania P, Vita D, Sciamanna G, Cuomo D, Tassone A, Tscherter A, Kitada T, Bonsi
P, Shen J, et al. Enhanced Sensitivity to Group Il mGlu Receptor Activation at Corticostriatal
Synapses in Mice Lacking the Familial Parkinsonism-Linked genes PINK1 or Parkin. Exp.
Neurol. 2009; 215:388-396. [PubMed: 19071114]

Picconi B, Pisani A, Centonze D, Battaglia G, Storto M, Nicoletti F, Bernardi G, Calabresi P.
Striatal Metabotropic Glutamate Receptor Function Following Experimental Parkinsonism and
Chronic Levodopa Treatment. Brain. 2002; 125:2635-2645. [PubMed: 12429591]

Gubellini P, Melon C, Dale E, Doller D, Kerkerian-Le Goff L. Distinct Effects of mGlu4 Receptor
Positive Allosteric Modulators at Corticostriatal vs. Striatopallidal Synapses May Differentially
Contribute to their Antiparkinsonian Action. Neuropharmacology. 2014; 85:166-177. [PubMed:
24866785]

Marino MJ, Williams DL Jr, O’Brien JA, Valenti O, McDonald TP, Clements MK, Wang R,
DiLella AG, Hess JF, Kinney GG, et al. Allosteric Modulation of Group |11 Metabotropic
Glutamate Receptor 4: A Potential Approach to Parkinson’s Disease Treatment. Proc. Natl. Acad.
Sci. U. S. A. 2003; 100:13668-13673. [PubMed: 14593202]

Conn PJ, Battaglia G, Marino MJ, Nicoletti F. Metabotropic Glutamate Receptors in the Basal
Ganglia Motor Circuit. Nat. Rev. Neurosci. 2005; 6:787-798. [PubMed: 16276355]

Jones CK, Bubser M, Thompson AD, Dickerson JW, Turle-Lorenzo N, Amalric M, Blobaum AL,
Bridges TM, Morrison RD, Jadhav S, et al. The Metabotropic Glutamate Receptor 4-Positive
Allosteric Modulator VU0364770 Produces Efficacy Alone and in Combination with I-DOPA or
an Adenosine 2A Antagonist in Preclinical Rodent Models of Parkinson’s Disease. J. Pharmacol.
Exp. Ther. 2012; 340:404-421. [PubMed: 22088953]

Jones CK, Engers DW, Thompson AD, Field JR, Blobaum AL, Lindsley SR, Zhou Y, Gogliotti
RD, Jadhav S, Zamorano R, et al. Discovery, Synthesis, and Structure-Activity Relationship
Development of a Series of N-4-(2,5-Dioxopyrrolidin-1-yl)phenylpicolinamides (VU0400195,
ML182): Characterization of a Novel Positive Allosteric Modulator of the Metabotropic
Glutamate Receptor 4 (mGlu(4)) with Oral Efficacy in an Antiparkinsonian Animal Model. J.
Med. Chem. 2011; 54:7639-7647. [PubMed: 21966889]

Chem Rev. Author manuscript; available in PMC 2017 June 08.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Lindsley et al.

148.

149.

150.

151

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

Page 42

Niswender CM, Johnson KA, Weaver CD, J ones CK, Xiang Z, Luo Q, Rodriguez AL, Mario JE,
de Paulis T, Days ELn, et al. Discovery, Characterization, and Antiparkinsonian Effect of Novel
Positive Allosteric Modulators of Metabotropic Glutamate Receptor 4. Mol. Pharmacol. 2008;
74:1345-1358. [PubMed: 18664603]

Le Poul E, Boléa C, Girard F, Poli S, Charvin D, Campo B, Bortoli J, Bessif A, Luo B, Koser AJ,
et al. A Potent and Selective Metabotropic Glutamate Receptor 4 Positive Allosteric Modulator
Improves Movement in Rodent Models of Parkinson’s Disease. J. Pharmacol. Exp. Ther. 2012;
343:167-177. [PubMed: 22787118]

Picconi B, Centonze D, Rossi D, Bernardi G, Calabresi P. Therapeutic Doses of I-Dopa Reverse
Hypersensitivity of Corticostriatal D2-Dopamine Receptors and Glutamatergic Overactivity in
Experimental Parkinsonism. Brain. 2004; 127:1661-1669. [PubMed: 15155524]

Centonze D, Gubellini P, Rossi S, Picconi B, Pisani A, Bernardi G, Calabresi P, Baunez C.
Subthalamic Nucleus Lesion Reverses Motor Abnormalities and Striatal Glutamatergic
Overactivity in Experimental Parkinsonism. Neuroscience. 2005; 133:831-840. [PubMed:
15893432]

Garcia BG, Neely MD, Deutch AY. Cortical Regulation of Striatal Medium Spiny Neuron
Dendritic Remodeling in Parkinsonism: Modulation of Glutamate Release Reverses Dopamine
Depletion-Induced Dendritic Spine Loss. Cereb. Cortex. 2010; 20:2423-32. [PubMed:
20118184]

Picconi B, Centonze D, Hakansson K, Bernardi G, Greengard P, Fisone G, Cenci MA, Calabresi
P. Loss of Bidirectional Striatal Synaptic Plasticity in I-DOPA-Induced Dyskinesia. Nat.
Neurosci. 2003; 6:501-506. [PubMed: 12665799]

Picconi B, Bagetta V, Ghiglieri V, Paillé V, Di Filippo M, Pendolino V, Tozzi A, Giampa C, Fusco
FR, Sgobio C, Calabresi P. Inhibition of Phosphodiesterases Rescues Striatal Long-Term
Depression and Reduces Levodopa-Induced Dyskinesia. Brain. 2011; 134:375-387. [PubMed:
21183486]

Kennedy JP, Williams L, Bridges TM, Daniels RN, Weaver D, Lindsley CW. Application of
Combinatorial Chemistry Science on Modern Drug Discovery. J. Comb. Chem. 2008; 10:345—
354. [PubMed: 18220367]

Garcia-Barrantes PM, Cho HP, Niswender CM, Byers FW, Locuson CW, Blobaum AL, Xiang Z,
Rook JM, Conn PJ, Lindsley CW. Development of Novel, CNS Penetrant Positive Allosteric
Modulators for the Metabotropic Glutamate Receptor Subtype 1 (mGluq), Based on an A-(3-
Chloro-4-(oxoisindolin-2-yl)phenyl)-3-methylfuran-2-carboxamide Scaffold That Potentiate
Wild Type and Mutant mGluq Receptors Found in Schizophrenics. J. Med. Chem. 2015;
58:7959-7971. [PubMed: 26426481]

Gentry PR, Kokubo M, Bridges TM, Kett NR, Harp JM, Cho HP, Smith E, Chase P, Hodder PS,
Niswender CM, et al. Discovery of the First Ms-Selective and CNS Penetrant Negative Allosteric
Modulator (NAM) of a Muscarinic Acetylcholine Receptor: (5)-9b-(4-Chlorophenyl)-1-(3,4-
difluorobenzoyl)-2,3-dihydro-1H-imidazo[2,1-a]isoindol-5(9b H)-one (ML375), an Mg Selective
NAM. J. Med. Chem. 2013; 56:9351-9355. [PubMed: 24164599]

Kurata H, Gentry PR, Kokubo M, Cho HP, Bridges TM, Niswender CM, Byers FW, Wood MR,
Daniels JS, et al. Further Optimization of the M5 NAM MLPCN probe ML375: Tactics and
Challenges. Bioorg. Med. Chem. Lett. 2015; 25:690-694. [PubMed: 25542588]

Sheffler DJ, Wenthur CJ, Bruner JA, Carrington SJS, Vinson PN, Gogi KK, Blobaum AL,
Morrison RD, Vamos M, Cosford ND, et al. Development of a Novel, CNS Penetrant
Metabotropic Glutamate Receptor 3 (mGlug) NAM Probe (ML289) Derived from a Closely
Related mGlus PAM. Bioorg. Med. Chem. Lett. 2012; 22:3921-3925. [PubMed: 22607673]
Wenthur CJ, Morrison R, Felts AS, Smith KA, Engers JL, Byers FW, Daniels JS, Emmitte KA,
Conn PJ, Lindsley CW. Discovery of (A)-(2-Fluoro-4-((-4-methoxyphenyl)ethynyl)-phenyl) (3-
Hydroxypiperidin-1-yl)methanone (ML337), an mGluz Selective and CNS Penetrant Negative
Allosteric Modulator (NAM). J. Med. Chem. 2013; 56:5208-5212. [PubMed: 23718281]
Mstry SN, Valant C, Sexton PM, Capuano B, Christopoulos A, Scammells PJ. Synthesis and
Pharmacological Profiling of Analogues of Benzyl Quinolone Carboxylic Acid (BQCA) as
Allosteric Modulators of the M1 Muscarinic Receptor. J. Med. Chem. 2013; 56:5151-5172.
[PubMed: 23718562]

Chem Rev. Author manuscript; available in PMC 2017 June 08.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Lindsley et al.

162.

163.

164.

165.

166.

167.

168.

169.

170.

171.

172.

173.

174.

175.

Page 43

Cho HP, Garcia-Barrantes PM, Brogan JT, Hopkins CR, Niswender CM, Rodriguez AL, \enable
D, Morrison RD, Bubser M, Daniels JS, et al. Chemical Modulation of Mutant mGluq Receptors
Derived from Deleterious GRMI1 Mutations Found in Schizophrenics. ACS Chem. Biol. 2014;
9:2334-2346. [PubMed: 25137254]

Bridges TM, Kennedy JP, Noetzel MJ, Breininger ML, Gentry PR, Conn PJ, Lindsley CW.
Chemical Lead Optimization of a pan Gg mAChR M1, M3, Mg Positive Allosteric Modulator
(PAM) Lead. Part 1I: Development of a Potent and Highly Selective M1 PAM. Bioorg. Med.
Chem. Lett. 2010; 20:1972-1975. [PubMed: 20156687]

Bridges TM, Kennedy JP, Cho HP, Breininger ML, Gentry PR, Hopkins CR, Conn PJ, Lindsley
CW. Chemical Optimization of an M1, M3, Mg Positive Allosteric Modulator (PAM) lead. Part 1.
Development of a Highly Selective M5 PAM. Bioorg. Med. Chem. Lett. 2010; 20:558-562.
[PubMed: 20004578]

Bridges TM, Mario JE, Niswender CM, Jones JK, Jadhav SB, Gentry PR, Plumley HC, Weaver
CD, Conn PJ, Lindsley CW. Discovery of the First Highly Ms-Preferring Muscarinic
Acetylcholine Receptor Ligand, an Mg Positive Allosteric Modulator Derived from a Series of 5-
Trifluoromethoxy N-Benzyl Isatins. J. Med. Chem. 2009; 52:3445-3448. [PubMed: 19438238]

Mathiesen JM, Svendsen N, Brauner-Osborne H, Thomsen C, Ramirez MT. Positive Allosteric
Modulation of the Human Metabotropic Glutamate Receptor 4 (hmGluR4) by SIB-1893 and
MPEP. Br. J. Pharmacol. 2003; 138:1026-1030. [PubMed: 12684257]

Maj M, Bruno V, Dragic Z, Yamamoto R, Battaglia G, Inderbitzin W, Stoehr N, Stein T, Gasparini
F, Kuhn R, Nicoletti F, Flor PJ. (-)-PHCCC, a Positive Allosteric Modulator of mGluR4:
Characterization, Mechanism of Action, and Neuro-protection. Neuropharmacology. 2003;
45:895-906. [PubMed: 14573382]

Annoura H, Fukunaga A, Uesugi M, Tatsuoka T, Horikawa Y. A Novel Class of Antagonists for
Metabotropic Glutamate Receptors, 7-(Hydroxyimino)cyclopropa[b]chromen-1a-carboxylates.
Bioorg. Med. Chem. Lett. 1996; 6:763-766.

O’Brien JA, Lemaire W, Wittmann M, Jacobson MA, Ha SN, Wisnoski DD, Lindsley CW,
Schaffhauser HJ, Rowe B, Sur C, et al. A Novel Selective Allosteric Modulator Potentiates the
Activity of Native Metabotropic Glutamate Receptor Subtype 5 in Rat Forebrain. J. Pharmacol.
Exp. Ther. 2004; 309:568-577. [PubMed: 14747613]

Lazareno S, Dolezal V, Popham A, Birdsall NJ. Thiochrome Enhances Acetylcholine Affinity at
Muscarinic M4 Receptors: Receptor Subtype Selectivity via Cooperativity Rather than Affinity.
Mol Pharmacol. 2004; 65:257-266. [PubMed: 14722259]

Fukuda J, Suzuki G, Kimura T, Nagatomi Y, Ito S, Kawamoto H, Ozaki S, Ohta H. Identification
of a Novel Transmembrane Domain Involved in the Negative Modulation of mGluR1 Using a
Newly Discovered Allosteric mGIuR1 Antagonist, 3-Cyclohexyl-5-fluoro-6-methyl-7-(2-
morpholin-4-ylethoxy)-4 H-chromen-4-one. Neuropharmacology. 2009; 57:438-445. [PubMed:
19559036]

Muhlemann A, Ward NA, Kratochwil N, Diener C, Fischer C, Stucki A, Jaeschke G, Malherbe P,
Porter RH. Determination of Key Amino Acids Implicated in the Actions of Allosteric
Modulation by 3,3-Difluorobenzaldazine on Rat mGlu5 Receptors. Eur. J. Pharmacol. 2006;
529:95-104. [PubMed: 16352303]

Gregory KJ, Nguyen ED, Malosh C, Mendenhall JL, Zic JZ, Bates BS, Noetzel MJ, Squire EF,
Turner EM, Rook JM, et al. Identification of Specific Ligand-Receptor Interactions that Govern
Binding and Cooperativity of Diverse Modulators to a Common Metabotropic Glutamate
Receptor 5 Allosteric Site. ACS Chem. Neurosci. 2014; 5:282-295. [PubMed: 24528109]
Gregory KJ, Nguyen ED, Reiff SD, Squire EF, Stauffer SR, Lindsley CW, Meiler J, Conn PJ.
Probing the Metabotropic Glutamate Receptor 5 (mGlus) Positive Allosteric Modulator (PAM)
Binding Pocket: Discovery of Point Mutations that Engender a “Molecular Switch” in PAM
Pharmacology. Mol Pharmacol. 2013; 83:991-1006. [PubMed: 23444015]

Turlington M, Noetzel MJ, Chun A, Zhou Y, Gogliotti RD, Nguyen ED, Gregory KJ, Vinson PN,
Rook JM, Gogi KK, et al. Exploration of Allosteric Agonism Structure-Activity Relationships
Within an Acetylene Series of Metabotropic Glutamate Receptor 5 (mGlu5) Positive Allosteric
Modulators (PAMs): Discovery of 5-((3-Fluorophenyl)ethynyl)- A-(3-methyloxetan-3-yl)-
picolinamide (ML254). J. Med. Chem. 2013; 56:7976-7996. [PubMed: 24050755]

Chem Rev. Author manuscript; available in PMC 2017 June 08.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Lindsley et al.

176.

177.

178.

179.

180.

181.

182.

183.

184.

185.

186.

187.

188.

189.

190.

191.

192.

Page 44

Christopher JA, Aves SJ, Bennett KA, Doré AS, Errey JG, Jazayeri A, Marshall FH, Okrasa K,
Serrano-Vega MJ, et al. Fragment and Structure-Based Drug Discovery for a Class C GPCR:
Discovery of the mGlus Negative Allosteric Modulator HTL14242 (3-Chloro-5-[6-(5-
fluoropyridin-2-yl)pyrimidin-4-yl]-benzonitrile). J. Med. Chem. 2015; 58:6653-6664. [PubMed:
26225459]

Dore AS, Okrasa K, Patel JG, Serrano-Vega M, Bennett K, Cooke RM, Errey JG, Jazayeri A,
Khan S, Tehan B, et al. Structure of Class C GPCR Metabotropic Glutamate Receptor 5
Transmembrane Domain. Nature. 2014; 511:557-562. [PubMed: 25042998]

Wu H, Wang C, Gregory KJ, Han GW, Cho HP, Xia Y, Niswender CM, Katritch V, Meiler J,
Cherezov V, et al. Structure of a Class C GPCR Metabotropic Glutamate Receptor 1 Bound to an
Allosteric Modulator. Science. 2014; 344:58-64. [PubMed: 24603153]

Niswender CM, Conn PJ. Metabotropic Glutamate Receptors: Physiology, Pharmacology, and
Disease. Annu. Rev. Pharmacol Toxicol. 2010; 50:295-322. [PubMed: 20055706]

Schoepp DD, Jane DE, Monn JA. Pharmacological Agents Acting at Subtypes of Metabotropic
Glutamate Receptors. Neuropharmacology. 1999; 38:1431-1476. [PubMed: 10530808]

Conn PJ, Pin J-P. Pharmacology and Functions of Metabotropic Glutamate Receptors. Annu. Rev.
Pharmacol Toxicol. 1997; 37:205-237. [PubMed: 9131252]

Stauffer SR. Progress Toward Positive Allosteric Modulators of the Metabotropic Glutamate
Receptor Subtype 5 (mGlu5). ACS Chem. Neurosci. 2011; 2:450-470. [PubMed: 22860171]

Owen DR. Recent Advances in the Medicinal Chemistry of the Metabotropic Glutamate Receptor
1 (mGlul). ACS Chem. Neurosci. 2011; 2:394-401. [PubMed: 22860168]

Urwyler S. Allosteric Modulation of Family C G-Protein-Coupled Receptors: From Molecular
Insights to Therapeutic Perspectives. Pharmacol. Rev. 2011; 63:59-126. [PubMed: 21228259]
Knoflach F, Mutel V, Jolidon S, Kew JN, Malherbe P, Vieira E, Wichmann J, Kemp JA. Positive
Allosteric Modulators of Metabotropic Glutamate 1 Receptor: Characterization, Mechanism of
Action and Binding Site. Proc. Natl Acad. Sci. U. S. A. 2001; 98:13402-13407. [PubMed:
11606768]

Vieira E, Huwyler J, Jolidon S, Knoflach F, Mutel V, Wichmann J. 9H-Xanthene-9-carboxylic
acid [1,2,4] oxadiazol-3-yl and (2H-tertazol-5-yl)-amides as Potent, Orally Available mGlul
Enhancers. Bioorg. Med. Chem. Lett. 2005; 15:4628-4631. [PubMed: 16099654]

Vieira E, Huwyler J, Jolidon S, Knoflach F, Mutel V, Wichmann J. Fluorinated 9H-Xanthene-9-
carboxylic Acid Oxazol-2-yl Amides as Potent, Orally Available mGlul Enhancers. Bioorg.
Med. Chem. Lett. 2009; 19:1666—1669. [PubMed: 19233648]

Hemstapat K, de Paulis T, Chen Y, Brady AE, Grover VK, Alagille D, Tamagnan GD, Conn PJ. A
Novel Class of Positive Allosteric Modulators of Metabotropic Glutamate Receptor Subtype 1
Interact with a Site Distinct From that of Negative Allosteric Modulators. Mol Pharmacol. 2006;
70:616-626. [PubMed: 16645124]

Fazio F, Notartomaso S, Aronica E, Storto M, Battaglia G, Vieira E, Gatti S, Bruno V, Biagioni F,
Gradini R, et al. Switch in the Expression of mGlul and mGlu5 Metabotropic Glutamate
Receptors in the Cerebellum of Mice Developing Experimental Autoimmune Encephalomyelitis
and in Autoptic Cerebellear Samples From Patients with Multiple Sclerosis. Neuropharmacology.
2008; 55:491-499. [PubMed: 18619983]

Ngomba RT, Santolini I, Biagioni F, Molinaro G, Simonyi A, van Rijn CM, D’Amore V,
Mastroiacovo F, Olivieri G, Gradini R, et al. Protective Role for Type-1 Metabotropic Glutamate
Receptors Against Spike and Wave Discharges in in the WAG/Rij Model of Absence Epilepsy.
Neuropharmacology. 2011; 60:1281-1291. [PubMed: 21277877]

DAmore V, Santolini I, Celli R, Lionetto L, De Fusco A, Simmaco M, van Rijn CM, Vieira E,
Stauffer SR, Conn PJ, et al. Head-to-Head Comparison of mGlul and mGlu5 Receptor
Activation in Chronic Treatment of Absence Epilepsy in WAG/Rij Rats. Neuropharmacology.
2014; 85:91-103. [PubMed: 24859611]

Notartomaso S, Zappulla C, Biagioni F, Cannella M, Bucci D, Mascio G, Scarselli P, Fazio F,
Weisz F, Lionetto L, et al. Pharmacological Enhancement of mGlulMetabotropic Glutamate
Receptors Causes a Prolonged Symptomatic Benefit in a Mouse Model of Spinocerebellar Ataxia
Type 1. Mol Brain. 2013; 6:48-56. [PubMed: 24252411]

Chem Rev. Author manuscript; available in PMC 2017 June 08.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Lindsley et al.

193.

194.

195.

196.

197.

198.

199.

200.

201.

202.

203.

204.

205.

206.

207.

208

Page 45

Frank RAW, McRae AF, Pocklington AJ, van de Lagemaat LN, Navarro P, Croning MDR,
Komiyama NH, Bradley SJ, Challiss RAJ, Armstrong JD, et al. Clustered Coding Variants in the
Glutamate Receptor Complexes of Individuals with Schizophrenia and Bipolar Disorder. PLoS
One. 2011; 6:19011. [PubMed: 21559497]

Ayoub MA, Angelicheva D, Vile D, Chandler D, Morar B, Cavanaugh JA, Visscher PM,
Jablensky A, Pfleger KDG, Kalaydjieva L. Deleterious GRM1Mutations in Schizophrenia. PLoS
One. 2012; 7:€32849. [PubMed: 22448230]

Williams R, Zhou Y, Niswender CM, Luo Q, Conn PJ, Lindsley CW, Hopkins CR. Re-exploration
of the PHCCC Scaffold: Discovery of Improved Positive Allosteric Modulators of mGIluR4. ACS
Chem. Neurosci. 2010; 1:411-419. [PubMed: 20582156]

Garcia-Barrantes PM, Cho HP, Blobaum AL, Niswender CM, Conn PJ, Lindsley CW. Lead
Optimization of the VU0486321 Series of mGlul PAMs. Part 1: SAR of Modifications to the
Central Aryl Core. Bioorg. Med. Chem. Lett. 2015; 25:5107-5110. [PubMed: 26476971]

Schoepp DD, Jane DE, Monn JA. Pharmacological Agents Acting at Subtypes of Metabotropic
Glutamate Receptors. Neuropharmacology. 1999; 38:1431-1476. [PubMed: 10530808]

Conn PJ, Pin J-P. Pharmacology and Functions of Metabotropic Glutamate Receptors. Annu. Rev.
Pharmacol. Toxicol. 1997; 37:205-237. [PubMed: 9131252]

D’Antoni S, Berretta A, Bonaccorso CM, Bruno V, Aronica E, Nicoletti F, Catania MV.
Metabotropic Glutamate Receptors in Glial Cells. Neurochem. Res. 2008; 33:2436-2443.
[PubMed: 18438710]

Chaki S, Ago Y, Palucha-Paniewiera A, Matrisciano F, Pilc A. mGlu2/3 and mGlu5 Receptors:
Potential Targets for Novel Antidepressants. Neuropharmacology. 2013; 66:40-52. [PubMed:
22640631]

Palucha A, Pilc A. Metabotropic Glutamate Receptor Ligands as Possible Anxiolytic and
Antidepressant Drugs. Pharmacol. Ther. 2007; 115:116-147. [PubMed: 17582504]

Monn JA, Valli MJ, Massey SM, Wright RA, Salhoff CR, Johnson BG, Howe T, At CA, Rhodes
GA, Robey RL, et al. Design, Synthesis, and Pharmacological Characterization of (+)-2-
Aminobicyclo[3.1.0]hexane-2,6-dicarboxylic Acid (LY354740): A Potent, Selective, and Orally
Active Group 2 Metabotropic Glutamate Receptor Agonist Possessing Anticonvulsant and
Anxiolytic Properties. J. Med. Chem. 1997; 40:528-537. [PubMed: 9046344]

Monn JA, Valli MJ, Massey SM, Hansen MM, Kress TJ, Wepsiec JP, Harkness AR, Grutsch JL Jr,
Wright RA, Johnson BG, et al. Synthesis, Pharmacological Characterization, and Molecular
Modeling of Heterobicyclic Amino Acids Related to (+)-2-Aminobicyclo[3.1.0]hexane-2,6-
dicarboxylic Acid (LY354740): Identification of Two New Potent, Selective, and Systemically
Active Agonists for Group Il Metabotropic Glutamate Receptors. J. Med. Chem. 1999; 42:1027—
1040. [PubMed: 10090786]

Swanson CJ, Bures M, Johnson MP, Linden A-M, Monn JA, Schoepp DD. Metabotropic
Glutamate Receptors as Novel Targets for Anxiety and Stress Disorders. Nat. Rev. Drug
Discovery. 2005; 4:131-146. [PubMed: 15665858]

Tizzano JP, Griffey KI, Schoepp DD. The Anxiolytic Action of mGlu2/3 Receptor Agonist,

LY 354740, in the Fear-Potentiated Startle Model in Rats is Mechanistically Distinct from
Diazepam. Pharmacol., Biochem. Behav. 2002; 73:367-374. [PubMed: 12117591]

Klodzinska A, Chojnacka-Wajcik E, Palucha A, Branski P, Popik P, Pilc A. Potential Anti-
Anxiety, Anti-Addictive Effects of LY 354740, a Selective Group Il Glutamate Metabotropic
Receptors Agonist in Animal Models. Neuropharmacology. 1999; 38:1831-1839. [PubMed:
10608278]

Helton DR, Tizzano JP, Monn JA, Schoepp DD, Kallman MJ. Anxiolytic and Side-Effect Profile
of LY354740: A Potent, Highly Selective, Orally Active Agonist for Group 11 Metabotropic
Glutamate Receptors. J. Pharmacol. Exp. Ther. 1998; 284:651-660. [PubMed: 9454811]

. Adewale AS, Platt DM, Spealman RD. Pharmacological Stimulation of Group 1l Metabotropic
Glutamate Receptors Reduces Cocaine Self-Administration and Cocaine-Induced Reinstatement
of Drug Seeking in Squirrel Monkeys. J. Pharmacol. Exp. Ther. 2006; 318:922-931. [PubMed:
16675638]

Chem Rev. Author manuscript; available in PMC 2017 June 08.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Lindsley et al.

209.

210.

211

212.

213.

214.

215.

216.

217.

218.

219.

220.

221.

222.

223.

224.

225.

Page 46

Peters J, Kalivas PW. The Group Il Metabotropic Glutamate Receptor Agonist, LY 379268,
Inhibits both Cocaine- and Food-Seeking Behavior in Rats. Psychopharmacology. 2006;
186:143-149. [PubMed: 16703399]

Baptista MAS, Martin-Fardon R, Weiss F. Preferential Effects of the Metabotropic Glutamate 2/3
Receptor Agonist LY 379268 on Conditioned Reinstatement Versus Primary Reinforcement:
Comparison Between Cocaine and a Potent Conventional Reinforce. J. Neurosci. 2004; 24:4723—
4727. [PubMed: 15152032]

Corti C, Battaglia G, Molinaro G, Riozzi B, Pittaluga A, Corsi M, Mugnaini M, Nicoletti F,
Bruno V. The Use of Knock-Out Mice Unravels Distinct Roles for mGlu2 and
mGlu3Metabotropic Glutamate Receptors in Mechanisms of Neurodegeneration/Neuro-
protection. J. Neurosci. 2007; 27:8297-8308. [PubMed: 17670976]

Murray TK, Messenger MJ, Ward MA, Woodhouse S, Oshorne DJ, Duty S, O’Neill MJ.
Evaluation of the mGIluR2/3 Agonist LY 379268 in Rodent Models of Parkinson’s Disease.
Pharmacol., Biochem. Behav. 2002; 73:455-466. [PubMed: 12117601]

Bond A, Jones NM, Hicks CA, Whiffin GM, Ward MA, O’Neill MF, Kingston AE, Monn JA,
Ornstein PL, Schoepp DD, Lodge D, O’Neill MJ. Neuroprotective Effects of LY379268, a
Selective mGlu2/3 Receptor Agonist: Investigations into Possible Mechanism of Action in Vivo.
J. Pharmacol. Exp. Ther. 2000; 294:800-809. [PubMed: 10945827]

Bond A, Ragumoorthy N, Monn JA, Hicks CA, Ward MA, Lodge D, O’Neill MJ. LY379268, a
Potent and Selective Group Il Metabotropic Glutamate Receptor Agonist, is Neuroprotective in
Gerbil Global, but not Focal, Cerebral Ischemia. Neurosci. Lett. 1999; 273:191-194. [PubMed:
10515191]

Coffey DS, Hawk MK, Pedersen SW, Vaid RK. An Efficient Synthesis of LY544344-HCI: A
Prodrug of mGIuR2 Agonist LY3S4740. Tetrahedron Lett. 2005; 46:7299-7302.

Rorick-Kehn LM, Perkins EJ, Knitowski KM, Hart JG, Johnson BG, Schoepp DD, McKinzie DL.
Improved Bioavailability of the mGlu2/3 Receptor Agonist LY 354740 using a Prodrug Strategy:
In Vivo Pharmacology of LY544344. J. Pharmacol. Exp. Ther. 2005; 316:905-913. [PubMed:
16223873]

Dunayevich E, Erickson J, Levine L, Landbloom R, Schoepp DD, Tollefson GD. Efficacy and
Tolerability of an mGlu2/3 Agonist in the Treatment of Generalized Anxiety Disorder.
Neuropsychopharmacology. 2008; 33:1603-1610. [PubMed: 17712352]

Kellner M, Muhtz C, Stark K, Yassouridis A, Arlt J, Wiedemann K. Effects of a Metabotropic
Glutamate2/3 Receptor Agonist (LY544344/LY 354740) on Panic Anxiety Induced by
Cholecystokinin Tetrapeptide in Healthy Humans: Preliminary Results. Psychopharmacology.
2005; 179:310-315. [PubMed: 15821951]

Bergink V, Westenberg HGM. Metabotropic Glutamate 11 Receptor Agonists in Panic Disorder: A
Double Blind Clinical Trial with LY354740. Int. Clin. Psychopharmacol. 2005; 20:291-293.
[PubMed: 16192835]

Grillon C, Cordova J, Levine LR, Morgan CA 111. Anxiolytic Effects of a Novel Group |1
Metabotropic Glutamate Receptor Agonist (LY354740) in the Fear-Potentiated Startle Paradigm
in Humans. Psychopharmacology. 2003; 168:446-454. [PubMed: 12709777]

Schoepp DD, Wright RA, Levine LR, Gaydos B, Potter WZ. LY 354740, and mGlu2/3 Receptor
Agonist as a Novel Approach to Treat Anxiety/Stress. Stress. 2003; 6:189-197. [PubMed:
13129812]

Vinson PN, Conn PJ. Metabotropic Glutamate Receptors as Therapeutic Targets for
Schizophrenia. Neuropharmacology. 2012; 62:1461-1472. [PubMed: 21620876]

Fell MJ, McKinzie DL, Monn JA, Svensson KA. Group Il Metabotropic Glutamate Receptor
Agonists and Positive Allosteric Modulators as Novel Treatments for Schizophrenia.
Neuropharmacology. 2012; 62:1473-1483. [PubMed: 21704048]

Conn PJ, Lindsley CW, Jones CK. Activation of Metabotropic Glutamate Receptors as a Novel
Approach for the Treatment of Schizophrenia. Trends Pharmacol. Sci. 2009; 30:25-31. [PubMed:
19058862]

Chaki S. Group Il Metabotropic Glutamate Receptor Agonists as a Potential Drug for
Schizophrenia. Eur. J. Pharmacol. 2010; 639:59-66. [PubMed: 20371240]

Chem Rev. Author manuscript; available in PMC 2017 June 08.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Lindsley et al.

226.

227.

228.

229.

230.

231

232.

233.

234.

235.

236.

237.

238.

239.

Page 47

Rorick-Kehn LM, Johnson BG, Burkey JL, Wright RA, Calligaro DO, Marek GJ, Nisenbaum ES,
Catlow JT, Kingston AE, Giera DD, et al. Pharmacological and Pharmacokinetic Properties of a
Structurally Novel, Potent, and Selective Mmetabotropic Glutamate 2/3 Receptor Agonist: In
Vitro Characterization of Agonist (-)-(1R,45,55,65)-4-Amino-2-sulfonylbicyclo[3.1.0]-
hexane-4,6-dicarboxylic acid (LY404039). J. Pharmacol. Exp. Ther. 2007; 321:308-317.
[PubMed: 17204749]

Mezler M, Geneste H, Gault L, Marek GJ. LY-2140023, a Prodrug of the Group || Metabotropic
Glutamate Receptor Agonist LY-404039 for the Potential Treatment of Schizophrenia. Curr.
Opin. Invest. Drugs. 2010; 11:833-845.

Patil ST, Zhang L, Martenyi F, Lowe SL, Jackson KA, Andreev BV, Avedisova AS, Bardenstein
LM, Gurovich 1Y, Morozova MA, et al. Activation of mGlu2/3 Receptors as a New Approach to
Treat Schizophrenia: A Randomized Phase 2 Clinical Trial. Nat. Med. 2007; 13:1102-1107.
[PubMed: 17767166]

Adams DH, Zhang L, Millen BA, Kinon BJ, Gomez J-C. Pomaglumetad Methionil (LY2140023
Monohydrate) and Aripiprazole in Patients with Schizophrenia: A Phase 3, Multicenter, Double-
Blind Comparison. Schizophr. Res. Treat. 2014; 2014:758212.

Downing AM, Kinon BJ, Millen BA, Zhang L, Liu L, Morozova MA, Brenner R, Rayle TJ,
Nisenbaum L, Zhao F, Gomez JC. A Double-Blind, Placebo-Controlled Comparator Study of
LY2140023 Monohydrate in Patients with Schizophrenia. BMC Psychiatry. 2014; 14(351):1-12.
Stauffer VL, Mllen BA, Andersen S, Kinon BJ, LaGrandeur L, Lindenmayer JP, Gomez JC.
Pomaglumetad Methionil: No Significant Difference as an Adjunctive Treatment for Patients
with Prominent Negative Symptoms of Schizophrenia Compared to Placebo. Schizophr. Res.
2013; 150:434-441. [PubMed: 24035403]

Adams DH, Kinon BJ, Baygani S, Millen BA, Velona I, Kollack-Walker S, Walling DP. A Long-
Term, Phase 2, Multicenter, Randomized, Open-Label, Comparative Safety Study of
Pomaglumetad Methionil (LY2140023 Monohydrate) Versus Atypical Antipsychotic Standard of
Care in Patients with Schizophrenia. BMC Psychiatry. 2013; 13(143):143-152. [PubMed:
23694720]

Kinon BJ, Gémez JC. Clinical Development of Pomaglumetad Methionil: A Non-Dopaminergic
Treatment for Schizophrenia. Neuropharmacology. 2013; 66:82-86. [PubMed: 22722029]

Kinon BJ, Zhang L, Millen BA, Osuntokun OO, Williams JE, Kollack-Walker S, Jackson K,
Kryzhanovskaya L, Jarkova N. HBBI Study Group. A Multicenter, In-patient, Phase 2, Double-
Blind, Placebo-Controlled Dose-Ranging Study of LY2140023 Monohydrate in Patients with
DSM-IV Schizophrenia. J. Clin. Psychopharmacol. 2011; 31:349-355. [PubMed: 21508856]
Lilly Stops Phase 111 Development of Pomaglumetad Methionil for the Treatment of
Schizophrenia Based on Efficacy Results (Press Release). Eli Lilly and Company; 2012 Aug 29.
available at https://investor.lilly.com/releasedetail.cfm?ReleaselD=703018 [accessed Aug 31,
2015]

Célanire S, Sebhat I, Wichmann J, Mayer S, Schann S, Gatti S. Novel Metabotropic Glutamate
Receptor 2/3 Antagonists and Their Therapeutic Applications: A Patent Review (2005 — Present).
Expert Opin. Ther. Patents. 2015; 25:69-90.

Ornstein PL, Bleisch TJ, Arnold MB, Kennedy JH, Wright RA, Johnson BG, Tizzano JP, Helton
DR, Kallman MJ, Schoepp DD, Hérin M. 2-Substituted (2SR)-2-Amino-2-((1SR,2SR)-
carboxycycloprop-1-yl)glycines as Potent and Selective Antagonists of Group Il Metabotropic
Glutamate Receptors. 2. Effects of Aromatic Substitution, Pharmacological Characterization, and
Bioavailability. J. Med. Chem. 1998; 41:358-378. [PubMed: 9464367]

Chaki S, Yoshikawa R, Hirota S, Shimazaki T, Maeda M, Kawashima N, Yoshimizu T, Yasuhara
A, Sakagami K, Okuyama S, et al. MGS0039: A Potent and Selective Group |l Metabotropic
Glutamate Receptor Antagonist with Antidepressant-Like Activity. Neuropharmacology. 2004;
46:457-467. [PubMed: 14975669]

Bespalov AY, van Gaalen MM, Sukhotina IA, Wicke K, Mezler M, Schoemaker H, Gross G.
Behavioral Characterization of the mGlu group I1/111 Receptor Antagonist, LY-341495, in Animal
Models of Anxiety and Depression. Eur. J. Pharmacol. 2008; 592:96-102. [PubMed: 18634781]

Chem Rev. Author manuscript; available in PMC 2017 June 08.


https://investor.lilly.com/releasedetail.cfm?ReleaseID=703018

1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Lindsley et al.

240.

241.

242.

243.

244,

245.

246.

247.

248.

249.

250.

251.

252.

253.

254.

255.

256.

Page 48

Shimazaki T, lijima M, Chaki S. Anxiolytic-Like Activity of MGS0039, a Potent Group Il
Metabotropic Glutamate Receptor Antagonist, in a Marble-Burying Behavior Test. Eur. J.
Pharmacol. 2004; 501:121-125. [PubMed: 15464070]

Yoshimizu T, Shimazaki T, Ito A, Chaki S. An mGIluR2/3 Antagonist, MGS0039, Exerts
Antidepressant and Anxiolytic Effects in Behavioral Models in Rats. Psychopharmacology. 2006;
186:587-593. [PubMed: 16612616]

Higgins GA, Ballard TM, Kew JN, Richards JG, Kemp JA, Adam G, Woltering T, Nakanishi S,
Mutel V. Pharmacological Manipulation of mGlu2 Receptors Influences Cognitive Performance
in the Rodent. Neuropharmacology. 2004; 46:907-917. [PubMed: 15081787]

Kim SH, Steele JW, Lee SW, Clemenson GD, Carter TA, Treuner K, Gadient R, Wedel P, Glabe
C, Barlow C, et al. Proneurogenic Group Il mGIuR Antagonist Improves Learning and Reduces
Anxiety in Alzheimer AB Oligomer mouse. Mol. Psychiatry. 2014; 19:1235-1242. [PubMed:
25113378]

Kim SH, Fraser PE, Westaway D, St. George-Hyslop PH, Ehrlich ME, Gandy S. Group Il
Metabotropic Glutamate Receptor Stimulation Triggers Production and Release of Alzheimer’s
Amyloid B45 from Isolated Intact Nerve Terminals. J. Neurosci. 2010; 30:3870-3875. [PubMed:
20237257]

Yoshimizu T, Chaki S. Increased Cell Proliferation in the Adult Mouse Hippocampus Following
Chronic Administration of Group Il Metabotropic Glutamate Receptor Antagonist, MGS0039.
Biochem. Biophys. Res. Commun. 2004; 315:493-496. [PubMed: 14766235]

Gleason SD, Li X, Smith IA, Ephlin JD, Wang XS, Heinz BA, Carter JH, Baez M, Yu J, et al.
mGlu2/3 Agonist-Induced Hyperthermia: An in Vivo Assay for Detection of mGlu2/3 Receptor
Antagonism and its Relation to Antidepressant-Like Efficacy in Mice. CNS Neural. Disord.:
Drug Targets. 2013; 12:554-566.

Koike H, Fukumoto K, lijima M, Chaki S. Role of BDNF/TrkB Signaling in Antidepressant-Like
Effects of a Group 11 Metabotropic Glutamate Receptor Antagonist in Animal Models of
Depression. Behav. Brain Res. 2013; 238:48-52. [PubMed: 23098797]

Koike H, lijima M, Chaki S. Involvement of the Mammalian Target of Rapamycin Signaling in
the Antidepressant-Like Effect of Group Il Metabotropic Glutamate Receptor Antagonists.
Neuropharmacology. 2011; 61:1419-1423. [PubMed: 21903115]

Karasawa J, Shimazaki T, Kawashima N, Chaki S. AMPA Receptor Stimulation Mediates the
Antidepressant-Like Effect of a Group I Metabotropic Glutamate Receptor Antagonist. Brain
Res. 2005; 1042:92-98. [PubMed: 15823257]
lijima M, Koike H, Chaki S. Effect of an mGlu2/3 Receptor Antagonist on Depressive Behavior
Induced by Withdrawal From Chronic Treatment with Methamphetamine. Behav. Brain Res.
2013; 246:24-28. [PubMed: 23473878]

Markou A. Metabotropic Glutamate Receptor Antagonists: Novel Therapeutics for Nicotine
Dependence and Depression? Biol. Psychiatry. 2007; 61:17-22. [PubMed: 16876138]

Ago Y, Yano K, Araki R, Hiramatsu N, Kita Y, Kawasaki T, Onoe H, Chaki S, Nakazato A,
Hashimoto H, Baba A, Takuma K, Matsuda T. Metabotropic Glutamate 2/3 Receptor Antagonists
Improve Behavioral and Prefrontal Dopaminergic Alterations in the Chronic Corticosterone-
Induced Depression Model in Mice. Neuropharmacology. 2013; 65:29-38. [PubMed: 23022081]
Dwyer JM, Lepack AE, Duman RS. mGIluR2/3 Blockade Produces Rapid and Long-Lasting
Reversal of Anhedonia Caused by Chronic Stress Exposure. J. Mol. Psychiatry. 2013; 1:15.
[PubMed: 25408908]

Trabanco AA, Cid JM. mGIuR2 Positive Allosteric Modulators: A Patent Review (2009 —
present). Expert Opin. Ther. Pat. 2013; 23:629-647. [PubMed: 23452205]

Sheffler DJ, Pinkerton AB, Dahl R, Markou A, Cosford NDP. Recent Progress in the Synthesis
and Characterization of Group Il Metabotropic Glutamate Receptor Allosteric Modulators. ACS
Chem. Neurosci. 2011; 2:382-393. [PubMed: 22860167]

Woolley ML, Pemberton DJ, Bate S, Corti C, Jones DNC. The mGlu2 but not the mGlu3
Receptor Mediates the Actions of the mGluR2/3 Agonist, LY379268, in Mouse Models
Predictive of Antipsychotic Activity. Psychopharmacology. 2008; 196:431-440. [PubMed:
18057917]

Chem Rev. Author manuscript; available in PMC 2017 June 08.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Lindsley et al.

257.

258.

259.

260.

261.

262.

263.

264.

265.

266.

267.

268.

269.

270.

Page 49

Fell MJ, Svensson KA, Johnson BG, Schoepp DD. Evidence for the Role of Metabotropic
Glutamate (mGlu)2 not mGlu3 Receptors in the Preclinical Antipsychotic Pharmacology of the
mGlu2/3 Receptor Agonist (-)-(1/,45,55,65)-4-Amino-2-sulfonylbicyclo [3.1.0] hexane-4,6-
dicarboxylic Acid (LY404039). J. Pharmacol. Exp. Ther. 2008; 326:209-217. [PubMed:
18424625]

Johnson MP, Baez M, Jagdmann GE Jr, Britton TC, Large TH, Callagaro DO, Tizzano JP, Monn
JA, Schoepp DD. Discovery of Allosteric Potentiators for the Metabotropic Glutamate 2
Receptor: Synthesis and Subtype Selectivity of A-(4-(2-Methoxyphenoxy)phenyl)-A-(2,2,2-
trifluoroethylsulfonyl)pyrid-3-yl-methylamine. J. Med. Chem. 2003; 46:3189-3192. [PubMed:
12852748]

Galici R, Echemendia NG, Rodriguez AL, Conn PJ. A Selective Allosteric Potentiator of
Metabotropic Glutamate (mGlu) 2 Receptors has Effects Similar to an Orthosteric mGlu2/3
Receptor Agonist in Mouse Models Predictive of Antipsychotic Activity. J. Pharmacol. Exp.
Ther. 2005; 315:1181-1187. [PubMed: 16123306]

Galici R, Jones CK, Hempstapat K, Nong Y, Echemendia NG, Williams LG, de Paulis T, Conn
PJ. Biphenyl-indanone A, a Positive Allosteric Modulator of the Metabotropic Glutamate
Receptor Subtype 2, Has Antipsychotic-and Anxiolytic-Like Effects in Mice. J. Pharmacol. Exp.
Ther. 2006; 318:173-185. [PubMed: 16608916]

Ellaithy A, Younkin J, Gonzélez-Maeso J, Logothetis DE. Positive Allosteric Modulators of
Metabotropic Glutamate 2 Receptors in Schizophrenia Treatment. Trends Neurosci. 2015;
38:506-516. [PubMed: 26148747]

Barrett JE. mGluR2-Positive Allosteric Modulators: Therapeutic Potential for Treating Cocaine
Abuse? Neuropsychophar-macology. 2010; 35:2007-2008.

Conn PJ, Jones CK. Promise of mGIuR2/3 Activators in Psychiatry. Neuropsychopharmacology.
2009; 34:248-249. [PubMed: 19079073]

Li M-L, Hu X-Q, Li F, Gao W-J. Perspectives on the mGIluR2/3 Agonists as a Therapeutic Target
for Schizophrenia: Still Promising or a Dead End? Prog. Neuro-Psychopharmacol. Biol.
Psychiatry. 2015; 60:66—76.

Sidique S, Dhanya R-P, Sheffler DJ, Nickols HH, Yang L, Dahl R, Mangravita-Novo A, Smith
LH, D’Souza MS, et al. Orally Active Metabotropic Glutamate Subtype 2 Receptor Positive
Allosteric Modulators: Structure-Activity Relationships and Assessment in a Rat Model of
Nicotine Dependence. J. Med. Chem. 2012; 55:9434-9445. [PubMed: 23009245]

Dhanya R-P, Sheffler DJ, Dahl R, Davis M, Lee PS, Yang L, Nickols HH, Cho HP, Smith LH,
D’Souza MS, et al. Design and Synthesis of Systemically Active Metabotropic Glutamate
Subtype-2 and -3 (mGlu2/3) Receptor Positive Allosteric Modulators (PAMs): Pharmacological
Characterization and Assessment in a Rat Model of Cocaine Dependence. J. Med. Chem. 2014;
57:4154-4172. [PubMed: 24735492]

Cube RV, Vernier JM, Hutchinson JH, Gardner MF, James JK, Rowe BA, Schaffhauser H,
Daggett L, Pinkerton AB. 3-(2-Ethoxy-4-{4-[3-hydroxy-2-methyl-4-(3-methylbutanoyl)-
phenoxy]butoxy}phenyl)propanoic Acid: A Brain Penetrant Allosteric Potentiator at the
Metabotropic Glutamate Receptor 2 (mGIuR2). Bioorg Med. Chem. Lett. 2005; 15:2389-2393.
[PubMed: 15837331]

Jin X, Semenova S, Yang L, Ardecky R, Sheffler DJ, Dahl R, Conn PJ, Cosford ND, Markou A.
The mGIuR2 Positive Allosteric Modulator BINA Decreases Cocaine Self-Administration and
Cue-Induced Cocaine-Seeking and Counteracts Cocaine-Induced Enhancement of Brain Reward
Function in Rats. Neuropsychopharmacology. 2010; 35:2021-2036. [PubMed: 20555310]
Hiyoshi T, Marumo T, Hikichi H, Tomishima Y, Urabe H, Tamita T, lida |, Yasuhara A, Karasawa
J, Chaki S. Neurophysiologic and Antipsychotic Profiles of TASP0433864, a Novel Positive
Allosteric Modulator of Metabotropic Glutamate 2 Receptor. J. Pharmacol. Exp. Ther. 2014;
351:642-653. [PubMed: 25277141]

Garbaccio RM, Brnardic EJ, Fraley ME, Hartman GD, Hutson PH, O’Brien JA, Magliaro BC,
Uslaner JM, Huszar SL, Fillgrove KL, et al. Discovery of Oxazolobenzimida-zoles as Positive
Allosteric Modulators for the mGIuR2 Receptor. ACS Med. Chem. Lett. 2010; 1:406-410.
[PubMed: 24900224]

Chem Rev. Author manuscript; available in PMC 2017 June 08.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Lindsley et al.

271.

272.

273.

274.

275.

276.

277.

278.

279.

280.

281.

282.

283.

284.

Page 50

Tresadern G, Cid JM, Macdonald GJ, Vega JA, de Lucas Al, Garcia A, Matesanz E, Linares ML,
Oehlrich D, Lavreysen H, et al. Scaffold Hopping from Pyridones to Imidazo[1,2-4]pyridines.
New Positive Allosteric Modulators of Metabotropic glutamate 2 receptor. Bioorg. Med. Chem.
Lett. 2010; 20:175-179. [PubMed: 19932615]

Trabanco AA, Tresadern G, Macdonald GJ, Vega JA, de Lucas Al, Matesanz E, Garcia A, Linares
ML, Alonso de Diego SA, Alonso JM, et al. Imidazo[1,2-4]pyridines: Orally Active Positive
Allosteric Modulators of the Metabotropic Glutamate 2 Receptor. J. Med. Chem. 2012; 55:2688—
2701. [PubMed: 22352782]

Cid JM, Tresadern G, Vega JA, de Lucas Al, Matesanz E, Iturrino L, Linares ML, Garcia A,
Andrés JI, Macdonald GJ, et al. Discovery of 3-Cyclopropylmethyl-7-(4-phenylpiperidin-1-yl)-8-
trifluoromethyl[1,2,4]triazolo[4,3-a]pyridine (JNJ-42153605): A Positive Allosteric Modulator of
the Metabotropic Glutamate 2 Receptor. J. Med. Chem. 2012; 55:8770-8789. [PubMed:
23072213]

Megens AAHP, Hendrickx HMR, Hens KA, Talloen WJ-PE, Lavreysen H. mGlu, Receptor-
Mediated Modulation of Conditioned Avoidance Behavior in Rats. Eur. J. Pharmacol. 2014;
727:130-139. [PubMed: 24486391]

Andrés JI, Alcazar J, Cid JM, De Angelis M, lturrino L, Langlois X, Lavreysen H, Trabanco AA,
Celen S, Bormans G. Synthesis, Evaluation, and Radiolabeling of New Potent Positive Allosteric
Modulators of the Metabotropic Glutamate Receptor 2 as Potential Tracers for Positron Emission
Tomography Imaging. J. Med. Chem. 2012; 55:8685-8699. [PubMed: 22992024]

Cid JM, Duvey G, Tresadern G, Nhem V, Furnari R, Cluzeau P, Vega JA, de Lucas Al, Matesanz
E, Alonso JM, et al. Discovery of 1,4-Disubstituted 3-Cyano-2-pyridones: A New Class of
Positive Allosteric Modulators of the Metabotropic Glutamate 2 Receptor. J. Med. Chem. 2012;
55:2388-2405. [PubMed: 22364337]

Addex Reports Top-line Data from a Successful Phase 2a Clinical Study with ADX71149 in
Schizophrenia Patients (Press Release). Addex Pharmaceuticals; 2012 Nov 5. available at http://
www.addextherapeutics.com/investors/press-releases/news-details/article/addex-reports-top-line-
data-from-a-successful-phase-2a-clinical-study-with-adx71149-in-schizophrenia/ [accessed Sep
1, 2015]

Cid JM, Tresadern G, Duvey G, Litjens R, Finn T, Rocher JP, Poli S, Vega JA, de Lucas Al,
Matesanz E, et al. Discovery of 1-Butyl-3-chloro-4-(4-phenyl-1-piperidinyl)-(1A)-pyridone
(JNJ-40411813): A Novel Positive Allosteric Modulator of the Metabotropic Glutamate 2
Receptor. J. Med. Chem. 2014; 57:6495-6512. [PubMed: 25032784]

Lavreysen H, Ahnaou A, Drinkenburg W, Langlois X, Mackie C, Pype S, Liitjens R, LePoul E,
Trabanco AA, Cid Nufiez JM. Pharmacological and Pharmacokinetic Properties of
JNJ-40411813, a Positive Allosteric Modulator of the mGlu2 Receptor. Pharmacol. Res.
Perspect. 2015; 3(1):e00096. [PubMed: 25692015]

Lavreysen H, Langlois X, Ver Donck L, Cid Nufiez JM, Pype S, Liitjens R, Megens A. Preclinical
Evaluation of the Antipsychotic Potential of the mGlu2-Positive Allosteric Modulator
JNJ-40411813. Pharmacol. Res. Perspect. 2015; 3:e00097. [PubMed: 25692027]

Addex Reports Top-line Data from ADX71149 Phase 2a Study in Patients with Major Depressive
Disorder (MDD) with Significant Anxiety Symptoms (Press Release). Addex Pharmaceuticals;
2014 Feb 7. available at http://www.addextherapeutics.com/investors/press-releases/news-details/
article/addex-reports-top-line-data-from-adx71149-phase-2a-study-in-patients-with-major-
depressive-disorder/ [accessed Sep 2, 2015]

Cook D, Brown D, Alexander R, March R, Morgan P, Satterthwaite G, Pangalos MN. Lessons
Learned from the Fate of AstraZeneca’s Drug Pipeline: A Five Dimensional Framework. Nat.
Rev. Drug Discovery. 2014; 13:419-431. [PubMed: 24833294]

[accessed Sep 2, 2015] The structure of AZD8529 can be found at PubChem (CID 25125217).
http://pubchem.ncbi.nlm.nih.gov/compound/25125217

Justinova Z, Panlilio LV, Secci ME, Redhi GH, Schindler CW, Cross AJ, Mrzljak L, Medd A,
Shaham Y, Goldberg SR. The Novel Metabotropic Glutamate Receptor 2 Positive Allosteric
Modulator, AZD8S29, Decreases Nicotine Self-Administration and Relapse in Squirrel Monkeys.
Biol. Psychiatry. 2015; 78:452-462. [PubMed: 25802079]

Chem Rev. Author manuscript; available in PMC 2017 June 08.


http://www.addextherapeutics.com/investors/press-releases/news-details/article/addex-reports-top-line-data-from-a-successful-phase-2a-clinical-study-with-adx71149-in-schizophrenia/
http://www.addextherapeutics.com/investors/press-releases/news-details/article/addex-reports-top-line-data-from-a-successful-phase-2a-clinical-study-with-adx71149-in-schizophrenia/
http://www.addextherapeutics.com/investors/press-releases/news-details/article/addex-reports-top-line-data-from-a-successful-phase-2a-clinical-study-with-adx71149-in-schizophrenia/
http://www.addextherapeutics.com/investors/press-releases/news-details/article/addex-reports-top-line-data-from-adx71149-phase-2a-study-in-patients-with-major-depressive-disorder/
http://www.addextherapeutics.com/investors/press-releases/news-details/article/addex-reports-top-line-data-from-adx71149-phase-2a-study-in-patients-with-major-depressive-disorder/
http://www.addextherapeutics.com/investors/press-releases/news-details/article/addex-reports-top-line-data-from-adx71149-phase-2a-study-in-patients-with-major-depressive-disorder/
http://pubchem.ncbi.nlm.nih.gov/compound/25125217

1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Lindsley et al.

Page 51

285. [accessed Sep 2, 2015] The study of AZD8529 for Smoking Cessation in Female Smokers.

286.

287.

288.

289

290.

291.

292.

293.

294,

295.

296.

297.

https://www.clinicaltrials.gov/ct2/show/NCT02401022

Ball M, Boyd A, Churchill G, Cuthbert M, Drew M, Fielding M, Ford G, Frodsham L, Golden M,
Leslie K, et al. Isoindolone Formation via Intramolecular Diels-Alder Reaction. Org. Process
Res. Dev. 2012; 16:741-747.

Campo B, Kalinichev M, Lambeng N, Yacoubi ME, Royer-Urios I, Schneider M, Legrand C,
Parron D, Girard F, Bessif A, et al. Characterization of an mGIluR2/3 Negative Allosteric
Modulator in Rodent Models of Depression. J. Neurogenet. 2011; 25:152-166. [PubMed:
22091727]

Pritchett D, Jagannath A, Brown LA, Tarn SKE, Hasan S, Gatti S, Harrison PJ, Bannerman DM,
Foster RG, Peirson SN. Deletion of Metabotropic Glutamate Receptors 2 and 3 (mGlu2 &
mGlu3) in Mice Disrupts Sleep and Wheel-Running Activity, and Increases the Sensitivity of the
Circadian System to Light. PLoS One. 2015; 10:0125523. [PubMed: 25950516]

. Woltering TJ, Wichmann J, Goetschi E, Knoflach F, Ballard TM, Huwyler J, Gatti S. Synthesis
and Characterization of 1,3-d = Dihydro-benzo[b][1,4]diazepin-2-one Derivatives: Part 4. In Vivo
Active Potent and Selective Non-Competitive Metabotropic Glutamate Receptor 2/3 Antagonists.
Bioorg. Med. Chem. Lett. 2010; 20:6969-6974. [PubMed: 20971004]

Yacoubi, ME.; Vaugeois, J-M.; Kalinichev, M.; Célanire, S.; Parron, D.; Le Poul, E.; Campo, B.
Effects of a mGIuR2/3 Negative Allosteric Modulator and a Reference mGIluR2/3 Orthosteric
Antagonist in a Genetic Mouse Model of Depression. Behavioral Studies of Mood Disorders,
Proceedings of the 40th Annual Meeting of the Society for Neuroscience; Nov 13-17, 2010; San
Diego, CA. Washington, DC: Society for Neuroscience; 2010. 886.14/VV7

Goeldner C, Ballard TM, Knoflach F, Wichmann J, Gatti S, Umbricht D. Cognitive Impairment in
Major Depression and the mGlu2 Receptor as a Therapeutic Target. Neuropharmacology. 2013;
64:337-346. [PubMed: 22992331]

Kalinichev, M.; Campo, B.; Lambeng, N.; Célanire, S.; Schneider, M.; Bessif, A.; Royer-Urios, I.;
Parron, D.; Legrand, C.; Mahious, N., et al. An mGIluR2/3 Negative Allosteric Modulator
Improves Recognition Memory Assessed by Natural Forgetting in the Novel Object Recognition
Test in Rats. Memory Consolidation and Reconsolidation: Molecular Mechanisms 11,
Proceedings of the 40th Annual Meeting of the Society for Neuroscience; Nov 13-17, 2010; San
Diego, CA. Washington, DC: Society for Neuroscience; 2010. 406.9/MMM57

For the structure of decoglurant, see: International Nonproprietary Names. WHO Drug
Information. 2013; 27(2)Geneva, SwitzerlandWorld Health Organization:150.

[accessed Sep 2, 2015] ARTDeCo Study: A Study of RO4995819 in Patients with Major
Depressive Disorder and Inadequate Response to Ongoing Antidepressant Treatment. https://
www.clinicaltrials.gov/ct2/show/NCT01457677

Emmitte KA. mGlug Negative Allosteric Modulators: A Patent Review. Expert Opin. Ther. Pat.
2013; 23:393-408. [PubMed: 23339457]

Mayer, S.; Cardona, L.; Catelain, T.; Courivaurd, F.; Hommet, G.; Lotz, N.; Manteau, B.;
Mikidadi, S.; Steinberg, E.; Deshons, L., et al. Synthesis and Characterization of Pyrazolo[1,5-
alquinazolin-5-one Derivatives: Potent Non-Competitive mGIuR2 NAMs. From Hit to in Vivo
Procognition Proof of Concept. Presented at Drug Development, 8th International Meeting on
Metabotropic Glutamate Receptors; Sep 28-Oct 3, 2014; Taormina, Sicily, Italy. Poster 19
Schann, S.; Manteau, B.; Franchet, C.; Frauli, M.; Mayer, S. Molecular Switch Strategy Delivers
Distinct Group Il mGIuR Allosteric Modulator Families. Presented at the 246th ACS National
Meeting and Exposition; Sep 8-12, 2013; Indianapolis, IN. Article No. 268

298. Wenthur CJ, Morrison RD, Daniels JS, Conn PJ, Lindsley CW. Synthesis and SAR of Substituted

Pyrazolo[1,5-4] quinazolines as Dual mGlup/mGluz NAMs. Bioorg. Med. Chem. Lett. 2014;
24:2693-2698. [PubMed: 24794112]

299. Walker AG, Wenthur CJ, Xiang Z, Rook JM, Emmitte KA, Niswender CM, Lindsley CW, Conn

PJ. Metabotropic Glutamate Receptor 3 Activation is Required for Long-Term Depression in
Medial Prefrontal Cortex and Fear Extinction. Proc. Natl. Acad. Sci. U. S. A. 2015; 112:1196—
1201. [PubMed: 25583490]

300. Engers JL, Rodriguez AL, Konkol LG, Morrison RD, Thompson AD, Byers FW, Blobaum AL,

Chang S, Venable DF, Loch MT, et al. Discovery of VU0650786: A Selective and CNS Penetrant

Chem Rev. Author manuscript; available in PMC 2017 June 08.


https://www.clinicaltrials.gov/ct2/show/NCT02401022
https://www.clinicaltrials.gov/ct2/show/NCT01457677
https://www.clinicaltrials.gov/ct2/show/NCT01457677

1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Lindsley et al.

301.

302.

303.

304.

305.

306.

307.

308.

3009.

310.

311.

312.

Page 52

Negative Allosteric Modulator of Metabotropic Glutamate Receptor Subtype 3 with
Antidepressant and Anxiolytic Activity in Rodents. J. Med. Chem. 2015; 58:7485-7500.
[PubMed: 26335039]

Zhang L, Balan G, Barreiro G, Boscoe BP, Chenard LK, Cianfrogna J, Claffey MM, Chen L,
Coffman KJ, Drozda SE, et al. Discovery and Preclinical Characterization of 1-Methyl-3-(4-
methylpyridin-3-yl)-6-(pyridin-2-ylmethoxy)-1A-pyrazolo-[3,4-6]-pyrazine (PF470): A Highly
Potent, Selective, and Efficacious Metabotropic Glutamate Receptor 5 (mGIuR5) Negative
Allosteric Modulator. J. Med. Chem. 2014; 57:861-877. [PubMed: 24392688]

Zhuo X, Huang XS, Degnan AP, Snyder LB, Yang F, Huang H, Shu Y-Z, Johnson BM.
Identification of Glutathione Conjugates of Acetylene-Containing Positive Allosteric Modulators
of Metabotropic Glutamate Receptor Subtype 5. Drug Metab. Dispos. 2015; 43:578-589.
[PubMed: 25633841]

Bungard CJ, Converso A, De Leon P, Hanney B, Hartingh TJ, Manikowski JJ, Manley PJ,
Meissner R, Meng Z, Perkins JJ, Rudd MT, Shu Y. Merck Sharp & Dohme Corp. Quinoline
Carboxamide and Quinoline Carbonitrile Derivatives as mGluR2-Negative Allosteric
Modulators, Compositions, and Their Use. PCT International Patent Application WO
2013/066736 Al. 2013 May 10.

Ma L, Seager M, Wittmann M, Jacobson M, Bickel N, Burno M, Jones K, Graufelds VK, Xu G,
Pearson M, McCampbell A, et al. Selective Activation of the Ml Muscarinic Acetylcholine
Receptor Achieved by Allosteric Potentiation. Proc. Natl. Acad. Sci. U. S. A. 2009; 106:15950—
15955. [PubMed: 19717450]

Felts AS, Rodriguez AL, Smith KA, Engers JL, Morrison RD, Byers FW, Blobaum AL, Locuson
CW, Chang S, Venable DF, et al. Design of 4-Oxo-1-aryl-1,4-dihydroquinoline-3-carboxamides
as Selective Negative Allosteric Modulators of Metabotropic Glutamate Receptor Subtype 2. J.
Med. Chem. 2015; 58:9027-9040. [PubMed: 26524606]

Betts MJ, O’Neill MJ, Duty S. Allosteric Modulation of the Group 111 mGlug Receptor Provides
Functional Neuroprotection in the 6-Hydroxydopamine Rat Model of Parkinson’s Disease. Br. J.
Pharmacol. 2012; 166:2317-2330. [PubMed: 22404342]

Engers DW, Field JR, Le U, Zhou Y, Bolinger JD, Zamorano R, Blobaum AL, Jones CK, Jadhav
S, Weaver CD, et al. Discovery, Synthesis and Structure Activity Relationship Development of a
Series of N-(4-Acetamido)phenylpicolinamides as Postive Allosteric Modulators of Metabotropic
Glutamate Receptor 4 (mGlug) with CNS Exposure in Rats. J. Med. Chem. 2011; 54:1106-1110.
[PubMed: 21247167]

Slawinska A, Wieroniska JM, Stachowicz K, Palucha-Poniewiera A, Uberti MA, Bacolod MA,
Doller D, Pilc A. Anxiolytic- but not Antidepressant-Like Activity of Lu AF21934, a Novel,
Selective Positive Allosteric Modulator of the mGluy Receptor. Neuropharmacology. 2013;
66:225-235. [PubMed: 22634361]

Kalinichev M, Le Poul E, Bolea C, Girard F, Campo B, Fonsi M, Royer-Urios |, Browne SE,
Uslaner JM, Davis MJ, et al. Characterization of the Novel Positive Allosteric Modulator of the
Metabotropic Glutamate Receptor 4 ADX88178 in Rodent Models of Neuropsychiatric
Disorders. J. Pharmacol. Exp. Ther. 2014; 350:495-505. [PubMed: 24947466]

Stawinska A, Wieronska JM, Stachowicz K, Marciniak M, tason-Tyburkiewicz M, Gruca P, Papp
M, Kusek M, Tokarski K, Doller D, et al. The Antipsychotic-Like Effects of Positive Allosteric
Modulators of Metabotropic Glutamate mGlu4 Receptors in Rodents. Br. J. Pharmacol. 2013;
169:1824. [PubMed: 23714045]

Lamb JA, Engers DW, Niswender CM, Rodriguez AL, Venable D, Conn PJ, Lindsley CW.
Discovery of Molecular Switches within the ADX-47273 mGlus PAM Scaffold that Modulate
Modes of Pharmacology to Afford Potent mGlus NAMs, PAMs, and Partial Antagonists. Bioorg.
Med. Chem. Lett. 2011; 21:2711-2714. [PubMed: 21183344]

Gould RW, Amato RJ, Bubser M, Joffe ME, Nedelcovych MT, Thompson AD, Nickols HH, Yuh
JP, Zhan X, Felts AS, Rodriguez AL, Venable DF, et al. Partial mGlus Negative Allosteric
Modulators Attenuate Cocaine Self-Administration, Demonstrate Antidepressant- and
Anxiolytic-Like Activity and Lack Psychotomimetic Effects’. Neuropsychopharmacology. 2015;
102:244-253.

Chem Rev. Author manuscript; available in PMC 2017 June 08.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Lindsley et al.

313.

314.

315.

316.

317.

318.

319.

320.

321.

322.

323.

324.

325.

326.

327

Page 53

Nickols HH, Yuh JP, Gregory K, Morrison R, Bates BS, Stauffer S, Emmitte K, Bubser M, Peng
W, Nedelcovych MT, et al. VU0477573: Partial Negative Allosteric Modulator of the Subtype 5
Metabotropic Glutamate Receptor with High in Vivo Efficacy. J. Pharmacol. Exp. Ther. 2016;
356:123-136. [PubMed: 26503377]

Ellard JM, Madin A, Philps O, Hopkin M, Henderson S, Birch L, O’Connor D, Arai T, Takase K,
Morgan L, et al. Identification and Optimisation of a Series of Tetrahydrobenzotria-zoles as
Metabotropic Glutamate Receptor 5-Selective Positive Allosteric Modulators that Improve
Performance in a Preclinical Model of Cognition. Bioorg. Med. Chem. Lett. 2015; 25:5792—
5796. [PubMed: 26531152]

Hamilton SP. A New Lead From Genetic Studies in Depressed Siblings: Assessing Studies of
Chromosome 3. Am. J. Psychiatry. 2011; 168:783-789. [PubMed: 21813496]

Breen G, Webb BT, Butler AW, van den Oord EJ, Tozzi F, Craddock N, Gill M, Korszun A, Maier
W, Middleton L, et al. A Genome-Wide Significant Linkage for Severe Depression on
Chromosome 3: The Depression Network Study. Am. J. Psychiatry. 2011; 168:840-847.
[PubMed: 21572164]

Ganda C, Schwab SG, Amir N, Heriani H, Irmansyah I, Kusumawardhani A, Nasrun M,
Widyawati I, Maier W, Wildenauer DB. A Family-Based Association Study of DNA Sequence
Variants in GRM7 with Schizophrenia in an Indonesian Population. Int. J.
Neuropsychopharmacol. 2009; 12:1283-1289. [PubMed: 19638256]

Mick E, Neale B, Mddleton FA, McGough JJ, Faraone SV. Genome-Wide Association Study of
Response to Methylphenidate in 187 Children with Attention-Deficit/Hyperactivity Disorder.
Am. J. Med. Genet, Part B. 2008; 147B:1412. [PubMed: 18821564]

Yang Y, Pan C. Role of Metabotropic Glutamate Receptor 7 in Autism Spectrum Disorders: A
Pilot Study. Life Sci. 2013; 92:149-153. [PubMed: 23201551]

Park S, Kim BN, Cho SC, Kim JW, Kim JI, Shin MS, Yoo HJ, Han DH, Cheong JH. The
Metabotropic Glutamate Receptor Subtype 7 rs3792452 Polymorphism is Associated with the
Response to Methylphenidate in Children with Attention-Deficit/Hyperactivity Disorder. J. Child
Adolesc. Psychopharmacol. 2014; 24:223-227. [PubMed: 24815731]

Horikoshi M, Yaghootkar H, Mook-Kanamori DO, Sovio U, Taal HR, Hennig BJ, Bradfield JP,
St. Pourcain B, Evans DM, Charoen P, et al. New Loci Associated with Birth Weight Identify
Genetic Links between Intrauterine Growth and Adult Height and Metabolism. Nat. Genet. 2013;
45:76-82. [PubMed: 23202124]

Ohtsuki T, Koga M, Ishiguro H, Horiuchi Y, Arai M, Niizato K, Itokawa M, Inada T, lwata N,
Iritani S, et al. A Polymorphism of the Metabotropic Glutamate Receptor mGIuR7 (GRM7) Gene
is Associated with Schizophrenia. Schizophr. Res. 2008; 101:9-16. [PubMed: 18329248]
Shibata H, Tani A, Chikuhara T, Kikuta R, Sakai M, Ninomiya H, Tashiro N, Iwata N, Ozaki N,
Fukumaki Y. Association Study of Polymorphisms in the Group 111 Metabotropic Glutamate
Receptor Genes, GRM4 and GRM7, with Schizophrenia. Psychiatry Res. 2009; 167:88-96.
[PubMed: 19351574]

Saus E, Brunei A, Armengol L, Alonso P, Crespo JM, Fernandez-Aranda F, Guitart M, Martin-
Santos R, Menchon JM, Navines R, et al. Comprehensive Copy Number Variant (CNV) Analysis
of Neuronal Pathways Genes in Psychiatric Disorders Identifies Rare Variants Within Patients. J.
Psychiatr. Res. 2010; 44:971-978. [PubMed: 20398908]

Jajodia A, Kaur H, Kumari K, Gupta M, Baghel R, Srivastava A, Sood M, Chadda RK, Jain S,
Kukreti R. Evidence for Schizophrenia Susceptibility Alleles in the Indian Population: An
Association of Neurodevelopmental Genes in Case-Control and Familial Samples. Schizophr.
Res. 2015; 162:112-117. [PubMed: 25579050]

Kandaswamy R, McQuillin A, Curtis D, Gurling H. Allelic Association, DNA Resequencing and
Copy Number Variation at the Metabotropic Glutamate Receptor GRM7 Gene Locus in Bipolar
Disorder. Am. J. Med. Genet, Part B. 2014; 165:365—-372. [PubMed: 24804643]

. Alliey-Rodriguez N, Zhang D, Badner JA, Lahey BB, Zhang X, Dinwiddie S, Romanos B, Plenys
N, Liu C, Gershon ES. Genome-Wide Association Study of Personality Traits in Bipolar Patients.
Psychiatr. Genet. 2011; 21:190-194. [PubMed: 21368711]

Chem Rev. Author manuscript; available in PMC 2017 June 08.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Lindsley et al.

328.

329.

330.

331.

332.

333.

334.

335.

336.

337.

338.

339.

340.

341.

342

Page 54

Nho K, Ramanan VK, Horgusluoglu E, Kim S, Inlow MH, Rsacher SL, McDonald BC, Farlow
MR, Foroud TM, et al. Comprehensive Gene- and Pathway-Based Analysis of Depressive
Symptoms in Older Adults. J. Alzheimers Dis. 2015; 45:1197-1206. [PubMed: 25690665]

Haenisch S, Zhao Y, Chhibber A, Kaiboriboon K, Do LV, Vogelgesang S, Barbaro NM, Alldredge
BK, Lowenstein DH, Cascorbi I, Kroetz DL. SOX11 Identified by Target Gene Evaluation of
miRNAs Differentially Expressed in Focal and Non-Focal Brain Tissue of Therapy-Resistant
Epilepsy Patients. Neurobiol. Dis. 2015; 77:127-140. [PubMed: 25766675]

Mtsukawa K, Yamamoto R, Ofner S, Nozulak J, Pescott O, Lukic S, Stoehr N, Mombereau C,
Kuhn R, McAllister KH, et al. A Selective Metabotropic Glutamate Receptor 7 Agonist:
Activation of Receptor Signaling via an Allosteric Site Modulates Stress Parameters in Vivo.
Proc. Natl. Acad. Sci. U. S. A. 2005; 102:18712-18717. [PubMed: 16339898]

Sukoff Rizzo SJ, Leonard SK, Gilbert A, Dollings P, Smith DL, Zhang MY, Di L, Platt BJ, Neal
S, Dwyer JM, et al. The Metabotropic Glutamate Receptor 7 Allosteric Modulator AMNO082: A
Monoaminergic Agent in Disguise? J. Pharmacol. Exp. Ther. 2011; 338:345-352. [PubMed:
21508084]

Jalan-Sakrikar N, Field JR, Klar R, Mattmann ME, Gregory KJ, Zamorano R, Engers DW,
Bollinger SR, Weaver CD, Days EL, et al. Identification of Positive Allosteric Modulators
VU0155094 (ML397) and VU0422288 (ML396) Reveals New Insights Into the Biology of
Metabotropic Glutamate Receptor 7. ACS Chem. Neurosci. 2014; 5:1221-1237. [PubMed:
25225882]

Ayala JE, Niswender CM, Luo Q, Banko JL, Conn PJ. Group 1l mGIuR Regulation of Synaptic
Transmission at the SC-CA1 Synapse is Developmentally Regulated. Neuropharmacology. 2008;
54:804. [PubMed: 18255102]

Baskys A, Malenka RC. Agonists at Metabotropic Glutamate Receptors Presynaptically Inhibit
EPSCs in Neonatal Rat Hippocampus. J. Physiol. 1991; 444:687-701. [PubMed: 1668353]

Klar R, Walker AG, Ghose D, Grueter BA, Engers DW, Hopkins CR, Lindsley CW, Xiang Z,
Conn PJ, Niswender CM. Activation of Metabotropic Glutamate Receptor 7 is Required for
Induction of Long-Term Potentiation at SC-CAL Synapses in the hippocampus. J. Neurosci.
2015; 35:7600-7615. [PubMed: 25972184]

Gee CE, Peterlik D, Neuhduser C, Bouhelal R, Kaupmann K, Laue G, Uschold-Schmidt N,
Feuerbach D, Zimmermann K, Ofner S, et al. Blocking Metabotropic Glutamate Receptor
Subtype 7 (mGlu7) via the Venus Flytrap Domain (VFTD) Inhibits Amygdala Plasticity, Stress,
and Anxiety-Related Behavior. J. Biol. Chem. 2014; 289:10975-10987. [PubMed: 24596089]
Suzuki G, Tsukamoto N, Fushiki H, Kawagishi A, Nakamura M, Kurihara H, Mitsuya M,
Ohkubo M, Ohta H. In Vitro Pharmacological Characterization of Novel Isoxazolopyridone
Derivatives as Allosteric Metabotropic Glutamate Receptor 7 Antagonists. J. Pharmacol. Exp.
Ther. 2007; 323:147-156. [PubMed: 17609420]

Nakamura M, Kurihara H, Suzuki G, Mitsuya M, Ohkubo M, Ohta H. Isoxazolopyridone
Derivatives as Allosteric Metabotropic Glutamate Receptor 7 Antagonists. Bioorg. Med. Chem.
Lett. 2010; 20:726-729. [PubMed: 20005101]

Yamasaki T, Kumata K, Yui J, Fujinaga M, Furutsuka K, Hatori A, Xie L, Ogawa M, Nengaki N,
et al. Synthesis and Evaluation of [L1C]JMMPIP as a Potential Radioligand for Imaging of
Metabotropic Glutamate 7 Receptor in the Brain. EJINMMI Res. 2013; 3:54. [PubMed:
23870677]

Niswender CM, Johnson KA, Miller NR, Ayala JE, Luo Q, Williams R, Saleh S, Orton D, Weaver
CD, Conn PJ. Context-Dependent Pharmacology Exhibited by Negative Allosteric Modulators of
Metabotropic Glutamate Receptor 7. Mol. Pharmacol. 2010; 77:459-468. [PubMed: 20026717]
Kalinichev M, Rouillier M, Girard F, Royer-Urios |, Bournique B, Finn T, Charvin D, Campo B,
Le Poul E, Mutel V, et al. ADX71743, a Potent and Selective Negative Allosteric Modulator of
Metabotropic Glutamate Receptor 7: In Vitro and in Vivo Characterization. J. Pharmacol. Exp.
Ther. 2013; 344:624-636. [PubMed: 23257312]

Pert CB, Snyder SH. Properties of Opiate Receptor Bindign in Rat Brain. Proc. Natl. Acad. Sci.
U. S. A. 1973; 70:2243-2247. [PubMed: 4525427]

Chem Rev. Author manuscript; available in PMC 2017 June 08.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Lindsley et al. Page 55

343. Fraser CM, Wang C-D, Robinson DA, Gocayne JD, Venter JC. Site-Directed Mutagenesis of M1
Muscarinic Acetylcholine Receptors: Conserved Aspartic Acids Play Important Roles in
Receptor Function. Mol. Pharmacol. 1989; 36:840-847. [PubMed: 2557534]

344. Chen L-H, Sun B, Zhang Y, Xu T-J, Xia Z-X, Liu JF, Nan F-J. Discvoery of Negative Allosteric
Modulators of GABAp Receptors. ACS Med. Chem. Lett. 2014; 5:742-747. [PubMed:
25050158]

345. Tobo A, Tobo M, Nakakura T, Ebara M, Tomura H, Mogi C, Im D-S, Murata N, Kuwabara A, Ito
S, et al. Characterization of Imidazopyridine Compounds as Negative Allosteric Modulators of
Proton-Sensign GPR4 in Extracellular Acidification-Induced Responses. PLoS One. 2015;
10:20129334. [PubMed: 26070068]

Chem Rev. Author manuscript; available in PMC 2017 June 08.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Lindsley et al. Page 56

o] :
H :
N/\/\/O N_O Q\/\/ﬂ O NN
3 L0 IV o
3 L % >_

=N
N

X

1, general BZD 2, Aripiprazole (Abilify™) 3, Cinacalcet™ 4, Maraviroc™

HO,
009 )
2%

H

cl
— \ H
AN N N._N._N Cl
o~ - T{—C/—\f“ T
g = ) /@’ NH O
N . o

H CoMe
S, Reparixin™ 6, Mavoglurant™ 7, Dipraglurant™ 8, Basimglurant™ 9, Fenobam™
IA o
7
0 cl Q TN N
Z c /\) F N YN 0
N B & N
Z _)\—N
N 7\
MeO F /O n HN N OCF3
Ph I 0"CH, N
10, ADX-71149 11, JNJ-40411813 12, (1CJINJ-42491293 13, AZD8529
/ o7
N O o
2 _O HO OH
N
= n\)ok N O o i /O HO £ 3 NF N/>
HN NS HN o NN
L~ ® " A
N MeO o hll Cl
T_14, VU0453379 15, VU0029767 16, VU0090157 17, CGP-7930 18, Ro 64-5229
a

) N (J # [
HO,C O #
19, BINA 20, (-)-PHCCC 21,VU0361737 22, 4-PAM2

(18,2R)-N'-(3,4-dichlorophenyl)cyclohexane-1,2-dic
o]
OH NH, H o

Br N
° JUR
HN cl HN cl N=
|5 o
Cl =N

¢}

23, (rac)-vU0155041 24, (1S,2R)-Lu AF21934 25, MNI-137

Figure 1.
Structures of compounds 1-25 discussed in the Introduction.
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Figure 2.
Allosteric interactions can manifest as altered affinity and/or efficacy. (a) Simulations of the

effect of an allosteric modulator on receptor occupancy by an orthosteric ligand, as
described by the allosteric ternary complex model (center). In the absence of an allosteric
ligand (black curve), relative receptor occupancy is determined by the concentration of
orthosteric ligand (A) and the equilibrium dissociation constant (Kp), which is the
concentration of A that occupies 50% of receptors. Increasing concentrations (red, Kg;
orange, 3Kpg; yellow, 10Kg; green, 30Kg; blue, 100Kg) of a negative allosteric modulator
(left, a = 0.1) or a positive allosteric modulator (right, a = 10) alter the apparent affinity of
the orthosteric ligand 10fold. (b) Simulations of allosteric interactions in a functional assay,
as described by the operational model of allosterism (center). Top left, an allosteric ligand
that negatively modulates both affinity and efficacy. Top right, an allosteric modulator that
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potentiates both affinity and efficacy. Bottom left and right, allosteric ligands with opposing
effects on affinity versus efficacy.
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Figure 3.
Comparison of mGlus modulator potency and affinity estimates. Potency values were pooled

for (a) inhibition or (b) potentiation of orthosteric agonist activity (glutamate or quisqualate)
in multiple paradigms including recombinant cell lines expressing either human or rat
mGlus, or primary cultures, and using intracellular Ca?* mobilization and inositol phosphate
accumulation. Affinity estimates were pooled from inhibition binding studies using
radiolabeled allosteric ligands using membranes or whole cells from recombinant cells lines
expressing either human or rat mGlus, primary cultures, or tissue homogenates.54
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Figure 4.
Heteromerization of mGlus and mGlu, permits an mGlu, NAM to block mGlu, agonist-

mediated responses. (A) When mGluy (gray) is expressed alone, both protomers respond to
L-AP4 (mGluy-selective agonist, green circles), which induces responses with predicted
potency and full efficacy (lower panel, black circles in graph). When mGlu, (maroon) is
coexpressed with mGluy, the L-AP4 response is more shallow, and the response is
approximately 75% (white circles) that of L-AP4 when mGluy is expressed alone. (B)
Incubation of increasing concentrations of an mGluy; NAM with mGlug homomers results in
no blockade of response. Incubation of NAM (yellow X) with mGluy,4 heteromers results in
a concentration-dependent, noncompetitive blockage of L-AP4 responses, indicating
transactivation between the two protomer subunits. Graphs are simulated based on data
presented in ref 134.
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Figure 5.

Iterative, multidimensional parallel synthesis approach, coupled with matrix libraries for the
chemical lead optimization of GPCR allosteric modulators.
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Matrix library strategy for the chemical lead optimization of a series of Mg negative

allosteric modulators with steep SARs.
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Figure 7.

Molecular switches were apparent in the first reported series of mGlus PAMs, wherein small
modifications afforded PAMs, NAMs, and NALSs.
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Biotransformation of a potent mGlus agonist-PAM, VU0403602 (32), through cytochrome
P450-mediated metabolism to a major circulating and brain-penetrant active metabolite (M1,
33) displaying similar PAM pharmacology with higher efficacy and lower potency intrinsic
agonist activity in rat. Values represent means of at least three independent determinations in
fluorometric calcium mobilization assays using rat mGlus-expressing HEK cells.
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Figure 10.
mGluyy3 orthosteric agonists 45 (LY 354640), 46 (LY 379268), and 47 (LY404039); orally

available clinical prodrug 48 (LY2140023); and mGluy, orthosteric antagonists 49
(LY341495) and 50 (MGS0039).

Chem Rev. Author manuscript; available in PMC 2017 June 08.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnuely Joyiny

Lindsley et al. Page 67

51, LY487379

O O
T C
O

19, BINA

Figure 11.
Prototypical mGluy PAM tools 51 (LY487379) and 19 (BINA).
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Figure 12.
mGluy, PAMs 52, 53 and 19 (BINA) and mGluy;3 PAM 54,
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Figure 13.

2,3-Dihydroimidazo[2,1- ]oxazole-based mGlu, PAMs 55 (TASP0433864) and 56.

Chem Rev. Author manuscript; available in PMC 2017 June 08.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Lindsley et al.

Figure 14.

F

LF
[ f
,/N/g
7
e Y
R sN
X

HO

59 X=CN
60 X=Cl

Page 70

R?2=H 61 JNJ-42153605
R?=0"'CH; 62

Imidazopyridine mGlu, PAMs 57-62, triazolopyridine mGlu, PAM 61 (JNJ-42153605), and
[1C]-labeled triazolopyridine mGluy, PAM 62.
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Figure 15.
Pyridone mGluy PAMSs: HTS hit 63, in vivo tools 64 and 65 (JNJ-40068782), and clinical

compound 11 (JNJ-40411813).
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Figure 16.
mGlu, PAM clinical compound 11 (AZD8529) and its synthetic precursor 57.

Chem Rev. Author manuscript; available in PMC 2017 June 08.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Lindsley et al. Page 73

0]
HN /
N
/ N—R
FsC =N
FsC
58 R =Me R04491533 60, decoglurant

59 R=H RO04432717

Figure 17.

mGluy3 NAM tools 58 (RO4491533) and 59 (RO4432717) and clinical compound 60
(decoglurant).
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Figure 18.
Screening hit 61 and pyrazolo[1,5-4]quinazolin-5-one mGluy;3 NAMSs 62 and 63.
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Figure 19.
Cross-screening hit 64 and 1,2-diphenylethyne mGluz NAMs 65 (VU0463597, ML289) and

66 (VU0469942, ML337).
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Cross-screening hit 67 and optimized mGlu3 NAM in vivo tool 68 (VU0650786).

F
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Figure 21.

Markush structures of 69 and mGluy, NAM 70 (MRK-8-29). The similarity between 70 and
the prototypical M; PAM BQCA (71) led to a scaffold-hopping exercise that identified the
novel mGlu, NAM VU6001192 (72).
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Figure 22.
Structures of mGlus PAMs with reported in vivo activity in preclinical models of

Parkinson’s disease.
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Figure 23.

Structures of mGlus full (75 and 76) and partial (77-79) NAMs with reported in vivo
activity in preclinical models of drug abuse and depression.
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Figure 24.

Structures 80-86 of mGlus PAMs and ago-PAMs displaying signal bias, including two (85
and 86) that have advanced to safety assessment.
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Figure 25.

Structures of mGluy allosteric agonist (87, AMNO082), pan-group 111 PAMs (88,
VU0422288; 89, VU0155094), and antagonist/NAMs (90, XAP044; 91 MMPIP; and 92
ADX71743).
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Structures of the first GABAg NAM (93) and the GABAg PAM CGP7930 (94), from which
93 was derived by scaffold hopping.

Chem Rev. Author manuscript; available in PMC 2017 June 08.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Lindsley et al. Page 83

| NH2
—
95 96
Figure 27.
Structures of the first GPR4 NAM (95) and the orhtosteric antagonist psychosine (96). Gal is
galactosyl.
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