ACS Chemical .
NeurOSCIence pubs.acs.org/chemneuro

Development of M; mAChR Allosteric and Bitopic Ligands:
Prospective Therapeutics for the Treatment of Cognitive Deficits

Briana J. Davie,”" Arthur Christopoulos,** and Peter J. Scammells*"

"Medicinal Chemistry and iDrug Discovery Biology, Monash Institute of Pharmaceutical Sciences, Monash University, 381 Royal
Parade, Parkville VIC 3052, Australia

ABSTRACT: Since the cholinergic hypothesis of memory dysfunction was S . Affinity
first reported, extensive research efforts have focused on elucidating the modulation
mechanisms by which this intricate system contributes to the regulation of

processes such as learning, memory, and higher executive function. Several Efficacy

cholinergic therapeutic targets for the treatment of cognitive deficits, psychotic modulation

symptoms, and the underlying pathophysiology of neurodegenerative

disorders, such as Alzheimer’s disease and schizophrenia, have since emerged. :"g‘:::;‘;i:

Clinically approved drugs now exist for some of these targets; however, they
all may be considered suboptimal therapeutics in that they produce
undesirable off-target activity leading to side effects, fail to address the wide
variety of symptoms and underlying pathophysiology that characterize these
disorders, and/or afford little to no therapeutic effect in subsets of patient
populations. A promising target for which there are presently no approved
therapies is the M; muscarinic acetylcholine receptor (M; mAChR). Despite avid investigation, development of agents that
selectively activate this receptor via the orthosteric site has been hampered by the high sequence homology of the binding site
between the five muscarinic receptor subtypes and the wide distribution of this receptor family in both the central nervous
system (CNS) and the periphery. Hence, a plethora of ligands targeting less structurally conserved allosteric sites of the M,
mAChR have been investigated. This Review aims to explain the rationale behind allosterically targeting the M; mAChR,
comprehensively summarize and critically evaluate the M; mAChR allosteric ligand literature to date, highlight the challenges
inherent in allosteric ligand investigation that are impeding their clinical advancement, and discuss potential methods for
resolving these issues.
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Orthosteric
agonism

Acetylcholine

he muscarinic acetylcholine receptor (mAChR) family is a AU

group of rhodopsin-like (Family A) G protein-coupled binding site
receptors (GPCRs) consisting of five distinct subtypes M;—M;.
Activation of the M,, M3, and M receptor subtypes primarily
results in coupling to the G, family of G proteins, activation
of phospholipase C (PLC), release of inositol-1,4,5-tri-
sphosphate (IP;), and subsequent mobilization of intracellular
calcium Ca*'. Activation of the M, and M, receptor subtypes
primarily results in coupling to the G/, family of G proteins,

inhibition of adenylate cyclase (AC), reduction in cyclic AMP P, | [DAG |—, [pKe
(cAMP), and a decrease in neurotransmitter release via the / J
blockage of voltage-gated calcium channels (Figure 1). These can / v
pathways represent a generalized view of each receptor’s PERK1/2

coupling capacity, as all five subtypes couple to a broader range
of G protein- and non-G protein-mediated signaling and
regulatory pathways,' ultimately leading to the regulation of
enzymes and neurotransmitters critical for intercellular
chemical communication and biological function. In a broader
molecular sense, this diversity is largely facilitated by the ability
of GPCRs to adopt a range of conformational states that can
lead to distinct functional outcomes.>

Figure 1. Common signal transduction pathways of the five muscarinic
acetylcholine receptors.

mAChR is predominantly expressed postsynaptically in the
CNS, particularly in regions of the hippocampus, prefrontal
cortex, and striatum. The M, and M; mAChRs are expressed
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both pre- and postsynaptically in different brain regions, most
notably the basal forebrain, the thalamus, and the hippocampus.
Furthermore, the peripheral tissues mostly express the M, and
M; subtypes, particularly in cardiac and smooth muscle tissues.
The M, and M; mAChRs are almost exclusively expressed in
the CNS, the former presynaptically in the striatum and the
hippocampus, and the latter in the substantia nigra.

This broad distribution is suggestive of muscarinic receptors
mediating a diverse range of biological functions and hence
playing potentially critical roles in a number of central and
peripheral disease processes. This Review will henceforth focus
on the role of the muscarinic system in the regulation of
learning and memory in the CNS, specifically, the utility of
targeting the M; mAChR for the treatment of neuro-
degenerative disorders, such as Alzheimer’s disease (AD) and
schizophrenia.

AD is a condition of the CNS with no definitive cause and no
known cure. Four key “hallmarks” of this disease are cognitive
decline in memory and learning, the dysfunction and eventual
death of cholinergic neurons, the accumulation of f-amyloid
plaques, and the formation of neurofibrillary tangles as a result
of tau-protein hyperphosphorylation.” Schizophrenia is a
debilitating disorder most likely caused by a combination of
genetic and environmental factors, though the biological origin
is unknown. The disease manifests as four “symptom
domains”:°® positive (hallucinations, delusions), negative (social
withdrawal, lack of initiative), cognitive (attention deficit and
impaired memory), and affective (anxiety, depression,
aggression, and suicidal tendencies).

A poorly treated symptom of both disorders is cognitive
impairment, which manifests as dysfunctions in memory
consolidation, learning, and higher-order processing. While
disruption of multiple neurotransmitter systems may be
implicated in these deficits,” considerable evidence suggests
that impaired cortical-hippocampal cholinergic signaling plays
an integral part in the manifestation of these conditions.” The
advent of research tools such as receptor knockout (KO) mice
and subtype-selective muscarinic ligands has afforded significant
advances in our understanding of the role of the cholinergic
system in the physiology and pathophysiology of cognition.””
In particular, M, mAChR activation by subtype-selective
allosteric enhancement has shown considerable promise as a
means of ameliorating cognitive decline and treating disease
state pathophysiology.' However, the lack of structural
information about the M; mAChR allosteric binding sites and
the complex behavior of allosteric ligands is such that rational
drug design and preclinical pharmacological evaluation are
fraught with challenges impeding the development of viable
therapeutics. This Review will discuss essential considerations
in the classification and pharmacological evaluation of allosteric
ligands, summarize the M; mAChR allosteric ligands reported
to date, and offer a perspective on the pharmacological
methods employed in their development.

B THE CHOLINERGIC HYPOTHESIS OF MEMORY
DYSFUNCTION

The culmination of considerable biochemical, electrophysio-
logical, and pharmacological evidence gained from studies in
elderly patients gave rise to the cholinergic hypothesis of
memory dysfunction some decades ago.'' Four critical
observations that unequivocally validated this hypothesis were
as follows:
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(i) the substantial loss of presynaptic cholinergic basal
forebrain cortical projection neurons in human post-
mortem Alzheimer’s-diseased brains;'>
the dysfunction of cholinergic markers, such as acetylcho-
line (ACh), choline (a precursor of ACh), and choline
acetyl transferase (an enzyme for ACh production),
observed in the human post-mortem brains of patients
suffering from cognitive deficits;*?
the behavioral cognitive impairments observed upon
pharmacological disruption of cholinergic activity;'' and
the improvement in cognition observed in elderly
patients upon artificial enhancement of cholinergic
activity11

Accordingly, cholinergic enhancement via inhibition of the
enzyme responsible for ACh degradation, cholinesterase, was
pursued, giving rise to the four anticholinesterase drugs
currently approved for the treatment of the various stages of
AD: tacrine, donepezil, rivastigmine, and galantamine. While
widely used, these drugs have a propensity for nonselective
activity, leading to a swathe of side effects associated with
excessive cholinergic stimulation, such as diarrhea, hyper-
salivation, and bradycardia. The failing of the anticholines-
terases is unsurprising considering that they target an enzyme
present at the synapses of all cholinergic neurons, likely
resulting in broad spectrum, abrupt muscarinic activation in
whatever tissue compartment that these drugs are distributed.
Furthermore, these therapies have been shown to elicit little to
no therapeutic efficacy in up to 75% of the patient population,'*
which is possibly due to the progressive degeneration of
presynaptic cholinergic nerve terminals as the disease state
progresses.

(i)

(iii)
(iv)

B XANOMELINE: AN IMPORTANT
PROOF-OF-CONCEPT COMPOUND

An alternative method by which cholinergic enhancement may
be achieved is to mimic the actions of ACh, namely, by selective
mAChR activation (and nAChR activation, which is beyond the
scope of this Review). Important proof-of-concept for selective
mAChR activation as a potential therapy for the cognitive
deficits associated with neurodegenerative conditions came
with the discovery of the compound xanomeline (1, Figure 2),
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Figure 2. Structure of the M;/M, mAChR-preferring agonist
xanomeline (1).

a M,/M,-preferring agonist (see Mirza et al.'> for a
comprehensive review). This compound produced increased
brain ACh levels, demonstrated a reversal of antagonist-induced
memory block following IP administration in mice, and
attenuated cognitive decline in a 6 month clinical trial in
human AD patients following oral administration.'®

Studies in M;—M; muscarinic receptor KO mice directly
linking the absence of each receptor subtype to specific
biochemical, physiological, and behavioral changes have
enabled assignment of each receptor with likely biological
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functions.® M, mAChR KO mice exhibited deficits in tasks
most likely involving neural communication between the
cerebral cortex and the hippocampus. Moreover, activation of
the M; mAChR was found to be the predominant mediator of
the effects on cognition, attention, and learning that were
observed following xanomeline administration;'” these effects
were attenuated in M; mAChR KO mice (but not M, mAChR
KOs).

In addition to validating the therapeutic utility of M; mAChR
targeting, xanomeline also validated M, mAChR activation as a
potential treatment for psychosis, demonstrating in vivo efficacy
in both animal'® and human'® clinical trials, and exhibiting a
similar therapeutic profile to the atypical antipsychotics
clozapine and olanzapine.'® The attenuation of amphetamine-
induced psychotic behaviors observed with administration of
xanomeline was absent in M, mAChR KO mice (but remained
present in M; mAChR KOs).”® This antipsychotic action is
postulated to occur via indirect modulation of dopamine levels;
the M, mAChR is highly expressed within the mesolimbic
dopaminergic system, commonly associated with positive
symptoms of schizophrenia.”*

Unfortunately, while xanomeline exhibits some degree of
selectivity as a M;/M, mAChR agonist, binding studies in
cloned human muscarinic receptors revealed no preferential
binding affinity for these two subtypes in relation to the
others,”* a factor that likely contributed to the peripheral
cholinergic side effects that prompted the withdrawal of 52% of
AD subjects in a phase III trial of xanomeline.” This, combined
with its vastly different efficacy and selectivity profiles
depending on the in vitro experimental paradigm utilized,"
its oﬁ-tar§et activity at dopaminergic and S-HT receptor
subtypes,™ and the compound’s metabolic instability and high
hepatic first pass effect leading to <1% oral bioavailability in
both animals and humans,"® has rendered xanomeline an
insufficient clinical candidate. Despite this clinical failure, the
M, mAChHR target validation afforded by xanomeline sparked
considerable research interest into deconvoluting the mecha-
nisms by which this receptor mediates cognitive processing.

B THE ROLE OF THE M; mAChR IN COGNITION

M, mAChRs are most abundantly expressed postsynaptically in
regions of the forebrain such as the hippocampus, striatum, and
cerebral cortex.® Stimulation of M; mAChRs activates multiple
signaling pathways leading to the production of numerous
downstream effector molecules, each of which is likely to
contribute to the overall physiological functioning of M,
mAChRs, as well as the utility of targeting these receptors for
the treatment of cognitive deficits. One such example is the
protein kinase C (PKC) family, important signaling enzymes
that are produced following Ga/y; pathway activation and are
significantly reduced in the Alzheimer’s diseased brain®* (for a
more detailed summary of the potential effects of PKC in
cognition and Alzheimer’s disease, see a recent publication by
Fisher”®). Additionally, it has been demonstrated that activation
of M; mAChRs leads to potentiation of currents through the N-
methyl-p-aspartate (NMDA) receptor in hippocampal pyrami-
dal cells,”® a receptor shown to play a critical role in synaptic
plasticity and memory consolidation.”’

Herein lies one of the key theoretical advantages of
postsynaptic M; mAChR activation. Unlike the anticholines-
terases, this mode of treatment does not rely on the presence of
intact presynaptic cholinergic nerve terminals to be effective,
neurons that are significantly compromised in neurodegener-
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ative disorders.”® Additionally, it has been shown that, in AD
cortical tissue, postsynaptic M; mAChR density is unaltered*”
(and in a more recent study significantly increased’®),
establishing the availability of the target in the most critically
affected brain region of patients, regardless of the extent of
cognitive decline.

B THE ROLE OF THE M; mAChR IN MODIFYING AD
PATHOPHYSIOLOGY

A significant advantage of M; mAChR activation for the
treatment of Alzheimer’s disease is the potential for positive
modification of the underlying pathophysiology of the
condition that leads to cognitive symptoms in the first place,
affording a prospective dual action treatment for AD unable to
be accomplished by anticholinesterase therapies. Two widely
acknowledged pathophysiological hallmarks of AD are the
accumulation of f-amyloid plaques and the formation of
neurofibrillary tangles as a result of tau-protein hyper-
phosphorylation,” “vicious cycles” that both lead to substantive
CNS cholinergic neural death in the cortical and hippocampal
regions of the basal forebrain (flowchart depicted in Figure 3).

M, mAChR-selective agonists
may prevent initiation of these
pathways

Amyloid precursor i = | . I
ABy4o142 Production i | | |
Accumulation of neuritic
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Figure 3. Two pathophysiological pathways underlying Alzheimer’s
disease.

Amyloid precursor protein (APP) has been linked to
functions such as regulation of synaptic interactions and
neuroplasticity.>’ APP can be differentially cleaved by secretase
enzymes into amyloidogenic and nonamyloidogenic metabo-
lites which forms the basis for the pathophysiology of
Alzheimer’s disease and the prospect of M; mAChR activation
as a potential treatment. The amyloidogenic pathway is
characterized by f/y secretase cleavage of APP, resulting in
peptides such as A,y and Af,,, the primary constituents of the
aggregated amyloid neuritic plaques observed in the AD
brain.>* Accumulation of Af peptides is also postulated to
impair mAChR coupling to G proteins,® which is likely to
further perpetuate the disease state. In contrast, the non-
amyloidogenic pathway is stimulated by the action of the a-
secretase enzyme, which cleaves APP within the Af peptide
sequence, leading to harmless metabolites. The question of
which pathway predominates at any given time depends on the
relative expression of the secretase enzymes, which is largely
dictated by the actions of cellular second messenger systems
downstream of GPCRs. Specifically, M; mAChR activation and
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initiation of G,;;-mediated activation of PKC has been linked
to the increased expression of a-secretase,”* and consequently
promotion of the nonamyloidogenic pathway and a reduction
in A peptide levels, which could potentially slow or halt the
formation of amyloid plaques and hence, the progression of
AD.

Further validation of the critical role of the M; mAChR in
modulating this process was obtained when the treatment of
human AD patients with a selective M; mAChR agonist,
talsaclidine (2, Figure 4), led to an observed reduction in Af,,
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Figure 4. Structures of two M; mAChR selective agonists, talsaclidine
(2) and AF267B (3).

levels in their cerebrospinal fluid (CSF).** Additionally, in vivo
studies in 3xTg mice (injected with transgenes for f-amyloid
and tau, and therefore a model for AD) reported increased CSF
levels of a-secretase-producing enzyme, ADAMI17, and a
corresponding decrease in p-secretase formation following
treatment with another M; mAChR-selective agonist, AF267B
(3, Figure 4). 3

The second “vicious cycle” referred to earlier is the formation
of neurofibrillary tangles that occurs when the protein essential
for the growth of microtubules in the neuronal cytoskeleton,
tau, becomes hyperphosphorylated. Both in vitro and in vivo
studies*>° have demonstrated that activation of the M,
mAChR has the potential to decrease tau phosphorylation by
PKC-mediated inhibition of kinases (particularly GSK3/) and
upregulation of phosphatases, subsequently decreasing the
likelihood of fibrous tangle formation.

A comparative analysis of M; mAChR expression and
response in the post-mortem cortical tissue of humans observed
to have no cognitive impairment, mild cognitive impairment, or
Alzheimer’s disease was conducted to further understand the
link between activation of this receptor and AD pathophysi-
ology [*H]-Oxotremorine-M radioligand binding studies
found M; mAChR expression to be elevated in the AD cortical
tissue, indicative of compensatory upregulation in response to a
reduction in ACh levels. It was also found that while there was
no correlation between function of M; mAChRs and the degree
of cognitive impairment, a negative correlation between M,
mAChR functional activity and severity of neuropathology
(based on post-mortem neurofibrillary tangle analysis) was
observed, adding further weight to the argument for selective
targeting of this receptor in the treatment of AD.

B THE ROLE OF THE M; mAChR IN TREATING
SCHIZOPHRENIA

Currently available pharmaceutical treatments for schizophrenia
largely target dopamine (D) receptors or a combination of
dopamine and serotonin (S-HT) receptors. First generation
antipsychotics, such as haloperidol and chlorpromazine, are
predominantly D,R antagonists, treating the positive symptoms
of the disorder but also eliciting Parkinsonian-like motor
dysfunction (extrapyramidal side effects (EPS)).>** Second
generation antipsychotics, such as clozapine and olanzapine,
treat positive symptoms by acting as D,R antagonists but also
partially treat the negative symptoms and reduce EPS by acting
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as cortical 5-HT,,R antagonists. However, these therapies still
demonstrate poor efficacy and a lack of selectivity, resulting in a
range of potentially dangerous side effects, including
prolongation of QT interval, agranulocytosis, and severe weight
gain.37 Aripiprazole is a third generation antipsychotic
exhibiting a unique mechanism of action: D,R partial agonism,
5-HT 4R partial agonism, and S5-HT,,R antagonism, the
combination of which results in increased and decreased
neurotransmission in hypodopamlnerglc and hyperdopaminer-
gic areas, respectively.”® Thus, it is considered to be the first
dopamine—serotonin system stabilizer. Despite reports of an
excellent safety and tolerability profile, aripiprazole still
demonstrates the potential to cause the same side effects as
its first- and second-generation predecessors.

A major deficit of these three classes is that none were
designed to treat, nor show substantial efficacy against, the
cognitive deficits experienced as part of schizophrenia. This is
despite the observation that the degree of cognitive impairment
is the strongest predictor of clmlcal outcome for sufferers of this
debilitating mental disorder,® and that cognitive symptoms are
often evident in patients before the onset of psychosis.

The notion of treating schizophrenia by targeting the
chohnerglc system predates the widely regarded dopamine
hypothesis,** the latter having given rise to the majority of
schizophrenia medications to date. Decades-old clinical
observations of muscarinic agonists exhibiting modest anti-
psychotic properties and anticholinergic exacerbation of
schizophrenic symptoms formed the foundation of this theory,
and more recent studies have demonstrated decreases in
muscarinic receptor binding in both the prefrontal cortex and
the hippocampus in schizophrenic patients,*** regions rich in
the M; mAChR subtype. Taken together, this suggests that the
M, mAChR may represent a therapeutically beneficial target for
both positive and cognitive symptom domains. Furthermore,
the direct and indirect interactions between the dopaminergic
and cholinergic neurotransmitter systems in the brain implicate
a role for the M; mAChR (and indeed other muscarinic
receptor subtypes) in modulatm§ the complex underlying
pathophysiology of schizophrenia.*> However, while a muscar-
inic hypothesis of schizophrenia certainly warrants further
investigation, particularly the roles of the M, and M, mAChR
subtypes, it must be acknowledged that schizophrenia is a
collection of syndromes likely to be dictated by multiple
neurotransmitter systems and ultimately requiring combination
drug therapy if all symptoms are to be alleviated.

B CAVEATS OF TARGETING THE M; mAChR

In principle, selective M; mAChR agonists are less likely to
exhibit side effects than anticholinesterases as they possess a
more specific cholinergic objective, a single mAChR subtype.
Despite this, there are presently no M; mAChR agonists
approved as neurodegenerative therapies. While several ligands
have demonstrated sufficient M; mAChR selectivity in in vitro
studies supporting target validation, these compounds either
show poor pharmacokinetic profiles and limited in vivo efficacy
or fail to exhibit sufficient receptor subtype selectivity to avoid
peripheral muscarinic side effects, such as gastrointestinal
dlsruptlon, nausea, bradycardia, and excessive exocrine gland
secretion.”* This latter issue arises from their targeting the
endogenous agonist-binding (orthosteric) site of the receptor,
for which a high degree of sequence homology and structural
conservation exists across the five mAChRs. This selectivity
problem commonly manifests in therapeutics targeting GPCRs
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with multiple receptor subtypes such as the adenosine,
dopamine, and serotonin GPCRs. Another notable caveat of
M, mAChR activation is that it may not necessarily improve
coupling between the receptor and the G protein, a critical
event glslat is significantly compromised in the AD prefrontal
cortex.

B THE UTILITY OF TARGETING M; mAChR
ALLOSTERIC SITES

Allosteric ligands bind to a site topographically distinct from
the orthosteric site of the receptor and are able to enhance or
reduce the effect of the concomitantly bound orthosteric ligand.

The three mechanisms by which allosteric ligands exert their
effects,*® as depicted in Figure 5, are as follows:

A\ Affinity
Orthosteric modulation
, oY D
Efficacy \i' k q #
modulation Z v
P &
t’ Allosteric
tf 4 A agonism
Orthosteric
agonism s 4 s
> S /

Figure S. Three modes by which allosteric ligands exert their effects.
(1) Orthosteric ligand affinity modulation; (2) orthosteric ligand
efficacy modulation; and (3) direct allosteric agonism.

(i) by modulating the binding affinity of the orthosterically
bound ligand;
(ii) by modulating the downstream efficacy of the orthosteri-
cally bound ligand; and
(i) by activating the receptor in their own right, acting as
allosteric agonists
Conformational changes in the receptor induced by allosteric
ligand binding are the source of their modulatory activity.
Localized alterations to the orthosteric site topography may
either enhance or reduce the binding affinity of the orthosteric
ligand, while a broader conformational shift in the GPCR may
either enhance or reduce the overall signaling efficacy of the
receptor. These modulatory effects, combined with any
agonism conferred by the allosteric ligand alone, dictate the
global change in receptor activity observed. For an elegant
representation of the distinct allosteric ligand profiles that may
arise from the combination of these three effects, see a recent
review by Kenakin.*’ To gain an understanding of how the
complex multidirectional interplay between an orthosteric
ligand, allosteric ligand, and receptor (ternary) complex can
be modeled and quantified, see the review by May et al.*®
Recently marketed allosteric drugs afford practical validation
for the development of allosteric ligands as therapeutic
solutions. Cinacalcet* acts as an allosteric potentiator at the
calcium-sensing receptor for the treatment of hyperparathyr-
oidism, maraviroc>” is an anti-HIV drug that acts as an allosteric
inhibitor of the chemokine receptor CCRS, and the
benzodiazepines,”" used for the treatment of anxiety disorders,
are allosteric modulators at GABA, receptors.
Allosteric ligands offer notable advantages over classic
orthosteric drugs.52 First, allosteric sites can have a less
conserved amino acid sequence between receptor subclasses,>
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potentially allowing for selective targeting and minimization of
the side effects evident in the binding of pure orthosteric
agonists, such as the undesirable peripheral muscarinic effects
of xanomeline. Another advantage is the saturability of their
effect. Drugs targeting the receptor orthosteric site frequently
elicit an all-or-nothing response upon interaction, leading to
complete activation or perturbation of downstream signaling
and the associated biological function(s). The intensity of
action of these ligands is directly proportional to their
concentration in the receptor compartment;54 so, depending
on the dose that reaches the target receptor and the off-rate of
the ligand from the receptor, the duration of effect of
orthosteric drugs may carry the risks of side effects, overdose,
or desensitization and tolerance.>® In contrast, the effect of a
positive or negative allosteric modulator is dictated by the
degree of cooperativity they possess with the ligand occupying
the orthosteric site,’® such that the intensity of action reaches a
limit once all allosteric binding sites are occupied; creating a
“ceiling” for their biological effect and potentially avoiding the
aforementioned risks.

A somewhat more contentious advantage is the precision of
their effect. It is thought that “pure” allosteric modulators (that
is, those devoid of agonist activity in their own right) afford the
advantage of spatial and temporal specificity”>*® in that they
require the presence of the orthosteric ligand to exert their
effect, confining their activity to the location and time in which
physiological activity is occurring. However, it is now evident
that an observed lack of allosteric agonism may also be a
function of the ligand concentration, the degree of signal
amplification of the pharmacological assay, and the coupling
efficiency of the receptor for the signaling pathway being
measured.””*® That is to say that if an allosteric ligand is
assessed in an assay with minimal signal amplification that
measures a pathway poorly coupled to the receptor of interest,
any direct allosteric agonism of the ligand may go undetected.
Indeed, it can be reasonably hypothesized that all positive
allosteric modulators may display allosteric agonism and all
negative allosteric modulators may display inverse agonism,
under the right assay conditions.” Therefore, in order to more
accurately predict the functional profile of an allosteric ligand in
preclinical animal studies and subsequent clinical trials, in vitro
cellular assays that follow initial hit detection ought to resemble
the cellular background, native receptor expression levels, local
neurotransmitter concentration, and biochemical outcomes of
the human pathophysiological tissue of interest as closely as
possible. This is likely to pose complex challenges, especially for
CNS disorders in which multiple brain regions (with different
receptor expression levels and neurotransmitter concentra-
tions) are being targeted to achieve in vivo efficacy.

M, mAChR allosteric ligands may provide solutions to the
problems hindering the development of an optimized
cholinergic treatment for cognitive dysfunction. Their subtype
selectivity will facilitate further investigation into the physio-
logical and pathophysiological roles of this receptor in the
brain, as well as offer the prospect of neurodegenerative
disorder therapies devoid of side effects. Additionally, while
their ability to modulate endogenous neurotransmitter activity
affords the prospect of improved cholinergic tone, the potential
for allosteric activation of the M; mAChR in their own right
becomes all the more critical as functional ACh levels decrease
in tandem with neurodegeneration and disease state pro-
gression. Moreover, the ability of such ligands to stabilize
distinct receptor conformations may lead to the discovery of
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functional profiles that bias the receptor toward neurotrophic
and pro-cognitive pathways while disfavoring pathophysiolog-
ical and neurotoxic pathways.

B STRUCTURAL STUDIES OF M; mAChR
ORTHOSTERIC AND ALLOSTERIC SITES

Until recently, modeling of the muscarlmc GPCR famlly has
been largely based on the rhodopsin,*” f-adrenergic,’® and A,
adenosine® GPCR crystal structures, other Famlly A GPCRs

with which they share common structural motifs.*> However,
recent publication of the inactive human M, and the rat M;
mAChR crystal structures®®* will undoubtedly provide
unparalleled insight into the structures of the other muscarinic
receptor subtypes going forward.

Studies of the cloned M;—Mj mAChRs have revealed a high
degree of sequence homology between the subtypes,
particularly in transmembrane (TM) units 2—7, a reglon
containing a highly structurally conserved hydrophilic cavity.®
Within this cavity projects a TM3 negatively charged aspartate
residue common to all subtypes, which has been shown by
binding and pomt -mutation studies to be critical for orthosteric
ligand b1nd1ng, forming an jonic interaction with the polar,
positively charged (or ionizable) headgroup of both agonists,
such as acetylcholine, and antagonists, such as atropine (4 and
5, Figure 6). A combination of computational and molecular

N
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oK Cl I
acetylcholine atropine
4. 5.

Figure 6. Structures of the muscarinic orthosteric agonist acetylcholine
(4) and the muscarinic orthosteric antagonist atropine (5), high-
lighting the positively charged and ionizable head groups, respectively.

biological techniques have identified additional residues
extending into this pocket as having key roles in orthosteric
ligand binding, kinetics, and receptor activation.®”

Similar approaches have been adopted to identify the key
residues involved in the interaction of allosteric ligands with the
M, mAChR. To date, two M; mAChR allosteric binding sites
have been pharmacologically characterized. Early binding and
site-directed mutagenesis studies using the allosteric muscarinic
ligands gallamine (6) and alcuronium (7) provided evidence for
the first site, an extracellular (EC) allosteric binding domain
1nvolv1ng residues from EC loops 2 and 3 ad]omlng TMs S, 6,
and 7.%® This site is often referred to as the “common” allosteric
binding site % for mAChRs as its topographical location is
preserved across the subtypes, while the nonconserved residues
in this region confer allosteric ligand mAChR subtype
selectivity. More specifically at the M; mAChR, the positive
charges present on both gallamine and alcuronium (Figure 7)
are thought to be important for interaction with negatively
charged EC3 residues (S388, D393, and E397) extending into
the hydrophilic EC space, while the hydrophobic portions of
these molecules are thought to form interactions with
trypto7phan residues (W101 and W400) within upper TM
units.

The existence of a second allosteric site was proposed when
the ability of the indolocarbazole KT5720 (8, Figure 8) to
allosterically enhance the binding of both the agonist ACh and
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Figure 7. Structures of the two “common” muscarinic allosteric site
binders, gallamine (6) and alcuronium (7).
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Figure 8. Structures of the second muscarinic allosteric site binders,
KTS5720 (8) and WIN62,577 (9).

the antagonist N-methylscopolamine (NMS) at the M;—M,
mAChRSs was unchanged in the presence of the allosteric ligand
gallamine.”" This is indicative of two separate allosteric binding
sites and, as neither allosteric ligand altered the potency or
relative effectiveness of the other when co-bound, they exhibit
neutral cooperativity with one another.”* Additional muscarinic
allosteric ligands reported to bind to this second site are
WIN62,577 (9) and its analogues (Figure 8).”>

Using a rhodopsin-based homology model of the M,
mAChR, this second allosteric site was later postulated to be
located on the intracellular (IC) face of the receptor close to
the G protein-coupling domain, involving residues within TMs
2, 3, and 7, the C-terminal helix 8 and IC loop 3, a proposition
that is yet to be experimentally validated.”*

The future elucidation of the M; mAChR structure by X-ray
crystallography (and eventual cocrystallization with proposed
allosteric ligands) will hopefully further validate the homology
model-based structural studies undertaken so far and greatly
enhance our understanding of ligand—receptor interactions.
Regardless, the existence of multiple allosteric sites on the M,
mAChR adds another layer of complexity to the already
complicated field of subtype-selective allosteric ligand design.

B IMPORTANT CONSIDERATIONS IN ALLOSTERIC

LIGAND CLASSIFICATION AND EVALUATION

Positive Allosteric Modulators (PAMs) Possessing
Intrinsic Agonism. As alluded to earlier, it may be the case
that all positive allosteric modulators may display allosteric
agonism in their own right if evaluated in a sufficiently
amplified pharmacological assay. Therefore, classifying a ligand
as a “pure” allosteric modulator should be done tentatively and
with due consideration to the context in which the ligand has
been tested.

Estimating Ligand Potency. The M; mAChR PAM
literature regularly reports ligand potency by determining an
ECs, value. This value is determined by first generating a
concentration response curve (CRC) for an orthosteric agonist
of the M; mAChR (e.g, ACh) using the cellular background
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and functional assay of choice (e.g, calcium mobilization in
CHO cells). From this curve, a single concentration is selected
depending on the type of allosteric modulation expected to be
observed. If positive modulation is expected, as is the case with
the M; mAChR PAM studies described here, an EC,; of ACh
may be selected (Figure 9a), the concentration at which 20% of
the maximal system response to the ligand is elicited, affording
a suitable “window” in which to detect the anticipated
modulatory activity.

Orthosteric ligand concentration response
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Figure 9. Simulated example of a common screening method for
putative allosteric ligands. (a) A concentration—response curve of a
known orthosteric ligand (e.g, ACh) used to derive an EC,,
concentration value; log 7, is the operational efficacy parameter of
the orthosteric ligand (the higher the value, the greater the efficacy).
(b) How a concentration response curve of a putative allosteric ligand
might look in the presence of the derived EC,, concentration of
orthosteric ligand.

This predetermined concentration of orthosteric ligand is
then coadded with increasing concentrations of the test
allosteric ligand in the same cellular background and functional
assay, and, assuming the predicted modulation is observed, the
potency of the allosteric modulator is equated to the ECq,
value, the concentration at which 50% of the maximal system
response to the allosteric ligand in the presence of a fixed
concentration of orthosteric ligand is elicited (the point of
inflection of the titration curve, see Figure 9b).

This is a typical and efficient method for screening for
activity of putative ligands, and can provide preliminary
information about the mode of action of the ligand. However,
by virtue of screening against a single concentration of
orthosteric ligand, this method examines a one-dimensional
cross section of the putative ligand’s pharmacological profile, a
cross section that may not necessarily capture the true behavior
of the ligand. An interaction study in which the full CRC of the
orthosteric ligand is assessed against increasing concentrations
of the putative allosteric ligand is necessary to confidently
classify the mode of action of the ligand. As demonstrated in
Figure 10, a PAM, an allosteric agonist, and a competitive
orthosteric agonist would all appear the same when coadded
with a single orthosteric ligand concentration (note that Figure
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9b and Figure 10d are indistinguishable). It is not until
interaction studies over a range of orthosteric ligand
concentrations are performed that the mode of action of the
test ligands can begin to be deduced (Figure 10a—c).

A combination of functional and radioligand binding assays is
necessary to determine whether the allosteric ligand’s
modulatory activity is elicited primarily through modulation
of binding affinity, signaling efficacy, or a combination of the
two. These experiments will also delineate its modulatory
effects on the orthosteric ligand from any agonistic response in
its own right. These parameters can be estimated via application
of the allosteric ternary complex model for binding experiments
and the operational model of allosterism for functional
experiments.*® It is important to note that, even if this more
detailed pharmacological characterization of the allosteric
ligand is performed, the estimates of affinity, efficacy, and
cooperativity obtained are only applicable in the context of the
orthosteric probe utilized, the functional assays performed, and
the cellular background under investigation.

Acknowledging Unique Allosteric Properties. Allos-
teric ligands possess a number of inherent properties that
necessitate broader pharmacological evaluation than their
orthosteric counterparts. Two fundamental pharmacological
properties that can be engendered by GPCR allosteric ligands
are stimulus bias”> and probe dependence.”® These terms refer
to the differing allosteric modulatory effects observed depend-
ing on the cellular signaling pathway being assessed by the
assay, and the orthosteric ligand cobound to the receptor,
respectively.

The foundation of stimulus bias is the stabilization of distinct
receptor conformations. In the same way that different
orthosteric agonists and antagonists stabilize multiple active
and inactive receptor states, respectively, allosteric ligands may
stabilize diverse conformations that result in differential
activation of receptor signaling pathways, or collateral
efficacy.”* Such molecular tools may afford a greater under-
standing of the complex relationship between receptor
conformations, discrete signaling profiles, and particular
physiological and pathophysiological outcomes.

Probe dependence is an important property to consider
during the processes of hit identification and lead optimization
of allosteric ligands. If the orthosteric probe used to screen and
elucidate the structure—activity relationships of novel allosteric
chemical scaffolds is not the pathophysiologically relevant
endogenous neurotransmitter, the risk is that the novel ligand
may exhibit a different, potentially undesirable functional profile
(or no function at all) in an in vivo setting.

An excellent mAChR exemplar of these two properties is the
M, mAChR allosteric ligand LY2033298 (10, Figure 11).”7
Leach et al®” performed radioligand binding, [*S]GTPyS,
calcium mobilization, ERK1/2 phosphorylation, GSK-3f
phosphorylation, and receptor internalization assays to fully
assess the allosteric capabilities of LY2033298. They found that
the degree of allosteric potentiation conferred by LY2033298
varied widely depending on the signaling pathway being
examined, ranging from modest positive modulation of ACh
activity in [*S]GTPyS assays to robust enhancement of ACh
activity in receptor internalization studies. Estimates of the
degree of allosteric agonist activity also varied, further
illustrating the property of stimulus bias. This also disproved
the original classification of the ligand as a positive allosteric
modulator with no agonist activity in its own right.”’
Radioligand binding assays were used to highlight the probe
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Figure 10. Simulated example of interaction studies between an orthosteric agonist and (a) a positive allosteric modulator (PAM), (b) an allosteric
agonist, and (c) a competitive agonist, with broken lines indicating the intersection of the concentrations of test ligand with the EC,, of the
orthosteric ligand. (d) An overlay of the data points from graphs (a)—(c) which intersect with the EC,, of the orthosteric ligand; log 7y is the
operational efficacy parameter of the allosteric ligand (the higher the value, the greater the efficacy; the high negative value represents a complete
absence of allosteric ligand efficacy); log /3 is the functional cooperativity factor between the orthosteric and allosteric ligands (log # > 0 = positive
cooperativity, log = 0 = neutral cooperativity or, in this instance, direct competition between two orthosteric ligands).
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Figure 11. Structure of the M, mAChR allosteric ligand LY2033298

(10).

dependence of LY2033298; its allosteric agonism and
modulatory effects were only detected when cobound with an
orthosteric agonist, not an antagonist.

LY2033298 also revealed the ability of allosteric ligands to
exhibit species-dependent differences in cooperativity.”® This
later led to the hypothesis that the proposed subtype selectivity
of the modulator may arise from differential cooperativity,
rather than variability of the allosteric pockets between receptor
subtypes.”® Despite LY2033298 exhibiting selective ACh
potentiation at the M, mAChR, extensive evaluation of
LY2033298 at wild-type and mutant M, mAChRs revealed
marked degrees of probe dependence with a range of agonists
and antagonists in radioligand binding assays, as well as both
positive and negative cooperativity in two functional assays,
[**S]GTPyS binding and pERK1/2.

These findings highlight the highly contextual nature of
allosteric effects and the importance of assessing binding,
multiple functional pathways, different receptor subtypes, and a
broad range of probes to fully characterize allosteric ligands.

Identifying a Purely Allosteric Mode of Action. For a
ligand to be classified as an allosteric agonist at a particular
receptor, it must possess intrinsic efficacy in its own right,
regardless of whether an orthosteric ligand is co-bound to the
receptor.*® Its agonistic effect must be elicited solely via an
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allosteric mechanism, and the absence of direct activation via
orthosteric site binding must be established.

Comprehensive radioligand binding and functional assays
unequivocally demonstrated that the agonistic and modulatory
behavior of LY2033298 at the M, mAChR was elicited via a
purely allosteric mechanism;>’ with four key observations
confirming this hypothesis.

In radioligand binding assays:

(a) LY2033298 exhibited a lack of significant affinity
modulation of the muscarinic orthosteric antagonists
NMS and QNB (3-quinuclidinyl benzilate), indicating no
overlap with the orthosteric binding site

In [*S]GTPyS binding assays:

(b) coaddition of the mAChR antagonist atropine caused a
substantial reduction in the maximal effect of LY2033298
with a minimal change in potency, characteristic of
noncompetitive negative cooperativity

(c) LY2033298 demonstrated a competitive interaction with
the mAChR negative allosteric modulator C,/3-phth,
known to bind the “common” muscarinic allosteric site””

(d) LY2033298 exhibited neutral cooperativity upon coad-
dition with WINS51708, a known “second allosteric site”
mAChR ligand,73 confirming the allosteric agonist’s site
of action to be the “common” allosteric site on the M,
mAChR

The Prospect of Bitopic Interactions. While the M,
mAChR-selective ligand literature reviewed herein provides
substantial evidence to suggest purely allosteric modes of
action, there exist several examples where this evidence is
inconclusive. Such ligands have hence been termed “putative
bitopic M; mAChR agonists” in this Review. It has been noted
that these ligands exhibit unique binding modes and divergent

dx.doi.org/10.1021/cn400086m | ACS Chem. Neurosci. 2013, 4, 1026—1048



ACS Chemical Neuroscience

functionality when compared to M; mAChR PAMs.*>®!
Depending on the experimental paradigm, many of these
molecules have exhibited degrees of antagonistic interaction
with different orthosteric mAChR ligands. While they may be
acting as pure allosteric agonists possessing very high negative
cooperativity with orthosterically bound ligands, it is equally if
not more likely that they are interacting with the orthosteric
site and an allosteric site simultaneously, behaving as “bitopic”
ligands (also termed “dualsteric” or “multivalent”) (Figure 12).

t
P1 P2 P3 P1 py L P1
Orthosteric agonist Allosteric Bitopic agonist
modulator/agonist

\Pd.

I I R
Figure 12. Advantages and disadvantages of orthosteric and allosteric
ligands, and the theoretical fusion of their respective advantages by
bitopic ligands: high potency, high subtype selectivity, and the

potential to elicit distinct signaling profiles (Ps) that may be of
therapeutic value.

This unique mode of ligand—receptor interaction has been
validated®” by a number of proof-of-concept studies (see Valant
et al.*® for a review). Notably, the conclusive classification of
McN-A-343 (11, Figure 13) as a bitopic ligand,** initially

McN-A-343
1.

Figure 13. Structure of the M, mAChR bitopic ligand McN-A-343
(11).

thought to be an M, mAChR allosteric partial agonist,*
highlights the detailed level of synthetic manipulation and
pharmacological characterization necessary to appropriately
classify the mode of action of a bitopic ligand. Just as McN-A-
343 was truncated to form small molecular derivatives that were
used to identify the orthosteric and allosteric portions of the
molecule, similar methods will need to be employed to confirm
the true nature of the putative bitopic M; mAChR agonists
described within.

H M; mAChR-SELECTIVE LIGANDS

Over the past two decades, a structurally diverse array of M,
mAChR-selective ligands have been identified and character-
ized. Two distinct groups of these ligands will be reviewed
herein: M; mAChR PAMs and putative bitopic M; mAChR
agonists. Orthosteric M; mAChR ligands are beyond the scope
of this Review. The methods used and the implications for the
detection, optimization, and development of novel treatments
for cognitive deficits of neurodegenerative conditions, and
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indeed any allosterically derived treatment, will also be
discussed.

M; mAChR PAMs. Brucine. In 1995, Lazareno and
Birdsall®® identified the naturally occurring alkaloid strychnine
as an M;-, M,-, M,-preferring allosteric ligand shown to possess
low negative cooperativity with ACh, prompting the researchers
to investigate a modified series of analogues with the intent of
identifying ligands that possessed positive cooperativity with
ACh as well as greater subtype selectivity.

The result was the discovery that the structurally related
natural product brucine, 10,11-dimethoxy strychnine (12,
Figure 14), exhibits modest positive cooperativity with ACh

brucine
12.

Figure 14. Structure of the M,-preferring allosteric ligand brucine

(12).

in both equilibrium binding experiments and functional assays
(such as the [**S]-GTPyS assay and the calcium mobilization
assay) at the M; mAChR.*” Unfortunately, brucine exhibited
low affinity (0.1 mmol for the ACh-occupied receptor),
minimal cooperativity (1.5—2-fold enhancement of ACh
activity) and required high micromolar concentrations to
produce any detectable activity. This, combined with its poor
pharmacological profile, rendered the compound insufficient
for use in native tissue and animal studies, and off-target activity
suggested that the scaffold was unfavorable for further M,
mAChR PAM analogue development. However, brucine
provided important validation for selective allosteric modu-
lation of M; mAChR activity as a viable field of therapeutic
research.

Benzyl Quinolone Carboxylic Acid, BQCA. An exciting
development in the pursuit of selective M; mAChR allosteric
potentiators was Merck’s discovery of BQCA (13, Figure 15),%

BQCA
13.

Figure 1S. Structure of the breakthrough M;-selective mAChR PAM
BQCA (13).

by far the most actively investigated scaffold in this field to date.
BQCA is the first reported orally bioavailable M; mAChR
allosteric ligand exhibiting absolute subtype selectivity; no
activity was detected at the other four muscarinic receptor
subtypes in calcium mobilization assays (concentrations up to
100 uM). A notable feature of BQCA is its high degree of
cooperativity; 100 uM of BQCA induced a robust 129-fold
leftward shift in the ACh CRC (estimated from fluorometric
imaging plate reader (FLIPR) calcium mobilization assays).
Furthermore, BQCA produced an inflection point value of 845
nM in the presence of 3 nM ACh. A combination of molecular
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modeling, site-directed mutagenesis, and radioligand binding
studies revealed the residues Y179 and W400 to be important
to the BQCA—receptor interaction, which is suggestive, but not
conclusive, of the modulator exerting its effects via the
“common” allosteric site.

Interestingly, it was recently reported that BQCA is the first
allosteric GPCR ligand proven to abide by a strict two-state
Monod-Wyman-Changeux (MWC) model of receptor activa-
tion,” in that its degree of modulation tracks with both the
intrinsic efficacy of the cobound orthosteric ligand and the
coupling efficiency of the receptor for a given intracellular
signaling pathway.® Therefore, BQCA displays no stimulus
bias, but still shows probe dependence by stabilizing the active
receptor state favored by orthosteric agonists. As a result, it
exhibits positive modulation when co-bound with orthosteric
agonists and negative modulation when co-bound with
orthosteric antagonists. It has been postulated that the inability
of BQCA to stabilize a discrete receptor conformation arises
from the ligand possessing few chemical functionalities capable
of forming strong receptor interactions. Furthermore, the same
study demonstrated that BQCA behaves as both a positive
allosteric modulator and an allosteric agonist.>®

BQCA possesses a sufficient pharmacological profile for
analysis in both native tissue assays and in vivo animal studies.
BQCA potentiated phosphorylated ERK production and RNA
expression of the neuronal activation markers c-fos and arc in
critical forebrain regions of the mouse brain where cholinergic
degeneration in human AD patients is most pronounced.

Importantly, BQCA displayed efficacy in a contextual fear
conditioning (CFC) mouse model of cognitive dysfunction.
Mice dosed with 15—20 mg/kg BQCA exhibited behaviors
suggesting a reversal of the scopolamine-induced block of
memory formation.*® As BQCA was shown to have no effect on
[*H]NMS affinity in radioligand binding assays (at concen-
trations up to 30 M), this reversal of induced memory deficits
was proposed to be solely due to BQCA’s allosteric
enhancement of endogenous ACh activity, decreasing the
concentration of agonist required to displace the antagonist.

The short-term memory of acquired fear (as observed in the
CFC model) is linked to the hippocampus, in which the M,
mACHhR is expressed in abundance. However, M; mAChR KO
mice have shown intact cognitive processes associated with
hippocampal-dependent learning®® and no impairment in
mAChR-mediated hippocampal pyramidal cell excitation.”

Shirey et al.”' reported evidence indicating the M; mAChR is
more likely to have a role in prefrontal cortex (PFC)-dependent
learning, so the ability of BQCA to potentiate the carbachol
(muscarinic agonist)-induced inward current (excitability) of
medial (m)PFC pyramidal cells in rat brain slices was
examined. BQCA increased the intensity and frequency of
carbachol-induced spontaneous excitatory postsynaptic currents
(sEPSCs), effects that were not observed in brain slices of M;
mAChR KO mice. In support of these observations, another
electrophysiology study demonstrated that coapplication of
BQCA enhanced synaptic stimulation by carbachol in mPFC
pyramidal cells, subsequently producing long-term depression
(LTD), a critical process that, in conjunction with long-term
potentiation (LTP), mediates synaptic plasticity.”> These
findings translated well to in vivo electrophysiology studies in
which BQCA induced an elevation in the spontaneous firing
rate of mPFC neurons in rats.”"

In complement to these findings, further in vivo analysis
using a mouse model of Alzheimer’s disease (Tg2576 mice;
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genetically modified to overexpress an amyloidogenic familial
AD mutant form of APP) indicated that BQCA improved the
performance of these mice in a discrimination reversal learning
test, a PFC-dependent learning task.”* The propensity for error
was almost 7 times lower in BQCA-treated Tg2576 mice
compared to controls. BQCA was found to be taken up into the
brain between 30 min and 1 h after dosing, and maintained a
constant level for 4 h; however, concentrations in the brain
were found to be substantially lower than that in systemic
circulation. Furthermore, BQCA (in the presence of carbachol)
promoted the nonamyloidogenic pathway of APP cleavage in
PC12 cells overexpressing human APP and M; mAChRs, as
measured by increased levels of the protein fragments released
by a-secretase cleavage of APP.

Overall, these studies validate the hypothesis that selective
enhancement of M; mAChR activity in the PFC may lead to
improved cognitive function in human patients, whether by
directly enhancing PFC function and/or by modulating
hippocampal function via cortical projection neurons. BQCA
has shown efficacy in additional animal models of cognition
that lend support to this hypothesis. A 10 mg/kg dose of
BQCA attenuated scopolamine-induced memory deficit in a
spontaneous alternation task’® and prevented natural forget-
ting”* in rats, suggestive of enhancement of both hippocampal-
and PFC-dependent memory processes. Taken together, these
studies endorse the investigation of M; mAChR PAMs as
therapeutics for the symptoms and pathophysiology of AD.

Despite its many advantageous properties, critical deficits of
BQCA include its low affinity (105 M as estimated by Canals
et al.>®) and low free fraction (FF) of 1—4% (percentage of
compound unbound by blood plasma proteins). However, the
BQCA structure is highly amenable to optimization, affording
the same benefits to medicinal chemists as conventional
fragment hits do: a promising core scaffold with affinity for
the target of interest, multiple points for diversification
facilitating thorough structure—activity relationship (SAR)
studies, and the ability to add functionalities for physicochem-
ical optimization without exceeding a MW of 500 Da. This
latter consideration is especially important for compounds like
BQCA which require blood-brain barrier (BBB) permeability to
reach their therapeutic target; a modified version of the Rule of
Five suggests a MW < 450 Da for BBB passage.”

The multiple points for diversification on the BQCA scaffold
have since resulted in a plethora of SAR studies that have
generated a wide variety of analogues, some of which display
substantial improvement on the characteristics of the parent
compound. It is important to note however that all subsequent
BQCA analogues described here were evaluated in only one
functional assay against a single orthosteric ligand concen-
tration, equating compound potencies to the ECy, (point of
inflection) of the compound’s CRC in the presence of an EC,,
of ACh at human M; mAChR-expressing CHO cells using
FLIPR calcium mobilization assays. Hence, the allosteric
properties of stimulus bias and probe dependence remain
untested.

After examining substituents with differing properties such as
size, lipophilicity, and polarity, Yang et al.’® derived some
fundamental features they found to be critical to the scaffold’s
M; mAChR potency, summarized in Figure 17. Note that A-,
B-, C-, and D-ring labeling will be used for ease of
communication from this point onward.

Of the ~100 analogues synthesized and tested, the
compound possessing the best balance of potency and FF
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was compound 14 (Figure 16); ECg, = 61 nM, hFF = 5.5%,
rFF = 5.1%. However, subsequent evaluation of compound

14.

Figure 16. Structure of compound 14.

A-ring - 5-fluoro, 8-fluoro and 5,8-difluoro substitutions preferred for potency
B/C-ring - longer linker or branching at 1' position not tolerated
C-ring - halogens and lipophilic moieties better tolerated than polar groups

- para-substitution (4") preferred

Figure 17. Summary of the pharmacophoric features reported by Yang
et al.”®

concentration in CSF after oral dosing in rats (a surrogate
measure for CNS exposure) yielded poor results, and was most
likely the result of compound 14 being later confirmed as a P-
glycoprotein (P-gp) substrate, one of the efflux transporters
present in the BBB.

The most extensive BQCA analogue studies to date have
been reported by Kuduk and co-workers.””'%° Table 1
provides a summary of the most notable compounds from
each series of structural modification; including their potency,
favorable pharmacological properties and notable caveats.

Figure 18 provides a summary of the key SAR findings of
these same publications. Challenging issues faced during these
studies included the often confounding SAR, and difficulties in
obtaining an optimal combination of pharmacological and
pharmacokinetic properties. Additional patented structures
discovered by this group not included in this Review are
summarized in a recent publication.'*®

Vanderbilt University Compounds. Using high-throughput
screening, researchers at Vanderbilt University investigated a
broad range of chemical space to identify novel, structurally
distinct chemical scaffolds that produce substantial allosteric
modulatory activity at the M; mAChR.'"

At a concentration of 10 M, 1634 compounds significantly
increased the muscarinic agonist carbachol’s EC,, response
above control levels in CHO cells expressing the rat M,
mAChR. Subsequent screens of the more potent ligands
confirmed 105 compounds (at 30 uM concentration) as
positively modulating an EC,, concentration of ACh by
measurement of intracellular calcium mobilization in the
same cellular background. Four structurally diverse hits were
selected for further analysis (22—28, Figure 19).

An allosteric mode of action was confirmed using [*H]NMS
binding experiments; none of the test compounds demon-
strated a competitive interaction with the orthosteric site-bound
radio-labeled ligand. Using M; mAChR calcium mobilization
assays as described previously, all four compounds demon-
strated positive allosteric modulation of the ACh-induced
receptor response and no observed allosteric agonism in their
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own right. The most substantial enhancements of ACh potency
were reported for VU0029767 (25) (15-fold) and VU0119498
(22) (14-fold). Unfortunately, none of the test compounds
showed absolute subtype selectivity for the M; mAChR. As
VU0029767 exhibited minimal modulation at the other four
receptor subtypes and VU0090157 (24) showed only weak
modulation at the M, mAChR, these two M; mAChR-
preferring PAMs were further analyzed and found to exert
their effects at the M; mAChR primarily through enhancement
of ACh affinity for the orthosteric site (as indicated by shifts in
the ACh/[*H]NMS competition binding assay curve). The two
compounds were tested at both wild-type M; mAChRs and M,
mAChRSs containing the single point mutation Y381A, which
replaces a tyrosine residue critical for orthosteric ACh binding
with an alanine residue, thereby reducing ACh affinity and
potency.

Interestingly, they found that the two ligands exhibited
markedly different profiles. The potentiating ability of
VUO0029767 was preserved between wild-type and mutated
receptors, while VU0090157 exhibited no potentiation of the
ACh response at the mutated receptor. This suggests that these
structurally diverse ligands may possess different degrees of
cooperativity with ACh or two distinct binding modes at the
M, mAChR. A shared characteristic, however, is that both
ligands appear to stabilize a receptor conformation that renders
ACh uncharacteristically tolerant of the Y381A mutation, as
evidenced by the preserved 20% basal ACh activity between
wild type and mutated receptors. The actual binding modes and
sites of both allosteric compounds are thus far unconfirmed.

Additionally, the two ligands were found to induce different
functional profiles in the ACh-mediated response of the wild-
type receptor; the modulatory function of VU0090157 was
preserved across three downstream signaling pathways linked to
intracellular calcium release, phosphoinositide hydrolysis and
phospholipase D activation respectively, while the degrees of
potentiation of VU0029767 across these same pathways varied
substantially. This finding highlights the importance of
screening putative allosteric ligands across a broad range of
functional assays to obtain thorough pharmacological character-
ization.

VUO0119498 (22) was not pursued in earlier studies'”” as it
potentiated ACh activity at all three G/;;-coupled mAChRs,
M, M3, and M;. However, following publication of BQ_CA,88 to
which it bears a resemblance, this compound was pursued as a
candidate for further optimization to improve subtype
selectivity.'®® Previous optimization of this structure to develop
an M;-selective PAM demonstrated that modifications to the
aromatic left side of the isatin scaffold tended to yield ligands of
highly variable activation, potentiation, and selectivity pro-
files.'® Hence, modifications to the right side, such as chain
length alterations, additional benzyl substituents, and intro-
duction of a diverse range of substituted biaryl moieties, were
explored.

The result was VU0366369 (26, Figure 20), the second
highly selective and potent M; mAChR PAM reported.'®®
BQCA and VU0366369 are reported to possess similar M,
mACHhR potencies in the same cellular background (ECs, = 84S
and 830 nM respectively); however, the latter compound
exhibited a markedly low degree of cooperativity (3-fold left
shift of ACh CRC at 30 uM) compared to the former (129-fold
left shift of ACh CRC at 100 yM). Taking into consideration
the known promiscuity of isatin motifs in high-throughput
screens, replacement with alternative structures was under-
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Table 1. Summary of the BQCA Analogues Possessing the Best Balance of Properties, and Any Notable Caveats (as reported by

Kuduk et al.)

Reference

Ma, L. et al
(2009), PNAS,
106, 15950

Shirey, J. et al
(2009), J. Neu-
rosci., 29, 14271

Kuduk, S. et al.
(2010), Bioorg.
Med. Chem.
Lett., 20, 657

Kuduk, S. et al.
(2010), Bioorg.
Med. Chem.
Lett., 20, 1334

Kuduk, S. et al.
(2010), Bioorg.
Med. Chem.
Lett., 20, 2533

Kuduk, S. et al.
(2010), Bioorg.
Med. Chem.
Lett., 20, 2538

Kuduk, S. et.al

(2010), ACS
Med. Chem.
Lett. 1,263

Kuduk, S. et.al
(2011), Bioorg.
Med. Chem.
Lett. 21, 1710

Kuduk, S. et al.
(2011) Bioorg.
Med. Chem.
Lett., 21, 2769

Kuduk, S. D. et
al.  (2011), .
Med. Chem. 54,
4773

Uslaner, J.M. et
al. (2013), Psy-
chopharmacol.
225,21

Kuduk, S.D. et
al. (2012), ACS
Med. Chem.
Lett. 3, 1070
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7 171
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10i 520

9a 69

4i 135
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Favourable pharmacological proper-
ties

- 129-fold potentiation of ACh activity

in Ca®" mobilisation assays (at 100 uM)

- efficacy in a mouse contextual fear
conditioning (CFC) study (15-20 mg/kg
dose) and a discrimination reversal
learning test in Tg2576 mice (30 mg/kg
dose)

- free fraction 5-7%

- not a P-gp substrate

- free fraction 4-5%

- 46-fold potentiation of ACh activity in
Ca®* mobilisation assays (at 1 uM)

- efficacy in a mouse CFC study (10
mg/kg dose)

- free fraction 5-7%
- excellent permeability (Papp = 20)
- not a P-gp substrate

- efficacy in a mouse CFC study (3
mg/kg dose)

- excellent permeability (Papp = 22)
- not a P-gp substrate

- minimal hERG channel affinity

- CNS exposure in rats

- acceptable pharmacokinetics in rats
and dogs

- efficacy in a mouse CFC study (30
mg/kg dose)

- excellent permeability (Papp = 23)

- not a P-gp substrate

- 100-fold potentiation of ACh activity
in Ca®* mobilisation assays (at 1 LM)

- free fraction 29-32%

- not a P-gp substrate

- 146-fold potentiation of ACh activity
in Ca>* mobilisation assays (at 1 M)

- increased cerebral blood flow in mice

- significant CNS exposure in rats

- acceptable pharmacokinetics in rats
and dogs

- improved cognitive performance in
three different animal models of cogni-
tion

- free fraction 27-49%

- excellent permeability (Papp = 33)

- 52-fold potentiation of ACh activity in
Ca”" mobilisation assays (at 34 uM)

- significant CNS exposure in rats

- efficacy in a mouse CFC study (10
mg/kg dose)

Notable caveats

- low free fraction (1-
4% - Yang et al
(2010), Bioorg. Med.
Chem. Lett. 20, 531)

- poor affinity (105
UM - Canals et al
(2012), JBC, 287,
650)

poor CNS exposure in
rats

some degree of rat P-
gp susceptibility

potential for substan-
tial hepatic first-pass
effect

P-gp substrate
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A-ring - Cycloalkyl and heterocyclic derivatives unsuccessful
- 5-fluoro substitution tended to improve free fraction but
decrease permeability
- 8-fluoro substitution tended to improve permeability but
decrease free fraction
A/B-ring - replacing the quinolone with a quinolizidinone was not
detrimental to potency
C-ring - 6-membered aromatic or saturated N-heterocyclic rings gave
optimum balance of properties
- cyano group at the 4" position improved potency and free fraction
D-ring - meta- and para-substitution (3", 4™ and 5") with small
non-electron withdrawing groups preferred
- 5-membered aromatic heterocycles improved potency and
free fraction
C/D-ring - fused bicyclic systems improved potency and free fraction

Figure 18. Summary of the pharmacophoric features reported by
Kuduk et al.
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Figure 19. Structures of the structurally diverse muscarinic allosteric
ligands VU0119498 (22), VU0027414 (23), VU0090157 (24), and
VU0029767 (25).
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Figure 20. Structure of the BQCA-like PAMs VU0366369 (26),
VU0448350-1 (27), and compound 28.

taken.! ' Replacement with an indolinone (27, Figure 20)
resulted in a marked reduction in M; mAChR potency
compared to compound 26 (ECsy = 2.4 uM) but a 10-fold

1038

improvement in ACh cooperativity (27-fold left shift of ACh
CRC at 30 uM)."'? Similarly, spirocyclic replacements for the
isatin core largely resulted in potency reductions but improve-
ments in ACh cooperativity, as well as increased subtype
selectivity. An exemplar compound from this series was
compound 28 (Figure 20).

A novel chemical scaffold''? derived from the same high-
throughput screen as VU0366369 (26)'%° showing weak M,
mAChR PAM activity but high M; mAChR selectivity was
developed into a prospective lead, compound 29 (Figure 21).

-0

o_ o N
y |
C"b 20,

Figure 21. Structure of the novel scaffold compound 29.

After modifications to the large northern portion of
compound 29 proved detrimental to activity (evaluated in
Ca** mobilization assays), synthetic efforts focused on
introducing novel substituents to the southern benzyl moiety.
3-Chloro-, 3-bromo-, and 3-pyrazole-substitution gave the most
potent analogues (ECgys = 5.8, 3.8, and 2.2 M, respectively)
with highly basic and sterically bulky groups not tolerated at
this or any other position.

Extensive SAR efforts around this scaffold afforded further
pharmacological improvements, resulting in M; mAChR-
selective compounds 30""* and 31'"* (Figure 22). Compound

“\)L -+

Br

VU0405652 (30)
ECso=1.38 uM

VU0456940 (31)
ECso = 310 M

Figure 22. Structures of the novel scaffold analogues VU0405652 (30)
and VU0456940 (31).

30 displayed relatively modest potency (when compared with
BQCA and its optimized analogues) but promising positive
modulation of ACh activity (at 30 yM). Compound 30 also
displayed improved brain penetration compared to that of
BQCA, minimal off-target activity and no orthosteric binding at
any mAChR subtypes, and was observed to promote
nonamyloidogenic processing of APP in conjunction with
carbachol. Compound 31 displayed a substantial improvement
in potency compared to BQCA and its predecessor compound
30, and potentiated M; mAChR-mediated, carbachol-induced
excitability of striatal medium spiny neurons as well as
nonamyloidogenic APP processing.

Putative Bitopic M; mAChR Agonists. ACADIA
Pharmaceuticals Compounds. AC-42 (32, Figure 23)
selectively activates the M; mAChR subtype and was shown
to bind to a novel combination of M; mAChR residues within
the N-terminus/TM1 and EC3/TM7 regions.114 This novel
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Figure 23. Structures of AC-42 (32), AC-260584 (33), and 77-LH-28-
1 (34); R-SAT functional assays measuring f-galactosidase activity
gave estimates of potency, ECy, (converted from pECy,), and efficacy,
%Eff (normalized to the maximum response to the muscarinic agonist

carbachol).

binding epitope cannot, however, be used as conclusive
evidence of a purely allosteric binding mode.

Extensive pharmacological studies have revealed that AC-42
exhibits characteristics sug%estive of both orthosteric and
allosteric modes of action. *~"** IP accumulation assays in
CHO cells expressing the hM; mAChR revealed the orthosteric
antagonist atropine to decrease the potency of AC-42 as
evidenced by a concentration-dependent dextral shift in the
AC-42 CRC, characteristic of a competitive interaction."'® In
equilibrium binding studies,""® AC-42 almost completely
inhibited binding of the radiolabeled [PHJNMS (0.2 nM),
indicative of either competitive antagonism via the orthosteric
site or a high degree of negative cooperativity via the allosteric
site, or perhaps a combination of the two. Further studies
confirmed the ability of AC-42 to interact allosterically with the
M,; mAChR; the ligand significantly slowed the rate of
[*’H]NMS dissociation from the M, mAChR.'**

Notably, single point mutations of key orthosteric site
residues Y381A and WI01A,""*"">M7 while reducing the
affinity of prototypical orthosteric muscarinic agonists ACh and
pilocarpine, actually led to increases in the affinity of AC-42
from that recorded at the wild-type M; mAChR.''®
Furthermore, AC-42 exhibited a divergent signaling and
regulatory profile to that of other orthosteric muscarinic
agonists such as oxotremorine-M. AC-42 was unable to
stimulate M; mAChR-Ge; ), coupling119 and did not result in
M, mAChR internalization after prolonged (24 h) exposure.
Rather, it actually upregulated total receptor expression.'>’
Taken together, these observations support the hypothesis that
AC-42 adopts a bindin% mode distinct from that of traditional
nonselective agonists,12 but one which places AC-42 in close
proximity to the orthosteric site, implying that its agonistic
properties may be derived from interactions with orthosteric
residues (as well as allosteric residues); the definition of a
bitopic ligand.

AC-42 was superseded by the more potent and efficacious
structural analogue, AC-260584 (33, Figure 23), when it was
found to exhibit the same high M; mAChR subtype selectivity
as its predecessor but with the added advantages of oral
bioavailability in rodents and the exhibition of antipsychotic
and Pro—cognitive effects in animal models of schizophrenia and
AD."?>'** While these results show great therapeutic promise,
the ligand’s classification as a purely allosteric agonist is likely
premature. AC-260584 exhibited the same potential for binding
orthosteric site residues as did AC-42.""”

77-LH-28-1 (34, Figure 23), an M; mAChR-selective
compound closely structurally related to the AC compounds,
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demonstrated agonistic behavior at rat hippocampal M,
mAChRs in vitro and CNS penetration leading to the
stimulation of rat hippocampal cell firing in vivo.'**
Furthermore, activation of M1 mAChRs by 77-LH-28-1
enhanced NMDA rece})tor activation in vitro, facilitating
long-term potentiation.'”® Consistent with the interactions of
AC-42, the mAChR orthosteric antagonists pirenzepine and
scopolamine both produced a dextral displacement of the 77-
LH-28-1 CRC;"** however, 77-LH-28-1 has also been shown to
compete with the prototypical muscarinic negative allosteric
modulator C,/3-phth (at the NMS-occupied receptor),''®
adding weight to the theory that this scaffold interacts with
portions of both orthosteric and allosteric sites on the M,
mAChR.

The affinity of 77-LH-28-1, like AC-42, was improved at M,
mAChRs containing the orthosteric mutations Y381A and
WI01A (pK, = 7.16 and 8.64, respectively) from that recorded
at the wild-type (pK, = 6.74). Additionally, a novel M; mAChR
receptor mutation F77I resulted in substantially reduced
efficacy of both AC-42 and 77-LH-28-1, while having little
effect on the efficacy of traditional orthosteric ligands,'">'"®
highlighting the importance of this residue in facilitating
receptor activation by this scaffold, and the potential utility of
this mutated receptor as a detection tool for this novel binding
mode. Ligand docking studies performed on an M; mAChR
homology model further support a bitopic binding mode for
77-LH-28-1.'"°

N-Desmethylclozapine. Clozapine is a second-generation
antipsychotic known for its unrivaled efficacy as a dual-action
treatment for the positive and negative symptoms of
schizophrenia,'*® and notorious for promiscuous off-target
activity that has rendered it a risky therapeutic option. N-
Desmethylclozapine (35, Figure 24) is a biologically active
metabolite of clozapine thought to play a role in the parent
drug’s unique therapeutic profile.

H
»
N
N=
-
N
H
N-desmethyiclozapine
35.

Figure 24. Structure of N-desmethylclozapine (35).

Following an evaluation of the metabolite’s effects at human
cloned mAChRs,"*” N-desmethylclozapine was described as an
M, mAChR-preferring allosteric agonist, indirectly facilitating
the potentiation of NMDA receptor activity, shown to be
depleted in patients with psychotic disorders. In binding assays,
N-desmethylclozapine demonstrated a competitive interaction
with the known M; mAChR allosteric ligand brucine (12),
suggesting an allosteric mode of action; however, the activity of
N-desmethylclozapine in Ca** mobilization assays was com-
pletely blocked when coincubated with atropine, suggesting an
interaction with the orthosteric site as well. These observations
certainly indicate that the ligand may be behaving in a bitopic
manner.

N-Desmethylclozapine has since been reported as a human
native M, mAChR antagonist, despite its agonistic activity at
human recombinant and rat native M; mAChRs,'*® rendering
its therapeutic prospect as a treatment for cognitive deficits
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obsolete. Disappointing outcomes such as this serve as a lesson
for future development, highlighting the importance of
evaluating lead compounds not just on rat and human
recombinant receptors to assess their viability for in vitro and
early in vivo trials, but to examine their activity at human native
receptors to ensure their viability as future therapeutics.
Vanderbilt University Compounds. Compared to the
scaffolds of previously reported compounds, TBPB ([1-(1’-
(2-tolyl)-1,4'-bipiperidin-4-yl)-1H benzo[d]imidazol-2(3H)-
one]) (36, Figure 25) represents a structurally unique

0O

TBPB (36)
ECso = 158 nM
% Eff = 77.3%

Figure 285. Structure of TBPB (36). Calcium mobilization assays in rat
M;-transfected CHO-KI1 cells gave an estimate of potency, ECsy, and
efficacy, %Eff (normalized to the maximum response to the muscarinic
agonist carbachol).

mAChHR ligand that exhibits selectivity for the M; mAChR at
the level of function. TBPB displayed agonistic behavior and
potentiates NMDA receptor currents at rat hippocampal M,
mAChRs in vitro and was also shown to promote non-
amyloidogenic APP processing in PC12 cells as measured by a
decrease in Af42 levels and an increase in a-secretase
metabolites.'* Furthermore, TBPB elicited antipsychotic-like
behavior in rodent models of schizophrenia.

In calcium mobilization assays at the rM; mAChR, TBPB
displayed an apparent noncompetitive interaction with the
orthosteric antagonist atropine. However, as this assay does not
assess the ligands in an equilibrated state, this is not conclusive
of an allosteric mode of action. Indeed the TBPB-mediated
modulation of APP processing in PC12 cells expressing the
hM;, mAChR was completely blocked by atropine which, as
previously explained, could either be the result of a very high
degree of negative cooperativity between the two ligands when
concomitantly bound at the orthosteric site (atropine) and the
allosteric site (TBPB), or evidence of a competitive interaction.
Hence, the binding mode of TBPB is unclear and remains
unresolved following the observed preservation of TBPB
activity at M; mAChRs bearing a mutation at a residue critical
to orthosteric ligand binding (Y381A). Despite confirming that
this residue is not essential to the TBPB-M;, mAChR
interaction, binding to other orthosteric site residues remains
a valid possibility (as in the case of AC-42 and related
compounds).

Further evidence for the potential orthosteric site-interaction
of TBPB is that the M; mAChR allosteric modulator
VU0029767 (25) elicited a concentration-dependent potentia-
tion of the cellular response to an EC,, concentration of TBPB
“with a potency consistent with the potency of this compound
for potentiating the response to ACh.”'°” While this
observation may be the result of positive cooperativity between
two ligands binding to two distinct allosteric sites on the M,
mAChR, the possibility that a portion of TBPB is in fact
occupying the orthosteric site in this interaction cannot be
ignored.

SAR studies on this scaffold to date have proven
unfruitful,"**** with a range of substitutions at both the distal
basic piperidine nitrogen and the fused benzyl ring mostly
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yielding compounds displaying either decreases in M; mAChR
potency, a loss of M; mAChR selectivity, or undesirable off-
target activity. Interestingly, a recent study identified “molecular
switches” within the structure of TBPB that convert the ligand
from a selective allosteric agonist to a pan-mAChR orthosteric
antagonist.'>> Surprisingly, addition of a single fluorine atom to
the central piperidine ring was sufficient to disrupt an
interaction critical for allosteric binding. This result, combined
with the finding that TBPB behaves as an orthosteric antagonist
at the other mAChR subtypes (in Ca** mobilization assays), led
to the first definitive classification of TBPB as a bitopic ligand;
though additional supportive pharmacological data will add
further weight to this classification.

Following high-throughput screening and synthetic optimi-
zation, VUO0184670 and VU0357017/ML071"* (37 and 38,
Figure 26) were identified as potent (ECsy = 152 and 198 nM,

o /\/H o Ol
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VU0184670 (37) (R=H)
ECso = 152 nM, % Eff = 85%
VU0357017 (38) (R=CH3)
ECso = 198 nM, % Eff = 81%

VU0364572 (39) (R=H)
ECso = 110 nM, % Eff = 96%

Figure 26. Structures of VU0184670 (37), VU0357017 (38), and
VU0364572 (39). Calcium mobilization assays in rat M;-transfected
CHO-KI cells gave an estimate of potency, ECs, and efficacy, %Eff
(normalized to the maximum response to the muscarinic agonist

ACh).

respectively) and selective M; mAChR agonists, producing
maximum agonist effects of greater than 80% of the maximal
response to ACh (as assessed by calcium mobilization assays).
The activity of both VUO0184670 and VU0357017 was
preserved at receptors containing the mutated orthosteric site
residue Y381A, and the ligands also demonstrated non-
competitive interactions with the orthosteric antagonist
atropine in calcium mobilization assays. In line with studies
of TBPB, these findings suggest, but do not conclusively
confirm, an allosteric mode of action for these compounds.
While these compounds show minimal perturbation of
[*’H]NMS binding at concentrations required for activity in
calcium mobilization assays, concentrations greater than 1 yM
displace radioligand binding, as evidenced by a clear reduction
in the percentage of [*H]NMS receptor occupancy, suggestive
of an orthosteric site interaction. Hence, a bitopic mode of
action for these compounds remains a valid possibility.

These compounds demonstrated selective M; mAChR-
mediated potentiation of NMDA receptor currents in vitro
and reversal of scopolamine-induced memory impairment in
CEC in rats; however the need for improved potency and
efficacy, as well as the elimination of functional D, antagonism,
prompted additional synthetic modifications in the form of
cyclic constraints to be pursued.’** This study resulted in
VU0364572 (39, Figure 26), a compound which produced
enantioselective M, mAChR activation. This compound
maintained the favorable in vitro characteristics observed
previously but also displayed the desired improvements in
activity and clean ancillary pharmacology. Moreover,
VU0364572 possessed low plasma protein binding, increased
oral bioavailability, and excellent CNS exposure. An alternative
approach involving the introduction of a more diverse variety of
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bicyclic constraints yielded some compounds with low
nanomolar potency; however, a corresponding loss of
muscarinic subtype selectivity was observed.'*> This led the
authors to speculate that these compounds may possess a
previously unappreciated bitopic mechanism of action, whereby
lower potency analogues appear purely allosteric but higher
potency analogues result in predominantly orthosteric inter-
actions.

Interestingly, a recent publication demonstrated that
VUO0357017 and VUO0364572 exhibit stimulus bias; both
compounds behaved as agonists of M; mAChR-mediated
Ca’ mobilization and ERK1/2 phosghorylation while having
no effect on f-arrestin recruitment.'*® Studies in native tissues
of M; mAChR-mediated responses demonstrate that while
both compounds potentiate NMDA receptor currents in
hippocampal pyramidal cells and induce hippocampal LTP,
they are devoid of electrophysiological activity in PFC
pyramidal cells. These observations correlate well with the
aforementioned study in which VUO0357017 demonstrated
efficacy in CFC, a hippocampal-dependent animal model of
cognition."*> As with TBPB, subtle “molecular switches” were
also found within this scaffold,"**"*” where modifications such
as inversion of chirality, reversed attachment, and benzyl ring
replacement converted allosteric agonism to orthosteric
antagonism. These observations prompted additional studies
that ultimately led to the classification of VU0357017 and
VU0364572 as bitopic ligands. Both ligands competitively
displaced [PH]NMS binding at all five muscarinic receptor
subtypes and behaved as orthosteric partial agonists at the M,
mAChR, but they also exhibited a characteristic allosteric effect
of slowing the rate of [*H]NMS dissociation at M; mAChR-
expressing cell membranes."*’

Lu AE51090. A more recent addition to the M; mAChR-
selective ligand literature is Lundbeck’s Lu AES51090"% (40,
Figure 27). The original hit compound was found to be highly

s8¥s.

Lu AE51090 (40)

Figure 27. Structure of Lu AES1090 (40).

potent though not exclusively selective for the M; mAChR
subtype, so a number of analogues were synthesized to attempt
to remedy this. Structural modifications included fluoro- and
methoxy-substitution of the tetrahydroquinolinone ring system,
replacement of this system with benzoxazolone and benzothia-
zinone ring systems, and the introduction of a range of alkyl
chains and saturated and unsaturated rings at the amide
position. The panel of analogues was screened against all five
muscarinic receptor subtypes in functional Ca** mobilization
assays. From this, Lu AES1090 was selected as an ideal lead
compound based on both M; mAChR activity preservation (the
compound displayed a potency of 61 nM and a percentage
efficacy of 83% compared to ACh) and M; mAChR selectivity
(the compound showed no agonism and negligible binding at
the M,—Mj subtypes). The compound demonstrated accept-
able absorption, distribution, metabolism, and excretion

1041

(ADME) properties for in vivo analysis, and subsequently
showed a dose-dependent reversal in delay-induced memory
decay evident in mice performing a PFC and hippocampal-
dependent task.

In a functional interaction assay against the orthosteric
antagonist atropine, Lu AES1090 exhibited a saturable,
noncompetitive profile suggesting an allosteric mode of action.
As with the aforementioned “allosteric agonists”, Lu AES1090
activity was not compromised at Y381A mutated receptors.
Once again, this evidence does not unequivocally rule out the
possibility of a bitopic mechanism.

Interestingly, when screened against a broad range of 69
receptors, ion channels, transporters, and enzymes, Lu
AES1090 exhibited only minor off-target activity. This is in
contrast to AC-42 and TBPB, which displayed considerable
affinity for other GPCRs including dopamine, serotonin, and
adrenergic receptor subtypes, implying that Lu AE51090 may
be a more useful molecular tool for exploring M; mAChR
activation in disease-specific tissues and in vivo cognition
models.

With a view to designing an antipsychotic drug with pro-
cognitive potential, the same group recently reported the in
silico screening, synthesis, and evaluation of compounds
displaying combined D, R affinity and M; mAChR agonism,"*
giving rise to compound 41 (Figure 28). While the binding

-

Figure 28. Structure of compound 41.

mode and activity profile of this compound at the D, R was
unexamined, the M; mAChR activity of compound 41 was
unaffected by the Y381A orthosteric mutation, consistent with
an allosteric or possibly bitopic mode of action at this receptor.
A similar mutagenesis approach, or functional interaction
studies, would have elucidated a potential binding mode for the
compound at the D, R, be it orthosteric, allosteric, or bitopic.
The complete mode of action of this compound hence remains
purely speculative. It may be an orthosteric D,/allosteric M,
ligand, a pure allosteric ligand at both receptors, or a bitopic
ligand at one or both targets. This ambiguity remains
unexplored as, unfortunately, the compound also displayed
hERG channel inhibition and synthetic strategies to overcome
this adverse property were unsuccessful, resulting in the hit-to-
lead campaign being abandoned.

GlaxoSmithKline Compounds. GlaxoSmithKline have con-
tributed a number of other subtype-selective M; mAChR
agonists to this body of literature."**”"** While these
compounds are not purported specifically as either PAMs or
allosteric agonists, their excellent subtype selectivity and
striking similarities to some of the ligands previously described
make them noteworthy.

Considerable SAR studies were performed around a 2’ biaryl
amide scaffold,"**'*" ultimately yielding compounds 42 and 43
(Figure 29), which showed favorable pharmacokinetic charac-
teristics in addition to their high potency, intrinsic activity and
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Figure 29. Structures of GSK compounds 42—4S, with the motifs
common to other M; mAChR-selective ligands highlighted in red.
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exceptional selectivity against a panel of targets (as assessed by
FLIPR calcium mobilization assays). In other studies,'*>'*
optimization of a novel N-substituted benzimidazolone hit
structure gave the CNS-penetrant, orally active, and subtype-
selective compounds 44 and 45 (Figure 29). Recently, the M,
mAChR allosteric agonist GSK1034702, an isomer of
compound 44, has shown efficacy in improving episodic
memory in humans in a nicotine abstinence model of cognitive
dysfunction."* An 8 mg dose of GSK1034702 significantly
improved immediate recall (but not delayed recall) following
abstinence-induced impairment. Furthermore, in preclinical
studies, the potency of GSK1034702 was sensitive to the M,
mAChR F77I mutation, a mutation that also had a pronounced
effect on the efficacy of AC-42 and 77-LH-28-1; suggesting a
similar, potentially bitopic, binding mode.

More detailed pharmacological investigation would verify the
binding mode and classification of these GSK ligands. However,
simple visual comparison of these structures with both a
putative bitopic ligand (Lu AES1090) and an acknowledged
bitopic ligand (TBPB) reveals conspicuous similarities that
support the notion of a shared mode of binding and activation
at this receptor (Figure 29).

B PERSPECTIVE

Our knowledge of the intricate behaviors and interactions of
M,; mAChR allosteric ligands is rapidly expanding; however,
despite the increasing depth of our understanding, researchers
are still hampered by a number of difficulties that largely arise
from the complexities of screening, optimizing, and classifying
allosteric ligands.

With regards to initial library screening, each analogue is
typically evaluated in one pharmacological assay and tested in
the presence of a single concentration of one orthosteric ligand
to gain a measure of ligand potency and degree of allosteric
effect. While this is a valid method for the detection of putative
ligand activity, the properties of stimulus bias and probe
dependence that may be engendered by allosteric ligands
remain unassessed. This may potentially reveal only one aspect
of the ligand’s pharmacological capabilities, recognizing only
one “string” in the putative allosteric ligand’s “bow”. If the test
ligand selectively activates different downstream receptor
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signaling pathways, but not the pathway being assessed by
the assay, pharmacologically desirable molecules may go
undetected.>* Or, as outlined earlier in Figures 9 and 10, this
may lead to misclassification of the ligand itself. Another
consideration with regard to screening is the nature of the
receptor, be it rat, human recombinant, or human native. As
previously highlighted with 1Y2033298 (10)"°”® and N-
desmethylclozapine (35),'*® identification of species-dependent
variability in both cooperativity and mode of action can lead to
the discovery of altered selectivity and functional profiles that
may have had deleterious results in a clinical setting if not
identified earlier. Furthermore, the potential for allosteric
ligands to elicit different physiological and toxicological
outcomes in animal and human studies poses considerable
challenges to the traditional drug discovery pipeline that will be
difficult to resolve. In an ideal world, screening for novel
allosteric drug candidates would involve a wide panel of
orthosteric probes, assay outputs, and receptor targets.
However, factoring in time, economic, and technological
constraints, the best approach at present is to bear these
considerations in mind and, following hit identification, apply
this broader analysis in the hit-to-lead optimization process.

The potential issues surrounding the allosteric ligand
screening process carry through into their optimization. While
the evaluation of M; mAChR-selective allosteric ligands
frequently encounters “flat” or “shallow” SAR as a challenge
impeding the development of allosteric ligands,”®'*>'*>10%11% jt
is possible that these observations are a consequence of too
narrow a pharmacological analysis, given screening constraints.
Broader evaluation of a limited cluster of novel scaffolds in
radioligand binding and a variety of functional assays in the
presence of multiple classes of orthosteric ligands at this stage
of development may deconvolute the “confounding” SAR
frequently observed in these studies and potentially reveal the
capacity to differentially modulate discrete receptor signaling
pathways and affect unique changes in the traditional behavior
of orthosteric ligands. Additionally, quantification of properties
such as binding cooperativity, functional cooperativity, and
allosteric agonism would reduce the dependence on titration
curve ECy, values as the key determinant for future structural
modifications. This would likely generate more detailed,
“textured” SARs, advance our understanding of the relationship
between allosteric ligand, orthosteric ligand, and receptor, and
more accurately direct drug candidate optimization. Further-
more, as subtle changes in allosteric ligand structure have been
shown to dramatically modify receptor subtype selectivity,®” all
promising analogues to emerge from the optimization process
ought to be rescreened to ensure preservation of the desired
selectivity profile.

Finally, the highly contextual (and sometimes premature)
classification of allosteric ligands as PAMs, NAMs, and agonists
further complicates this field of research. Misclassification
typically results from incomplete investigation of the binding
mode and functional profile of these ligands. Notable examples
already described include the potential over-reliance on specific
receptor mutants (e.g., orthosteric site Y381A mutation) as a
means of discriminating orthosteric and allosteric binding
modes, and the difficulty in distinguishing competitive and
noncompetitive interactions, particularly when recording func-
tional response data at a time point prior to the ligands
reaching a state of equilibrium (e.g, the calcium mobilization
assay). The prospect of bitopic modes of action further
confounds this issue.
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There is no simple means to overcoming this classification
challenge. Confirming a purely allosteric mode of action and
further investigating the exact nature of the putative bitopic M,
mAChR agonists already described cannot be achieved using
one experimental technique alone, such as a mutagenesis study
or a single functional assay. More comprehensive synthetic and
pharmacological studies need to be undertaken.””** Knowledge
of each ligand’s true binding mode with the M; mAChR will
facilitate rational drug design and will likely result in the more
productive synthesis of potent, efficacious therapeutic leads.
Additionally, adopting a global, more detailed lexicon to
describe allosteric ligand activity™® may aid communication
between researchers.

H CONCLUSION

The unique properties of allosteric ligands require more
thorough pharmacological evaluation if we are to advance our
understanding of their interactions and comprehend the
complete therapeutic potential of these molecules. Their
complex behavior also demands a more detailed classification
system that is globally recognized. The sooner these necessities
are acknowledged and embraced, the more fruitful our labors
will be.

In the field of selective M; mAChRs specifically, this would
translate to an improved ability to map the key binding residues
of the multiple allosteric sites present on the receptor, more
informed design of putative allosteric ligands, and a greater
understanding of the intricate role of this muscarinic receptor
subtype in the normal functioning of the CNS and the
pathophysiology of CNS diseases. As a consequence, it will be
possible to fully appreciate the scope of M; mAChR activation
as a potential neurodegenerative disorder therapy.
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