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Addendum

p 52 Conclusion: Comment: Whilst the synthesis of analogues of the isothiocyanate 11,
including one containing a flexible linker to allow for more conformational freedom in the
allosteric site, was certainly considered, these we consider to be 2" peneration compounds
and beyond the scope of this thesis.

o q o o

2 oty oM g rI“,Er/ OH
p 94 Figure 10: replace g s with Y T

p 98 Para 1: Comment: More labile carboxyl protecting groups were considered as a method
to resolve the difficulties experienced with the ethyl ester, however, as employing the amide
in place of the acid proved successful it wasn’t necessary to persist with alternative options.

General comment: The characterisation of more complex compounds, particularly those
containing alkyl chains and multiple pharmacophores, was aided by COSY, HSQC and
HMBC 2D NMR experiments.

Errata
p 106 line 9: replace “116.0223” with “117.0223”

p 146 line 1-2: replace “primary amine” with “aniline”
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Thesis Abstract
This thesis describes the development of allosteric and bitopic molecular tools for the M1
muscarinic acetylcholine receptor (M1 mAChR), a potential therapeutic target for the

treatment of cognitive deficits experienced in central nervous system (CNS) disorders.

Chapter 1 presents a comprehensive review article that provides a rationale for targeting the
M: mAChR and an account of the M1 mAChR-selective allosteric and bitopic ligands that
have emerged to date. The perspective at the end of Chapter 1 highlights the ongoing
complexities encountered in the advancement of allosteric and bitopic ligand drug discovery.
This perspective serves as a basis for the research undertaken in this thesis, as we contend
that the development of molecular tools that are able to serve as structural and functional

probes may contribute to the resolution of these complexities.

Chapters 2 and 3 describe the synthesis and pharmacological evaluation of a panel of
putative irreversible allosteric ligands based on the structure of benzyl quinolone carboxylic
acid (BQCA), the first reported orally-bioavailable M1 mAChR allosteric ligand exhibiting
absolute subtype selectivity. From this research, an electrophilic irreversible allosteric ligand
MIPS1262 (11, Chapter 2) and a photoactivatable irreversible allosteric ligand MIPS1455 (4,
Chapter 3), were developed, affording novel molecular tools for further probing allosteric

interactions at the M1 mAChR.

Chapter 4 details the development of novel putative bitopic ligands for the M1 mAChR,
including the selection of the constituent ligands (iperoxo and BQCA), the design and
synthetic incorporation of linkers into their respective structures, and the synthesis and
preliminary pharmacology of two putative bitopic ligands (33a and 44, Chapter 4). Such

ligands may prove useful in investigating specific structural and functional hypotheses at the
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M: mAChR, in addition to presenting as a prospective therapeutic approach for the treatment

of cognitive deficits.

In Chapter 5, known BQCA analogues exhibiting improved properties compared to the
parent molecule were synthesized and subjected to more detailed pharmacological techniques
and analysis than have been previously reported. Briefly, we demonstrate that it may be
possible to introduce structural modifications into allosteric ligands to specifically ‘fine-tune’
individual pharmacological properties and use such molecules as in vitro and in vivo tools to

delineate the requirements for optimal therapeutic effect without side effects.

A diverse toolbox of ligands were synthesized and pharmacologically validated for use in
future studies of the M1 mAChR. A discussion of potential directions for future research is

provided in Chapter 6.
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Thesis Overview and Aims

G protein-coupled receptors (GPCRs), as facilitators of intercellular chemical
communication and major mediators of biological function, have been of significant
therapeutic interest for decades, and account for the largest proportion of all pharmaceutical
targets. One of the many breakthroughs to result from the extensive study of GPCR structure
and function is the wide recognition that, in addition to the orthosteric site traditionally
targeted by drug discovery programs, potentially all GPCRs contain topographically-distinct
allosteric binding sites that can be targeted by novel therapeutic agents. Purely allosteric
ligands and bitopic ligands (ligands capable of interacting with both the orthosteric and
allosteric site simultaneously) have the potential to elicit a more fine-tuned, highly selective
response than their purely orthosteric counterparts, and are hence avidly pursued by drug

discovery programs.

One of the prototypical Family A GPCRs for which allosteric and bitopic ligands have
been identified is the M1 muscarinic acetylcholine receptor (MAChR); a target of therapeutic
interest for the treatment of the cognitive deficits associated with neurodegenerative disorders
such as Alzheimer’s disease and schizophrenia. The prospective therapeutic utility of My
mAChR activation for enhanced cognitive function has been extensively validated in a vast
number of in vitro and in vivo studies utilising orthosteric, allosteric and bitopic ligands
(reviewed in Chapter 1). Despite this, our understanding of the precise mechanisms by which
allosteric and bitopic ligands interact with the M1 mAChR and elicit their unique binding and
functional profiles remains limited; a factor that is likely slowing their development into
clinically-viable drug candidates. The aim of the research described in this thesis is to
synthesize and pharmacologically evaluate a range of molecular tools that may be employed

to advance our understanding of allosteric and bitopic interactions with the M; mAChR.
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Chapter 1

Chapter 1 contains a published review article (Davie et al. (2013), ACS Chemical
Neurosci., 4 (7), 1026-1048). The aim of Chapter 1 is to provide background and context to
the research undertaken in this thesis. This review contains a detailed summary of the
cholinergic hypothesis of memory dysfunction, the role of the M1 mAChR in cognition, the
prospective utility of targeting the M1 mAChR for the treatment of Alzheimer’s disease and
schizophrenia, and the progress made in the development of allosteric and bitopic ligands for
the M1 mAChR. This review also affords a rationale for the research undertaken in this thesis
by highlighting the endemic challenges hampering researchers in this field; complexities
associated with screening, optimizing and classifying allosteric and bitopic ligands that the
development of novel pharmacological tools may aid in resolving. Specifically, Chapters 2
and 3 describe novel affinity labels that may be employed in structural studies of the M1
MAChR, potentially leading to more informed optimization of putative clinical candidates.
Such tools may also aid classification of mAChR ligands for which the binding mode is
unknown. Chapter 4 details the development of putative bitopic M1 mAChR ligands;
outlining an experimental method for rational design, optimization, and classification that
may be applied to the engineering of putative bitopic molecules for any GPCR with
established orthosteric and allosteric ligands. Finally, Chapter 5 demonstrates how applying a
more in-depth screening approach to known ligands can uncover novel ligand properties that

may be leveraged to further probe and understand GPCR activation.

Chapters 2 and 3

Chapters 2 and 3 detail the development of affinity labels designed to bind irreversibly to

an M1 mAChR allosteric site. Since their initial introduction in the 1960s, affinity labeling
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techniques have found extensive utility in the study of protein structure, function,
localization, dynamics and interaction with ligands both in vitro and in vivo. Affinity labeling
at mMAChRs has largely involved singly-labeled orthosteric ligands containing either mustard
functionalities that cyclise at 37 °C to form a reactive aziridinium ion, or azide functionalities
that require photoactivation to form a reactive nitrene, before covalently interacting with the
receptor. Such ligands have been useful for elucidating the functional role of individual
mMAChR subtypes,® determining the structural basis of ligand binding,>* investigating the
effects of prolonged mAChR activation/desensitization in vitro and in vivo,>’ confirming the

binding site of other, reversible ligands,® and aiding GPCR crystallization.®

The overall aim of Chapters 2 and 3 was to develop the first irreversible allosteric ligands
for a mAChR with the potential to open up novel investigative opportunities for the study of
the M1 mAChR and to provide proof-of-concept for applying this approach at other GPCRs.
Chapter 2 contains a published article (Davie et al. (2014), J. Med. Chem., 57 (12), 5405-
5418) describing the synthesis and pharmacological evaluation of four putative electrophilic
irreversible allosteric M1 mAChR ligands, based on the structure of BQCA. Utilising in vitro
radioligand binding and ERK1/2 phosphorylation assays, we found that the allosteric binding
and functional properties of BQCA were preserved to varying extents in all four analogues
and that one analogue, MIPS1262 (11), is binding irreversibly to the M1 mAChR. Appendix 2
contains a selectivity study demonstrating that MIPS1262 binds to all five mAChR subtypes,
losing the high subtype selectivity of the parent molecule BQCA. Chapter 3 contains a
published article (Davie et al. (2014), ACS Chem. Neurosci., in press) detailing the synthesis
and pharmacological evaluation of a photoactivatable irreversible allosteric M1 mAChR
ligand, MIPS1455 (4); also based on the structure of BQCA. Similar experiments to that

performed in Chapter 2 indicate that this ligand is interacting irreversibly with the receptor.
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Furthermore, a MAChR selectivity study performed with MIPS1455 reveals that, unlike the
inherently reactive MIPS1262, MIPS1455 appears to retain the high subtype selectivity of the
parent molecule BQCA (Appendix 3); thereby informing the nature of the studies in which
these ligands may be applied. Such ligands may be utilized in a range of experiments
including (photo)affinity-labeling, proteolytic peptide mapping, and crystallographic studies,
which may enable us to elucidate the binding site and critical pharmacophoric features of
BQCA'’s allosteric interaction with the M1 mAChR, as well as examine the binding and
functional impact of prolonged M1 mAChR allosteric site occupation and of conformationally

-constraining a GPCR with an irreversible allosteric ligand.

Chapter 4

Whilst Chapters 2 and 3 describe the development of irreversible affinity labels capable of
binding covalently to the M1 mAChR, Chapter 4 will illustrate how established reversible
ligands may be covalently linked together, resulting in the generation of novel bitopic
molecules that may serve as structural and pharmacological probes to advance our
investigation of GPCRs. To date, bitopic ligands for the M1 mAChR have been uncovered as
a result of more detailed pharmacological analyses of ligands previously classified as either
purely orthosteric or purely allosteric. However, the process of rationally designing bitopic
ligands by the covalent linkage of known orthosteric and allosteric ‘building blocks’ has been

successfully applied at the M2 mAChR.

The aim of Chapter 4 was to apply a rational design approach to the development of
putative bitopic ligands for the M1 mAChR. Following selection of the constituent ligands,
the highly potent, non-selective mMAChR orthosteric agonist iperoxo and positive allosteric

modulator BQCA, we confirmed a high degree of positive cooperativity between these two
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ligands and demonstrate the feasibility of introducing linkers of varying lengths into select
positions using novel analogues of both ligands. Synthesis and preliminary pharmacological
evaluation of two putative bitopic molecules was completed, though a bitopic mechanism of
action is yet to be confirmed. Pending future work, these compounds may be used to probe
receptor subtype selectivity, investigate G protein-coupling specificity, manipulate
conformational transitions and achieve graded receptor activation, as well as serving as

templates for putative therapeutic leads.

Chapter 5

In Chapters 2, 3 and 4 we describe how known orthosteric and allosteric ligands of a GPCR
can be synthetically modified in order to generate molecules that may afford novel advances
in our understanding of the structural and functional interaction of ligands with their
receptors. Chapter 5 briefly investigates how higher potency analogues of the positive
allosteric modulator BQCA that are none-the-less suboptimal clinical candidates may still
prove to be effective pharmacological tools if more detailed experiments are performed to
unmask this potential. We reveal that the higher potency of some of these analogues can be
accounted for by the enhancement of a single pharmacological parameter, but that, between
analogues, this pharmacological parameter can vary. This offers the opportunity to examine
the effect of selectively “dialing up” individual properties of allosteric ligands in both an in
vitro and in vivo setting, potentially providing insight into the optimal balance of properties

required to achieve a therapeutic effect without toxicity.
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Chapter 6

Chapter 6 aims to conclude and provide a discussion of potential future directions for the

research undertaken in this thesis.

References

(1) Ehlert, F. J. (1996) The Interaction of 4-DAMP Mustard with Subtypes of the Muscarinic
Receptor. Life Sci., 58, 1971-1978.

(2) Spalding, T. A., Birdsall, N. J. M., Curtis, C. A. M. and Hulme, E. C. (1994)
Acetylcholine Mustard Labels the Binding Site Aspartate in Muscarinic Acetylcholine
Receptors. J. Biol. Chem., 269, 4092-4097.

(3) llien, B., Mejean, A. and Hirth, C. (1989) New Photoaffinity Labels for Rat Brain
Muscarinic Acetylcholine Receptors. Biochem. Pharmacol., 38, 2879-2887.

(4) Karton, Y., Baumgold, J., Handen, J. S. and Jacobson, K. A. (1992) Molecular Probes for
Muscarinic Receptors: Derivatives of the Mi-Antagonist Telenzepine. Bioconjugate Chem.,
3, 234-240.

(5) Crocker, A. D. and Russell, R. W. (1990) Pretreatment With an Irreversible Muscarinic
Agonist Affects Responses to Apomorphine. Pharmacol. Biochem. Behav., 35, 511-516.

(6) Ehlert, F. J., Jenden, D. J. and Ringdahl, B. (1984) An Alkylating Derivative of
Oxotremorine Interacts Irreversibly with the Muscarinic Receptor. Life Sci., 34, 985-991.

(7) Overstreet, D. H., Booth, R. A. and Jenden, D. J. (1988) Effects of an Irreversible
Muscarinic Agonist (BM123) on Avoidance and Spontaneous Alternation Performance.
Pharmacol. Biochem. Behav., 31, 337-343.

(8) Suga, H., Figueroa, K. W. and Ehlert, F. J. (2008) Use of Acetylcholine Mustard to Study
Allosteric Interactions at the M2 Muscarinic Receptor. J. Pharmacol. Exp. Ther., 327, 518-
528.

(9) Kruse, A. C., Ring, A. M., Manglik, A., Hu, J., Hu, K., Eitel, K., Hubner, H., Pardon, E.,
Valant, C., Sexton, P. M., Christopoulos, A., Felder, C. C., Gmeiner, P., Steyaert, J., Weis,
W. I., Garcia, K. C., Wess, J. and Kobilka, B. K. (2013) Activation and Allosteric
Modulation of a Muscarinic Acetylcholine Receptor. Nature, 504, 101-106.

18



Chapter One



Declaration for Thesis Chapter 1

The introduction presented in Chapter 1 is published as the following the paper:

Davie, B.J., Christopoulos, A., Scammells, P.J. (2013), Development of M1 mAChR Allosteric
and Bitopic Ligands: Prospective Therapeutics for the Treatment of Cognitive Deficits, ACS
Chemical Neuroscience, 4 (7), 1026-1048. Permission to reprint this publication for the

purpose of this thesis was granted by ACS Publications.

Declaration by candidate

In the case of Chapter 1, the nature and extent of my contribution to the work was the

following:

Nature of Extent of
contribution contribution (%)
All literature research. Main author of the manuscript. 85%

The following co-authors contributed to the work. If co-authors are students at Monash

University, the extent of their contribution in percentage terms must be stated:

Name Nature of contribution Extent of contribution
(%) for student co-
authors only

Arthur Co-author of manuscript.

Christopoulos

Peter J. Co-author of manuscript.

Scammells

The undersigned hereby certify that the above declaration correctly reflects the nature and extent of

the candidate’s and co-authors’ contributions to this work.

Candidate’s Date

Signature 25/02/15
Main Date
Supervisor’s 25/02/15
Signature

20



ACS Chemical .

Neuroscience

pubs.acs.org/chemneuro

Development of M; mAChR Allosteric and Bitopic Ligands:
Prospective Therapeutics for the Treatment of Cognitive Deficits
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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. Aa';s:;’ir:

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; mAChHR,
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.

KEYWORDS: M,; mAChR, allosteric ligands, Alzheimer’s disease, schizophrenia, cognitive deficits, memory

Orthosteric
agonism

Acetylcholine
(orthosteric)
binding site

he muscarinic acetylcholine receptor (mAChR) family is a

group of rhodopsin-like (Family A) G protein-coupled
receptors (GPCRs) consisting of five distinct subtypes M;—M;.
Activation of the M;, M;, and M receptor subtypes primarily
results in coupling to the Gy, 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
(cAMP), and a decrease in neurotransmitter release via the
blockage of voltage-gated calcium channels (Figure 1). These
pathways represent a generalized view of each receptor’s
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.”

DAG |——; | PKC
J,l

PERK1/2

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

The relative distribution of the five mAChR subtypes in both
the CNS and peripheral tissues was elucidated by mRNA
hybridization and immunocytochemical methods.>* The M,
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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 Mg 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 S-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

(ii)

(i)
()

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.

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
mACHhR 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),

xanomeline
1.

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 KQs).*° 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 0ff—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, mAChR 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 Gag,; 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 p-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

Aili iilll% Qi -
o !,o _

Accumulation of neuritic

ilaiu-s and

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 fB/y secretase cleavage of APP, resulting in
peptides such as Af,, and Ap,,, the primary constituents of the
aggre§ated 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,,

N S

AF267B
3.

talsaclidine
2,

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 f-secretase formation following
treatment with another M; mAChR-selective agonist, AF267B
(3, Figure 4).%

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,
mAChHR 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.“”0 [*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
prolor}gation of QT interval, agranulocytosis, and severe weight
gain.3 Aripiprazole is a third generation antipsychotic
exhibiting a unique mechanism of action: D,R partial agonism,
S-HT 4R partial agonism, and S5-HT,,R antagonism, the
combination of which results in increased and decreased
neurotransmission in hypodopaminergic 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 clinical 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
cholinergic 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 modulating 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
disruption, 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 5}51at 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
modulation

Allosteric
agonism
Orthosteric

agonism

Figure 5. 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;
(i) 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;** 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- aclrenerglc,6 and A,,
adenosine® GPCR crystal structures, other Famlly A GPCRs
with which they share common structural motifs.”> However,
recent publication of the 1nact1ve 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;—M; 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 blndlng, forming an ionic interaction with the polar,
positively charged (or ionizable) headgroup of both agonists,
such as acetylcholine, and antagonists, such as atropine (4 and
S, Figure 6). A combination of computational and molecular

N4
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acetylcholine atropine
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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
1nv01v1ng residues from EC loops 2 and 3 ad]ommg 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 (5388, D393, and E397) extending into
the hydrophilic EC space, while the hydrophobic portions of
these molecules are thought to form interactions with
tryptq/ghan residues (W101 and W400) within upper TM
units.

The existence of a second allosteric site was proposed when
the ability of the indolocarbazole KTS5720 (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,
KT5720 (8) and WIN62,577 (9).

the antagonist N-methylscopolamine (NMS) at the M;—M,
mAChRs 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
WING62,577 (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
ECy, 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 ECg,
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).”
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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Orthosteric ligand vs. theoretical PAM
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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 75 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 f§ 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 hgands 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 1Y2033298 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.*® Tts 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

n [*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
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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).

+
/IN I\
P1 P2 P3 Pl py p3 P1
Orthosteric agonist Allosteric Bitopic agonist
modulator/agonist

(N A N
1 O]
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

1034

29

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 Mj-preferring allosteric ligand brucine

(12).

in both equilibrium binding experiments and functional assays
(such as the [3°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 15. 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

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



ACS Chemical Neuroscience

EYIEW

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
[PHINMS 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 xM 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.95

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

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



ACS Chemical Neuroscience

EYIEW

was compound 14 (Figure 16); ECs, = 61 nM, hFF = 5.5%,
rFF = 5.1%. However, subsequent evaluation of compound

F (0] (o]
N
~
(o)
14. Z

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 - h and i ili ieties better 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 uM, 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—25, 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
VUO0029767 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,
mAChRs 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
VU0029767 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.

VU0119498 (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 BQCA,*® 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,
mAChR potencies in the same cellular background (ECs, = 845
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 uM). Taking into consideration
the known promiscuity of isatin motifs in high-throughput
screens, replacement with alternative structures was under-
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Reference Structural Most promising com- No. in Potency Favourable pharmacological proper- Notable caveats
modifications pound paper (nM) ties
Ma, L. et al | N/A (o (e N/A 845 - 129-fold potentiation of ACh activity | - low free fraction (1-
(2009),  PNAS, @ AR in Ca>" mobilisation assays (at 100 uM) | 4% - Yang et al.
106, 15950 N - efficacy in a mouse contextual fear | (2010), Bioorg. Med.
Shirey, J. et al. conditioning (CFC) study (15-20 mg/kg Chem. Lett. 20, 531)
(2009), J. Neu- o dose) and a discrimination reversal | - poor affinity (105
rosci., 29, 14271 BQCA learning test in Tg2576 mice (30 mg/kg | UM — Canals ef al.
13. dose) (2012), JBC, 287,
650)
Kuduk, S. ef al. | - Benzyllic C-ring o o Te 28 - free fraction 5-7% poor CNS exposure in
(2010), Bioorg. | replacement with @ 5] OH - not a P-gp substrate rats
Med. Chem. | pyridine or diazines N
Lett., 20, 657 - D-ring benzyl sub- | F D
stituents and hetero- cJ
cycles ” N @
- A-ring fluorine sub- SOMe
stitution
Kuduk, S. ef al. | Introduction of N- F O O 7 171 - free fraction 4-5% some degree of rat P-
(2010), Bioorg. | linked D-rings @ s oM - 46-fold potentiation of ACh activity in | &P susceptibility
Med. Chem. N Ca®" mobilisation assays (at 1 LM)
Lett., 20, 1334 F .
- efficacy in a mouse CFC study (10
-N mg/kg dose)
NN
v
Kuduk, S. et al. | Heterocyclic or cy- oH o o 10e 440 - free fraction 5-7%
(2010), Bioorg. | cloalkyl A-rings oH - excellent permeability (Papp = 20)
Med. Chem. | 8] p b
Lett,, 20, 2533 N - not a P-gp substrate
Kuduk, S. ef dl. @ - ETCZCY in a mouse CFC study (3
(2010), Bioorg. @ mg/kg dose)
Med. Chem. 17.
Lett., 20, 2538
Kuduk, S. et.al. | Replacement of quin- @ o 10i 520 - excellent permeability (Papp = 22)
(2010), ACS | olone with PN [ oH - not a P-gp substrate
Med. Chem. inolizidinone | S 5 :
Lett. 1. 263 @ QOIS - minimal hERG channel affinity
o L9 core 3
Kuduk, S. et.al. N(c)‘ - CNS exposure in rats
(2011), Bioorg. - acceptable pharmacokinetics in rats
Med.  Chem. * & and dogs
Lett. 21, 1710 - efficacy in a mouse CFC study (30
mg/kg dose)
Kuduk, S. et al. | Fused bicyclic C/D F o 0 9a 69 - excellent permeability (Papp = 23)
(2011) Bioorg. | rings @ 5] oH - not a P-gp substrate
Med. Chem. N - -
Lett., 21, 2769 - 100-fold potentiation of ACh activity
@@ in Ca" mobilisation assays (at 1 M)
18.
Kuduk, S. D. et | Introduction of cyano o o 4i 135 - free fraction 29-32% potential for substan-
:/[l. . (é(:,“)’ S i group to AN 5] OH - not a P-gp substrate ti;lt! hepatic first-pass
47673‘ M- 9% | the C-ring para posi- | SN - 146-fold potentiation of ACh activity | © et
Ul N in Ca>" mobilisation assays (at 1 tM)
Uslaner, J.M. et C |CN . P
al. (2013), Psy- D - increased cerebral blood flow in mice
chopharmacol. 20. NZ - significant CNS exposure in rats
225,21 - acceptable pharmacokinetics in rats
and dogs
- improved cognitive performance in
three different animal models of cogni-
tion
Kuduk, S.D. et | -Investigation of car- o o O 40 338 - free fraction 27-49% P-gp substrate
:/lll 52012)’(:}1"\(:5 boxylic acid CNT N - excellent permeability (Papp = 33)
Lo 3 1070 | surmogetes SN - 52-fold potentiation of ACh activity in
’ N Ca®" mobilisation assays (at 34 M)
Cc | cN . .
N - significant CNS exposure in rats
21. NS - efficacy in a mouse CFC study (10
mg/kg dose)
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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
AJB-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 VUO119498 (22), VU0027414 (23), VU0090157 (24), and
VU0029767 (25).

F \ F \
VU0366369 VU0448350-1
26. I 27.

o

o
N
O
F \
28.

Figure 20. Structure of the BQCA-like PAMs VUO0366369 (26),
VU0448350-1 (27), and compound 28.

110,111

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

1038

33

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).
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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 (ECgos = 5.8, 3.8, and 2.2 uM, 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
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N
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VU0405652 (30) VU0456940 (31)
ECso=1.38 uM ECgo =310 nM

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 uM). 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/TM?7 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, ECs, (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.""*™"'® TP 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 [*H]NMS (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,"*"'5!7 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-Gaq;, /, 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.">'*3 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 receptor 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
WI101A (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-28-1.1%

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
»
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H
N-desmethylclozapine
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

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

Q@@B

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

Figure 25. Structure of TBPB (36). Calcium mobilization assays in rat
M -transfected CHO-K1 cells gave an estimate of potency, ECs,, and
efficacy, %Eff (normalized to the maximum response to the muscarinic
agonist carbachol).

mAChR ligand that exhibits selectivity for the M; mAChR at
the level of function. TBPB displayed agonistic behavior and
potentiatess 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,>**3! 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 selectlve 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 s ?rnthetlc optimi-
zation, VU0184670 and VU0357017/ML071'* (37 and 38,
Figure 26) were identified as potent (ECg, = 152 and 198 nM,

@ﬁN@ o T

VU0184670 (37) (R= H)
ECso = 152 nM, % Eff = 85%
VU0357017 (38) (R=CHy)
ECso = 198 nM, % Eff = 81%

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

Figure 26. Structures of VU0184670 (37), VU0357017 (38), and
VU0364572 (39). Calcium mobilization assays in rat M,-transfected
CHO-KI1 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 VUO0357017 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,
VUO0364572 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
VU0357017 and VUO0364572 exhibit stimulus bias; both
compounds behaved as agonists of M; mAChR-mediated
Ca?" mobilization and ERK1/2 phosphorylation while having
no effect on B-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 VU0357017 demonstrated
efficacy in CFC, a hippocampal-dependent animal model of
cognition.133 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
VUO0364572 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 AE51090"* (40,
Figure 27). The original hit compound was found to be highly

o,
wpﬁ

Lu AE51090 (40)

Figure 27. Structure of Lu AE51090 (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
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(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 AES51090 exhibited a saturable,
noncompetitive profile suggesting an allosteric mode of action.
As with the aforementioned “allosteric agonists”, Lu AE51090
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 AES1090 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

41.

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

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



ACS Chemical Neuroscience

EYIEW

Rq
F
sdbe;
N\\\"
O°
Cl

s8¥s.

42, R=H, Ry=H Lu AE51090
43, Ry=Cl, Ry=F 40.
H
" N
F. | N>: i 0>: | =0

o (o} N

N NC N ?

® @ :

o O |
o B
44. 45. O~(CH,),0Me T?GPB

Figure 29. Structures of GSK compounds 42—4S, with the motifs
common to other M; mAChR-selective ligands highlighted in red.

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 LY2033298 (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,”®' >0 1 j¢
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 EC, 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.

B 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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QNB, 3-quinuclidinyl benzilate; BQCA, benzyl quinolone
carboxylic acid; FLIPR, fluorometric imaging plate reader;
MWC, Monod-Wyman-Changeux; CFC, contextual fear
conditioning; PFC, prefrontal cortex; sEPSCs, spontaneous
excitatory postsynaptic currents; FF, free fraction; SAR,
structure—activity relationship; BBB, blood-brain barrier; P-
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ABSTRACT: Activation of the M; muscarinic acetylcholine receptor
(mAChR) is a prospective treatment for alleviating cognitive decline
experienced in central nervous system (CNS) disorders. Current
therapeutics indiscriminately enhance the activity of the endogenous
neurotransmitter ACh, leading to side effects. BQCA is a positive
allosteric modulator and allosteric agonist at the M; mAChR that has
high subtype selectivity and is a promising template from which to
generate higher affinity, more pharmacokinetically viable drug
candidates. However, to efficiently guide rational drug design, the
binding site of BQCA needs to be conclusively elucidated. We report
the synthesis and pharmacological validation of BQCA analogues
designed to bind irreversibly to the M; mAChR. One analogue in
particular, 11, can serve as a useful structural probe to confirm the
location of the BQCA binding site; ideally, by co-crystallization with

S "allosteric site
amino acid residue

Nu-—allosteric site
¢ amino acid residue
Csg

the M; mAChR. Furthermore, this ligand may also be used as a pharmacological tool with a range of applications.

B INTRODUCTION

The M; mAChR is a Family A G protein-coupled receptor
(GPCR) that is well-established as a target of therapeutic
interest for the treatment of cognitive deficits associated with
Alzheimer’s disease and schizophrenia.' This receptor is
primarily expressed in regions of the hippocampus, striatum,
and prefrontal cortex,” and the prospective therapeutic utility of
M, mAChR activation for enhanced cognitive function has
been extensively validated in vitro and in vivo."* The primary
challenge impeding the development of clinically viable M,
mAChR drug candidates is achieving high receptor subtype
selectivity so as to avoid side effects associated with
indiscriminate activity at other mAChRs. Achieving such
selectivity with ligands that target the orthosteric (endogenous
ligand binding) site has been difficult due to the high sequence
conservation across the orthosteric sites of the M;—M; mAChR
family. Allosteric ligands are attractive alternatives to orthosteric
drugs that have the potential to elicit more fine-tuned, highly
selective responses than their orthosteric counterparts.*
Allosteric ligands are capable of binding to topographically
distinct sites and can elicit their effects by three different
mechanisms: (1) by modulating the affinity of the cobound
orthosteric ligand, (2) by modulating the efficacy of the

W ACS Publications © XXXX American Chemical Society
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cobound orthosteric ligand as well as (3) activating the receptor
in their own right.5

An array of M; mAChR-selective allosteric ligands has been
characterized to date.® An exemplar molecule is 1-(4-
methoxybenzyl)-4-oxo-1,4-dihydroquinoline-3-carboxylic acid
(more commonly abbreviated to “benzyl quinolone carboxylic
acid” or BQCA), a subtype-selective, orally bioavailable M,
mAChR positive allosteric modulator (PAM) and allosteric
agonist with an extraordinary degree of positive cooperativity
with orthosteric agonists, including the endogenous neuro-
transmitter acetylcholine (ACh).” BQCA has undergone the
most extensive pharmacological evaluation and synthetic
derivatization of all M; mAChR allosteric ligands reported to
date.”” "> While this campaign has led to the discovery of
several higher potency, more pharmacokinetically viable
analogues of BQCA, the structure—activity relationships
(SAR) reported to date have been frequently described as
“flat” or “shallow”,">~'” which is not an uncommon observation
in the broader field of allosteric ligand development.18
Performing more detailed pharmacological analyses that
deconstruct the binding and functional profile of allosteric
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ligands has proven fruitful in obtaining more detailed,
“enriched” SAR'' and in further understanding their
functional capabilities.20 However, to more efficiently guide
rational drug design, identification and characterization of the
BQCA allosteric binding site by co-crystallization with the M,
mAChR would offer unequivocal insight into the critical
interactions that dictate its unique mode of action, the
geometry of the binding pocket with which it interacts, and
its global influence on receptor conformation. The recent
publication of the M, mAChR co-crystallized with both an
orthosteric and an allosteric ligand®' demonstrates that this
approach is achievable, however, being a low-affinity ligand
(pKg ~ 4),”"> BQCA itself may not be an optimal candidate for
a similar study at the M; mAChR.

An alternative approach to elucidating the BQCA binding
site has recently been published.22 Comprehensive mutagenesis
in conjunction with molecular dynamics simulations and ligand
docking revealed the BQCA binding site to likely reside in the
extracellular (EC) vestibule common to all mAChRs, over-
lapping with what is often dubbed the “common” allosteric
binding site.”> The BQCA binding site itself appears to involve
residues within transmembrane (TM) 2, TM 7, and EC loop 2,
building on observations made in the original BQCA
publication where the positive modulation of ACh-mediated
calcium mobilization by BQCA was absent at the Y179A (EC
loop 2) and W400A (TM 7) mutants.” Furthermore, subtype-
specific transmission of cooperativity was proposed as the
potential mechanism underlying BQCA’s exquisite selectivity.

To further advance our understanding of the interaction
between BQCA and the M; mAChR, and to aid interrogation
of such new insights, the current study sought to design novel
analogues of BQCA that bind irreversibly to the M; mAChR
and form a covalently modified receptor complex. Such ligands
may be utilized as pharmacological tools in a range of
preclinical applications, including co-crystallization.

Irreversible ligands (also known as covalent modifiers) are
molecules that contain a reactive functionality rendering them
capable of binding to a site on a protein target of interest (such
as an enzyme or GPCR) and forming a covalent bond with one
or more of the protein’s amino acid residues. More relevant to
our experimental rationale, irreversible ligands have also been
developed as biological investigative tools for a range of protein
targets including adrenergic, histaminergic, imidazoline, mus-
carinic, opioid, and adenosine receptors.**>° As with the
BQCA analogues published herein, such ligands most
commonly comprise a reactive moiety incorporated into a
known reversible ligand for which the target selectivity and
pharmacological profile is well established. In the past, these
modified ligands have enabled researchers to identify and ma
ligand binding sites,””>! characterize ligand binding modes, 0
determine functional roles,** and investigate cell surface
expression, receptor occupancy, and cellular processing of
different receptor families, and specific subtypes within those
families.”>** The advent of fluorescently labeled irreversible
ligands has facilitated imaging of membrane-bound and
intracellular proteins in vitro.”*** Ultimately, valuable structural
and functional insight into the role of biological targets in
physiological and pathophysiological processes is gained,
potentially informing the selection of novel points of
therapeutic intervention and directing subsequent rational
drug design. Adding further support to our rationale, co-
crystallization of an irreversible agonist-#2 adrenergic GPCR
complex was achieved, validating this strategy as a means for
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obtaining structural knowledge about ligand binding mode and
receptor conformation.

While irreversible orthosteric mAChR ligands have been
previously developed,27730 this is the first time that develop-
ment of an irreversible purely allosteric mAChR ligand has been
achieved. We began our investigation with the synthesis of four
BQCA analogues, each containing a different electrophilic
functionality capable of reacting covalently with a nucleophilic
amino acid residue. The 4-benzylic position of BQCA was
selected as an ideal starting point for introducing our reactive
functionalities as this region of the molecule is highly tolerant
of a range of synthetic modifications'® and appears to be an
important determinant of analogue affinity. % Furthermore,
molecular dynamics simulations suggest that this moiety lies in
close proximity to EC loops 2 and 3 as well as upper segments
of TMs 6 and 7.”> Using competition radioligand binding and
ERK1/2 phosphorylation assays, pharmacological evaluation of
these BQCA analogues confirmed the preservation of allosteric
binding and functional activation at hM; mAChR-expressing
Chinese hamster ovary (CHO) cells. Utilizing saturation
radioligand binding assays to evaluate potential irreversible
interaction, we found that 11 binds irreversibly to the M,
mAChR and is therefore the first known alkylating PAM of a
GPCR.

B RESULTS AND DISCUSSION

Chemistry. The 4-oxo-1,4-dihydroquinoline core of BQCA
was synthesized in two steps (Scheme 1) by employing well-

Scheme 1. Synthesis of BQCA (4b) and Analogues 4a, 4c,

and 4d°
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“Reagents and conditions: (a) diethylethoxymethylene malonate, 120
°C, 83%; (b) diphenyl ether, 240 °C, 48% or Eaton’s reagent, 100 °C,
quantitative; (c) 1 M LiOH,q), THF, 80 °C, 75%; (d) benzyl halide +
KI, DIPEA, ACN, 80 °C, 87% (4a), 97% (4b), 21% (4c), 53% (4d);
(e) NBS, benzoyl peroxide, EtOAc, microwave 100 °C, 81%; (f)
maleic anhydride, DMF, 110 °C, 100%; (g) sodium acetate, acetic
anhydride, 120 °C, S1%; (h) NBS, benzoyl peroxide, EtOAc,
microwave 100 °C, 45%.

dx.doi.org/10.1021/jm500556a | J. Med. Chem. XXXX, XXX, XXX—XXX



Journal of Medicinal Chemistry

established reaction conditions reported prezviousl}r.lz"7’6'3’7 In

line with observations noted in a recent publication by Mistry
et al,"”> while the neat reaction between aniline and
diethylethoxymethylene malonate afforded an easily isolatable,
crystalline 1 in good yield, cyclization with diphenyl ether to
form 2 required unfavorably high temperatures and typically
resulted in widely variable yields and purity. Eaton’s reagent
(1:10 w/w P,0Oy in methanesulfonic acid) was found to be an
ideal alternative, requiring milder conditions and resulting in
quantitative yields. In the earliest reported synthesis of BQCA,
Yang et al.* follow this cyclization step with N-benzylation
followed by ester saponification to yield the target compound.
In our case, subsequent syntheses introducing irreversible
functionalities in place of the 4-methoxy group of BQCA
necessitate incorporation of the N-benzyl moiety as the final
synthetic step so as to avoid any unwanted reactivity in
subsequent synthetic steps. Hence, for pre-emptive optimiza-
tion purposes, the order of the third and final steps of the
BQCA synthesis was reversed from that of the initial
publication.®® Based on a procedure reported by Juli et al,**
ester saponification to form 3 was achieved in good yield.

It was noted that, as a result of the need to perform the N-
benzylation step last, O-benzylation of the free carboxylic acid
moiety was also a possibility. The position of alkylation was
confirmed through a model study involving the alkylation of 3
with benzyl bromide where an X-ray crystal structure of the
product 4a was obtained (Figure 1) and confirmed the

C13

C14

Figure 1. Thermal ellipsoid plot for 4a (ellipsoids are at the 20%
probability level).

regioselectivity of the reaction. The N-alkylation with 4-
methoxybenzyl chloride proceeded in excellent yield, with the
pure product 4b precipitating from the reaction mixture
unaided. A HMBC 2D NMR experiment confirmed formation
of the N-benzylated product; the spectrum showed a cross peak
between H2 of the quinolinone ring system at § 9.32 ppm and
the methylene carbon of the benzyl group at § 55.5 ppm that
would not be apparent had O-benzylation occurred.

The fluorosulfonyl (4c) and maleimide (4d) analogues of
BQCA both required preparation of the requisite substituted
benzyl bromide precursors (Scheme 1). Radical bromination of
p-toluenesulfonyl fluoride gave a mixture of mono- and
dibrominated species, with the former (S) easily isolated by
column chromatography prior to N-benzylation with 3 to yield
the target fluorosulfonyl analogue 4c. Synthesis of 1-(p-tolyl)-
1H-pyrrole-2,5-dione (6a) required a two-step methodology
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after the reaction of p-toluidine and maleic anhydride resulted
in the uncyclized intermediate 4-oxo-4-(p-tolylamino)but-2-
enoic acid (structure not shown). Stirring with sodium acetate
in acetic anhydride rapidly recyclized the molecule to reform
the maleimide functionality, then radical bromination was
performed as previously described to yield the precursor 6b,
following column chromatography. Finally, N-benzylation with
3 gave the target maleimide analogue 4d in low but sufficient
yield for chemical and pharmacological characterization.

The bromoacetamide (10) and isothiocyanate (11) ana-
logues of BQCA were both accessed via the intermediate 9.
This compound was synthesized from the 4-oxo-1,4-dihydro-
quinoline core in three steps (Scheme 2). N-Benzylation with
4-nitrobenzyl bromide (7) was achieved in good yield by
employing reaction conditions established in Scheme 1.
Reduction of the nitro functionality to the amine with 10%
Pd/C under a hydrogen atmosphere gave 8 in quantitative
yield. The ester saponification conditions outlined in Scheme 1
(1M LiOH,q), THF) were insufficient for ester bond cleavage
of 8, however, 1 M KOH(,y in 3:1 MeOH:H,O afforded
conversion to the target carboxylic acid 9 in excellent yield.

Cooling of 9, triethylamine (TEA), and acetonitrile (ACN)
in a dry ice/acetone bath (approximately —80 °C) was required
prior to addition of bromoacetyl bromide. Allowing the
reaction mixture to warm to room temperature (RT) naturally
was critical for obtaining clean conversion to the target
bromoacetamide analogue 10, which precipitated from the
reaction mixture and required no further purification (Scheme
2).

The isothiocyanate analogue 11 was isolated following
reaction of 9 with 1,1’-thiocarbonyldiimidazole (TCDI) and
catalytic 4-dimethylaminopyridine (DMAP), requiring only a
simple organic extraction to attain >95% purity (Scheme 2).

Pharmacology. To assess the binding activity, [*H]N-
methylscopolamine (NMS) equilibrium whole cell binding
interactions between ACh and each of our test allosteric ligands
(BQCA, 4c, 4d, 10, and 11) were conducted in CHO cells
stably expressing the hM; mAChR (Figure 2). Application of an
allosteric ternary complex model to these data allowed us to
estimate each ligand’s affinity for the free receptor (pKg),
binding cooperativity with [*H]NMS (log @[nms)); and binding
cooperativity with ACh (log a[scp;) (Table 1).

To assess functional activity, ERK1/2 phosphorylation assays
were performed in CHO cells stably expressing the hMI1
mAChR. Time course assays were first performed to establish
the length of incubation time required to measure the peak
phosphorylated ERK1/2 response for each test compound
(data not shown). Concentration—response curves (CRCs)
were subsequently constructed using this peak time point to
estimate the pECy, of each compound and to select a suitable
concentration range for interaction studies with ACh (Figure 3,
Table 1). Interaction studies were conducted between ACh and
each of our test allosteric ligands (BQCA, 4, 4d, 10, and 11)
(Figure 3). Application of an operational model of allosterism
to these data allowed us to estimate each ligand’s signaling
efficacy (73) and the combined binding/activation cooperativity
(af) (Table 1).

As expected, BQCA exhibited a modest micromolar affinity
(Kg = 36 uM), a moderate potency (ECs, = 170 nM), and
agonism in its own right (75 = 162) in this system. BQCA
demonstrated a very high degree of positive cooperativity with
ACh found to be driven predominantly by binding (& = 759),
rather than functional (# = 7) cooperativity. Importantly, the
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Scheme 2. Synthesis of BQCA Analogues 10 and 117

o O o}

SO A
N N
H @
NO,
7

(@)

10

0 O
N
: “NH,

(©

Q =-— o

e}
ooy
N
i “NH,
9

(e)

o 0
N
Ny
Q.
1

“Reagents and conditions: (a) 4-nitrobenzyl bromide, DIPEA, ACN, 80 °C, 78%; (b) H,, 10% Pd/C, DMF, RT, 93%; (c) 1 M KOH,g), 3:1
MeOH:water, 80 °C, 82%; (d) bromoacetyl bromide, TEA, ACN, —80 °C—RT, 74%; (e) 1,1’-thiocarbonyldiimidazole, DMAP, dry DCM, RT, 96%.

results of these binding and functional experiments confirmed
the preservation of allosteric activity in each of our four BQCA
analogues, although the impact on individual parameters varied
across the set. Our results suggest that interaction of the 4-
methoxy group of BQCA with the receptor is an important
factor in the ligand’s high degree of positive binding
cooperativity with ACh as well as its signaling efficacy.
Introduction of the fluorosulfonyl moiety (4c) appears to
preserve this critical interaction; log @[acy) and log 75 values
were not significantly different from BQCA. However, this
interaction is clearly less-favored by the maleimide (4d),
bromoacetamide (10), and isothiocyanate (11) moieties, as
evidenced by the significant reduction in the log ascp) values
(p < 0.0001) as well as the log 75 values (p < 0.01). In contrast,
the affinity (pKj) values for the maleimide and isothiocyanate
analogues were significantly improved relative to BQCA (p <
0.001) while the potency values were unaffected.

Prior to assessing the ability of our BQCA analogues to bind
irreversibly, we conducted [*H]NMS saturation whole cell
binding assays in CHO cells stably expressing the hM; mAChR
following preincubation with buffer, the reversible endogenous
agonist, ACh, or the known irreversible ligand, acetylcholine
mustard (AChM), a nonselective muscarinic orthosteric
agonist, for which protocols are well-established.>*

Time course experiments were performed to determine the
preincubation time at 37 °C necessary to observe at least 50%
receptor alkylation (irreversible binding) by AChM but without
observing significant internalization by ACh (Table 2, Figure
4). Both receptor internalization and receptor alkylation would
be expected to manifest as a decrease in B,,,, (total receptor
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density), due to a reduction in cell-surface receptor expression
or by competition between [*H]JNMS and AChM at the
orthosteric site, respectively. A key assumption in this
experiment is that, if a given incubation time does not induce
receptor internalization by ACh, any effect observed following
the same incubation time with AChM is likely the result of
receptor alkylation. No internalization was observed following
30 min preincubation with ACh, and 60% receptor alkylation
was observed following 30 min preincubation with AChM.
Hence, this time was selected as a suitable starting point for
probing the irreversibility of our BQCA analogues. In applying
this protocol to our experiments with allosteric ligands, it
should be noted that, rather than direct blockade of the
radioligand binding site, we hypothesized that irreversible
binding of our allosteric ligands would stabilize a conformation
of the receptor that would be unfavorable for [H]NMS
binding. Hence, we would expect to see a reduction in B, as a
result of high irreversible negative cooperativity (Table 1),
rather than direct competition.

No change in B, was observed following 30 min
preincubation with BQCA and subsequent washout (Table 3,
Figure SA,C), indicating that the ligand does not cause receptor
internalization during this time period. Preincubation with
BQCA in the presence of ACh gave a small, nonsignificant
reduction in B, suggesting that the positive cooperativity
between the two molecules potentially induced a small amount
of receptor internalization not observed with either compound
alone. This modest effect allowed us to hypothesize that any
substantial reduction in B, observed with our putative
irreversible ligands would be most likely due to receptor

dx.doi.org/10.1021/jm500556a | J. Med. Chem. XXXX, XXX, XXX—XXX
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Figure 2. Pharmacological characterization of BQCA and the putative irreversible analogues in radioligand competition whole cell binding assays.
(A—E) Radioligand competition binding experiments performed in hM; mAChR-expressing CHO cells in the presence of a K}, concentration of
radiolabeled orthosteric antagonist [*HJNMS (0.1 nM), increasing concentrations of ACh with or without increasing concentrations of BQCA (A),
4c (B), 4d (C), 10 (D), or 11 (E). Values represent the mean = SEM from at least three to four experiments performed in duplicate.

Table 1. Ternary Complex Model Parameters for the Binding Interaction between [*H]NMS, ACh, and Each Allosteric Ligand,
and the Operational Model of Allosterism Functional Parameters for the Activity of Each Allosteric Ligand Alone and in the

Presence of Acetylcholine (ACh)®

BQCA 4c
pKy? 444 + 0.07 397 + 0.05
log s —3.00% ~3.00%
log aacu®? 2.88 + 0.11 2,66 + 0.09
A[Ach) 759 457
PECs,° 6.77 + 0.07 6.50 % 0.09
log 7 221 + 0.08 1.79 + 0.35
7 162 62
log aff 371 +0.18 3.62 + 0.21
log # (B)" 0.83 (7) 0.96 (9)

“Estimated parameter values represent the mean + SEM from at least three to four experiments performed in duplicate.

4d 10 11
5.09 + 0.04 472 + 0.14 522 + 0.04
—3.00% —0.06 + 0.01 —3.00%
146 + 0.11 1.29 + 0.09 126 + 0.13
29 19 18
6.38 + 0.12 5.80 + 0.10 641 + 0.11
1.10 + 0.06 1.04 + 0.07 0.83 =+ 0.04
13 11 7
191 + 0.17 215 +£0.18 1.33 £ 0.26
045 (3) 0.87 (7) 0.07 (1)

bNegative logarithm of the

equilibrium dissociation constant of the allosteric ligand. “Logarithm of the binding cooperativity factor between [*H]NMS and the allosteric ligand;
* denotes when the parameter was constrained to an arbitrary low value consistent with very high negative cooperativity between the allosteric ligand
and the radioligand. “Logarithm of the binding cooperativity factor between ACh and the allosteric ligand. pK value was fixed to that estimated for
each ligand in whole cell binding experiments. *Negative logarithm of the ligand concentration that produces half the maximal response. “Logarithm
of the operational efﬁcacy parameter of the ligand. #Logarithm of the product of the binding and activation cooperativity factors between ACh and
the allosteric ligand. Loganthm (and antilogarithm) of the activation cooperativity factor between ACh and the allosteric ligand (derived by fixing
the binding cooperativity value to that estimated for each ligand in whole cell binding experiments (log a[scy]))-

alkylation and not receptor internalization. No significant
reductions in B, were observed following preincubation with
4c, 4d, and 10 (data not shown), however, we observed a
significant reduction in B, following preincubation with the
isothiocyanate analogue 11 (Table 3, Figure SB,D). Thirty
minutes preincubation of 11 in the presence of ACh resulted in
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a further reduction in B, This is most likely due to the
positive cooperativity between the two molecules facilitating
additional binding and receptor alkylation by 11 than when
preincubated alone. However, given our observations with
BQCA and ACl, it is also possible that receptor internalization
may be contributing to this reduction in B,,,, to some extent.
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Figure 3. Pharmacological characterization of BQCA and the putative irreversible analogues in ERK1/2 phosphorylation assays. (A—F) ERK1/2
phosphorylation experiments performed in hM1 mAChR-expressing CHO cells. (A) Increasing concentrations of ACh, BQCA, 4c, 4d, 10, and 11
alone. (B—F) Increasing concentrations of ACh with or without increasing concentrations of BQCA (B), 4c (C), 4d (D), 10 (E), or 11 (F). Values
represent the mean + SEM from at least three to four experiments performed in duplicate.

Table 2. B,,,, (% Vehicle) Values (Total Receptor Density)
Following Different Pre-incubation Times of M; mAChR-
Expressing Cells with Vehicle, ACh, or AChM

S min 10 min 1S min 20 min 30 min
vehicle 99.87 99.87 99.87 99.87 99.87
ACh 98.61 100.43 98.30 88.35 95.43
AChM 84.81 79.20 58.49 50.32 38.25

[*H]NMS saturation radioligand binding experiments with
30 min preincubation of ACh, AChM, BQCA (+ACh) and 11
(+£ACh) were repeated in CHO cell membranes stably
expressing the hM; mAChR to eliminate the possibility of
observing receptor internalization and, hence, ascertain whether
the reduction in B, observed in the whole cell binding
experiments was indeed the result of receptor alkylation.
Encouragingly, we still observed no change in B,,,, following
preincubation with BQCA but a significant reduction in B,
following preincubation with 11 (+ACh), conclusively
confirming that 11 is binding irreversibly to the M; mAChR
(Table 3, Figure 6).

B CONCLUSIONS

Herein we report the development of an irreversible allosteric
ligand for a GPCR, the M; mAChR. Four analogues of the
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highly selective positive allosteric modulator BQCA were
synthesized, incorporating different reactive functionalities
capable of forming a covalent bond with the receptor:
fluorosulfonyl (4c), maleimide (4d), bromoacetamide (10)
and isothiocyanate (11). The pharmacological profile of BQCA
was preserved, though to varying extents, in all four analogues;
they were able to bind to (pKp) and activate (z) the M,
mAChR and showed positive binding () and functional ()
cooperativity with the endogenous neurotransmitter and
orthosteric agonist ACh in CHO cells stably expressing the
receptor of interest.

Saturation radioligand binding experiments demonstrated
that 30 min incubation of 11 with M; mAChR-expressing cell
membranes resulted in a 50% reduction in the total detectable
receptor density (B,,). This is indicative of irreversible
noncompetitive blockade of previously available binding sites
by high negative cooperativity between 11 and the radioligand
[*H]NMS.

Taken together, we confirm that 11 is likely binding
irreversibly to an allosteric site of the M, mAChR, suggesting
the presence of a nucleophilic amino acid residue within this
allosteric domain. This ligand may be employed in crystallo-
graphic studies to gain further structural insight into the BQCA
binding site. Alternatively, this ligand may also be used as a
chemical probe in proteomics studies to identify the interacting
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Figure 4. Pharmacological characterization of ACh and AChM in radioligand saturation whole cell binding assays. (A—D) Radioligand saturation
binding experiments performed in hM; mAChR-expressing CHO cells in the presence of increasing concentrations of radiolabeled orthosteric
antagonist [*H]NMS. (A) Preincubation with vehicle or ACh for increasing lengths of time. (B). Preincubation with vehicle or AChM for increasing
lengths of time. (C—D) B,,, (% vehicle) bar graphs where values significantly different from Vehicle are indicated by an * (where * = p <0.0S, ** =
p <0.01, ¥** = p <0.001, and **** = p <0.0001). Values represent the mean + SEM from three experiments performed in duplicate.

Table 3. B,,,, (% Vehicle) Values (Total Receptor Density)
Following 30 min Pre-incubation of Either M; mAChR-
Expressing Whole Cells or M; mAChR-Expressing Cell
Membranes with Vehicle, BQCA (+ACh), or 11 (+ACh)

vehicle BQCA BQCA + ACh 11 11 + ACh
whole cells 99.22 107.06 88.49 64.67 36.75
membranes 100.00 90.79 9142 49.96 33.71

amino acid residue®® which may subsequently inform molecular
modeling of the binding site. This ligand may also serve as a
template for the design of novel fluorescent irreversible
allosteric ligands for the M; mAChR. Furthermore, 11 may
aid classification of forthcoming orthosteric and allosteric
ligands at the M; mAChR* and may prove useful in examining
the effects of prolonged M; mAChR allosteric site occupation.
Finally, we postulate that 11 may “lock” the M; mAChR in a
distinct conformation, thereby allowing us to build a
pharmacological fingerprint or “allosteric phenotype” using
different classes of orthosteric ligand and different functional
assay pathways, pursuing conformation-specific pharmacology.

B EXPERIMENTAL SECTION

Chemistry. All materials were reagent grade and purchased
commercially from Sigma-Aldrich or Matrix Scientific. Anhydrous
solvents were obtained from a MBraun MB SPS-800 solvent
purification system. Analytical thin layer chromatography (TLC) was
performed on Silica Gel 60 F,g, precoated plates (0.25 mm, Merck
ART 5554) and visualized by ultraviolet light, iodine or ninhydrin as
necessary. Silica gel 60 (Fluka) was used for silica gel flash
chromatography.

Melting points (mp) were determined on a Mettler Toledo MPS0
melting point system.

"H NMR spectra were routinely recorded at 400 MHz using a
Briiker Avancell Ultrashield Plus spectrometer equipped with a Silicon
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Graphics workstation. Chemical shifts (8y;) for all 'H NMR spectra are
reported in parts per million (ppm) using the center peak of the
deuterated solvent chemical shift as the reference: CDCl; (7.26) and
DMSO-dg (2.50).* Each resonance was assigned according to the
following convention: chemical shift (§) (multiplicity, coupling
constant(s) in Hz, and number of protons). Coupling constants (J)
are reported to the nearest 0.5 Hz. In reporting spectral data, the
following abbreviations have been used: s, singlet; d, doublet; t, triplet;
q, quartet; p, pentet; m, multiplet; br, broad; app, apparent; as well as
combinations of these where appropriate.

3C NMR spectra were routinely recorded at 100 MHz using a
Briiker Avance 400 Ultra Shield Plus spectrometer equipped with a
Silicon Graphics workstation. Chemical shifts (5¢) for all *C NMR
spectra are reported in parts per million (ppm), using the center peak
of the deuterated solvent chemical shift as the reference: CDCl;
(77.16) and DMSO-dg (39.52).* Coupling to fluorine (F) is
reported as 'Jc, JJcr, YJcp and Ycp to the nearest Hz.*'

HSQC, HMBC, and COSY spectra were obtained using the
standard Briiker pulse sequence to assist with structural assignment of
the compounds.

Low resolution mass spectrometry (LRMS) analyses were recorded
in the specified ion mode using a Micromass Platform II single
quadropole mass spectrometer in acetonitrile:water (1:1) at a cone
voltage of 20 V. The principle ions (m/z) are reported. High
resolution mass spectrometry (HRMS) analyses were recorded in the
specified ion mode using a LCT Premier XE TOF mass spectrometer
coupled to 2795 Alliance separations module at cone voltages of 45 V
(ESI+) and 60 V (ESI-).

Analytical reverse-phase high performance liquid chromatography
(HPLC) was performed on a Waters HPLC system using a
Phenomenex Luna C8 (2) 100 A column (150 mm X 4.6 mm, §
um) and a binary solvent system; solvent A, 0.1% TFA/H,0O; solvent
B, 0.1% TFA/80% MeOH/H,0. Isocratic elution was carried out
using the following protocol (time, % solvent A, % solvent B): 0 min,
100, 0; 10 min, 20, 80; 11 min, 20, 80; 12 min, 100, 0; 20 min, 100, 0;
at a flow rate of 1.0 mL/min monitored at 254 nm using a Waters 996
photodiode array detector.
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Figure 5. Pharmacological characterization of BQCA and 11 in radioligand saturation whole cell binding assays. (A—D) Radioligand saturation
binding experiments performed in hM; mAChR-expressing CHO cells in the presence of increasing concentrations of radiolabeled orthosteric
antagonist [*H]JNMS. (A) 30 min preincubation with vehicle, BQCA, or BQCA + ACh. (B) 30 min preincubation with vehicle, 11, or 11 + ACh.
(C—D) B,,..x (% vehicle) bar graphs where values significantly different from Vehicle are indicated by an * (where * = p <0.0S, ** = p <0.01, *** = p
<0.001 and **¥* = p <0.0001). Values represent the mean = SEM from at least three to four experiments performed in duplicate.
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Figure 6. Pharmacological characterization of BQCA and 11 in radioligand saturation membrane binding assays. (A—D) Radioligand saturation
binding experiments performed in hM; mAChR-expressing CHO cell membranes in the presence of increasing concentrations of radiolabeled
orthosteric antagonist [PH]NMS. (A) 30 min preincubation with vehicle, BQCA, or BQCA + ACh. (B) 30 min preincubation with vehicle, 11, or 11
+ ACh. (C—D) B,,,, (% vehicle) bar graphs where values significantly different from vehicle are indicated by an * (where * = p <0.0S, ** = p <0.01,
ik = p <0.001, and *#¥* = p <0.0001). Values represent the mean + SEM from three experiments performed in duplicate.

Liquid chromatography—mass spectrometry (LCMS) was per-
formed on an Agilent 1200 series coupled to the 6120 quadrupole

mass spectrometer. Elution was also monitored at 254 nm.

Characterization requirements for intermediate compounds were
set as mp, '"H NMR, *C NMR, LRMS (or LCMS if unattainable), and
HPLC (254 nm) or LCMS purity.
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Characterization requirements for final compounds were set as mp,
'H NMR, C NMR, LRMS, HRMS, and HPLC (254 and 214 nm)
purity >95%.

Diethyl 2-((Phenylamino)methylene)malonate (1). Aniline (9.80
mL, 107 mmol) and diethylethoxymethylene malonate (21.70 mL, 107
mmol) were syringed into an RBF and heated at 120 °C for 4 h. The
reaction mixture was removed from the heat, 20 mL of cold petroleum
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spirits added and the flask cooled on an ice bath for 30 min. The
yellow crystals that formed were transferred to a conical flask and
sonicated (in small batches) in cold petroleum spirits for 2—3 min.
The target compound was obtained as pale yellow—white crystals
following vacuum filtration and additional washes with petroleum
spirits (23.5 g, 83%); mp 43—44 °C. §,; (CDCl;) 11.02 (br d, ] = 13.5
Hz, 1H), 8.55 (d, J = 13.5 Hz, 1H), 7.39 (app t, ] = 8.0 Hz, 2H), 7.21—
7.12 (m, 3H), 4.33 (q, ] = 7.0 Hz, 2H), 427 (q, ] = 7.0 Hz, 2H), 1.40
(t,J = 7.0 Hz, 3H), 1.35 (t, ] = 7.0 Hz, 3H); 5. (CDCl,) 1692, 165.7,
151.9, 139.4, 129.8, 125.0, 117.2, 93.6, 60.4, 60.1, 14.4, 14.3. m/z
LRMS (TOF ES*) [MH]* 264.3. HPLC: t; = 10.67 min, purity =
97.3%

Ethyl 4-Oxo-1,4-dihydroquinoline-3-carboxylate (2). Procedure 1
(diphenyl ether): Diphenyl ether (8 mL) was heated to 220 °C in a
small beaker directly placed on the hot plate. Diethyl 2-
((phenylamino)methylene)malonate (1) (1.00 g, 3.80 mmol) was
added and the reaction mixture heated, uncovered, for 20 min. The
beaker was removed from the heat and allowed to cool to RT,
resulting in product formation and almost total solidification of the
reaction mixture. The target compound was isolated as a gray—white
powder by vacuum filtration and copious washing with cold petroleum
spirits (395 mg, 48%). Procedure 2 (Eaton’s reagent): Diethyl 2-
((phenylamino)methylene)malonate (1) (23.5 g 89.1 mmol) and
Eaton’s reagent (1:10 w/w phosphorus pentoxide solution in
methanesulfonic acid, 80 mL) were stirred at 100 °C for 3.5 h. The
reaction mixture was cooled to RT before being slowly pouring into
saturated sodium bicarbonate. The precipitated product was collected
as an orange—yellow powder by vacuum filtration and washed
copiously with cold petroleum spirits (19.0 g, quantitative); mp 271—
273 °C. 8, (DMSO-d;) 8.63 (s, 1H), 825 (dd, ] = 8.0, 1.5 Hz, 1H),
7.79 (ddd, J = 8.5, 7.0, 1.5 Hz, 1H), 7.71 (dd, ] = 8.5, 1.0 Hz, 1H), 7.50
(ddd, J = 8.0, 7.0, 1.0 Hz, 1H), 431 (q, J = 7.0 Hz, 2H), 1.37 (t, ] = 7.0
Hz, 3H). 6. (DMSO-dy) 1734, 1649, 144.8, 139.0, 132.3, 127.3,
125.6, 124.6, 118.7, 110.0, 59.5, 14.4. m/z LRMS (TOF ES*) [MH]*
218.2. HPLC: t, = 6.61 min, purity = 98.8%

4-Oxo-1,4-dihydro-quinoline-3-carboxylic Acid (3). Ethyl 4-oxo-
1,4-dihydroquinoline-3-carboxylate (2) (500 mg, 2.30 mmol) and
THF (10 mL) were brought to 0 °C in an ice bath. A solution of
aqueous 1 M LiOH, (4.60 mL, 4.60 mmol) was added dropwise
while stirring, and then the reaction mixture was heated at 80 °C for
24 h. Following addition of excess aqueous 1 M HCl,), the target
molecule precipitated out and was isolated as an off-white powder by
vacuum filtration, washed with distilled water to remove the residual
acid, and then dried under vacuum overnight (327 mg, 75%); mp
273-275 °C. 8, (DMSO-d,) 1548 (br s, 1H), 8.88 (s, 1H), 8.29 (dd,
J =80, 1.5 Hz, 1H), 7.89 (ddd, J = 8.5, 7.0, 1.5 Hz, 1H), 7.82 (dd, ] =
8.0, 1.5 Hz, 1H), 7.60 (ddd, J = 8.0, 7.0, 1.5 Hz, 1H). 5. (DMSO-d,)
178.3, 166.5, 145.1, 139.4, 133.9, 126.3, 125.0, 124.4, 119.6, 107.7. m/z
LRMS (TOF ES*) [MH]* 190.2. HPLC: t; = 6.44 min, purity =
>99.0%

General Procedure for N-B of Either Ethyl 4-Oxo-1,4-dihydroqui-
noline-3-carboxylate (2) or 4-Oxo-1,4-dihydro-quinoline-3-carbox-
ylic Acid (3). The ethyl carboxylate (2) or carboxylic acid (3) (30—500
mg) and acetonitrile (7—15 mL) were placed in an RBF and cooled to
0 °C in an ice bath. The appropriately substituted benzyl halide (2
equiv) and N,N-diisopropylethylamine (DIPEA) (4 equiv) were added
and the reaction stirred at 80 °C for between 2 and 22 h. Note: 1.1
equiv of potassium iodide was added at the beginning of the reaction if
a substituted benzyl chloride was being used. If the product was
observed to precipitate from the reaction mixture, the resulting solid
was isolated by vacuum filtration and washed with diethyl ether or hot
ethanol. If no precipitate was observed, the reaction mixture was
partitioned between chloroform (10 mL) and 1 M HCl(,q) (10 mL)
and the aqueous layer extracted with chloroform (3 X 10 mL). The
combined organic fractions were dried over anhydrous MgSO,,
filtered, and the solvent evaporated in vacuo to yield solid product.

1-(4-Methoxybenzyl)-4-oxo-1,4-dihydroquinoline-3-carboxylic
Acid (4b). Fine white crystals; 3 h; 790 mg, 97%; mp 250—251 °C. 6y
(DMSO-dy) 15.17 (s, 1H), 9.26 (s, 1H), 8.39 (dd, ] = 8.0, 1.5 Hz, 1H),
7.96 (d, J = 8.5 Hz, 1H), 7.88 (ddd, J = 8.5, 7.0, 1.5 Hz, 1H), 7.63
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(ddd, J = 8.0, 7.0, 1.0 Hz, 1H), 7.28 (d, ] = 9.0 Hz, 2H), 6.92 (d, ] =
9.0 Hz, 2H), 5.80 (s, 2H), 3.78 (s, 3H, CHj;). 6. (DMSO-dy) 177.9,
166.0, 159.0, 149.8, 1394, 134.1, 128.4, 127.0, 126.3, 125.9, 125.7,
118.7, 114.3, 107.8, 55.9, 55.1. m/z LRMS (TOF ES*) [MH]* 310.4.
m/z HRMS (TOF ES*) C;gH,NO, [MH]* caled 310.1074; found
310.1086. HPLC: t = 9.13 min, purity (254 nm) = 98.3%, purity (214
nm) = 99.0%
1-(4-(Fluorosulfonyl)benzyl)-4-oxo-1,4-dihydroquinoline-3-car-
boxylic Acid (4c). Clear glassy crystals; 22 h; 12.1 mg, 21%; mp 289—
290 °C. 8 (DMSO-dg) 15.12 (br s, 1H), 9.35 (s, 1H), 8.42 (dd, J =
8.0, 1.5 Hz, 1H), 8.12 (dd, ] = 8.0, 6.5 Hz, 2H), 7.86 (ddd, ] = 8.5, 7.0,
1.5 Hz, 1H), 7.75 (d, ] = 8.5 Hz, 1H), 7.68—7.59 (m, 3H), 6.08 (s,
2H). 5. (DMSO-d,) 178.1, 165.9, 150.7, 144.8, 1393, 134.4, 130.8,
129.0, 128.2, 126.5, 126.1, 125.7, 118.3, 108.2, 55.8. m/z LRMS (TOF
ES*) [MH]* 362.3. m/z HRMS (TOF ES*) C,;H,;FNO,S [MH]*
calcd 362.0493; found 362.0485. HPLC: t = 9.56 min, purity (254) =
98.8%, purity (214) = 98.9%
1-(4-(2,5-Dioxo-2,5-dihydro-1H-pyrrol-1-yl)benzyl)-4-oxo-1,4-di-
hydroquinoline-3-carboxylic Acid (4d). Pale purple-tinged white
solid; 2 h; 42 mg, 53%; mp 292293 °C. 5y (DMSO-d) 15.18 (br s,
1H), 9.35 (s, 1H), 8.42 (d, J = 7.5 Hz, 1H), 7.95—7.84 (m, 2H), 7.64
(ddd, J = 80, 5.5, 2.5 Hz, 1H), 7.40 (d, J = 8.5 Hz, 2H), 7.32 (d, ] =
8.5 Hz, 2H), 7.17 (s, 2H), 5.94 (s, 2H). 6 (DMSO-d;) 178.0, 169.8,
166.0, 150.4, 139.4, 134.9, 134.7, 134.3, 131.2, 127.14, 127.07, 126.4,
126.0, 125.7, 118.6, 108.0, 56.0. m/z LCMS [MH]* 375.0. m/z HRMS
(TOF ES*) C,H;iN,O5 [MH]"* caled 375.0981, found 375.0966.
HPLC: t; = 8.32 min, purity (254) = 97.8%, purity (214) = 97.9%
Ethyl 1-(4-Nitrobenzyl)-4-oxo-1,4-dihydroquinoline-3-carboxy-
late (7). White crystals; 22 h; 253 mg, 78%; mp 282—283 °C. dy
(DMSO-dy) 8.98 (s, 1H), 827 (dd, J = 8.0, 1.5 Hz, 1H), 822 (d, ] =
9.0 Hz, 2H), 7.67 (ddd, J = 8.5, 7.0, 1.5 Hz, 1H), 7.59—7.39 (m, 4H),
5.86 (s, 2H), 426 (q, ] = 7.0 Hz, 2H), 131 (t, J = 7.0 Hz, 3H). 6c
(DMSO-dy) 172.9, 164.6, 150.3, 147.0, 143.9, 138.9, 132.7, 1284,
127.6, 126.5, 125.0, 124.0, 117.5, 110.6, 59.8, 54.9, 14.3. m/z LRMS
(TOF ES*") [MH]* 353.4.HPLC: t; = 9.19 min, purity = 99.1%
General Procedure for Radical Bromination of Either p-
Toluenesulfonyl Fluoride or 1-(p-Tolyl)-1H-pyrrole-2,5-dione. p-
Toluenesulfonyl fluoride or 1-(p-tolyl)-1H-pyrrole-2,5-dione (50—
250 mg), N-bromosuccinimide (NBS) (1.1-1.8 equiv), and benzoyl
peroxide (0.0S equiv) were placed in a microwave vial with ethyl
acetate (4 mL), and the reaction mixture was stirred briefly to dissolve.
The vessel was sealed and reacted in the microwave for 30 min at 100
°C. The reaction mixture was filtered to remove any precipitated NBS,
then the solvent evaporated in vacuo. The target molecule was isolated
by column chromatography (stationary phase, silica; mobile phase,\
5:2 hexane:DCM or 2:1 chloroform:hexane). Percentage purity was
observed to be low due to difficulty in separating the desired
monobrominated product from the dibrominated side product.
p-Sulfonylfluorobenzyl Bromide (5). White crystalline powder; 293
mg, 81%; mp 65—66 °C. 5, (DMSO-dg) 7.92 (d, ] = 8.5 Hz, 2H), 7.58
(d, J = 8.0 Hz, 2H), 4.4 (s, 2H). 5. (DMSO-d,) 145.9, 1302, 129.0,
1282 (Yep = 48 Hz), 30.7. m/z LRMS (TOF ES™) [MBr]™: 331.2.
LCMS: tz = 6.04 min, purity = 87.4%.
1-(p-Tolyl)-1H-pyrrole-2,5-dione (6a). Step A: p-Toluidine (1.00 g,
9.33 mmol) was dissolved in DMF (15 mL) and maleic anhydride
added (1.1 g, 10.27 mmol). The reaction mixture was stirred at 110 °C
for 5 h, after which time the solvent evaporated in vacuo to yield the
intermediate (Z)-4-oxo0-4-(p-tolylamino)but-2-enoic acid as a yellow
solid (1.92 g, 100%); mp 180—181 °C. &y (DMSO-d,) 10.37 (br s,
1H), 7.96 (s, 1H), 7.52 (d, J = 8.5 Hz, 2H), 7.14 (d, ] = 8.0 Hz, 2H),
647 (d, ] = 12.0 Hz, 1H), 6.30 (d, J = 12.0 Hz, 1H), 2.27 (s, 3H). ¢
(DMSO-d,) 166.7, 163.0, 1359, 133.0, 131.6, 130.7, 129.2, 119.6,
20.5. m/z LCMS [M — H]~ 204.1. HPLC: t; = 7.45 min, purity =
97.3%. Step B: (Z)-4-Oxo-4-(p-tolylamino)but-2-enoic acid (2 g, 9.75
mmol) and sodium acetate (400 mg, 4.87 mmol) were refluxed in 10
mL of acetic anhydride at 120 °C for 2.5 h. The reaction mixture was
then cooled to RT and the solvent evaporated in vacuo. Addition of
methanol (30 mL) resulted in precipitation of the target compound as
yellow needle-like crystals that were collected by vacuum filtration.
The crude filtrate was concentrated and purified by column
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chromatography (stationary phase, silica; mobile phase, 3:1 chlor-
oform:hexane) to isolate additional product (925 mg, 51%); mp 151—
153 °C. 8 (DMSO-dg) 7.29 (d, J = 8.0 Hz, 2H), 7.20 (d, 2H, ] = 8.5
Hz), 7.17 (s, 2H), 235 (s, 3H). 6. (DMSO-d,) 170.0, 137.2, 134.6,
129.3, 128.9, 126.7, 20.7. m/z LCMS [MH]* 188.1. HPLC: t; = 7.36
min, purity = 96.5%

1-(4-(Bromomethyl)phenyl)-1H-pyrrole-2,5-dione (6b). Yellow
solid; 32 mg, 45%; mp 113—114 °C. &y (CDCl;) 743 (d, J = 8.5
Hz, 2H), 7.28 (d, 2H, J = 8.5 Hz), 6.79 (s, 2H), 444 (s, 2H); ¢
(CDCLy) 169.3, 137.4, 134.3, 131.2, 129.9, 126.1, 32.5. m/z LCMS
[MH]* 267.9. HPLC: t; = 8.52 min, purity = 81.9%.

Ethyl 1-(4-Aminobenzyl)-4-oxo-1,4-dihydroquinoline-3-carboxy-
late (8). Ethyl 1-(4-nitrobenzyl)-4-oxo-1,4-dihydroquinoline-3-carbox-
ylate (7) (700 mg, 2 mmol) was dissolved in dimethylformamide
(DMF) (25 mL). Then 10% Pd/C (20 mg) was added under a
nitrogen atmosphere, following evacuation of nitrogen, the reaction
mixture was stirred for § h at RT under a hydrogen atmosphere. The
reaction mixture was then filtered through Celite, washed with
methanol, and the solvents evaporated in vacuo to yield a yellow solid
that required no further purification (594 mg, 93%); mp 186—187 °C.
Sy (DMSO-dg) 8.88 (s, 1H), 8.29 (dd, ] = 8.0, 1.0 Hz, 1H), 7.80 (d, J
= 8.5 Hz, 1H), 7.78—7.70 (m, 1H), 7.49 (app t, ] = 7.0 Hz, 1H), 7.03
(d, ] = 8.5 Hz, 2H), 6.58 (d, J = 8.5 Hz, 2H), 549 (s, 2H), 5.19 (5,
2H), 429 (q, ] = 7.0 Hz, 2H), 1.34 (t, ] = 7.0 Hz, 3H). 5. (DMSO-d,)
1729, 1647, 149.5, 148.5, 139.0, 132.4, 1284, 1279, 1263, 124.8,
121.90, 117.9, 113.9, 109.8, 59.7, 55.6, 14.3. m/z LRMS (TOF ES*)
[M + HJ* 323.5. HPLC: t; = 6.01 min, purity = 95.1%

1-(4-Aminobenzyl)-4-oxo-1,4-dihydroquinoline-3-carboxylic Acid
(9). Ethyl 1-(4-aminobenzyl)-4-oxo-1,4-dihydroquinoline-3-carboxy-
late (8) (700 mg, 2.17 mmol) was stirred in 3:1 methanol:distilled
H,0 (12 mL). A solution of aqueous 1 M KOH, (6.51 mL, 6.51
mmol) was added and the reaction stirred for at 80 °C for 6.5 h, at
which point the reaction was allowed to cool to room temperature.
Following addition of 1 M HCly,) (7.60 mL, 7.60 mmol), the target
molecule precipitated out and was isolated as a yellow powder by
vacuum filtration and dried under vacuum overnight. (524 mg, 82%);
mp 215-216 °C. & (DMSO-dg) 15.24 (br s, 1H), 9.16 (s, 1H), 8.39
(dd, J = 8.0, 1.5 Hz, 1H), 8.02 (d, J = 8.5 Hz, 1H), 7.90 (ddd, J = 8.5,
7.0, 1.5 Hz, 1H), 7.64 (app t, ] = 7.5 Hz, 1H), 7.02 (d, ] = 8.5 Hz, 2H),
6.52 (d, J = 8.5 Hz, 2H), 5.63 (s, 2H), 5.19 (s, 2H). 8. (DMSO-dg)
178.0, 166.0, 150.2, 139.4, 1342, 133.8, 133.5, 128.0, 126.4, 125.9,
125.7, 1227, 118.6, 107.9, 55.9. m/z LRMS (TOF ES*) [M + HJ*
295.4. LCMS: tp = 4.5S min, purity = >99.0%

1-(4-(2-Bromoacetamido)benzyl)-4-oxo-1,4-dihydroquinoline-3-
carboxylic Acid (10). 1-(4-Aminobenzyl)-4-oxo-1,4-dihydroquinoline-
3-carboxylic acid (9) (200 mg, 680 ymol) was stirred in acetonitrile (8
mL) in a dry ice/acetone bath. TEA (231.7 uL, 1.70 mmol) and
bromoacetyl bromide (65.6 uL, 748 umol) were added dropwise and
the reaction mixture allowed to slowly return to RT as the dry ice
evaporated. After 20 h stirring at RT, the precipitated target molecule
was isolated by vacuum filtration as a beige powder and washed with
0.1 M HCl(,y) to remove the residual base, followed by distilled water
to remove the residual acid, then dried under vacuum overnight (208
mg, 74%); mp 239—240 °C. 5,y (DMSO-dg) 15.23 (br s, 1H), 10.48 (s,
1H), 9.32 (s, 1H), 8.44 (d, ] = 8.0 Hz, 1H), 7.96—7.88 (m, 2H), 7.67
(ddd, J = 8.0, 5.0, 3.0 Hz, 1H), 7.61 (d, ] = 8.5 Hz, 2H), 7.33 (d, ] =
8.5 Hz, 2H), 5.88 (s, 2H), 4.07 (s, 2H). 5. (DMSO-dg) 178.0, 171.0,
165.4, 150.1, 138.9, 134.1, 130.5, 130.0, 127.3, 126.4, 125.9, 125.7,
119.8, 118.7, 107.8, 61.8, 56.1. m/z LRMS (TOF ES*) [M — Br]*
335.4. m/z HRMS (TOF ES”) C,H,BrN,0, [M — H]" caled
413.0142, found 413.0141. HPLC: t; = 8.60 min, purity (254) =
99.1%, purity (214) = 97.9%

1-(4-Isothiocyanatobenzyl)-4-oxo-1,4-dihydroquinoline-3-car-
boxylic Acid (11). 1-(4-Aminobenzyl)-4-oxo-1,4-dihydroquinoline-3-
carboxylic acid (9) (S0 mg, 170 ymol) was stirred in dry DCM (4 mL)
under a N, atmosphere. 1,1’-Thiocarbonyl diimidazole (41.5 mg, 233
uL) and DMAP (1.89 mg, 15.5 pmol) were added and the reaction
mixture stirred at RT for 5 h. The reaction mixture was partitioned
between chloroform (20 mL) and 1 M HCl,q) (20 mL) and the
aqueous layer extracted with chloroform (3 X 20 mL). The combined
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organic fractions were dried over anhydrous MgSO,, filtered, and the
solvent evaporated in vacuo to yield the target molecule as a fine pearly
white powder (54.7 mg, 96%); mp 237—238 °C. §;; (DMSO-d,) 15.14
(s, 1H), 9.30 (s, 1H), 8.41 (dd, ] = 8.0, 1.5 Hz, 1H), 7.87 (ddd, ] = 8.5,
7.0, 1.5 Hz, 1H), 7.81 (d, ] = 8.5 Hz, 1H), 7.64 (ddd, ] = 8.0, 7.0, 1.0
Hz, 1H), 742 (d, ] = 8.5 Hz, 2H), 7.36 (d, J = 8.5 Hz, 2H), 5.90 (s,
2H). 5. (DMSO-d;) 178.0, 165.9, 150.4, 139.3, 135.3, 134.2, 133.7,
129.6, 128.1, 12645, 126.41, 126.0, 125.7, 118.5, 108.0, 55.8. m/z
LCMS [MH]* 337.1. m/z HRMS (TOF ES*) C,H,,N,05 [M + H]*
caled 337.0569, found 337.0639. HPLC: ty = 10.76 min, purity (254)
= 97.7%, purity (214) = 97.4%

Crystallography. Intensity data were collected with an Oxford
Diffraction SuperNova CCD diffractometer using Cu Ka radiation,
and the temperature during data collection was maintained at 100.0(1)
using an Oxford Cryosystems cooling device. The structure of
compound 4a was solved by direct methods and difference Fourier
synthesis.** Thermal ellipsoid plots were generated using the program
ORTEP-3* integrated within the WINGX* suite of programs.

Crystal Data for 4a. C;H;;NO;, M = 279.28, T = 100.0 K, A =
1.54180, orthorhombic, space group Pna2,, a = 16.2869(6) b =
15.6800(6), ¢ = 5.0797(2) A, V 1297.25(9) A%, Z = 4, D, = 1.430 mg
M u(Cu Ka) 0.808 mm™", F(000) = 584, crystal size 0.67 X 0.04 X
0.02 mm?, 3118 reflections measured, 1714 independent reflections
[R(int) = 0.0367]; the final R was 0.0578, [I > 26(I)] and wR(F?) was
0.1601 (all data).

Pharmacology. Radioligand Competition Whole Cell Binding
Assays. Plate preparation: FlpIn-CHO cells stably expressing human
muscarinic M, receptors (hM; mAChR FlpIn-CHO) were cultured at
37 °C in 5% CO, in Dulbecco’s Modified Eagle Medium (DMEM)
supplemented with 5% (v/v) fetal bovine serum (FBS) and 16 mM
HEPES. Cells were seeded into white opaque Isoplates at 8.0 X 10°
cells per well and then grown at 37 °C for 20—24 h. Cells were then
washed twice with cold HEPES-buffered saline, 140 uL per well, cold
HEPES-buffered saline was added, and the plates kept on ice. Assay
protocol: A stock solution of ACh (107 M) was made up in cold
HEPES-buffered saline. Stock solutions of the interacting allosteric
ligands of choice (107> M) were made up in DMSO. Dilutions of all
ligands were made up in cold HEPES-buffered saline at 10X the
required concentration and added to stock plates on ice. Cells were
equilibrated at 4 °C for 4 h with 20 L of ACh, 20 uL of a single
interacting allosteric ligand, and 20 uL of 0.1 nM [*H]NMS (total
volume 200 uL per well). Assay termination and data collection:
Assays were terminated by media removal, 2 X 200 yL per well washes
with 0.9% NaCl solution and addition of 100 yL per well Microscint-
20 scintillation liquid. The levels of remaining bound radioligand, and
therefore the degree of radioligand displacement, was measured in
disintegrations per minute (dpm) on the Microbeta2 LumiJET 2460
microplate counter (PerkinElmer).

AlphaScreen ERK1/2 Phosphorylation Assays. Plate preparation:
FlpIn-CHO cells stably expressing human muscarinic M, receptors
(hM; mAChR FlpIn-CHO) were cultured at 37 °C in 5% CO, in
DMEM supplemented with 5% (v/v) FBS and 16 mM HEPES. Cells
were seeded into transparent 96-well plates at 5 X 10* cells per well
and grown for 6 h. Cells were then washed once with phosphate-
buffered saline (PBS) and incubated in serum-free DMEM (180 uL
per well) at 37 °C overnight (16—18 h) to allow FBS-stimulated
phosphorylated ERK1/2 levels to subside. Time course assays: A stock
solution of ACh (107 M) was made up in Milli-Q water. Stock
solutions of the test ligands (107> M) were made up in DMSO. All
ligands were diluted to 107 M in serum-free DMEM. Ligand additions
(20 uL) were made at predetermined time points over a 30 min period
(30, 25, 20, 15, 10, 8, 6, S, 3, and 1 min) with the cells being incubated
at 37 °C following each addition. FBS, which triggers ERK1/2
phosphorylation via a tyrosine kinase receptor, was added at 6 min as a
measure of the maximal levels of pERK1/2 production. Concen-
tration—response curves (CRCs): A stock solution of ACh (1072 M)
was made up in Milli-Q water. Stock solutions of the test ligands (1072
M) were made up in DMSO. Dilutions of all ligands were made up in
FBS-free media at 10X the required concentration and added to stock
plates. Cells were incubated at 37 °C with 20 uL per well of each
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concentration of all compounds at S min (as determined by time
course assays). Interaction studies: A stock solution of ACh (107> M)
was made up in Milli-Q water. Stock solutions of the allosteric test
ligands and atropine (107> M) were made up in DMSO. In the case of
the allosteric ligand interactions, dilutions of ACh and the interacting
ligand were made up in FBS-free media at 20X the ideal concentration
range (as determined by CRC assays). Equal volumes of each
concentration of ACh and each concentration of the interacting ligand
of choice were premixed in stock plates. Cells were incubated at 37 °C
with 20 uL per well of each ligand mixture at S min (as determined by
time course assays). In the case of atropine, dilutions of ACh and
atropine were made up in FBS-free media at 10X the ideal
concentration range as determined by laboratory colleagues. Atropine
was equilibrated with the receptor at 30 min before the addition of
ACh at 5 min. Assay termination and data collection: Agonist-
stimulated ERK1/2 phosphorylation was terminated by the removal of
drugs and the addition of 100 uL p/well of SureFire lysis buffer. The
cell lysates were agitated for 5—10 min. Following agitation, S uL of
cell lysates were transferred into a 384-well white opaque Optiplate,
followed by addition of 8.5 uL of a solution of reaction buffer/
activation buffer/acceptor beads/donor beads in a ratio of 6/1/0.3/0.3
(v/v/v/v) under green light conditions. The plates were then
incubated at 37 °C in the dark for 1 h, and fluorescence was
measured on a Fusion-a plate reader (PerkinElmer) using standard
AlphaScreen settings.

Radioligand Saturation Whole Cell Binding Assays. Plate
preparation: FlpIn-CHO cells stably expressing human muscarinic
M, receptors (hM; mAChR FlpIn-CHO) were cultured at 37 °C in
5% CO, in DMEM supplemented with $% (v/v) FBS and 16 mM
HEPES. Cells were seeded into white opaque Isoplates at 7.0 X 10°
cells per well and then grown at 37 °C for 6 h. Cells were then washed
once with PBS and incubated in serum-free DMEM (160 uL per well)
at 37 °C overnight (16—18 h). Preincubation with controls and test
ligands: A stock solution of ACh (107> M) was made up in Milli-Q
water. A stock solution of AChM was made up in ethanol. Stock
solutions of other test ligands (107> M) were made up in DMSO. All
ligands were diluted to 107> M in HEPES-buffered saline, except
AChM, which was diluted to 107 M in 50 mM phosphate buffer and
incubated at 37 °C for 20 min to form the reactive aziridinium ion and
then stored on ice and used as quickly as possible. Buffer controls
(10% DMSO/HEPES-buffered saline and 10% ethanol/50 mM
phosphate buffer) were also made up. Ligand additions (20 and 20
uL buffer for single ligand additions), for a final volume of 200 uL,
were made at 30 min (or at S, 10, 15, or 20 min during experimental
optimization) and the cells incubated at 37 °C, during which time any
irreversible binding of the test ligands would be expected to take place.
Cells were then washed twice with cold PBS and 160 uL per well of
cold HEPES-buffered saline was added and the plates kept on ice.
Assay protocol: Stock solutions of [PHJNMS (1077 and 107 M)
were made up in HEPES-buffered saline. Dilutions of [*H]NMS were
made up in HEPES-buffered saline at 10X the required concentration
and added to a stock plate. A stock solution of atropine (10™* M) was
made up at 10X the required concentration. Cells were equilibrated at
4 °C for 4 h with 20 uL of HEPES-buffered saline (specific wells) or
20 uL of atropine (nonspecific wells) and 20 uL per well of each
concentration of [PH]NMS (total volume 200 uL per well). Assay
termination and data collection: Assays were terminated by media
removal, 2 X 200 uL per well washes with 0.9% NaCl solution, and
addition of 100 L per well of Microscint-20 scintillation liquid. The
levels of remaining bound radioligand, and therefore the degree of
radioligand displacement was measured in disintegrations per minute
(dpm) on the Microbeta2 LumiJET 2460 microplate counter
(PerkinElmer).

Radioligand Saturation Membrane Binding Assays. Membrane
preparation: Preprepared FlpIn-CHO cell membranes stably express-
ing human muscarinic M, receptors (hM; mAChR FlpIn-CHO) were
thawed, diluted to a concentration of 1250 yg/mL, and resuspended
using the hand-held homogenizer (at slow speed to minimize
frothing). Ultracentrifuge tubes (one per buffer/ligand treatment)
were labeled, 500 pg of membrane pipetted into each, the volume
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made up to 8 mL with cold HEPES-buffered saline, and the tubes kept
on ice. Preincubation with controls and test ligands: A stock solution
of ACh (107> M) was made up in Milli-Q water. A stock solution of
AChM was made up in ethanol. Stock solutions of other test ligands
(1072 M) were made up in DMSO. All ligands were diluted to 107> M
in HEPES-buffered saline, except AChM which was diluted to 107> M
in 50 mM phosphate buffer and incubated at 37 °C for 20 min to form
the reactive aziridinium ion and then stored on ice and used as quickly
as possible. Buffer controls (10% DMSO/HEPES-buffered saline and
10% ethanol/S0 mM phosphate buffer) were also made up. Then 1
mL ligand additions (and 1 mL buffer for single ligand additions), for a
final volume of 10 mL, were made at 30 min and the membrane tubes
incubated in a water bath at 37 °C, during which time any irreversible
binding of the test ligands would be expected to take place. Then 10
mL of ice-cold HEPES-buffered saline was added, and then additional
ice cold buffer was added to bring all tubes to equal mass. Tubes were
centrifuged on the Sorval Ultracentrifuge at 4 °C for 20 min at 40000
rpm. The supernatant was discarded, the membranes were
resuspended thoroughly in 1 mL of ice-cold HEPES-buffered saline,
and an additional 19 mL of ice-cold buffer added, and the tubes
brought to equal mass again. Tubes were centrifuged again on the
Sorval ultracentrifuge at 4 °C for 20 min at 40000 rpm. Two
centrifugation steps were used in place of the PBS washes in the whole
cell binding experiment described previously. The supernatant was
discarded and the membranes resuspended in 400 uL of cold HEPES-
buffered saline. A Bradford assay was performed to ascertain the
concentration of membrane in each treatment tube, and then the
required amount of cold HEPES-buffered saline was added to bring
the concentration of each to 30 ug/mL. Assay protocol: Stock
solutions of [PH]NMS (1077* and 10~® M) were made up in HEPES-
buffered saline. Dilutions of [PH]NMS were made up in HEPES-
buffered saline at 10X the required concentration. A stock solution of
atropine (10™* M) was made up at 10X the required concentration.
Membranes (100 uL per tube) were equilibrated at 37 °C for 1 h with
100 uL of HEPES-buffered saline (specific wells) or 100 uL of
atropine (nonspecific wells) and 100 uL per well of each concentration
of [PH]NMS (in the required amount of HEPES-buffered saline to
make a total volume of 1 mL per tube). Assay termination and data
collection: Assays were terminated by harvesting the tubes in the
Brandel harvester and rinsing tubes twice with 2 mL of ice-cold 0.9%
NaCl solution. Membranes were dried under the heat lamp, picked,
and placed into 6 mL scintillation tubes. Then 4 mL per tube of
Ultima Gold scintillation liquid was added and the tubes capped,
vortexed, and left on the bench for 1 h at RT. The levels of bound
radioligand, and therefore the degree of radioligand blockade by any
irreversibly bound test ligands, was measured in disintegrations per
minute (dpm) on the TriCarb 2910 TR liquid scintillation analyzer
(PerkinElmer).

Data Analysis. All data analysis was managed using Prism 6
software (GraphPad Software, San Diego, CA). Experiments
measuring radioligand competition binding interactions were fitted
to the allosteric ternary complex model 1:

[A]
KaKp 1 (B] | al1][B]
[A] + ((l'[B]+KB)(1 + ?1 + K_B + KiKg ) (l)

where Y is the percentage (vehicle control) binding, [A], [B], and [I]
are the concentrations of [*H]NMS, the allosteric ligand, and ACh,
respectively, K, and Ky are the equilibrium dissociation constants of
[*H]NMS and the allosteric ligand, respectively, K is the equilibrium
dissociation constant of ACh, and @ and ' are the cooperativities
between the allosteric ligand and [*H]NMS or ACh, respectively.
Values of a (or @) > 1 denote positive cooperativity, values <1 (but
>0) denote negative cooperativity, and values = 1 denote neutral
cooperativity. Functional orthosteric and allosteric agonist concen-
tration—response curves were fitted via nonlinear regression to the
three-parameter logistic function 2:

Y =
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(Epax — basal)

E = basal + 1+ 10 7S ogA)

)
where E is response, E,,,, and basal are the top and bottom asymptotes
of the curve, respectively, log [A] is the logarithm of the agonist
concentration, and pECy, is the negative logarithm of the agonist

concentration that gives a response halfway between E_,, and basal.
Functional experiments measuring the interactions between ACh and
each allosteric ligand were fitted to the operational model of
allosterism and agonism 3***® to derive functional estimates of

modulator affinity, cooperativity, and efficacy.

E,(zy[A]l(Kg + af[B]) + 75[B]K,)"

"= AR, + KiKy + [BIK, + a[AJ[B])" + (cA[AI(K, + @B(B]) + tB[BIK,)

where E,, is the maximum attainable system response for the pathway
under investigation; [A] and [B] are the concentrations of orthosteric
and allosteric ligands, respectively; K, and Ky are the equilibrium
dissociation constants of the orthosteric and allosteric ligands,
respectively; 7, and 7y are the operational measures of orthosteric
and allosteric ligand efficacy (which incorporate both signal efficiency
and receptor density), respectively; n is a transducer slope factor
linking occupancy to response; « is the binding cooperativity
parameter between the orthosteric and allosteric ligand; and f denotes
the magnitude of the allosteric effect of the modulator on the efficacy
of the orthosteric agonist.'>* In all cases, the equilibrium dissociation
constant of each allosteric ligand was fixed to that determined from the
competition binding experiments.

Experiments measuring radioligand saturation binding were fitted to
the one site-specific binding model 4:

_ B[]

_m+w+mm

4)
where Y is the specific binding + nonspecific binding, B, is the
maximum receptor binding (in the same units as Y), [A] is the
concentration of [*H]NMS, and Kj is the equilibrium dissociation
constant of [*H]NMS in the same units as [A].

Statistical analyses were performed where appropriate using one-
way analysis of variance with Dunnett’s post test, and significance
indicated as follows: * = p < 0.05, ** = p <0.01, *** = p <0.001 and
R = p 20,0001
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B ABBREVIATIONS USED

AChM, acetylcholine mustard; ACN, acetonitrile; BQCA,
benzyl quinolone carboxylic acid (1-(4-methoxybenzyl)-4-oxo-
1,4-dihydroquinoline-3-carboxylic acid); CHO, Chinese ham-
ster ovary; CNS, central nervous system; COSY, correlation
spectroscopy; CRC, concentration—response curve; DCM,
dichloromethane; DIPEA, N,N-diisopropylethylamine; DMAP,
4-dimethylaminopyridine; DMEM, Dulbecco’s Modified Eagle
Medium; DMF, dimethylformamide; DMSO, dimethyl sulf-
oxide; ERK, extracellular-regulated kinase; FBS, fetal bovine
serum; GPCR, G protein-coupled receptor; HEPES, 2-[4-(2-
hydroxyethyl)-1-piperazinyl]ethanesulfonic acid; HMBC, het-
eronuclear multiple-bond correlation; HPLC, high performance
liquid chromatography; HRMS, high resolution mass spec-
trometry; HSQC, heteronuclear single quantum coherence;
LCMS, liquid chromatography—mass spectrometry; LRMS, low
resolution mass spectrometry; mAChR, muscarinic acetylcho-
line receptor; MP, melting point; NBS, N-bromosuccinimide;
NMR, nuclear magnetic resonance; NMS, N-methylscopol-
amine; PAM, positive allosteric modulator; PBS, phosphate-
buffered saline; RBF, round-bottomed flask; RT, room
temperature; SAR, structure—activity relationship; TCDI,
thiocarbonyldiimidazole; TEA, triethylamine; TFA, trifluoro-
acetic acid; THF, tetrahydrofuran; TLC, thin layer chromatog-
raphy; TOF, time-of-flight; WBC, whole cell binding
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ABSTRACT: The field of G protein-coupled receptor drug discovery has
benefited greatly from the structural and functional insights afforded by
photoactivatable ligands. One G protein-coupled receptor subfamily for which
photoactivatable ligands have been developed is the muscarinic acetylcholine
receptor family, though, to date, all such ligands have been designed to target the
orthosteric (endogenous ligand) binding site of these receptors. Herein we report
the synthesis and pharmacological investigation of a novel photoaffinity label,

: [/

o o 350 nm

UV light

photoaffinity-

photoactivatable
allosteric ligand

MIPS14S5S (4), designed to bind irreversibly to an allosteric site of the M, N e
muscarinic acetylcholine receptor; a target of therapeutic interest for the treatment
of cognitive deficits. MIPS1455 may be a valuable molecular tool for further
investigating allosteric interactions at this receptor.
KEYWORDS: Muscarinic, allosteric, photoactivatable, photoaffinity, BQCA, cognition
hotoaffinity labeling is a robust technique that is highly 9
amenable to the study of ligand interactions with G Rl N /©/ N
protein-coupled receptors (GPCRs).! The utility of photo- R R2><“ R
affinity labeling arises from the range of photoactivatable '
functionalities available for incorporation into both ligands and benzophenone diazirine  aryl azide

receptors,” the potential for applying this technique to study
any ligand—receptor’ or, indeed, receptor—receptor complex,?
and the ability to use the technique in tandem with more
recently developed computational, genetic, and crystallographic
technologies.

Photoaffinity labeling involves taking a known ligand or
receptor and incorporating a photoactivatable moiety; a
functional group capable of forming a reactive species (typically
a carbene, nitrene, or diradical) upon electronic excitation at a
specific wavelength of ultraviolet (UV) light. This species is
then able to rapidly react or “cross-link” with a chemical bond
of a neighboring entity in close proximity. Photoactivatable
ligands offer the significant advantage of temporal control of
reactivity, compared to affinity-labeled ligands containing, for
example, inherently reactive electrophilic functionalities. The
receptor may be pretreated with the “ground state” ligand prior
to photoactivation, increasing the likelihood of “capturing” the
ligand—receptor complex of interest. However, as with affinity-
labeled ligands, reasonable affinity for the receptor and a similar
pharmacological profile to the parent molecule are important to
ensure selective labeling of the binding site of interest.*

Photoactivatable functionalities that are routinely incorpo-
rated into known ligands include benzophenones, diazirines
and aryl azides (Figure 1).° Benzophenone-containing probes
undergo photoactivation at 350—360 nm and have the notable
advantages of higher chemical stability and higher cross-linking
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Figure 1. Three commonly used photoactivatable functionalities.

efficiency compared to diazirines and aryl azides. However,
their bulk means that they may result in a less accurate
representation of the parent ligand—receptor interaction.
Diazirines and aryl azides are hence more prudent choices if
incorporation of a benzophenone is likely to result in steric
clashes with the binding pocket.

Diazirines, which photoactivate at 350—380 nm, may also
prove to be an advantageous choice if considerable nonspecific
cross-linking is anticipated; they display low cross-linking
efficiency such that a covalent complex will only form if the
ligand has very high affinity for the receptor.” A considerable
drawback is that their synthesis can be complicated and time-
consuming. Aryl azides, while more synthetically accessible that
diazirines, require photoirradiation at <300 nm; wavelengths
likely to cause nonspecific damage to the biological system
under investigation.6

Photoaffinity labeling has considerably advanced our under-
standing of ligand—receptor and receptor—receptor interactions
at Family A GPCRs. The technique has enabled the
identification and structural characterization of ligand binding

o1 . . A
sites,"” provided early evidence for receptor dimerization,” and
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facilitated receptor purification that has subsequently aided
GPCR crystallization.8 Muscarinic acetylcholine receptors
(mAChRs) are Family A GPCRs that, due to their widespread
expression in the central nervous system,9 have been extensively
investigated as therapeutic targets for enhancing cognition and
alleviating psychotic symptoms in conditions such as
schizophrenia and Alzheimer’s disease.'® Examples of photo-
activatable ligands for mAChRs include aryl azide derivatives of
the potent orthosteric antagonists tropine,"" 3-quinuclidinyl
benzilate (3QNB),'> and N-methyl-4-piperidyl benzilate
(4NMPB).">"* In addition to the highly structurally conserved
orthosteric ligand binding site, the existence of multiple,
topographically distinct allosteric ligand binding sites at
mAChRs has been extensively experimentally validated.™*
While an array of mAChR allosteric ligands have subsequently
been developed,® our knowledge about the precise location
and structure of their binding sites and the interactions of
allosteric ligands within them is in its infancy. Hence,
photoactivatable ligands for allosteric sites may be of significant
worth to this field of research.

Herein we describe the development of a photoactivatable
irreversible allosteric ligand, MIPS14SS (4, Figure 2), for the
M, mAChR that may be useful in further probing the structural
and functional mechanisms governing allosteric ligand-mAChR

interactions.
O O F o O
N N
OCHj; OCH3
1 (BQCA) 2
pKg = 4.72 pKg = 4.96
aop =525 of =205
;B = 28 B = 150
F o O O O
N N
F

3 4 (MIPS1455)
pKg = 5.36 pKg = 4.82
of =740 ap =61
g = 240 w=1

Figure 2. Structures of BQCA (1), two BQCA analogues (2 and 3),
and the photoactivatable irreversible allosteric ligand MIPS145S (4).

The extensive structure—activity relationship studies'®
performed on the parent molecule, the highly selective M,
mAChR positive allosteric modulator benzyl quinolone
carboxylic acid (BQCA, 1, Figure 2)," guided our selection
of the benzophenone group as our photoactivatable function-
ality. Many high potency BQCA analogues contain biaryl and
fused aryl systems.ls_2 Specifically, replacement of the 4-
methoxy group with a phenyl ring (2 and 3, Figure 2) resulted
in improved affinity (pKg), positive cooperativity (), and
allosteric agonism (75).>*** This enabled us to confidently
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incorporate the benzophenone group into our ligand design
without concern about steric disruption of the ligand—receptor
binding interaction or functional activation.

Using [*H]N-methylscopolamine (NMS) competition radio-
ligand binding and ERK1/2 phosphorylaton assays performed
at human M,; mAChR-expressing Chinese hamster ovary
(CHO) cells, we confirm that the allosteric binding and
functional profile of BQCA, as well as the parent molecule’s
high mAChR subtype selectivity, is preserved in MIPS14S55.
Importantly, saturation radioligand binding assays using hM,
mAChR-expressing CHO cell membranes reveal the ability of
MIPS145S to irreversibly bind to the receptor following
photoactivation.

The quinolone carboxylic acid 5 was prepared in three steps
as previously described.”* Radical bromination of 4-methyl-
benzophenone gave a mixture of the desired monobrominated
6 and a small amount of dibrominated product. These
compounds display a similar retention time and were unable
to be separated by chromatographic methods. Fortunately, the
crude mixture was successfully employed in the N-benzylation
step to form the target molecule 4 in an acceptable yield (54%).

The allosteric binding and functional properties of BQCA
(1) and MIPS1455 (4) were assessed, utilizing methods
previously described,** by interacting the ligands with ACh in
[*H]NMS competition binding assays and ERK1/2 phosphor-
ylation functional assays conducted in CHO cells stably
expressing the hM; mAChR (Figure 3). MIPS14SS exhibited
a similar affinity to BQCA (MIPS145S Ky = 15 M compared
to BQCA K = 36 uM) and displayed positive binding (a = 61)
and functional (f = 1.1) cooperativity with the agonist ACh
and negative binding cooperativity with the antagonist
[PHINMS (log Anps] = —3.00) consistent with the two-state
model of receptor activity reported for BQCA.>> MIPS1455
also behaved as an allosteric agonist in its own right
(MIPS1455 75 = 11 compared to BQCA 75 = 28). ['H]NMS
competition binding curves and ERK1/2 phosphorylation
concentration—response curves for BQCA and MIPS1455 in
the absence of orthosteric agonist are available in Supporting
Information Figure 1.

Next, we repeated the [*’H]NMS competition binding assays
at the M,-M; mAChR subtypes to evaluate the selectivity
profiles of BQCA and MIPS1455. Neither significant positive
cooperativity with ACh nor negative cooperativity with
[PH]NMS was observed with either ligand, suggesting that
BQCA and MIPS14SS are unable to bind to, or else display
neutral cooperativity with, the M,-M; mAChRs (Supporting
Information Figure 2).

Finally, we performed [*H]NMS saturation membrane
binding assays to ascertain whether MIPS1455 is capable of
binding irreversibly to the M; mAChR. A protocol previously
reported by our laboratory®* was modified to incorporate a
photoactivation step. Specifically, following a 1 h preincubation
of M, mAChR-expressing CHO cell membranes with
MIPS145S, the sample was exposed to 350 nm UV light for
30 min at 4 °C;> optimal conditions to affect photolysis,
diradical formation, and covalent cross-linking by the
benzophenone functionality (Figure 4).

[*H]NMS saturation membrane binding assays revealed that
MIPS14SS is binding irreversibly to the M; mAChR; a
significant reduction in B, (total receptor density) was
observed following MIPS145S preincubation and photo-
activation compared to vehicle (B, (% vehicle) = 50.2%;
Figure SA,D). This is indicative of reduced [PH]NMS binding
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Figure 3. Pharmacological characterization of BQCA (1) and MIPS1455 (4) in a [’H]NMS-ACh competition binding assay (left) and an ERK1/2
phosphorylation functional assay (right). Experiments performed in hM; mAChR-expressing CHO cells in the presence of increasing concentrations
of ACh with or without increasing concentrations of BQCA (1) or MIPS1455 (4) (and, in the case of the binding assay, in the presence of a Kp,
concentration of radiolabeled orthosteric antagonist [*HJNMS (0.1 nM)). The binding cooperativity factor between [*H]JNMS and each allosteric
ligand was constrained to an arbitrary low value (log anys) = —3.00) consistent with very high negative cooperativity. Values represent the mean +

SEM from at least three experiments performed in duplicate.
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Figure 4. Scheme depicting UV photolysis, generation of a diradical
intermediate, and covalent bond formation by a benzophenone
functionality.

as a result of irreversible allosteric site occupation by
MIPS145S, with which the radioligand has high negative
cooperativity. No significant difference in B, was observed
following UV exposure of membranes preincubated with
BQCA (B, (% vehicle) = 88.6%, Figure SB,D). Importantly,
no change in B,,,, was observed following preincubation with
MIPS145S if the UV exposure step was omitted (B, (%
vehicle) = 90.3%, Figure SC,D).

Herein we report the development of MIPS1455, a
photoactivatable allosteric ligand for the M; mAChR. The
synthesis of the ligand was completed following previously
established methods (Scheme 1). In vitro [*H]NMS competi-
tion binding assays and ERK1/2 phosphorylation functional
assays confirmed that MIPS1455, like the parent molecule
BQCA, acts as an M; mAChR positive allosteric modulator
(Figure 3). Importantly, we demonstrate that MIPS14SS is
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capable of binding irreversibly to the M; mAChR following
photoactivation with 350 nm UV light (Figure $).

We postulate that this ligand may possess advantageous
properties compared to our previously reported irreversible
allosteric ligand MIPS1262 (see the Supporting Information
Figure 3 for structure),” which contains an electrophilic
isothiocyanate moiety.”* MIPS1262 is limited to reacting with
nucleophilic amino acid residues such as cysteine, serine and
lysine. Such a requirement may result in the ligand adopting a
distinct binding pose from that of BQCA in the allosteric
binding site in order to orient itself around such residues
(which may in turn lead to stabilization of a different receptor
conformation), making it difficult to extrapolate any structural
or functional findings to BQCA. Furthermore, the isothiocya-
nate moiety of MIPS1262 is inherently reactive, increasing the
likelihood that the ligand binds nonselectively to multiple sites
on the M; mAChR, in addition to the BQCA allosteric binding
site. In a more complex in vitro setting, this reactivity is also
likely to result in considerable off-target binding. In contrast,
the benzophenone MIPS14SS affords the advantages of
temporal control of reactivity, the ability to rapidly cross-link
with any neighboring methylene unit (within 3.1 A*) once
activated, and more closely mimicking the structure of higher
potency BQCA analogues than does MIPS1262. Furthermore,
we demonstrate that the high mAChR subtype selectivity of
BQCA is preserved with MIPS14SS (Supporting Information
Figure 2). While these experiments were performed with the
“ground state”, nonphotoactivated MIPS145S5, the results
suggest that this ligand has little to no affinity for the other
mAChRs and the likelihood of it cross-linking with these
receptors following photoactivation is greatly reduced. Taken
together, while MIPS1262 may serve as a useful ligand for
investigating allosteric interactions in a recombinant in vitro
setting, MIPS1455 may likely be a more favorable pharmaco-
logical tool for selectively probing structural and functional
allosteric interactions at the M; mAChR in both a recombinant
and native in vitro setting.
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Figure 5. Pharmacological characterization of MIPS1455 (4) and BQCA (1) in [PH]NMS saturation binding assays performed in hM; mAChR-
expressing CHO cell membranes in the presence of increasing concentrations of radiolabeled orthosteric antagonist [’H]NMS. (A) 1 h
preincubation with vehicle or MIPS145S, followed by 30 min exposure to 350 nm UV light. (B) 1 h preincubation with vehicle or BQCA, followed
by 30 min exposure to 350 nm UV light. (C) 1 h preincubation with vehicle or MIPS1455, without 30 min exposure to 350 nm UV light. (D) B,,,,
(% vehicle) bar graphs where values significantly different from vehicle are indicated by asterisk(s) (*) (where * = p < 0.0S, ** = p < 0.01, *** = p <
0.001, *#** = p < 0.0001, and ns = not significant). Values represent the mean + SEM from three experiments performed in duplicate.

Scheme 1. Synthesis of MIPS1455 (4)?
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“Reagents and conditions: (a) 6, DIPEA, ACN, 80 °C, 54%; (b) NBS,
benzoyl peroxide, EtOAc, microwave 120 °C.

B METHODS

Chemistry. General. All materials were reagent grade and
purchased commercially from Sigma-Aldrich or Matrix Scientific.
Anhydrous solvents were obtained from a MBraun MB SPS-800
Solvent Purification System. Analytical thin layer chromatography
(TLC) was performed on silica gel 60 F,g, precoated plates (0.25 mm,
Merck ART $5554) and visualized by ultraviolet light, iodine, or
ninhydrin as necessary. Silica gel 60 (Fluka) was used for silica gel flash
chromatography. Microwave reactions were performed in a CEM
Discover microwave reactor. Melting points (mp) were determined on
a Mettler Toledo MPS0 Melting Point System.

"H NMR spectra were routinely recorded at 400 MHz using a
Briiker Avancell Ultrashield Plus spectrometer equipped with a Silicon
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Graphics workstation. Chemical shifts () for all '"H NMR spectra are
reported in parts per million (ppm) using the center peak of the
deuterated solvent chemical shift as the reference: CDCl; (7.26) and
d¢DMSO (2.50).2° Each resonance was assigned according to the
following convention: chemical shift (5) (multiplicity, coupling
constant(s) in Hz, and number of protons). Coupling constants (J)
are reported to the nearest 0.5 Hz. In reporting spectral data, the
following abbreviations have been used: s, singlet; d, doublet; t, triplet;
q, quartet; p, pentet; m, multiplet; br, broad; app, apparent; as well as
combinations of these where appropriate.

3C NMR spectra were routinely recorded at 100 MHz using a
Briiker Avance 400 Ultra Shield Plus spectrometer equipped with a
Silicon Graphics workstation. Chemical shifts (5¢) for all *C NMR
spectra are reported in parts per million (ppm), using the center peak
of the deuterated solvent chemical shift as the reference: CDCl;
(77.16) and ds-DMSO (39.52).2

HSQC, HMBC, and COSY spectra were obtained using the
standard Briiker pulse sequence to assist with structural assignment of
the compounds.

Liquid chromatography—mass spectrometry (LCMS) was per-
formed on an Agilent 1200 Series coupled to the 6120 quadrupole
mass spectrometer. Elution was also monitored at 254 nm. High
resolution mass spectrometry (HRMS) analyses were recorded in the
specified ion mode using a LCT Premier XE TOF mass spectrometer
coupled to a 2795 Alliance Separations Module at cone voltages of 45
V (ESI+) and 60 V (ESI-).

Analytical reverse-phase high performance liquid chromatography
(HPLC) was performed on a Waters HPLC system using a
Phenomenex Luna C8 (2) 100 A column (150 X 4.6 mm, S pm)
and a binary solvent system; solvent A, 0.1% TFA/H,O; solvent B,
0.1% TFA/80% MeOH/H,O. Isocratic elution was carried out using
the following protocol (time, % solvent A, % solvent B): 0 min, 100, 0;
10 min, 20, 80; 11 min, 20, 80; 12 min, 100, 0; 20 min, 100, O; at a
flow rate of 1.0 mL/min monitored at 254 nm using a Waters 996
Photodiode Array detector.
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Characterization requirements for intermediate compounds were
set as mp, "H NMR, *C NMR, LCMS and HPLC (254 nm) or LCMS
purity. Characterization requirements for final compounds were set as
mp, 'H NMR, *C NMR, LRMS, HRMS, and HPLC (254 and 214
nm) purity >95%.

1-(4-Benzoylbenzyl)-4-oxo-1,4-dihydroquinoline-3-carboxylic
Acid (4). 4-Oxo-1,4-dihydroquinoline-3-carboxylic acid (180 mg, 952
umol), crude 4-(bromomethyl)benzophenone (6) (393 mg, 1.43
mmol), and acetonitrile (8 mL) were placed in an RBF and cooled to
0 °C in an ice bath. N,N-Diisopropylethylamine (DIPEA) (4 equiv)
was added, and the reaction stirred at 80 °C for 22 h. The reaction
mixture was cooled to room temperature, and the precipitated product
isolated as a white solid by vacuum filtration and washed with diethyl
ether (197 mg, 54%); mp 235—236 °C. &y (d¢-DMSO) 15.15 (s, 1H),
9.36 (s, 1H), 843 (dd, J = 8.0, 1.0 Hz, 1H), 7.93—7.82 (m, 2H), 7.75—
7.62 (m, 6H), 7.58—7.51 (m, 2H), 7.45 (d, J= 8.5 Hz, 2H), 6.02 (s,
2H). 6c (dDMSO) 195.1, 178.1, 165.9, 150.5, 140.2, 139.5, 136.8,
136.6, 134.3, 132.8, 130.2, 129.6, 128.6, 126.6, 126.5, 126.0, 125.7,
118.5, 108.1, 56.1. LCMS m/z [M + H]*: 384.1. m/z HRMS (TOF
ES*) C,,H,;,NO, [M + H]* calcd 384.1230, found 384.1226. HPLC:
tr = 9.88 min, purity (254) = 97.0%, purity (214) = 96.3%

4-(Bromomethyl)benzophenone (6). 4-Methylbenzophenone (200
mg, 1.02 mmol), N-bromosuccinimide (NBS) (218 mg, 1.22 mmol),
and benzoyl peroxide (12.3 mg, 51 smol) were placed in a microwave
vial with ethyl acetate (4 mL), and the reaction mixture was stirred
briefly to dissolve the reagents. The vessel was sealed and reacted in
the microwave for 15 min at 120 °C. The reaction mixture was filtered
to remove any precipitated NBS, and then the solvent evaporated in
vacuo. The target molecule was reacted on without any further
purification (crude mass: 577 mg); 8y (CDCly) 7.76—7.69 (m, 4H),
7.46-739 (m, SH), 447 (s, 2H). 6. (CDCL,) 1784, 1422, 1374,
137.3, 1327, 130.6, 130.4, 130.1, 129.0, 128.4, 126.6, 32.4. LCMS m/z
[M(®Br) + HJ]*: 277.0. LCMS: t; = 6.78 min, purity = 85.0%
monobrominated product, 15.0% dibrominated byproduct.

Pharmacology. [*H]NMS competition whole cell binding assays,
ERK1/2 phosphorylation assays, and data analysis were performed as
previously described.”* [*H]NMS saturation membrane binding assays
were performed as follows.

Membrane Preparation. Preprepared FlpIn-CHO cell membranes
stably expressing human muscarinic M, receptors (hM; mAChR
FlpIn-CHO) were thawed, diluted to a concentration of 1250 ug/mL,
and resuspended using a hand-held homogenizer (at slow speed to
minimize frothing). Ultracentrifuge tubes (one per buffer/ligand
treatment) were labeled, SO0 yg of membrane pipetted into each, the
volume made up to 9 mL with cold HEPES-buffered saline, and the
tubes kept on ice.

Preincubation with Controls and Test Ligands. Stock solutions of
MIPS1455 and BQCA (1072 M) were made up in DMSO. Ligands
were diluted to 10~ M in HEPES-buffered saline. A buffer control
(10% DMSO/HEPES-buffered saline) was also made up. One
milliliter buffer or ligand additions, for a final volume of 10 mlL,
were made, and the membrane tubes incubated in a water bath at 37
°C for 1 h. Membrane tubes were placed immediately on ice for 3 min
and then exposed to 350 nm UV light at 4 °C for 30 min. Next, 10 mL
of ice cold HEPES-buffered saline was added, and then additional ice
cold buffer was added to bring all tubes to equal mass. Tubes were
centrifuged on the Sorval ultracentrifuge at 4 °C for 20 min at 40 000
rpm. The supernatant was discarded, the membranes were washed and
resuspended thoroughly in 1 mL of ice cold HEPES-buffered saline (to
ensure the removal of any noncovalently bound ligand), an additional
19 mL of ice-cold buffer added, and the tubes brought to equal mass
again. Tubes were centrifuged again on the Sorval ultracentrifuge at 4
°C for 20 min at 40 000 rpm. The supernatant was discarded, and the
membranes resuspended in 400 L of cold HEPES-buffered saline. A
Bradford assay was performed to ascertain the concentration of
membrane in each treatment tube, and then the required amount of
cold HEPES-buffered saline was added to bring the concentration of
each to 30 pg/mL.

Assay Protocol. Stock solutions of [PH]NMS (1077 and 107 M)
were made up in HEPES-buffered saline. Dilutions of [*H]NMS were
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made up in HEPES-buffered saline at 10X the required concentration.
A stock solution of atropine (107" M) was made up at 10X the
required concentration. Membranes (100 uL per tube) were
equilibrated at 37 °C for 1 h with 100 yL of HEPES-buffered saline
(specific wells) or 100 uL of atropine (nonspecific wells) and 100 uL
per well of each concentration of [*H]NMS, in the required amount of
HEPES-buffered saline to make a total volume of 1 mL per tube.

Assay Termination and Data Collection. Assays were terminated
by harvesting the tubes in the Brandel harvester and rinsing tubes
twice with 2 mL of ice-cold 0.9% NaCl solution. Membranes were
dried under the heat lamp, picked, and placed into 6 mL scintillation
tubes. Then 4 mL per tube of Ultima Gold scintillation liquid was
added, and the tubes capped, vortexed, and left on the bench for 1 h at
RT. The levels of bound radioligand, and therefore the degree of
radioligand blockade by any irreversibly bound test ligands, was
measured in disintegrations per minute (dpm) on the TriCarb 2910
TR liquid scintillation analyzer (PerkinElmer).
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Chapter Four



Towards the Development of Rationally-Designed Bitopic

Ligands for the M1 Muscarinic Acetylcholine Receptor

Introduction

Following the lead of the message-address concept first published in the 1970s,! as well as
the pioneering work on bivalent ligands brought into prominence by Portoghese,? the
development of bitopic ligands has gained momentum over the past several years as a fruitful
method for targeting G protein-coupled receptors (GPCRs).>* A bitopic ligand, by definition,
is able to simultaneously engage an orthosteric site and an allosteric site of the same receptor.
Covalently linking the pharmacophores of known ligands for the orthosteric site and the
allosteric site to form a single chemical entity may result in the fusion of the desirable
features of the individual pharmacophores.®> Such rationally-designed hybrid ligands may

exhibit;

- improved affinity and potency compared to their orthosteric and allosteric constituents
alone
- improved subtype selectivity, as the allosteric moiety may form interactions with less
conserved amino acid residues of the receptor thereby localizing the non-selective
orthosteric moiety at the receptor subtype of interest
- improved pathway selectivity (or the promotion of stimulus bias) through stabilization
of a distinct receptor conformation from that engendered by the orthosteric and
allosteric constituents alone
Hence, such molecules present as potentially useful pharmacological tools to study GPCRs
that may pave the way towards novel, improved therapeutics. This was exemplified recently
by an important proof-of-concept study at the adenosine A: GPCR, where it was

demonstrated that bitopic ligands may be designed to activate signaling pathways that give
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rise to a therapeutic effect without activating pathways that give rise to on-target adverse

effects.®

Bitopic ligands at muscarinic acetylcholine receptors

The muscarinic acetylcholine receptors (MAChRS) represent an ideal subfamily of GPCRs
at which to probe bitopic interactions. Both orthosteric and allosteric interactions have been
extensively characterized at these receptors,” and their prospective therapeutic utility as novel
targets for the treatment of a range of central and peripheral disorders is well-established.®®
Furthermore, the discoveries made at these receptors may be reasonably hypothesized to be a
general feature of other structurally-similar Family A GPCRs.® There are numerous examples
of both previously-unappreciated and rationally-designed bitopic ligands at mMAChRs; largely

at the M2 subtype.

Previously-unappreciated bitopic ligands at mAChRs

By generating and pharmacologically evaluating a series of truncated derivatives of the M»
mAChR partial agonist McN-A-343 (1, Figure 1), Valant et al.*® were able to confirm that
this molecule in fact behaves in a bitopic manner; engendering stimulus bias (i.e. divergent G
protein-coupling specificity compared to classic mAChR agonists) and receptor subtype
functional selectivity. This seminal publication raised the possibility of uncovering hitherto
unappreciated bitopic mechanisms of action for other GPCR ligands, prompting the in-depth
study of another mAChR ligand, TBPB ([1-(1’-(2-tolyl)-1,4’-bipiperidin-4-yl)-1H
benzo[d]imidazol-2(3H)-one]) (2, Figure 1). TBPB was originally purported as an Mi
mAChR allosteric agonist following the observation that the molecule elicited an apparent
non-competitive interaction with the orthosteric antagonist atropine.!! However, this
molecule was re-classified as a bitopic ligand following the identification of “molecular

switches” within the structure of TBPB that convert the ligand from a M1 mAChR-selective
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agonist to a pan-mAChR orthosteric antagonist, and the observation that TBPB acts as an
orthosteric antagonist at the other mAChR subtypes.? This classification was further
confirmed by a “reverse engineering” study that employed truncated derivatives of TBPB to
identify the orthosteric and allosteric pharmacophores within the ligand.'® Other “allosteric
agonists” that are likely to be behaving bitopically are GSK1034702 (3, Figure 1), which
shows some structural similarity to TBPB, as well as AC-42, 77-LH-28-1, and AC260584 (4-

6, Figure 1), another distinct structural class of M; mAChR ligand.}4

e >
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TBPB 77-LH-28-1
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GSK1034702 AC260584 F
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Figure 1. Structures of McN-A-343 (1), TBPB (2), GSK1034702 (3), AC-42 (4), 77-LH-

28-1 (5) and AC260584 (6).

73



Rationally-designed bitopic ligands at mMAChRs

Fusion of the highly potent non-selective muscarinic orthosteric ligand iperoxo (7, Figure
3) with two different M2 mAChR-selective allosteric fragments via a six-carbon linker
resulted in bitopic ligands H1 and H2 (8a and 8b, Figure 2) that engendered a degree of
selectivity at the level of the receptor and at the level of signalling in hM2 mAChR-
transfected COS7 cells, though a reduction in affinity was observed compared to that of
iperoxo.’%” Another rationally-designed bitopic ligand, THRX-160209 (9, Figure 2),
demonstrated an apparent affinity several orders of magnitude higher than its monovalent
constituents, in addition to exhibiting subtype specificity for the M, mAChR.®® A recent
Nature Communications publication!® described the potential utility of bitopic ligands as
tools for ‘controlled” manipulation of GPCR conformational transitions. A series of elegant
experiments, including dynamic mass redistribution (DMR) and bioluminescence resonance
energy transfer (BRET), demonstrated that bitopic ligands can be used to affect
conformational changes in the allosteric vestibule of the M2 mAChR in a systematic manner.
Using four bitopic ligands (including H1 and H2'°) to probe specific structural hypotheses,
the authors were able to link the degree of spatial freedom/conformational flexibility in the
allosteric vestibule with the extent of receptor activation and the promiscuity of G protein-
coupling. Specifically, they found that receptor activation could be impaired or restored
depending on the positioning of the bulky allosteric component of the bitopic ligands and that
Gs signalling was more substantially impaired by conformational restriction of the vestibule
than G; signalling. Furthermore, in a recent Nature Chemical Biology communication, H2
was proposed to adopt two different orientations at the M2 mAChR, giving rise to two
functionally-divergent receptor populations.?® Whilst the ligand preferentially bound in a

bitopic manner and stabilized an active receptor conformation, it also bound in a purely
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allosteric manner, stabilizing an inactive receptor conformation; highlighting a novel

mechanism by which partial agonism at a GPCR may be achieved.

Taken together, both retrospective investigation of existing ligands and the rational design
of novel bitopic ligands have vyielded fascinating results that have enhanced our
understanding of ligand-GPCR interactions and broadened our view of the capabilities of this

class of ligands as both investigative tools and innovative prospective therapeutics.

THRX-160209 \\b
9 0]

Figure 2. Structures of H1 (8a) and H2 (8b), and THRX-160209 (9)

Project Aim and Design

Inspired by the research previously described at the M, mAChR,2 the aim of the present
study was to rationally-design, synthesize and pharmacologically characterize novel putative
bitopic ligands for the M1 mAChR that may provide similarly valuable mechanistic insights
into the function of this receptor. We were guided in our ligand design by the important
structural considerations highlighted by Lane et al.;?* namely, selection of appropriate

constituent molecules, the linkage point and the nature, length and flexibility of the linker.

75



Bitopic ligand design

Given the unparalleled potency of iperoxo (7, Figure 3) at the orthosteric site of mMAChRs??
and its successful incorporation into the hybrid molecules already discussed,%® we selected
this compound as the orthosteric pharmacophore for our putative M1 mAChR bitopic ligands.
For the allosteric pharmacophore we selected 1-(4-methoxybenzyl)-4-0xo-1,4-
dihydroguinoline-3-carboxylic acid (BQCA, 10, Figure 3), a highly selective, though low

affinity, M1 mAChR positive allosteric modulator (PAM) and allosteric agonist.?324

O O

BQCA iperoxo
10 7

Figure 3. Structures of the non-selective orthosteric muscarinic agonist iperoxo (7) and
the subtype selective M1 mAChR allosteric ligand BQCA (10) with our selected linkage

point circled in green

In selecting the appropriate constituent orthosteric and allosteric ligands to link together to
form a putative bitopic molecule, it is critical to consider the receptor conformational
preference of each ligand.?! When orthosteric and allosteric ligands that preferentially
stabilize an active conformation of the same receptor are co-bound, it is probable that they
will exhibit positive cooperativity; in that they enhance the binding affinity and/or functional
efficacy of one another.?#?® Such ligand combinations, which should prefer the same receptor
state, are likely to be more thermodynamically-favourable as building blocks in the

construction of a putative bitopic ligand. Iperoxo, as a high potency agonist, prefers an active
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receptor conformation; as does BQCA, which acts as a PAM of orthosteric agonists and a
negative allosteric modulator (NAM) of orthosteric antagonists, in accordance with the

Monod-Wyman-Changeux (MWC) two-state model.?*

Linker design

The crystal structures of the antagonist-bound M2 and Mz mAChRs, as well as the recently
published crystal structure of the nanobody-stabilized active state of the M2 mAChR co-
bound with iperoxo and the allosteric ligand LY2119620, have definitively established the
nature of the muscarinic orthosteric site and the extracellular (EC) vestibule allosteric
site.?>2728 The orthosteric site of MAChRs resides in the hydrophilic cavity embedded within
transmembrane (TM) domains 2-7. The quaternary ammonium moiety of iperoxo forms an
ionic interaction with a conserved aspartate residue in TM3, which is likely the case for other
muscarinic orthosteric agonists.?® Furthermore, the quaternary ammonium moiety also forms
cation-r interactions with three tyrosine residues which in turn hydrogen bond with each
other to form an “aromatic lid” that forms the key divide between the orthosteric site and the
EC vestibule allosteric site. LY2119620 forms critical interactions with residues in TM7, EC
loop 2 and EC loop 3; all previously purported to be involved in the “common” allosteric
binding site of MAChRs.3%3! Mutagenesis studies and molecular dynamics (MD) simulations
suggest that BQCA also interacts with this allosteric site.?*>*? However, whilst some common
structural features for allosteric ligand binding to the EC vestibule (at the M2 mAChR) have

33 it remains difficult to

been revealed through MD simulations and radioligand binding,
extrapolate the binding pose from one ligand to another given their structural diversity and

the flexibility of this receptor region.
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Given the high structural conservation observed between mAChRs, we took into account
the observations from these crystal structures, as well as the known muscarinic bitopic
ligands described earlier, in informing the nature, length and flexibility of the linkers we
selected for our putative M1 mAChR bitopic ligands. The rationally-designed bitopic ligands
H1, H2 and THRX-160209 all contain simple, flexible polymethylene linkers, so we felt
confident in applying this to our own design. Furthermore, we hypothesized that such a linker
may be likely to span the narrow divide between orthosteric and allosteric sites with minimal
disruption to the cation-r interactions formed with the “aromatic lid”, which appears to be a
critical feature of mMAChR activation;3% where polyethylene glycol, polyamide or bulkier
linkers might disrupt these interactions. In terms of linker length, we chose to synthesize
three putative bitopic ligands with 1-, 5- and 9-methylene linkers. This decision was based on
the observation that a linker of no more than a one carbon unit may be necessary to span the
orthosteric and allosteric sites of mMAChRs (given the pharmacophores of McN-A-343 and
TBPB, and the nature of the “aromatic 1id”’) but that a longer linker may indeed be favourable
(as in the structures of H1, H2 and THRX-160209). Our limited knowledge about the exact
location of the BQCA binding site, and therefore its proximity to the orthosteric site,
reinforced this decision; though MD simulations of the BQCA-M: mAChR interaction
suggest that a longer linker may be required.®> We selected the quaternary nitrogen as the
linkage point on iperoxo, in line with H1 and H2, and we selected the para-position of the
benzylic pendant as the linkage point on BQCA, in line with previous SAR studies that
demonstrate this region of the ligand as highly tolerant to a range of synthetic modifications,
in terms of the preservation or improvement of potency (green circles, Figure 3).36-%
Furthermore, the MD model of the BQCA-M1 mAChR interaction suggests that, whilst in
close proximity to TM7, this moiety extends into the space defining the entrance to the

orthosteric binding pocket.®? Past success in incorporating an amide into this region of BQCA

78



(Chapter 2%%) encouraged us to select this as an appropriate and synthetically-accessible

functionality to connect the BQCA scaffold to our methylene linkers.

Project design

Our experimental design was based on the flowchart reported by Lane et al. that we have

adapted in Figure 4.

Choose orthosteric and
allosteric pharmacophores

Orthosteric and allosteric
pharmacology confirmed? | No

Yes

Attach linker to each of the
pharmacophores

Orthosteric and allosteric "
pharmacology retained? No, change linker position

and/or length
Yes

Assemble putative bitopic
ligand

Confirm bitopic
pharmacology using the
below methods

- Assess against theoretical model predictions
- Assess sensitivity to orthosteric and allosteric site mutations
- Perform interaction studies against ortho/allo monovalents

Does the putative bitopic exhibit improved affinity, selectivity or a
novel stimulus bias?

Figure 4. A flowchart describing a method by which bitopic ligands can be rationally

designed and experimentally validated (adapted from Lane et al.?)

Iperoxo and BQCA were synthesized and pharmacologically characterized to confirm that
they exhibit positive binding and/or functional cooperativity at the M1 mAChR. Then to

assess the feasibility of introducing linkers into these molecules, iperoxo and BQCA
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analogues containing 1-, 5- and 9-methylene linkers were synthesized and pharmacologically
evaluated for the preservation of their respective orthosteric and allosteric binding and

functional profiles (11-15, Figure 5).

MOH
N o

1 carbon linker /N%O
L :

11 iperoxo
7

ww
N /\/\/'\/F\//\O/CN’\O

5 carbon linker
(@] I-
N)W

12 14

| oH /\/\/\/\/ | /[—\
+ = N\ ,O
w N\/\O N
9 carbon linker |
o -
N)WM

Figure 5. Structures of the BQCA analogues containing 1-, 5- and 9-methylene linkers
(11, 12 and 13), iperoxo (7), and analogues containing 5- and 9-methylene linkers (14

and 15)

Finally, two putative bitopic molecules were synthesized and pharmacologically evaluated
to estimate affinity and potency at the M1 mAChR. A bitopic mode of action is yet to be

confirmed. All pharmacological assessment was performed in Chinese hamster ovary (CHO)



cells expressing the M1 mAChR of interest using both radioligand binding and ERK1/2
phosphorylation assays. Pending more detailed pharmacological investigation, these ligands
may serve as useful molecular tools or as a starting point for M1 mAChR-selective

therapeutic lead compounds.
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Results

Synthesis of iperoxo and BQCA

Iperoxo (7) was synthesized in accordance with the convergent procedure reported by

Kloeckner et al.*' (Scheme 1).

ONO
HO/ W/\/ B "N

16 18 19

N\ vV

17 20
j ©
/
— O’(\/)
21

RN _=—_ /%
A=)

7 R=-CH,

14 R= -(CH2)4CH3

15R = -(CH2)80H3
Scheme 1. The synthetic pathway*! for iperoxo (7) and analogues 14 and 15. Reagents
and conditions: (a) dimethylammonium hydrochloride, 40% formaldehyde(.q), CuSO4.5H>0,
2 M NaOHgg), 80 °C, 20%; (b) sodium nitrite, DMSO, RT, 79%; (c) NaH, dry THF, N2, 65

°C, 80%; (d) iodoalkane, chloroform, RT, 70% (7), 46% (14), 17% (15).
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The reaction between isopentyl nitrite (18) and 1-bromo-3-chloropropane (19) was
reproducibly high yielding, despite requiring distillation to isolate the target molecule 20.
Conversely, the yield of 17 was often considerably lower than the 80% quoted in the
literature, which may be attributed to the difficulty in extracting the compound into an
organic medium following reaction completion; reflecting the isolatable yield, rather than the
actual yield. Reaction of 17 and 20 in the presence of sodium hydride under an inert
atmosphere gave 21 in excellent yield. Finally, reaction of 21 with iodomethane in
chloroform resulted in a white crystalline precipitate that was identified as pure iperoxo (7)

by *H NMR with the correct mass obtained by high resolution mass spectrometry (HRMS).

Despite the clean *H NMR spectrum, the high performance liquid chromatography (HPLC)
trace of iperoxo revealed at least two clear peaks suggestive of a substantial impurity (Figure
6). Recrystallization failed to resolve this issue, as did re-purifying the starting material 21
and repeating the reaction. We then hypothesized and subsequently confirmed that this effect
was due to the presence of the iodide counter-ion, as a HPLC trace of potassium iodide alone
produced a similar broad peak at a retention time of 2.4 min (Figure 6). The appearance of a
second, overlapping peak at this retention time in the iperoxo HPLC trace is possibly the
result of ion-exchange occurring in the HPLC column between the iodide ions of the

molecule and the trifluoroacetate (TFA) ions routinely included in the HPLC solvent mixture.

BQCA (10) was synthesised as described in Chapter 2.
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Figure 6. HPLC traces of iperoxo (top) and potassium iodide (bottom); the peak with a
retention time of 2.4 min is an artefact resulting from the presence of the iodide ions, the

peak with a retention time of 4.5 min is iperoxo

Confirming the positive cooperativity between iperoxo and BQCA

The degree of positive cooperativity between iperoxo and BQCA was assessed by
conducting [®BH]JNMS equilibrium whole cell binding interactions and ERKZ1/2
phosphorylation functional interactions between the two ligands in CHO cells stably
expressing the hM: mAChR (Figure 7). Applying the ternary complex model and the
operational model of allosterism to these data confirmed positive binding (o = 513) and
functional (B = 10) cooperativity between iperoxo and BQCA, supporting our rationale for

linking them together into putative bitopic molecules.
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Figure 7. Equilibrium whole cell binding and ERKZ1/2 phosphorylation functional
interaction studies between iperoxo and BQCA (in the presence of a Ko concentration of
[BHINMS in binding). Values represent the mean + S.E.M. from three experiments

performed in duplicate.

Synthesis of analogues of iperoxo and BQCA containing the 1-, 5- and 9-methylene
linkers

Iperoxo served as the 1-methylene linker orthosteric ligand. The 5-methylene and 9-
methylene iperoxo analogues 14 and 15 were synthesized in the same manner as iperoxo;
utilizing 1-iodopentane and 1-iodononane, respectively (Scheme 1). The iodide effect was
also observed in the HPLC traces of these molecules (see Appendix 5) so the 'H NMR

spectra were used to assess purity.

The N-benzylic pendants of the novel BQCA analogues 11 and 13 were synthesized in two
steps prior to reaction with the BQCA core (Scheme 2). 4-Aminobenzylalcohol (22) was
reacted with either acetic anhydride or decanoyl chloride to yield the corresponding
acetamide 24a or decanamide 24b. Functional group interconversion from the alcohol to the
bromide employing Appel conditions*? gave 25a and 25b and subsequent N-benzylation with
4-0x0-1,4-dihydroquinoline-3-carboxylic acid (synthesized in Chapter 2) gave the target

compounds 11 and 13. Yields were consistently higher for the 1-methylene compounds
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compared to the 9-methylene compounds. Surprisingly, this synthetic route was unable to be
applied to the 5-methylene analogue 12. The reaction between 4-aminobenzyl alcohol and
hexanoyl chloride resulted in a diacylated product (not shown). Subsequent saponification of
the unwanted ester was successful, but attempts to convert the resulting alcohol into the
bromide gave an unstable product that degraded during attempted purification by column
chromatography. Hence, an alternative 5-step procedure was employed (Scheme 2). 4-
Aminobenzylamine (23) was Boc-protected using Boc-anhydride to form 26 in quantitative
yield. Coupling with hexanoyl chloride gave the Boc-protected hexanamide 27 which was
then deprotected using trifluoroacetic acid to give 28 in good yield. Reaction with ethyl 3-
(dimethylamino)-2-(2-fluorobenzoyl)acrylate, followed by saponification with lithium

hydroxide, gave the target 5-methylene analogue 12.
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R/\©\ (a) Ho/\© o) (b) Br/\© o)
NH, HJ\R HJ\R

22 R =-OH 24aR=-CH, 25a R = -CHj
23 R =-NH, 24b R = -(CH,)gCH, 25b R = -(CH,)gCHj

j (@ l (©

BocHN/\©\ O O 0O O
26 N N
| e L1 Aol

H H
29 11 R=-CH;
BocHN/\© )OK/\/\ 12 R = -(CH,),CHs
N 13 R = -(CH2)8CH3
H
27

j )
HZN/\©\ 0
N)W
H

28

Scheme 2. The synthetic pathway for the BQCA analogues 11, 12 and 13. Reagents and
conditions: (a) acetic anhydride or decanoyl chloride, ACN, 0 °C, 78% (20a), 55% (20b); (b)
CBrs, PPh3, ACN, 0-80 °C, 89% (21a), 57% (21b); (c) 4-oxo-1,4-dihydroquinoline-3-
carboxylic acid, DIPEA, ACN, 80 °C, 87% (7), 22% (9); (d) Di-tert-butyl carbamate (Boc
anhydride), THF, 0 °C-RT, 100%; (e) hexanoyl chloride, TEA, DCM, 0 °C-RT, 72%; (f)
TFA, DCM, 0 °C-RT, 63%; (g) ethyl 3-(dimethylamino)-2-(2-fluorobenzoyl)acrylate, dry

DMF, N3, 100 °C, 70%: (h) 1 M LiOHqg), THF, 80 °C, 38%.
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Pharmacological evaluation of analogues of iperoxo and BQCA containing the 1-, 5- and
9-methylene linkers

The same experimental protocols described for iperoxo and BQCA were utilized to
investigate the pharmacological profiles of our linker-containing iperoxo and BQCA
analogues (11-15). The BQCA analogues (11, 12, and 13) were interacted with iperoxo
(Figure 8, Table 1) and the iperoxo analogues (14 and 15) were interacted with BQCA
(Figure 9, Table 1). The BQCA analogue 11, containing the 1-methylene linker, still
behaved as a PAM of iperoxo though with a markedly reduced binding cooperativity (from
o= 513 to a = 4). Replacement of the 4-methoxy group with a bulkier acetamide
functionality may have disrupted the alignment of the benzylic pendant of BQCA with the
W400 amino acid residue in TM7; this residue is postulated to form a n—= interaction with
the benzylic pendant and appears to be critical for BQCA binding and cooperativity
transmission. Interestingly, the 5-methylene linker BQCA analogue 12, whilst maintaining
a comparable degree of binding cooperativity to that of 11, actually elicited an increase in
functional cooperativity with iperoxo exceeding that of the parent molecule (from = 10 to
= 33). This suggests that this linker is engaging additional interactions or that the molecule as
a whole is adopting a subtly different pose to BQCA that may be facilitating the enhanced
transmission of functional cooperativity. The 9-methylene linker BQCA analogue 13, whilst
clearly still binding to the M1 mAChR, exhibited close to neutral cooperativity with iperoxo.
Its pharmacological profile suggests that it may be behaving as either a neutral allosteric
modulator or a competitive agonist. In the case of the former, introduction of the linker
appears to have dramatically compromised the conformational compatibility, and hence
positive cooperativity, observed between iperoxo and BQCA (from a8 = 5012 to a8 = 0.89);
either by disrupting interactions that BQCA usually adopts with residues that propagate

positive cooperativity, or by engaging additional interactions that do not favour co-binding
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with iperoxo. In the case of the latter, 13 may be bridging both the orthosteric and allosteric
sites, with the linker extending into the orthosteric pocket and giving rise to a competitive

relationship with iperoxo.
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Figure 8. Equilibrium whole cell binding and ERKZ1/2 phosphorylation functional
interaction studies between iperoxo and the BQCA analogues 11-13 (in the presence of a
Kb concentration of [*BHJNMS in binding). Values represent the mean + S.E.M. from

three experiments performed in duplicate.

The equilibrium dissociation constants of both iperoxo analogues 14 and 15 were lower

than that of iperoxo, however both were still able to fully displace [*H]JNMS binding.
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Furthermore, both analogues retained high positive binding cooperativity with BQCA, though

not as pronounced as that of iperoxo.
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Figure 9. Equilibrium whole cell binding and ERK1/2 phosphorylation functional
interaction studies between the iperoxo analogues 14-15 and BQCA (in the presence of a
Kb concentration of [PH|JNMS in binding) Values represent the mean + S.E.M. from

three experiments performed in duplicate.

Taken together, we can conclude that the attachment of methylene linkers to the para-
position of the benzylic pendant of BQCA and the tertiary amine of iperoxo does not abolish
binding at the M: mAChR. Furthermore, these results demonstrate that the allosteric
character of BQCA is preserved in analogues 11 and 12, whereas 13 may be behaving in a
neutral allosteric or competitive manner, and analogues 14 and 15 maintain the orthosteric
profile of the parent molecule iperoxo. An undeniable caveat of this approach is that there is

no guarantee that the individual interacting ligands are adopting the same binding poses as
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they would if they were pharmacophores within a single bitopic molecule. None the less,
these results provide us with a reasonable rationale for the synthesis of the commensurate

putative bitopic molecules.

Table 1. Equilibrium dissociation constants in competition with [*H]NMS and binding
and functional cooperativity parameters for BQCA, BQCA analogues 11-13, iperoxo

and iperoxo analogues 14-15

PKB* | logafiperoxol ()’ 10gafiperoxo] ()° Priperoxol”
BQCA | 4.12 [ 3.70+0.24 (5012) | 2.71 £0.09 (513) | 10
11 547 [147+024(30) |0.62+0.11 (4) 7
12 449 [2.22+0.23(166) | 0.71+0.15(5) 33
13 575 |-0.05+0.22 (0.89) | -0.48 £ 0.19 (0.33) | 3
pKA” | logafsacal (af)’  logarsaca) (o) fisacar’
Iperoxo | 7.38 | 3.70 = 0.24 (5012) | 2.71 £0.09 (510) | 10
14 546 [241+£027(257) |135+021(22) |11
15 6.23 |2.57+0.18(372) | 1.80£0.12(63) 6

Estimated parameter values represent the mean + S.E.M. from three to four experiments performed in

duplicate

“ Negative logarithm of the equilibrium dissociation constant of each ligand

b Logarithm (and antilogarithm) of the product of the binding and activation cooperativity factors
between the orthosteric ligand and the allosteric ligand

¢ Logarithm (and antilogarithm) of the binding cooperativity factor between the orthosteric ligand and
the allosteric ligand

“ Logarithm (and antilogarithm) of the activation cooperativity factor between the orthosteric ligand
and the allosteric ligand (derived by fixing the binding cooperativity value to that estimated for each
ligand in whole cell binding experiments — Log )
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Synthesis of the 1-, 5- and 9-methylene linker putative bitopic molecules

Synthesis of the target putative bitopic molecules proved to be more challenging than
expected, with three different synthetic approaches and some design modification undertaken

before two of the three molecules were successfully synthesized.

Approach 1 (Scheme 3)

Compounds 30a and 30b were synthesized according to Chapter 2. Reaction between 30a
and bromoacetyl bromide gave 31a in good yield. This compound was subsequently reacted
with iperoxo analogue 21 in a nucleophilic substitution reaction to form the target 1-
methylene putative bitopic molecule 33a, which was easily isolated in good yield following
precipitation from the reaction mixture and required no further purification. Reaction of
either 30a or 30b with either 6-bromohexanoyl chloride or 10-bromodecanoyl chloride gave
rise to complex mixtures that were difficult to separate by column chromatography. Hence,
an alternative method was employed for the synthesis of 31b and 31c. Compound 30b was
reacted with either 6-bromohexanoic acid or 10-bromodecanoic acid using a peptide coupling
reagent (either COMU or HCTU, respectively) and DIPEA in DMF to give 31b and 31c in
modest yields. Compounds 31b and 31c were reacted in the same manner as 31a to give the

penultimate 5-methylene and 9-methylene putative bitopic esters 32b and 32c.
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Scheme 3. The synthetic pathway for the putative bitopic iperoxo-BQCA hybrid
molecules 33a, 33b and 33c. Reagents and conditions: (a) bromoacetyl bromide, TEA, ACN,
-80 °C-RT, 74% (27a); (b) 6-bromohexanoic acid or 10-bromodecanoic acid, COMU or
HCTU, DIPEA, DMF, 0 °C - RT, 34% (27b), 21% (27c); (c) 4-((4,5-dihydroisoxazol-3-
yl)oxy)-N,N-dimethylbut-2-yn-1-amine (21), ACN, 80 °C, 83% (28b), 24% (28c); (d) 4-
((4,5-dihydroisoxazol-3-yl)oxy)-N,N-dimethylbut-2-yn-1-amine (21), ACN, 80 °C, 78%); (e)
LiOH.H20, distilled H2O, 0 - 70 °C or HBr (33% w/w in acetic acid), distilled H20, 0 - 80

°C.

Attempts to cleave the ester via saponification appeared to result in nucleophilic attack of
the C=N bond of the dihydrooxazole within the iperoxo moiety and hydrolysis to form the

alcohol (Figure 10) as indicated by LCMS (Appendix 5); though this molecule was never
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isolated from the complex mixture. Attempts to cleave the ester under acidic conditions
resulted in hydrolysis of the amide to the ammonium bromide salt (Figure 11) as confirmed

by *H NMR and LCMS (Appendix 5).
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Figure 11. Proposed mechanism for the acid-catalyzed side reaction of 32b
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Approach 2 (Scheme 4)

An alternative approach, focussing on the 5-methylene putative bitopic molecule, was
undertaken whereby the ester was converted to the acid earlier in the synthesis to avoid the
complications experienced in the final step in Approach 1. A coupling reaction between 30b
and 6-hydroxyhexanoic acid gave 34 in moderate yield, and subsequent ester saponification

gave 35 in quantitative yield.

o O

O 0] O O

N O/\
N N N
Aol L O

N oo oo

30b

Ha
34 35
O 0
N L N
HWW\ X o NJ\MX
36b X = OTos
36¢ X = Cl

33b 36a X = Br
Scheme 4. The synthetic pathway for the putative bitopic iperoxo-BQCA hybrid
molecule 33b. Reagents and conditions: (a) 6-hydroxyhexanoic acid, COMU, DIPEA, DMF,
0 °C - RT, 53%; (b) 1 M KOHq), 3:1 MeOH:water, 80 °C, quantitative; (c) CBrs, PPhg,
ACN, 0-80 °C; (d) tosyl chloride, TEA, DCM, RT; (e) thionyl chloride (in ACN or neat), 0-

80 °C.
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Unfortunately, attempts to convert the alcohol of 35 into a suitable leaving group prior to
quaternization were unsuccessful. No reaction was observed under Appel conditions, whereas
tosylation and chlorination both resulted in complex mixtures, most likely due to the

reactivity of the carboxylic acid.

Approach 3 (Scheme 5)

Given that the presence of the carboxylic acid moiety was clearly impeding the completion
of the synthesis, it was decided to replace it with a functionality less likely to pose a synthetic
liability. The (1S, 2S)-2-hydroxycyclohexyl amide was selected as it has previously been
incorporated into the BQCA scaffold without affecting a loss of M1 mAChR affinity and
leading to a gain in positive cooperativity with ACh (Figure 12).** The approach involved
installing the carboxamide moiety into the BQCA scaffold prior to linker attachment and

reaction with iperoxo analogue 21.

OH
N N
T, O
O/ O/
37 38
pKB =5.0 pKB =5.0
af =205 aff = 840

Figure 12. Structures of 37 and 38, fluorinated BQCA analogues that illustrate the
preserved affinity and improved cooperativity observed upon replacement of the

carboxylic acid with the (1S, 2S)-2-hydroxycyclohexyl amide
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Scheme 5. The synthetic pathway for the putative bitopic iperoxo-BQCA hybrid
molecule 44. Reagents and conditions: (a) LIOH.H2O¢), 1:1 THF:water, RT, 57%; (b)
(1S,2S)-2-aminocyclohexanol hydrochloride, HCTU, DIPEA (in DCM), DMF, RT, 97%; (c)
H2, 10% Pd/C, DMF, RT, 92%; (d) 6-bromohexanoic acid, HCTU, DIPEA (in DCM), DMF,
RT, 75%; (e) 4-((4,5-dihydroisoxazol-3-yl)oxy)-N,N-dimethylbut-2-yn-1-amine (21), ACN,

80 °C, 36%.

Ester saponification of 39 using lithium hydroxide gave 40 in moderate yield. HCTU
coupling of 40 and (1S,2S)-2-aminocyclohexanol hydrochloride gave 41, which was then

subjected to hydrogenation conditions to give 42 in excellent yield. A second HCTU coupling
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between 42 and 6-bromohexanoic acid gave 43 with a yield of 85%, though a purity of only
70%. As 43 and the associated impurities were all organic-soluble, and the product of the
next and final step was a salt expected to be aqueous-soluble, crude 43 was carried through
without any further purification. Compound 44 was isolated as a clear, colourless oil
following extraction into the aqueous layer with a yield of 25% (over two steps) and a purity

>95%.

Pharmacological evaluation of the 1- and 5-methylene linker putative bitopic molecules

Equilibrium whole cell binding and ERK1/2 phosphorylation functional assays were
performed to estimate an affinity and potency value, respectively, for BQCA, iperoxo and our
putative bitopic molecules 33a and 44 (Figure 13, Table 2). The BQCA and iperoxo affinity
values estimated from the interaction studies detailed in Figure 8, Figure 9 and Table 1 are
slightly though not significantly different to that obtained from the experiments depicted in

Figure 13 and Table 2.

Table 2. Estimates of affinity (pKa) and potency (pECso) for ACh, BQCA, iperoxo and

the putative bitopic molecules 33a and 44

BQCA Iperoxo 33a 44

pKa 444 +0.07 | 7.02+0.10 |6.58+0.06 | 6.65+0.12

pECso | 6.68 £0.13 | 10.27+0.13 | 7.59+0.12 | 8.13 +0.14
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Figure 13. Equilibrium whole cell binding and ERK1/2 phosphorylation functional
assays (n=3) for ACh, BQCA, iperoxo and the putative bitopic molecules 33a and 44 (in

the presence of a fixed concentration of [PH]NMS in binding)

The high affinity of iperoxo was preserved in 33a and 44, and both ligands were able to
completely inhibit [PH]INMS binding, however a 2-3 log unit reduction in potency was
observed (Figure 13, Table 2). This suggests that the iperoxo pharmacophore of both ligands
is binding to the receptor, but that the presence of the BQCA pharmacophore is detrimental to
the potency of the ligands. This may be occurring through local alteration of the orthosteric
binding domain such that the iperoxo pharmacophore is precluded from forming the
necessary interactions that elicit its high potency, or through a global shift in the receptor
conformation such that functional signalling via the MAP kinase pathway is impaired. The
two pharmacophores are clearly not able to interact with the receptor in the same manner as
the parent molecules, otherwise we would expect an improvement in both affinity and
potency compared to iperoxo indicative of positive cooperativity between the two
pharmacophores. This suggests that both the 1-methylene and the 5-methylene linker are of
insufficient length for the ligand to successfully bridge the two parent ligand binding sites

simultaneously. This does not necessarily mean that the ligands are not binding bitopically.
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We speculate that, whilst the iperoxo pharmacophore is likely binding to the orthosteric site
in a manner similar to the parent molecule, the BQCA pharmacophore is interacting with a
region of the receptor above the orthosteric cavity which, though distinct from the BQCA
binding site, is also distinct from the orthosteric site. We also propose that the interactions
formed by the BQCA pharmacophore with this site are not entirely unfavourable; 44 shows
improved affinity and potency compared to the values obtained for the 5-methylene iperoxo

analogue 14.

100



Discussion

This chapter describes the early stages of development of rationally-designed putative
bitopic ligands for the M1 mAChR. The constituent molecules BQCA and iperoxo were
selected, synthesized and their positive binding and functional cooperativity was confirmed.
Linker-containing analogues of BQCA and iperoxo were synthesized and pharmacological
analysis suggested that the respective orthosteric or allosteric pharmacology of almost all
analogues was preserved, with the exception of 13. Finally, two putative bitopic ligands, 33a
and 44, were synthesized, though this required some design modification in order to be
achieved. Both ligands were still able to bind to and activate the M1 mAChR. As alluded to in
the flowchart in Figure 4, more detailed pharmacological analysis will be required to
ascertain the binding mode of 33a and 44 to the M1 mAChR. One approach would be to
determine the affinity and potency of these ligands at M: mAChRs containing point
mutations shown to affect orthosteric and allosteric pharmacology. Tyr381 is thought to form
a hydrogen bond and a cation-r interaction that are crucial for orthosteric ligand binding and
stabilization of an active receptor state; the Tyr381Ala mutation diminishes both ACh
binding and receptor activation at the Mi: mAChR.** Trp400 is thought to form a
n—r stacking interaction with the benzyllic pendant of BQCA and has been shown to be
critical for the modulatory behaviour of the ligand;?**2 the Trp400Ala mutation completely
abolishes the high degree of positive cooperativity observed between orthosteric agonists and
BQCA. Examining the binding and functional profile of 33a and 44 in the presence of either
of these mutants may reveal whether they are engaging the receptor in a bitopic manner.
Though, given our hypothesis that the allosteric pharmacophore of these ligands may be
unable to interact with the binding site of the parent molecule BQCA, the Trp400Ala

mutation may not be particularly informative. A more definitive approach for ascertaining
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whether these ligands are engaging with an allosteric site is radioligand dissociation Kinetics.
The ability of allosteric/bitopic ligands to alter the dissociation kinetics of radio-labelled
orthosteric ligands (where purely orthosteric ligands will not) is well-established at
mAChRs* and was employed in validating a bitopic mechanism of action for TBPB at the

M: mAChR.B

Regardless of the outcome of such experiments, further synthetic chemistry undertakings
will be necessary to advance this project. Firstly, as the (1S, 2S)-2-hydroxycyclohexyl amide
proved to be more synthetically tractable than the carboxylic acid of BQCA, it will be
important to synthesize and pharmacologically evaluate linker-containing BQCA analogues
and a 1-methylene putative bitopic ligand containing this functionality for the sake of
comparison with 44. It would also be valuable to attempt the synthesis of putative bitopic
molecules containing longer linkers, such as 9- and 13-methylene units, to examine whether
the parent BQCA binding mode can be accessed by the allosteric pharmacophore, what linker
length is necessary to achieve this bridging of the two sites and if the high positive
cooperativity between the two parent ligands can be recapitulated. Indeed, the ability of the
allosteric pharmacophore to comfortably adopt a similar orientation to BQCA is likely to be
essential if M1 mAChR selectivity is to be preserved. This is due to BQCA’s high degree of
receptor subtype selectivity being proposed to arise via selective transmission of
cooperativity via a distinct complement of residues at the M1 mAChR, rather than by it
interacting with a binding site unique to the receptor.®? Substantial deviations from the
binding mode of BQCA will likely result in abolishment of any selectivity we might expect

the allosteric pharmacophore to confer.
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Pending such experiments, these putative bitopic ligands may prove to be interesting tools
for exploring structural and functional phenomena at the M; mAChR and may in time serve

as templates for the design of novel lead drug candidates for this receptor.
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Experimental
Chemistry
General

All materials were reagent grade and purchased commercially from Sigma-Aldrich or
Matrix Scientific. Anhydrous solvents were obtained from a MBraun MB SPS-800 Solvent
Purification System. Analytical thin layer chromatography (TLC) was performed on Silica
Gel 60 F2s4 pre-coated plates (0.25 mm, Merck ART 5554) and visualized by ultraviolet light,
iodine or ninhydrin as necessary. Silica gel 60 (Fluka) was used for silica gel flash
chromatography. Microwave reactions were performed in a CEM Discover microwave
reactor. Melting points (mp) were determined on a Mettler Toledo- MP50 Melting Point
System.

'H NMR spectra were routinely recorded at 400 MHz using a Briiker Avance 400 MHz
Ultrashield Plus spectrometer equipped with a Silicon Graphics workstation. Chemical shifts
(8u) for all '"H NMR spectra are reported in parts per million (ppm) using the centre peak of
the deuterated solvent chemical shift as the reference: CDCl; (7.26) and de-DMSO (2.50).%
Each resonance was assigned according to the following convention: chemical shift (J)
(multiplicity, coupling constant(s) in Hz, number of protons, and assignment). Coupling
constants (J) are reported to the nearest 0.5 Hz. In reporting spectral data the following
abbreviations have been used: s, singlet; d, doublet; t, triplet; q, quartet; p, pentet; m,
multiplet; br, broad; app, apparent; as well as combinations of these where appropriate.

13C NMR spectra were routinely recorded at 100 MHz using a Briiker Avance 400 MHz
Ultrashield Plus spectrometer equipped with a Silicon Graphics workstation. Chemical shifts

(8¢) for all 3C NMR spectra are reported in parts per million (ppm), using the centre peak of
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the deuterated solvent chemical shift as the reference: CDCI; (77.16) and ds-DMSO
(39.52).4

HSQC, HMBC and COSY spectra were obtained using the standard Briiker pulse sequence
to assist with structural assignment of the compounds.

Liquid Chromatography-Mass Spectrometry (LCMS) was performed on an Agilent 1200
Series coupled to the 6120 quadrupole mass spectrometer. Elution was also monitored at 254
nm. HRMS analyses were recorded in the specified ion mode using a LCT Premier XE TOF
Mass Spectrometer coupled to 2795 Alliance Separations Module at cone voltages of 45 V
(ESI+) and 60 V (ESI-).

Analytical reverse-phase HPLC was performed on a Waters HPLC system using a
Phenomenex® Luna C8 (2) 100A column (150 x 4.6 mm, 5 um) and a binary solvent system;
solvent A: 0.1% TFA/H20; solvent B: 0.1% TFA/80% MeOH/H0. Isocratic elution was
carried out using the following protocol (time, % solvent A, % solvent B): 0 min, 100, 0; 10
min, 20, 80; 11 min, 20, 80; 12 min, 100, 0; 20 min, 100, O; at a flow rate of 1.0 mL/min
monitored at 254 nm using a Waters 996 Photodiode Array detector.

Characterization requirements for intermediate compounds were set as: mp (if solid and
>90% pure), 'H NMR, '3C NMR, LCMS and HPLC (254 nm) or LCMS purity.
Characterization requirements for final compounds were set as: mp, 'H NMR, '*C NMR,

LRMS, HRMS, and HPLC (254 nm and 214 nm) purity >95%.

Synthesis of 3-nitro-4,5-dihydroisoxazole (20)

_N
o)

N0,
5

4
1-Bromo-3-chloropropane (19) (2.52 mL, 25.4 mmol) was added dropwise to a stirred

mixture of isopentyl nitrite (18) (5.12 mL, 38.1 mmol) and sodium nitrite (3.51 g, 50.8 mmol)
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in dimethylsulfoxide (45 mL). After stirring for 24 h at RT the reaction mixture was poured
into ice water and extracted with dichloromethane (3 x 30 mL). The combined organic
fractions were dried over MgSOyg, filtered and the solvent evaporated in vacuo to give a crude
oil. Distillation (60 °C, 1.1 mmHg) yielded the target compound as a thin yellow oil. To
remove residual dimethylsulfoxide, the product was redissolved in ethyl acetate (10 mL),
washed with brine (2 x 20 mL) and the organic layer dried over anhydrous MgSOy, filtered
and the solvent evaporated in vacuo. 2.34 g, 79%; on (CDCls) 4.83 (t, J= 11.0 Hz, 2H, H5),
3.45 (t, J= 11.0 Hz, 2H, H4); 8¢ (CDCls) 75.5 (CH2), 40.8 (C), 30.7 (CH2); m/z HRMS (TOF
ES*) C3HaN203 [MH]* calcd 116.0223, found 117.0296; HPLC: tg = 3.33 min, purity (214) =

96.1%.

Synthesis of 4-(dimethylamino)but-2-yn-1-ol (17)
N

4
Dimethylammonium hydrochloride (16) (5.45 g, 66.9 mmol) was dissolved in deionized
water and adjusted to pH 9 using 2 M NaOH. 40% aqueous formaldehyde solution (9.19 mL,
91 mmol), propargyl alcohol (3.16 mL, 53.5 mmol) and CuSO4.5H,0 (414 mg, 1.66 mmol)
dissolved in deionized water were added, and the reaction mixture adjusted to pH 8 using 2
M NaOH. After stirring for 1.5 h at 80 °C, the reaction mixture was poured into 25% aqueous
ammonia solution (15 mL) and the solvent evaporated in vacuo to yield a golden brown oil
with a strong hazelnut odour. This crude oil was dissolved in 2 M HCI and extracted once
with ethyl acetate (20 mL). The aqueous layer was then basified to pH 9 using 2 M NaOH

and extracted with ethyl acetate (5 x 20 mL). The organic fractions were dried over

anhydrous MgSOs, filtered and the solvent evaporated in vacuo to yield the target molecule
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as a dark yellow oil. 1.24 g, 20%; 61 (CDClIs) 4.29 (s, 2H, H1), 4.06 (br s, 1H, OH), 3.27 (s,
2H, H4), 2.31 (s, 6H, N(CH3)2); 8¢ (CDClIs) 84.1 (C), 80.1 (C), 50.7 (CHy), 48.0 (CH>), 44.1

(N(CHs)2); m/z LCMS [MH]* 114.3.

Synthesis of 4-((4,5-dihydroisoxazol-3-yl)oxy)-N,N-dimethylbut-2-yn-1-amine (21)

4-(Dimethylamino)but-2-yn-1-ol (17) (365 mg, 3.23 mmol) was stirred in dry tetrahydrofuran
(5 mL) under a N> atmosphere. Sodium hydride (142 mg, 5.92 mmol) was carefully added
and the mixture stirred at RT under an inert atmosphere for 1 h. 3-Nitro-4,5-dihydroisoxazole
(20) (562 mg, 4.84 mmol), dissolved in dry tetrahydrofuran (3 mL), was syringed in dropwise
and the reaction refluxed for 6 h. After cooling, the reaction mixture was poured into distilled
water (20 mL), gently extracted with chloroform (5 x 20 mL) to avoid emulsion, and the
organic fractions combined, dried over MgSOsa, filtered and the solvent evaporated in vacuo
to yield a crude orange oil. The target molecule was isolated as a yellow oil by column
chromatography (stationary phase: silica, gradient mobile phase: 100% chloroform — 90%
chloroform/10% methanol). 383 mg, 72%; n (CDCls) 4.74 (t, J= 2.0 Hz, 2H, H4), 4.35 {(,
J= 9.5 Hz, 2H, HY'), 3.24 (t, J= 1.5 Hz, 2H, H1), 2.93 (t, J= 9.5 Hz, 2H, H4"), 2.23 (s, 6H,
N(CHz)z2); ¢ (CDCIs) 167.0 (C), 83.4 (C), 78.6 (C), 69.8 (CH2), 58.1 (CH2), 48.0 (CHz), 44.2

(N(CHs)2), 33.1 (CHz); m/z LCMS [MH]* 183.3; HPLC: tr = 4.19 min, purity = 96.0%.
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General procedure for room temperature amine quaternisation

4-((4,5-Dihydroisoxazol-3-yl)oxy)-N,N-dimethylbut-2-yn-1-amine (21) (50 mg, 275 umol)
was stirred in chloroform (4 mL). The appropriate iodoalkane (2.5 eq.) was added dropwise
and the mixture stirred at RT for 20 h. If the target molecule precipitated out, it was isolated
by vacuum filtration as a white crystalline solid and washed with cold diethyl ether. If no
precipitate formed, the reaction mixture was dried in vacuo, partitioned between chloroform
(10 mL) and water (10 mL), and the organic layer extracted with water (3 x 10 mL). The

combined aqueous fractions were dried in vacuo to yield a clear oil or waxy solid.

4-((4,5-Dihydroisoxazol-3-yDoxy)-N,N,N-trimethylbut-2-yn-1-aminium iodide (7, iperoxo)

White crystalline solid; 61.8 mg, 70%; mp 217-218 °C; on (de-DMSO) 4.95 (s, 2H, H4), 4.46
(s, 2H, H1), 4.33 (t, J= 9.5 Hz, 2H, H5'), 4.72 (s, 9H, N+(CHs)3), 3.03 (t, J= 9.5 Hz, 2H,
H4'); 8¢ (ds-DMSO) 166.7 (C), 86.0 (C), 76.2 (C), 69.6 (CH2), 57.2 (CH2), 55.1 (CHz), 51.9
(N+(CHBa)3), 32.2 (CH2); m/z LCMS [M-I]* 197.2; m/z HRMS (TOF ES™) C10H17N202 [M-I]*

calcd 197.1292, found 197.1286; HPLC: tr = 4.49 min, purity (214) = >99.0%.
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N-(4-((4,5-Dihydroisoxazol-3-yoxy)but-2-yn-1-yI)-N,N-dimethylpentan-1-aminium iodide
(14)

O-N -

5‘uo A S | 22 4 &
i \Nw

3n g
1

Clear, colourless oil; 48 mg, 46%; &1 (CDCl3) 4.76 (app d, 4H, H4), 4.38 (t, J= 9.5 Hz, 2H,
H5"), 3.56-3.48 (m, 2H, H2"), 3.35 (s, 6H, N+(CH3)y), 2.96 (t, J= 9.5 Hz, 2H, H4"), 1.70 (app
br s, 2H, H3"), 1.35 (dd, J= 9.0, 5.0 Hz, 4H, H4", H5"), 0.88 (t, J= 7.0 Hz, 3H, H6"); ¢
(CDCls) 166.8 (C), 86.8 (C), 75.6 (C), 70.1 (CH2), 64.4 (CHy), 57.4 (CH), 55.1 (CHz), 50.9
(N+(CHs)2), 33.0 (CHy), 28.1 (CHy), 22.6 (CH2), 22.2 (CH>), 13.9 (CHs); m/z LCMS [M-I]*
253.2; m/z HRMS (TOF ES") C14H25N20; [M-1]" calcd 253.1925, found 253.1920; HPLC: tr

=5.89 min, purity (214) = 98.6%.

N-(4-((4,5-dihydroisoxazol-3-yoxy)but-2-yn-1-y)-N,N-dimethylnonan-1-aminium  iodide

(15)

Waxy, colourless solid; 20.3 mg, 17%; mp 128-129 °C; 61 (CDCl3) 4.80 (app d, 4H, H4),
4.37 (t, 3= 9.5 Hz, 2H, H5'), 3.63-3.52 (m, 2H, H2"), 3.40 (s, 6H, N+(CHs)2), 2.97 (t, J= 9.5
Hz, 2H, H4"), 1.70 (app br s, 2H, H3"), 1.41-1.12 (m, 12H, H4"-H9"), 0.81 (t, J= 7.0 Hz, 3H,
H10"); 8¢ (CDCls) 166.7 (C), 86.8 (C), 75.6 (C), 70.1 (CH2), 64.5 (CH2), 57.4 (CH>), 55.1
(CH>), 50.9 (CHs), 33.0 (CH2), 31.8 (CHa), 29.3 (CH>), 29.2 (CH2), 29.1 (CHy>), 26.1 (CHy),
23.0 (CHy), 22.6 (CHy), 14.1 (CHs); m/z LCMS [M-I]* 309.3; m/z HRMS (TOF ESY)
CisHa3N20, [M-1]* calcd 309.2551, found 309.2546; HPLC: tr = 8.72 min, purity (214) =

95.4%.
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Synthesis of N-(4-(hydroxymethyl)phenyl)acetamide (24a)

HO 6 O

NP
H

2

Acetic anhydride (10 mL) was cooled to 0 °C. 4-Aminobenzylalcohol (22) (1 g, 8.12 mmol)
was added and the reaction mixture was stirred for 10 min at 0 °C. The precipitate was
collected by vacuum filtration and washed with petroleum spirits to yield the target molecule
as a bright yellow powder. 1.04 g, 78%; mp 120-121 °C; 6n (ds-CDCI3) 9.94 (br s, 1H, NH),
7.59 (d, J= 8.5 Hz, 2H, H2, H6), 7.30 (d, J= 8.5 Hz, 2H, H3, H5), 5.15 (br t, J= 5.5 Hz, 1H,
OH), 4.50 (d, J= 5.0 Hz, 2H, H1’), 2.10 (s, 3H, CHs); 8c (ds-DMSO) 168.1 (C), 137.9 (C),
137.0 (C), 126.9 (CH), 118.7 (CH), 62.6 (CH2), 23.9 (CH3); m/z LRMS [MH]* 166.2; LCMS:

tr = 4.19 min, purity = >99.0%.

Synthesis of N-(4-(hydroxymethyl)phenyl)decanamide (24b)

4-Aminobenzylalcohol (22) (300 mg, 2.44 mmol) stirred in acetonitrile (8 mL) was cooled to
0 °C. Decanoyl chloride (465 uL, 2.68 mmol) was added dropwise and the reaction mixture
was stirred for 30 min at 0 °C. The precipitate was collected by vacuum filtration and washed
with petroleum spirits to yield the target molecule as a bright orange powder. 373 mg, 55%;
81 (CDCl3) 7.44 (d, J= 8.0 Hz, 2H, H2, H6), 7.25 (d, J= 8.5 Hz, 2H, H3, H5), 7.06 (br s, 1H,
NH), 4.58 (s, 2H, H1"), 2.28 (t, J= 7.5 Hz, 2H, H3"), 1.71-1.60 (m, 2H, H4"), 1.35-1.08 (m,

13H, OH, H5"-H10"), 0.81 (t, J= 7.0 Hz, 3H, H11"); 5c (CDCl3) 171.3 (C), 137.4 (C), 136.4
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(C), 127.8 (CH), 119.9 (CH), 65.0 (CH2), 37.9 (CHs), 31.9 (CH2), 29.44 (CHy), 29.38 (CHs),
29.27 (2 x CHy), 25.6 (CHy), 22.7 (CH2), 14.1 (CHs); m/z LRMS [MH]* 278.2; LCMS: tg =

6.67 min, purity = 86.5%.

General procedure for Appel reaction

N-(4-(Hydroxymethyl)phenyl)acetamide (24a) or N-(4-(hydroxymethyl)phenyl)decanamide
(24b) (300 or 200 mg, 1.82 mmol or 721 umol), triphenylphosphine (1.5 eq.) and acetonitrile
(12 mL) were placed in an RBF and cooled to 0 °C in an icebath. Carbon tetrabromide (1.5
eq.) was added and the reaction stirred at 0 °C for 10 min before being heated to 80 °C and
stirred for 4 h. The reaction mixture was cooled, partitioned between dichloromethane (10
mL) and water (10 mL), and the aqueous layer extracted with dichloromethane (3 x 10 mL).
The combined organic fractions were dried over anhydrous MgSQOa, filtered and the solvent
evaporated in vacuo. The target molecule was isolated by column chromatography (stationary
phase: silica, mobile phase: 2:1 petroleum spirits:ethyl acetate or 13:6:1 hexane:ethyl

acetate:methanol).

N-(4-(Bromomethyl)phenyl)acetamide (25a)

Beige solid; 347 mg, 89%; mp 157-158 °C; 6n (CDCls) 7.41 (d, J= 8.5 Hz, 2H, H2, H6), 7.28
(d, J= 8.5 Hz, 2H, H3, H5), 7.17 (br s, 1H, NH), 4.41 (s, 2H, H1"), 2.11 (s, 3H, CHs); 8¢
(CDCls) 168.3 (C), 138.0 (C), 133.6 (C), 129.9 (CH), 119.9 (CH), 33.3 (CHy>), 24.7 (CHs3);

m/z LCMS [M-Br]: 148.1; HPLC: tr = 5.90 min, purity = 99.1%.
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N-(4-(Bromomethyl)phenyl)decanamide (25b)

Yellow solid; 138.6 mg, 57%; mp 141-142 °C; én (ds-DMSQ) 9.86 (br s, 1H, NH), 7.57 (d,
J= 8.5 Hz, 2H, H2, H6), 7.25 (d, J= 8.5 Hz, 2H, H3, H5), 4.42 (s, 2H, H1'), 2.29 (t, )= 7.5
Hz, 2H, H3"), 1.64-1.53 (m, 2H, H4"), 1.34-1.20 (m, 12H, H5"”-H10"), 0.86 (t, J= 7.0 Hz,
3H, H11"); 8¢ (DMSO) 171.7 (C), 139.1 (C), 133.3 (C), 128.6 (CH), 119.3 (CH), 71.4 (CH>),
36.9 (CHy), 31.7 (CH2), 29.4 (CH2), 29.3 (CH), 29.1 (2 x CHy), 25.6 (CH>), 22.6 (CH>), 14.4

(CHa3); m/z [M(®'Br)+H]* : 342.3; LCMS: tr = 6.58 min, purity = 95.8%.

Synthesis of tert-butyl 4-aminobenzylcarbamate (26)

4-Aminobenzylamine (23) (926 uL, 8.19 mmol) and tetrahydrofuran (25 mL) were placed in
an RBF and cooled to 0 °C in an icebath. Di-tert-butyl dicarbonate (Boc anhydride) (1.97 g,
9.00 mmol) was slowly added and the reaction allowed to return to RT. After overnight
stirring (~17 h), the solvent was evaporated in vacuo to yield the target molecule as a yellow
oil requiring no further purification. 1.82 g, quantitative; on (CDCI3) 7.02 (d, J= 8.0 Hz, 2H,
H2, H6), 6.64 (d, J= 8.5 Hz, 2H, H3, H5), 4.70 (br s, 1H, NH), 4.12 (d, J= 5.5 Hz, 2H, H1),
2.73 (br s, 2H, NHy), 1.38 (s, 9H, C(CHa)s); 8c (CDCls) 155.9 (C), 145.7 (C), 128.9 (CH),
115.2 (CH), 68.0 (C), 44.4 (C), 28.4 (C(CHs)s), 25.6 (CH>); m/z LCMS [M-tertbutyl]* 167.1;

LCMS: tr = 4.67 min, purity = 87.1%.
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Synthesis of tert-butyl 4-hexanamidobenzylcarbamate (27)

Tert-butyl 4-aminobenzylcarbamate (26) (1.82 g, 8.19 mmol), triethylamine (1.71 mL, 12.28
mmol) and dichloromethane (30 mL) were placed in an RBF and cooled to 0 °C in an
icebath. Hexanoyl chloride (1.26 mL, 9.0 mmol) was added dropwise and the reaction
allowed to return to RT. After overnight stirring (~17 h), the reaction mixture was partitioned
between dichloromethane (25 mL) and deionized water (25 mL), and the aqueous layer
extracted with dichloromethane (2 x 25 mL). The combined organic fractions were washed
with saturated sodium bicarbonate, dried over anhydrous MgSQsa, filtered and the solvent
evaporated in vacuo to yield a white solid in an orange-yellow oil. The precipitate was
collected by vacuum filtration and washed with petroleum spirits to yield the target molecule
as fine, needle-like white crystals. 1.89 g, 72%; mp 126-127 °C; 6n (CDCIs3) 7.39 (d, J= 8.5
Hz, 2H, H3, H5), 7.24 (s, 1H, NH (amide)), 7.14 (d, J= 8.5 Hz, 2H, H2, H6), 4.77 (br s, 1H,
NH (carbamate)), 4.18 (s, 2H, H1"), 2.27 (t, J= 7.5 Hz, 2H, H3"), 1.65 (app dt, J= 14.8, 7.5
Hz, 2H, H4"), 1.39 (s, 9H, C(CH3)3), 1.28 (app td, J= 7.0, 3.5 Hz, 4H, H5", H6"), 0.84 (t, J=
7.0 Hz, 3H, H7"); 8¢ (CDCl3) 171.8 (C), 156.0 (C), 137.3 (C), 134.6 (C), 128.0 (CH), 120.1
(CH), 79.5 (C), 44.2 (CH), 37.6 (CH2), 31.4 (CHy), 28.4 (C(CH3)3), 25.3 (CH2), 22.4 (CHy),

14.0 (CHs); m/z LCMS [MNa]* 343.2; LCMS: tr = 6.56 min, purity = 97.2%.
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Synthesis of N-(4-(aminomethyl)phenyl)hexanamide (28)

Tert-butyl 4-hexanamidobenzylcarbamate (27) (1 g, 3.12 mmol) and dichloromethane (5 mL)
were placed in an RBF and cooled to 0 °C in an icebath. Trifluoroacetic acid (2 mL) added
drop-wise and the reaction allowed to return to RT. After 2 h, the solvent was evaporated in
vacuo and the resulting residue partitioned between ethyl acetate (20 mL) and saturated
sodium bicarbonate@qg) (20 mL), and the aqueous layer extracted with ethyl acetate (3 x 20
mL). The combined organic fractions were dried over MgSOs, filtered and the solvent
evaporated in vacuo to yield the target molecule as a white solid. 431 mg, 63%; mp 139-140
°C; 81 (de-DMSO0) 9.89 (s, 1H, NH), 7.59 (d, J= 8.5 Hz, 2H, H2, H6), 7.24 (d, J= 8.5 Hz, 2H,
H3, H5), 4.15 (app d, J= 6.0 Hz, 2H, H1"), 3.73 (s, 2H, NH>), 2.36 (t, J= 7.5 Hz, 2H, H3"),
1.66 (m, 2H, H4"), 1.38 (m, 4H, H5", H6"), 0.96 (t, J= 7.0 Hz, 3H, H7"); 5c (DMSO) 171.6
(C), 138.3 (C), 135.8 (C), 127.7 (CH), 119.3 (CH), 44.0 (CH>), 36.8 (CH>), 31.4 (CH>), 25.3
(CH2), 22.4 (CHy), 14.4 (CH3); m/z LCMS [M-NH2]* 204.2; LCMS: tr = 4.62 min, purity =

99.4%.
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Synthesis of ethyl-1-(4-hexanamidobenzyl)-4-oxo-1,4-di-hydroquinolone-3-carboxylate

(29)

Ethyl 3-(dimethylamino)-2-(2-fluorobenzoyl)acrylate (70 mg, 264 upmol) and N-(4-
(aminomethyl)phenyl)hexanamide (28) (58.13 mg, 264 umol) were dissolved in dry N,N-
dimethylformamide (5 mL) and stirred at 100 °C under a nitrogen atmosphere. After 2.5 h,
the solvent was evaporated in vacuo to yield the target molecule as an off-white solid that
was washed with petroleum spirits and isolated by vacuum filtration. 78 mg, 70%; mp 234-
235 °C; 81 (CDCl3) 8.56 (s, 1H, H2), 8.45 (d, J= 8.0 Hz, 1H, NH), 7.54-7.41 (m, 4H, H5, H8,
H3", H5"), 7.33 (t, 3= 7.5 Hz, 1H, H7), 7.26 (app d, J= 8.5 Hz, 1H, H6), 7.02 (d, J= 8.0 Hz,
2H, H2", H6"), 5.29 (s, 2H, H1'), 4.33 (q, J= 7.0 Hz, 2H, OCH,CHs3), 2.30 (t, J= 7.5 Hz, 2H,
H3"), 1.33 (t, J= 7.0 Hz, 3H, OCH,CHs3), 1.29-1.17 (m, 6H, H4"", H5"", H6""), 0.85-0.75 (m,
3H, H7"); 8¢ (CDCl3) 173.9 (C), 172.0 (C), 166.5 (C), 149.8 (CH), 139.1 (C), 138.8 (C),
132.9 (CH), 129.1 (C), 127.8 (CH), 126.8 (CH), 125.4 (CH), 122.5 (C), 120.4 (CH), 116.8
(CH), 109.1 (C), 61.1 (CH2), 57.3 (CH>), 37.6 (CH), 31.4 (CH2), 25.3 (CH2), 22.4 (CHy),

14.4 (CHs), 13.9 (CHs); m/iz LCMS [MH]* 421.3; LCMS: tr = 6.02 min, purity = 96.4%.

General procedure for N-benzylation
4-0Oxo0-1,4-dihydro-quinoline-3-carboxylic acid (45 or 22 mg) and acetonitrile (4 mL) were
placed in an RBF and cooled to 0 °C in an icebath. N-(4-(Bromomethyl)phenyl)acetamide

(25a) or  N-(4-(bromomethyl)phenyl)decanamide (25b) (1.1 eq.) and N,N-
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diisopropylethylamine (4 eq.) were added and the reaction stirred at 80 °C for 3 h. Upon
cooling, the target molecule precipitated from the reaction mixture and was isolated by

vacuum filtration and washed with diethyl ether.

1-(4-Acetamidobenzyl)-4-o0xo0-1,4-dihydroquinoline-3-carboxylic acid (11)

O O
2. .4
6N\ |3 OH
7 2
5 N
-
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SN
¥ H

White solid; 70 mg, 87%; mp 296-297 °C; on (ds-DMSO) 15.19 (s, 1H, OH), 9.97 (s, 1H,
NH), 9.26 (s, 1H, H2), 8.40 (dd, J= 7.5, 1.0 Hz, 1H, H5), 7.92-7.84 (m, 2H, H7, H8), 7.63
(ddd, J= 8.0, 6.0, 2.0 Hz, 1H, H6), 7.54 (d, J= 8.5 Hz, 2H, H3", H5"), 7.24 (d, J= 8.5 Hz, 2H,
H2", H6"), 5.80 (s, 2H, H1"), 2.01 (s, 3H, CH3); ¢ (ds-DMS0) 178.4 (C), 168.8 (C), 166.5
(C), 150.5 (CH), 139.9 (C), 139.6 (C), 134.6 (CH), 130.0 (C), 127.8 (CH), 126.9 (CH), 126.4
(CH), 126.2 (C), 119.8 (CH), 119.2 (CH), 108.3 (C), 56.7 (CH2), 24.4 (CHs3); m/z LCMS
[MH]* 337.2; m/z HRMS (TOF ES*) C19H16N204 [MH]* calcd 336.1110, found 337.1186;

HPLC: tr = 7.52 min, purity (254) = 99.3%, purity (214) = 97.0%.

1-(4-decanamidobenzyl)-4-o0x0-1,4-dihydroguinoline-3-carboxylic acid (13)

White solid; 11.6 mg, 22%: mp 224-225 °C; & (ds-DMSO) 15.19 (s, 1H, OH), 9.90 (s, 1H,

NH), 9.27 (s, 1H, H2), 8.40 (dd, J= 7.5, 1.0 Hz, 1H, H5), 7.92-7.84 (m, 2H, H7, H8), 7.63
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(ddd, J= 8.0, 6.0, 2.0 Hz, 1H, H6), 7.56 (d, J= 8.5 Hz, 2H, H3", H5"), 7.24 (d, J= 8.5 Hz, 2H,
H2", H6™), 5.80 (s, 2H, H1'), 2.26 (1, J= 7.5 Hz, 2H, H3"), 1.55 (dt, J= 13.5, 7.0 Hz, 2H,
H4™), 1.32-1.18 (m, 12H, H5"-H10""), 0.84 (t, 3H, H11""); 5¢c (ds-DMSO) 178.4 (C), 171.8
(C), 166.5 (C), 150.5 (CH), 139.9 (C), 139.6 (C), 134.6 (CH), 130.0 (C), 127.8 (CH), 126.8
(CH), 126.4 (CH), 126.2 (C), 119.8 (CH), 119.2 (CH), 108.3 (C), 56.7 (CH2), 36.8 (CH),
31.7 (CH2), 29.3 (CH2), 29.2 (CH2), 29.11 (CHz), 29.08 (CH2), 25.5 (CH2), 22.5 (CHy), 14.4
(CHs); miz LCMS [MH]* 449.2; m/iz HRMS (TOF ES*) Ca7Hz2N204 [MH]* calcd 448.2367,

found 449.2444; HPLC: tr = 11.46 min, purity (254) = 97.6%, purity (214) = 98.4%.

Synthesis of 1-(4-hexanamidobenzyl)-4-oxo-1,4-dihydroquinolone-3-carboxylic acid (12)

Ethyl-1-(4-hexanamidobenzyl)-4-oxo0-1,4-di-hydroquinolone-3-carboxylate (29) (43 mg,
102.3 umol) and tetrahydrofuran (3 mL) were brought to 0 °C in an icebath. A solution of
aqueous 1 M LiOHq) (204.5 uL, 204.5 umol) was added dropwise whilst stirring and then
the reaction mixture was heated at 80 °C for 5 h. Following addition of excess aqueous 1 M
HClq), the target molecule precipitated out and was isolated as a cream-coloured solid by
vacuum filtration, washed with deionized water to remove the residual acid, then dried under
vacuum overnight. 15.4 mg, 38 %; mp 251-252 °C; o1 (de-DMSO) 15.23 (s, 1H, OH), 9.96
(s, 1H, NH), 9.31 (s, 1H, H2), 8.45 (d, J= 8.0 Hz, 1H, H5), 7.93 (br app s, 2H, H7, H8), 7.72-
7.64 (m, 1H, H6), 7.61 (d, J= 7.5 Hz, 2H, H3", H5"), 7.29 (d, J= 7.5 Hz, 2H, H2", H6"), 5.85

(s, 2H, H1"), 2.31 (t, J= 7.0 Hz, 2H, H3""), 1.68-1.55 (m, 2H, H4""), 1.31 (app s, 4H, H5"",
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H6™), 0.91 (t, J= 6.0 Hz, 3H, H7"); &c (ds-DMSO) 183.2 (C), 176.6 (C), 171.3 (C), 155.2
(CH), 144.7 (C), 144.4 (C), 139.4 (CH), 134.7 (C), 132.5 (CH), 131.6 (CH), 131.1 (CH),
130.9 (C), 124.6 (CH), 123.9 (CH), 113.0 (C), 61.5 (CH2), 41.5 (CH2), 36.1 (CH2), 30.0
(CH_2), 27.1 (CH2), 19.1 (CH3); m/z LCMS [MH]* 393.2; m/z HRMS (TOF ES*) C23H24N204
[M+H]" caled 392.1722, found 393.1817; HPLC: tr = 9.33 min, purity (254) = 98.4%, purity

(214) = 95.0%.

General procedure for COMU coupling reaction

N,N-Dimethylformamide (8 mL) in an RBF was brought to 0 °C in an icebath. Ethyl 1-(4-
aminobenzyl)-4-oxo-1,4-dihydroquinoline-3-carboxylate (30b) (400 mg or 1 @), 6-
bromohexanoic acid (1.1 eq.) or 6-hydroxyhexanoic acid (1.1 eq.), N,N-
diisopropylethylamine (1.1 eg.) and (1-cyano-2-ethoxy-2-oxoethylidenaminooxy)
dimethylamino-morpholino-carbenium hexafluorophosphate (COMU) (1.1 eq.) were added
and the reaction mixture allowed to return to RT. After 2 h stirring at RT, the reaction
mixture was poured into ethyl acetate (20 mL) and washed with 1 M HClg) (2 x 20 mL),
saturated sodium bicarbonateq) (2 x 20 mL), and saturated sodium chloride@q) (2 x 20 mL).
The organic layer was dried over MgSOsa, filtered and the solvent evaporated in vacuo. The
target molecule was isolated as a white solid by column chromatography (stationary phase:
silica, gradient mobile phase: 50% ethyl acetate:petroleum spirits — 80% ethyl

acetate:petroleum spirits — 100% ethyl acetate).
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Ethyl 1-(4-(6-bromohexanamido)benzyl)-4-ox0-1,4-dihydroquinoline-3-carboxylate (31b)

Beige solid; 212.6 mg, 34 %; mp 190-191 °C; &n (de-DMSO) 9.92 (s, 1H, NH), 8.91 (s, 1H,
H2), 8.25 (dd, J= 8.0, 1.0 Hz, 1H, H5), 7.71-7.62 (m, 2H, H7, H8), 7.56 (d, J= 8.5 Hz, 2H,
H3", H5"), 7.44 (ddd, J= 8.0, 6.5, 1.5 Hz, 1H, H6), 7.20 (d, J= 8.5 Hz, 2H, H2", H6"), 5.61
(s, 2H, H1"), 4.25 (q, J= 7.0 Hz, 2H, OCH,CHj3), 3.52 (t, J= 6.5 Hz, 2H, H7""), 2.28 (td, J=
7.5, 2.5 Hz, 2H, H3""), 1.86-1.76 (m, 2H, H6™), 1.59 (dt, J= 15.0, 7.5 Hz, 2H, H4""), 1.44-
1.35 (m, 2H, H5""), 1.30 (t, J= 7.0 Hz, 3H, OCH,CHs); 8¢ (ds-DMSO) 173.4 (C), 171.6 (C),
165.1 (C), 150.5 (CH), 139.5 (C), 133.0 (CH), 130.6 (C), 128.9 (C), 127.5 (CH), 126.8 (CH),
125.4 (CH), 119.9 (CH), 118.3 (CH), 110.6 (C), 108.9 (C), 60.3 (CH>), 55.8 (CH.), 36.6
(CH>), 35.5 (CHy), 32.5 (CH2), 27.6 (CH>), 24.7 (CHy), 14.8 (CH3); m/z LCMS [MH]" 500.1;

LCMS: tr = 6.18 min, purity = 93.9%.

Ethyl 1-(4-(6-hydroxyhexanamido)benzyl)-4-oxo-1.4-dihydroquinoline-3-carboxylate (34)
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White solid; 709.5 mg, 53 %; 51 (ds-DMSO) 9.91 (s, 1H, NH), 8.92 (s, 1H, H2), 8.25 (dd, J=

8.0, 1.0 Hz, 1H, H5), 7.75-7.62 (m, 2H, H7, H8), 7.57 (d, J= 8.5 Hz, 2H, H3", H5"), 7.44
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(ddd, J= 8.0, 5.0, 1.5 Hz, 1H, H6), 7.20 (d, J= 8.5 Hz, 2H, H2", H6"), 5.61 (s, 2H, H1"), 4.30-
4.21 (m, 2H, OCHCHs), 3.43-3.36 (m, 2H, H7""), 2.31-2.21 (m, 3H, H3"", OH), 1.62-1.51
(m, 2H, H4™), 1.46-1.36 (m, 2H, H6"), 1.35-1.27 (m, 5H, H5"", OCH2CHz); 8¢ (ds-DMSO)
1735 (C), 171.8 (C), 165.1 (C), 150.5 (CH), 139.5 (C), 139.4 (C), 133.0 (CH), 130.6 (C),
128.9 (C), 127.5 (CH), 126.8 (CH), 125.4 (CH), 119.8 (CH), 118.3 (CH), 110.5 (C), 61.0
(CHz), 60.3 (CH2), 55.9 (CHz), 36.9 (CH2), 32.8 (CHy), 25.7 (CH2), 25.5 (CH2), 14.8 (CHa);

m/z LCMS [MH]" 437.2; LCMS: tr = 5.17 min, purity = 77.7%.

Synthesis of ethyl 1-(4-(10-bromodecanamido)benzyl)-4-oxo-1,4-dihydroquinoline-3-

carboxylate (31c)

N,N-Dimethylformamide (5 mL) in an RBF was brought to 0 °C in an icebath. 10-
Bromodecanoic acid (244 mg, 972.5 umol), N,N-diisopropylethylamine (170 uL, 972.5
umol) and O-(6-chlorobenzotriazol-1-yl)-N,N,N’,N'-tetramethyluronium hexafluorophosphate
(HCTU) (549 mg, 1.33 mmol) added and the reaction mixture stirred for 10 min at 0 °C.
Ethyl 1-(4-aminobenzyl)-4-oxo-1,4-dihydroquinoline-3-carboxylate (30b) (285 mg, 884.1
umol) dissolved in N,N-dimethylformamide (3 mL) was added dropwise and the reaction
allowed to return to RT. After 2 h stirring at RT, the reaction mixture was poured into ethyl
acetate (20 mL) and washed with deionized water (2 x 20 mL), saturated sodium

bicarbonateq) (1 x 20 mL), and saturated sodium chlorideq) (1 x 20 mL). The organic layer,
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which contained some solid, was evaporated in vacuo and the target molecule isolated as a
white solid by column chromatography (stationary phase: silica, gradient mobile phase: 50%
ethyl acetate:petroleum spirits — 80% ethyl acetate:petroleum spirits — 100% ethyl acetate).
103.5 mg, 21 %; 81 (ds-DMSO) 9.95 (s, 1H, NH), 8.97 (s, 1H, H2), 8.30 (d, J= 7.0 Hz, 1H,
H5), 7.76-7.67 (m, 2H, H7, H8), 7.61 (d, J= 8.5 Hz, 2H, H3", H5"), 7.49 (ddd, J= 8.0, 6.5,
1.5 Hz, 1H, H6), 7.25 (d, J= 8.5 Hz, 2H, H2", H6"), 5.66 (s, 2H, H1"), 4.32 (q, J= 7.0 Hz, 2H,
OCH2CHa), 3.59 (t, J= 6.5 Hz, 2H, H11"), 2.31 (t, J= 7.5 Hz, 2H, H3""), 1.87-1.70 (m, 2H,
H10"), 1.65-1.55 (m, 2H, H4""), 1.45-1.38 (m, 2H, H9""), 1.35 (t, J= 7.0 Hz, 3H, OCH,CHj),
1.34-1.24 (m, 8H, H5"-H9""); ¢ (ds-DMSO) 173.4 (C), 171.8 (C), 165.1 (C), 150.5 (CH),
139.4 (C), 133.0 (CH), 130.6 (C), 128.9 (C), 127.5 (CH), 126.8 (CH), 125.4 (CH), 119.8
(CH), 118.3 (CH), 110.6 (C), 108.9 (C), 79.1 (CHy), 66.4 (CH.), 63.3 (CH>), 60.3 (CH>), 55.8
(CH2), 51.8 (CH2), 36.8 (CH2), 35.7 (CH2), 32.7 (CH2), 27.9 (CH>), 25.5 (CHy), 14.8 (CHa);

m/z LCMS [M+H]* 556.2; LCMS: tr = 6.73 min, purity = 84.2%.

General procedure for reflux amine quaternisation

Compound 31a, 31b, 31c, or 43 was stirred in acetonitrile (2-4 mL). 4-((4,5-dihydroisoxazol-
3-yl)oxy)-N,N-dimethylbut-2-yn-1-amine (21) (0.8 eq.) dissolved in acetonitrile (0.5 mL) was
added and the reaction refluxed for 6-24 h. If the target molecule precipitated out, it was
isolated by vacuum filtration as a beige solid and washed with cold diethyl ether. If no
precipitate formed, the reaction mixture was dried in vacuo, partitioned between ethyl acetate
(10 mL) and deionized water (10 mL), and the organic layer extracted with deionized water
(3 x 10 mL). The combined aqueous fractions were dried in vacuo to yield a clear oil or waxy

solid.
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N-(2-((4-((3-carboxy-4-oxoquinolin-1(4H)-yl)methyl)phenyl)amino)-2-oxoethyl)-4-((4,5-

dihydroisoxazol-3-yloxy)-N,N-dimethylbut-2-yn-1-aminium bromide (33a)

O O
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Beige solid; 56.3 mg, 78%, mp 175-176 °C; 6n (de-DMSO) 15.19 (s, 1H, OH), 10.73 (s, 1H,
NH), 9.29 (s, 1H, H2), 8.40 (d, J= 8.0 Hz, 1H, H5), 7.87 (d, J= 3.5 Hz, 2H, H7, H8), 7.68-
7.61 (m, 1H, H6), 7.57 (d, J= 8.5 Hz, 2H, H2", H6"), 7.32 (d, J= 8.5 Hz, 2H, H3", H5"),
5.86 (s, 2H, H1"), 4.94 (s, 2H, H4"""), 4.69 (s, 2H, H1""), 4.39 (s, 2H, H1"""), 4.29 (t, J= 9.5
Hz, 2H, H5"""), 3.32 (s, 6H, N+(CHz3)2), 2.98 (t, J= 9.5 Hz, 2H, H4""""); 6c (de-DMSQ) 178.5
(C), 167.2 (C), 166.5 (C), 162.3 (C), 150.6 (CH), 139.9 (C), 137.8 (C), 134.6 (CH), 131.8
(C), 128.0 (CH), 126.9 (CH), 126.4 (CH), 126.2 (C), 120.6 (CH), 119.2 (CH), 108.3 (C), 87.2
(C), 76.3 (C), 70.1 (CHy), 62.2 (CH>), 57.8 (CH2), 56.6 (CH), 55.5 (CH>), 51.4 (CH3), 32.7
(CH2); miz LCMS [M-Br]* 517.3; m/z HRMS (TOF ES*) C2sH2N4Os [M-Br]* calcd

517.2087, found 517.2081; HPLC: tr = 7.55 min, purity (254) = 96.7%, purity (214) =

96.6%.
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N-(4-((4,5-dihydroisoxazol-3-yl)oxy)but-2-yn-1-y1)-6-((4-((3-(ethoxycarbonyl)-4-

oxoguinolin-1(4H)-yl)methyl)phenyl)amino)-N,N-dimethyl-6-oxohexan-1-aminium bromide

32b

Clear pale yellow oil; 112.9 mg, 83 %; 61 (ds-DMSO) 9.96 (s, 1H, NH), 8.90 (s, 1H, H2),
8.25 (d, J= 9.0 Hz, 1H, H5), 7.72-7.62 (m, 2H, H7, H8), 7.57 (d, J= 8.5 Hz, 2H, H3", H5"),
7.44 (ddd, J= 8.0, 6.5, 1.5 Hz, 1H, H6), 7.21 (d, J= 8.5 Hz, 2H, H2", H6"), 5.61 (s, 2H, H1"),
4.92 (s, 2H, H4""), 4.43 (s, 2H, H1""), 427 (m, 4H, H5"", OCH2CH3), 3.07 (s, 6H,
N+(CHs)2), 3.03-2.96 (m, 4H, H4""", H1'"), 2.32 (t, J= 7.0 Hz, 2H, H5""), 1.76-1.56 (m, 4H,
H2'"", H4"), 1.33-1.26 (m, 5H, H3"", OCH2CHa); 8¢ (ds-DMSO) 173.4 (C), 171.5 (C), 167.2
(C), 165.2 (C), 150.5 (CH), 139.5 (C), 139.4 (C), 133.0 (CH), 130.7 (C), 128.9 (C), 127.6
(CH), 126.9 (CH), 125.4 (CH), 119.9 (CH), 118.3 (CH), 110.6 (C), 86.5 (CHy>), 76.6 (CHy>),
69.9 (CH,), 63.5 (CH2), 60.3 (CHy), 58.0 (CH,), 55.8 (CH2), 53.7 (CH>), 50.3 (CHs), 36.4
(CH2), 32.8 (CHy), 32.7 (CH2), 25.0 (CH2), 22.2 (CHy), 14.8 (CH3); m/z LCMS [M]* 601.3;

LCMS: tr = 4.54 min, purity = 93.6%.
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N-(4-((4,5-dihydroisoxazol-3-yl)oxy)but-2-yn-1-y1)-10-((4-((3-(ethoxycarbonyl)-4-

oxoguinolin-1(4H)-y)methyl)phenyl)amino)-N,N-dimethyl-10-oxodecan-1-aminium bromide

32¢

Clear colourless oil; 33.4 mg, 24 %; don (de-DMSQ) 9.97 (s, 1H, NH), 8.91 (s, 1H, H2), 8.24
(d, = 7.5 Hz, 1H, H5), 7.70-7.64 (m, 2H, H7, H8), 7.58 (d, J= 8.5 Hz, 2H, H3", H5"), 7.44
(ddd, J= 8.0, 6.0, 2.0 Hz, 1H, H6), 7.20 (d, J= 8.5 Hz, 2H, H2", H6"), 5.62 (s, 2H, H1"), 4.93
(s, 2H, H4""), 4.48 (s, 2H, H1""), 4.32-4.23 (m, 4H, H5""", OCH2CH3), 3.47 (m, 2H, H1"),
3.09 (s, 6H, N+(CHs)2), 3.01 (m, 4H, H4""", H9""), 2.29 (m, 2H, H2""), 1.66 (br s, 2H, H8""),
1.55 (br's, 2H, H3"), 1.29 (m, 11H, H4""- H7"", OCH2CHs); 8¢ (de-DMSO) 173.5 (C), 171.8
(C), 167.2 (C), 165.1 (C), 150.5 (CH), 139.5 (C), 133.0 (CH), 130.6 (C), 128.9 (C), 127.5
(CH), 126.8 (CH), 125.4 (CH), 119.8 (CH), 118.4 (CH), 110.5 (C), 86.4 (C), 82.4 (C), 80.7
(C), 76.7 (CH2), 69.9 (CH.), 63.6 (CH2), 60.3 (CH2), 58.0 (CH), 57.7 (CH2), 55.8 (CHy>),
53.7 (CH2), 50.2 (CHs), 43.7 (CHy), 36.8 (CHy), 32.8 (CH2), 29.1 (CHy), 26.1 (CH.), 25.5

(CHa), 22.2 (CH2), 14.8 (CH3); m/iz LCMS [M]* 657.4; LCMS: tr = 4.80 min, purity = >99%.
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N-(4-((4,5-dihydroisoxazol-3-yl)oxy)but-2-yn-1-yI)-6-((4-((3-((2-

hydroxycyclohexyl)carbamoyl)-4-oxoquinolin-1(4H)-ylYmethyl)phenyl)amino)-N,N-

dimethyl-6-oxohexan-1-aminium bromide (44)

N-O

o Br-
1 5" 4X I 5
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Clear colourless oil; 26.2 mg, 36 %; 61 (de-DMSO) 10.09 (d, J= 7.5 Hz, 1H, NH), 9.98 (s,
1H, NH), 9.03 (s, 1H, H2), 8.35 (d, J= 8.0 Hz, 1H, H5), 7.83-7.70 (m, 2H, H7, H8), 7.57 (d,
J= 8.5 Hz, 2H, H3", H5"), 7.51 (ddd, J= 8.0, 6.5, 1.5 Hz, 1H, H6), 7.19 (d, J= 8.5 Hz, 2H,
H2", H6"), 5.71 (s, 2H, H1"), 4.92 (s, 2H, H4""""), 4.82 (br s, 1H, OH), 4.43 (s, 2H, H1"""),
4.30 (app td, J=9.5, 4.0 Hz, 4H, H5""""", H1""), 3.39 (m, 5H, H2"", H5"", H2""), 3.00 (app td,
J= 9.5, 4.5 Hz, 5H, H4""", H4"", H1""), 2.32 (app t, J= 7.0 Hz, 2H, H3""), 2.26 (s, 6H,
N+(CHs)2), 1.73-1.57 (m, 6H, H3"", H4"", H6""), 1.37-1.22 (m, 2H, H5""); 8¢ (ds-DMSO)
176.1 (C), 1715 (C), 167.2 (C), 164.3 (C), 149.0 (CH), 139.6 (C), 139.4 (C), 133.3 (CH),
130.7 (C), 127.9 (C), 127.7 (CH), 126.6 (CH), 125.5 (CH), 119.9 (CH), 118.4 (CH), 111.8
(C), 86.5 (C), 76.6 (C), 71.7 (CH), 70.1 (CH,), 69.9 (CH,), 63.5 (CH2), 58.0 (CH,), 57.7
(CH>), 56.0 (CHy), 53.7 (CH2), 50.3 (CH), 47.4 (CH>), 43.9 (CHs), 36.4 (CH>), 32.8 (CHy),
32.7 (CHy), 25.8 (CH2), 25.0 (CH>), 22.2 (CH2); m/z LCMS [M]* 670.3; m/z HRMS (TOF
ES™) CssHasNs0s [M]* calcd 670.3603, found 670.3607; HPLC: tr = 7.80 min, purity (254) =

97.0%, purity (214) = 95.5%.
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Synthesis of 1-(4-(6-hydroxyhexanamido)benzyl)-4-oxo-1,4-dihydroquinoline-3-

carboxylic acid (35)

Ethyl 1-(4-(6-hydroxyhexanamido)benzyl)-4-oxo-1,4-dihydroquinoline-3-carboxylate (34)
(98 mg, 223.6 umol) and methanol (1.5 mL) were brought to 0 °C in an icebath. A solution of
1 M KOHgq (670.8 uL, 670.8 umol) was added dropwise whilst stirring and then the
reaction mixture was heated at 80 °C for 1 h. Reaction mixture was cooled to RT and a
solution of 1 M HClq) (670.8 uL, 670.8 umol) was added. The target molecule precipitated
out and was isolated as a cream-coloured solid by vacuum filtration, washed with deionized
water to remove the residual acid, then dried under vacuum overnight. quantitative; mp 221-
222 °C; 81 (de-DMSO0) 15.12 (s, 1H, OH), 9.97 (s, 1H, NH), 9.24 (s, 1H, H2), 8.39 (d, J=8.5
Hz, 1H, H5), 7.94-7.82 (m, 2H, H7, H8), 7.63 (ddd, J= 8.0, 6.0, 2.0 Hz, 1H, H6), 7.56 (d, J=
8.5 Hz, 2H, H3", H5"), 7.23 (d, J= 8.5 Hz, 2H, H2", H6"), 5.79 (s, 2H, H1"), 3.37 (t, J= 6.5
Hz, 2H, H7"), 2.26 (t, J= 7.5 Hz, 2H, H3""), 1.61-1.50 (m, 2H, H4""), 1.46-1.37 (m, 2H,
H6"), 1.34-1.22 (m, 2H, H5""); 8¢ (ds-DMSO) 178.4 (C), 171.9 (C), 166.6 (C), 150.4 (CH),
139.9 (C), 139.6 (C), 134.7 (CH), 129.9 (C), 127.8 (CH), 126.9 (CH), 126.4 (CH), 126.2 (C),
119.9 (CH), 119.2 (CH), 108.2 (C), 61.0 (CH>), 56.7 (CHz2), 36.9 (CH2), 32.7 (CH>), 25.6

(CHa), 25.5 (CH2); m/z LCMS [MH]* 409.2; LCMS: tr = 5.27 min, purity = 96.6%.
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Synthesis of 1-(4-nitrobenzyl)-4-oxo-1,4-dihydroquinoline-3-carboxylic acid (40)

O O
2 .4
6N\ |3 OH
7 2
8 N N
o
7 NO;,

Ethyl 1-(4-nitrobenzyl)-4-oxo-1,4-dihydroquinoline-3-carboxylate (39) (1 g, 2.84 mmol) in
1:1 tetrahydrofuran: deionized water (18 mL total) was stirred at RT. LiOH.H20 (357.3 mg,
8.51 mmol) was added and the reaction mixture was stirred at RT for 48 h. The reaction
mixture was diluted with deionized water (10 mL) and washed once with diethyl ether (30
mL). The aqueous layer was then acidified to pH 2 with 1 M HClq) before extracting with
ethyl acetate (3 x 30 mL). The combined organic layers were washed with saturated sodium
chlorideq) then evaporated in vacuo to yield the target molecule as a pale yellow solid. 528
mg, 57%; mp 236-237 °C; dn (ds-DMSO) 15.18 (s, 1H, OH), 9.42 (s, 1H, H2), 8.48 (dd, J=
8.0, 1.5 Hz, 1H, H5), 8.26 (d, J= 9.0 Hz, 2H, H3", H5"), 7.98-7.88 (m, 1H, H7), 7.81 (d, J=
8.5 Hz, 1H, H8), 7.70 (app t, J= 7.5 Hz, 1H, H6), 7.59 (d, J= 9.0 Hz, 2H, H2", H6"), 6.11 (s,
2H, H1"); &c (ds-DMSO) 177.5 (C), 166.5 (C), 151.1 (CH), 147.4 (C), 144.8 (C), 139.5 (C),
132.9 (CH), 128.3 (C), 128.0 (CH), 127.0 (CH), 124.8 (CH), 124.5 (CH), 118.4 (C), 117.7

(CH), 55.2 (CH2); m/z LCMS [MH]* 325.1; LCMS: tr = 5.81 min, purity = 99.4%.

General procedure for room temperature HCTU coupling

1-(4-Nitrobenzyl)-4-oxo-1,4-dihydroquinoline-3-carboxylic acid (40) (158 mg, 487 umol) or
6-bromohexanoic acid (25 mg, 128 umol), (1S,2S)-2-Aminocyclohexanol hydrochloride or 1-
(4-aminobenzyl)-N-(2-hydroxycyclohexyl)-4-oxo0-1,4-dihydroquinoline-3-carboxamide (42)

(1.2 eq.) and HCTU (1.2 eq.) were stirred in N,N-dimethylformamide (1-3 mL) at RT. N,N-
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diisopropylethylamine (3 eq.) dissolved in dichloromethane (0.5-1 mL) was added and the
reaction mixture stirred for 3-6 h at RT. The dichloromethane was removed in vacuo, then the
reaction mixture was diluted with 1 M HCl@gq) (20 mL) and extracted with ethyl acetate (3 x
20 mL). The combined organic layers were washed with saturated sodium bicarbonateg) (1 x
20 mL), deionized water (1 x 20 mL) and saturated sodium chloride@q (1 x 20 mL). The
organic layer was dried over Na,COs, filtered and evaporated in vacuo to yield the target

molecule.

N-(2-hydroxycyclohexyl)-1-(4-nitrobenzyl)-4-o0xo-1,4-dihydroguinoline-3-carboxamide (41)

Yellow solid; 200.3 mg, 97 %; n (ds-DMSO) 10.08 (d, J= 7.5 Hz, 1H, NH), 9.13 (s, 1H,
H2), 8.37 (d, J= 8.0 Hz, 1H, H5), 8.20 (d, J= 8.5 Hz, 2H, H3", H5"), 7.73 (dd, J= 8.5, 7.0 Hz,
1H, H7), 7.64 (d, J= 8.5 Hz, 1H, H8), 7.57-7.41 (m, 3H, H6, H2", H6"), 5.97 (s, 2H, HI"),
4.82 (d, J= 5.0 Hz, 1H, OH), 3.69 (br s, 1H, H2"), 3.40 (br s, 1H, H1"), 2.09-2.01 (m, 1H,
H6™ (1H)), 1.94-1.80 (m, 1H, H3" (1H)), 1.71-1.56 (m, 2H, H4™), 1.42-1.22 (m, 4H, H3"
(1H), H5", H6™ (1H)); 8c (ds-DMSO) 176.3 (C), 164.2 (C), 149.5 (CH), 147.5 (C), 144.4
(C), 139.4 (C), 133.6 (CH), 128.1 (CH), 127.9 (C), 126.8 (CH), 125.7 (CH), 124.5 (CH),
118.2 (CH), 112.2 (C), 71.7 (CH), 55.6 (CHz), 54.1 (CH), 34.2 (CHy), 31.1 (CH,), 24.2

(CHa), 23.7 (CH2); m/z LCMS [M+H]* 422.2; LCMS: tr = 5.91 min, purity = 88.3%.
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1-(4-(6-Bromohexanamido)benzyl)-N-(2-hydroxycyclohexyl)-4-oxo-1,4-dihydroguinoline-3-

carboxamide (43)

7 2 OH
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2 )J\/\/\/ Br
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54.5 mg, 75 %; 8n (ds-DMSO) 10.15 (d, J= 7.5 Hz, 1H, NH), 9.99 (s, 1H, NH), 9.10 (s, 1H,
H2), 8.41 (d, J= 7.5 Hz, 1H, H5), 7.91-7.74 (m, 2H, H7, H8), 7.68-7.49 (m, 3H, H6, H3",
H5"), 7.24 (d, J= 8.5 Hz, 2H, H2", H6"), 5.77 (s, 2H, H1"), 4.88 (d, J= 5.0 Hz, 1H, OH),
3.85-3.69 (m, 1H, H2""), 3.58 (t, J= 6.5 Hz, 2H, H6""), 2.37 (t, J= 7.5 Hz, 2H, H2"""), 2.09 (d,
J=10.5 Hz, 1H, H1""), 1.99-1.81 (m, 3H, H6" (1H), H5"""), 1.78-1.52 (m, 5H, H3"" (1H),
H4™, H3""), 1.52-1.23 (m, 6H, H3"" (1H), H6" (1H), H4""); &c (ds-DMSO) 176.1 (C),
171.6 (C), 164.4 (C), 162.5 (C), 149.1 (CH), 139.6 (C), 139.4 (C), 133.3 (CH), 127.9 (C),
127.6 (CH), 126.6 (CH), 125.5 (CH), 119.9 (CH), 118.4 (CH), 111.8 (C), 71.7 (CH), 56.0
(CH2), 54.1 (CH), 36.6 (CH2), 35.5 (CH2), 34.2 (CH>), 32.5 (CHy), 29.3 (CH>), 27.6 (CHy),
24.7 (CHy), 24.2 (CHy), 23.7 (CH2); m/z LCMS [M+H]" 568.2; LCMS: tr = 6.14 min, purity

=70.2%.
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Synthesis of 1-(4-aminobenzyl)-N-(2-hydroxycyclohexyl)-4-oxo-1,4-dihydroquinoline-3-

carboxamide (42)

N-(2-Hydroxycyclohexyl)-1-(4-nitrobenzyl)-4-oxo-1,4-dihydroquinoline-3-carboxamide (41)
(200 mg, 475 umol) was dissolved in N,N-dimethylformamide (3 mL). 10% Pd/C (20 mg)
was added under a nitrogen atmosphere then, following evacuation of nitrogen, the reaction
mixture was stirred for 1 h at RT under a hydrogen atmosphere. The reaction mixture was
then filtered through Celite® and washed with methanol. Upon concentration of the reaction
mixture in vacuo, a white precipitate formed that was collected by vacuum filtration and
washed with diethyl ether (64 mg, 35%). mp 185-186 °C; du (ds-DMSO) 10.09 (d, J= 7.5 Hz,
1H, NH), 8.97 (s, 1H, H2), 8.33 (dd, J= 8.0, 1.5 Hz, 1H, HS5), 7.86 (d, J= 8.5 Hz, 1H, H8),
7.76 (ddd, J= 8.5, 7.0, 1.5 Hz, 1H, H7), 7.50 (app t, J= 7.5 Hz, 1H, H6), 6.96 (d, J= 8.5 Hz,
2H, H2", H6"), 6.51 (d, J= 8.5 Hz, 2H, H3", H5"), 5.52 (s, 2H, H1"), 5.14 (s, 2H, NH>), 4.81
(d, J=5.0 Hz, 1H, OH), 3.74-3.62 (m, 1H, H2""), 3.45-3.35 (m, 1H, H1'"), 2.09-1.95 (m, 1H,
H6" (1H)), 1.93-1.79 (m, 1H, H3"" (1H)), 1.73-1.53 (m, 2H, H4"), 1.38-1.11 (m, 4H, H3""
(1H), H5", H6"" (1H)); dc (de-DMSO) 176.0 (C), 164.4 (C), 149.1 (C), 148.6 (CH), 139.6
(C), 133.2 (CH), 128.5 (CH), 127.8 (C), 126.5 (CH), 125.4 (CH), 122.4 (C), 118.5 (CH),
114.4 (CH), 111.6 (C), 71.7 (CH), 56.3 (CH>), 54.1 (CH), 34.2 (CH»), 31.1 (CH»), 24.2
(CH»), 23.7 (CHy); m/z LRMS (TOF ES") [M+H]" 392.1; LCMS: & = 4.91 min, purity =

94.8%.
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Pharmacology
Radioligand Equilibrium Whole Cell Binding Assays

Plate preparation. FlpIn-CHO cells stably expressing human muscarinic M| receptors
(hM; mAChR FlpIn-CHO) were cultured at 37 °C in 5% CO; in Dulbecco’s modified Eagle
medium (DMEM) supplemented with 5% (v/v) foetal bovine serum (FBS) and 16 mM
HEPES. Cells were seeded into white opaque Isoplates™ at 8 x 10° cells per well and then
grown at 37 °C for 20-24 h. Cells were then washed twice with cold HEPES-buffered saline,
140 pL per well cold HEPES-buffered saline was added and the plates kept on ice.

Assay protocol (one “cold” interacting ligand). Stock solutions of each ligand (10 M)
were made up in cold HEPES-buffered saline. Dilutions of all ligands were made up in cold
HEPES-buffered saline at ten times (10x) the required concentration and added to stock
plates on ice. Cells were equilibrated at 4 °C for 4 h with 20 uL of a single interacting ligand
and 20 uL of 0.1 nM [PH]NMS (total volume 200 pL per well).

Assay protocol (two “cold” interacting ligands) Stock solutions of each orthosteric
ligand (102 M) were made up in cold HEPES-buffered saline. Stock solutions of the
interacting allosteric ligands of choice (102 M) were made up in DMSO. Dilutions of all
ligands were made up in cold HEPES-buffered saline at ten times (10x) the required
concentration and added to stock plates on ice. Cells were equilibrated at 4 °C for 4 h with 20
uL of ACh, 20 pL of a single interacting allosteric ligand and 20 pL of 0.1 nM [PH]NMS
(total volume 200 pL per well).

Assay termination and data collection. Assays were terminated by media removal, 2 X
100 pL per well washes with 0.9% NaCl solution and addition of 100 pL per well

Microscint-20 scintillation liquid. The levels of remaining bound radioligand, and therefore
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the degree of radioligand displacement, was measured in disintegrations per minute (dpm) on

the Microbeta2™ LumiJET 2460 microplate counter (PerkinElmer).

AlphaScreen ERK1/2 Phosphorylation Assays

Plate preparation. FlpIn-CHO cells stably expressing human muscarinic M| receptors
(hM; mAChR FlpIn-CHO) were cultured at 37 °C in 5% CO, in DMEM supplemented with
5% (v/v) FBS and 16 mM HEPES. Cells were seeded into transparent 96-well plates at 5 x
10* cells per well and grown for 6 h. Cells were then washed once with phosphate-buffered
saline (PBS) and incubated in serum-free DMEM (180 pL per well) at 37 °C overnight (16-
18 h) to allow FBS-stimulated phosphorylated ERK1/2 levels to subside.

Time course assays. A stock solution of ACh (102 M) was made up in MilliQ water.
Stock solutions of the test ligands (10 M) were made up in DMSO. All ligands were diluted
to 10> M in serum-free DMEM. Ligand additions (20 uL) were made at predetermined time
points over a 30 minute period (30, 25, 20, 15, 10, 8, 6, 5, 3 and 1 min) with the cells being
incubated at 37 °C following each addition. FBS, which triggers ERK1/2 phosphorylation via
a tyrosine kinase receptor, was added at 6 min as a measure of the maximal levels of
pERK1/2 production.

Concentration-response curves (CRCs). A stock solution of ACh (102 M) was made up
in MilliQ water. Stock solutions of the test ligands (102 M) were made up in DMSO.
Dilutions of all ligands were made up in FBS-free media at ten times (10x) the required
concentration and added to stock plates. Cells were incubated at 37 °C with 20 pL per well of
each concentration of all compounds at 5 min (as determined by time course assays).

Interaction studies. A stock solution of ACh (102 M) was made up in MilliQ water. Stock

solutions of the allosteric test ligands (102 M) were made up in DMSO. Dilutions of ACh
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and the interacting ligand were made up in FBS-free media at twenty times (20x) the ideal
concentration range (as determined by CRC assays). Equal volumes of each concentration of
ACh and each concentration of the interacting ligand of choice were premixed in stock plates.
Cells were incubated at 37 °C with 20 pL per well of each ligand mixture at 5 min (as
determined by time course assays).

Assay termination and data collection. Agonist-stimulated ERK1/2 phosphorylation was
terminated by the removal of drugs and the addition of 100 uL p/well of SureFire™ lysis
buffer. The cell lysates were agitated for 5-10 min. Following agitation, 5 uL of cell lysates
were transferred into a 384-well white opaque Optiplate™, followed by addition of 8.5 pL of
a solution of Reaction buffer/Activation buffer/acceptor beads/donor beads in a ratio of
6/1/0.3/0.3 (v/v/v/v) under green light conditions. The plates were then incubated at 37 °C in
the dark for 1 h and fluorescence was measured on a Fusion-a™ plate reader (PerkinElmer)

using standard AlphaScreen settings.

Data analysis
All data analysis was managed using Prism 6 software (GraphPad Software, San Diego,
CA). Experiments measuring radioligand equilibrium whole cell binding interactions were

fitted to the allosteric ternary complex model (1):

[Al (1)
KaKs m+ E_’_ a[l][B] )

A+ (— 2y
a'[B] + Ke Ki Ks KiKs

Y =

where Y is the percentage (vehicle control) binding, [A], [B] and [I] are the concentrations of
[PHINMS, the allosteric ligand, and ACh respectively, Ko and Kp are the equilibrium
dissociation constants of [PHJNMS and the allosteric ligand, respectively, Ki is the

equilibrium dissociation constant of ACh, and « and «' are the cooperativities between the
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allosteric ligand and [’H]NMS or ACh, respectively. Values of « (or &) > 1 denote positive
cooperativity; values <1 (but >0) denote negative cooperativity, and values = 1 denote neutral
cooperativity. Functional orthosteric and allosteric agonist concentration-response curves

were fitted via nonlinear regression to the three-parameter logistic function (2):

E __ —basal
E = Basal + (E ) (2)
1 + 10 — PEC 5, —Log [A])

where £ is response, Fmax and basal are the top and bottom asymptotes of the curve,
respectively, log [A4] is the logarithm of the agonist concentration, and pECso is the negative
logarithm of the agonist concentration that gives a response halfway between Emax and basal.
Functional experiments measuring the interactions between ACh and each allosteric ligand
were fitted to the operational model of allosterism and agonism (3)*"*® to derive functional

estimates of modulator affinity, cooperativity, and efficacy.

£ En(za[Al( Ks + afB[B]) + s[B]Ka)"
- ([A] Ke + KaKs + [B] Ka + a[A][B]) " + (za[Al( K& + afB[B]) + rs[B]KA)"

A3

where En is the maximum attainable system response for the pathway under investigation;
[A] and [B] are the concentrations of orthosteric and allosteric ligands, respectively; Ka and
Kg are the equilibrium dissociation constants of the orthosteric and allosteric ligands,
respectively; 7a and s are the operational measures of orthosteric and allosteric ligand
efficacy (which incorporate both signal efficiency and receptor density), respectively; nis a
transducer slope factor linking occupancy to response; « is the binding cooperativity
parameter between the orthosteric and allosteric ligand; S denotes the magnitude of the
allosteric effect of the modulator on the efficacy of the orthosteric agonist.*** In all cases,
the equilibrium dissociation constant of each allosteric ligand was fixed to that determined

from the competition binding experiments.
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Chapter Five



Pharmacological Investigation of Analogues of Benzyl Quinolone
Carboxylic Acid (BQCA) for the M1 Muscarinic Acetylcholine
Receptor

Introduction

Structure-activity relationship (SAR) studies are the mainstay of medicinal chemistry lead
candidate optimization. Upon discovery of a novel chemical scaffold that elicits a specific
biological activity via a receptor, channel or enzyme, determining the SAR between the
ligand and the protein target is the next logical and crucial step; affording a better
understanding of what parts of the structure are essential for activity, what parts are
unnecessary, and what parts can be altered to improve activity, selectivity, or adsorption,

distribution, metabolism and excretion (ADME) properties.

Typically this involves making iterative structural modifications to different regions of the
molecule and observing the effects of these modifications on a single parameter in an in vitro
pharmacological assay such as ECso (for agonists) or 1Cso (for antagonists). Such studies have
afforded valuable information towards improving existing drug molecules or optimizing
novel ligands with therapeutic potential for the treatment of a broad range of disorders
including infectious disease,® central nervous system (CNS) disorders,>® metabolic
disorders,* cardiovascular conditions® and cancer® at a range of targets such as enzymes,

DNA, ion channels and G protein-coupled receptors (GPCRs).

One barrier that SAR studies of GPCR ligands struggle to overcome is that of achieving
absolute selectivity for a particular receptor subtype via the orthosteric (endogenous ligand)
binding site. In the case of the aminergic GPCRs, the high degree of structural conservation
across their orthosteric sites’ renders designing a drug to target a single receptor subtype nigh

on impossible. This has considerably slowed novel lead optimization efforts, prevented
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otherwise clinically-useful drugs making it to market, and also resulted in millions of patients
currently taking approved GPCR orthosteric drugs having to live with side effects. One
example of an abandoned clinical candidate is xanomeline (1, Figure 1); an Mji/Mgs-
preferring muscarinic acetylcholine receptor (MAChR) ligand that made it to clinical trials for
the treatment of the cognitive deficits and psychotic episodes associated with Alzheimer’s
disease and schizophrenia.® Unfortunately, despite appearing to be selective in preclinical
studies, xanomeline produced severe gastrointestinal side effects likely mediated by its action
at the M2 and Ms mAChRs.® One example of an approved therapeutic agent for which side
effects are currently being tolerated by patients is olanzapine (2, Figure 1). Olanzapine is an
atypical antipsychotic that treats both the positive and negative symptoms of schizophrenia
by acting as a Da/5-HT.a receptor inverse agonist.!®* Unfortunately, patients often
experience notable weight gain from taking olanzapine due to promiscuous receptor binding

at the 5-HT,c and possibly Hi and Hs receptors.213
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Figure 1. Structures of xanomeline (1) and olanzapine (2)

This selectivity issue has resulted in efforts being directed towards the development of
ligands that target allosteric sites on GPCRs. These sites are topographically-distinct from the
orthosteric site and more unique in structure across receptor subtypes, making allosteric

ligands more likely to exhibit absolute subtype selectivity than their orthosteric
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counterparts.** A plethora of studies focussing on allosteric ligand optimization have since
emerged, bringing with them a veritable array of pharmacological tool compounds and
exciting therapeutic lead compounds, but also an unexpected and challenging phenomenon:
“flat” or “shallow” SAR. This has been noted across a broad spectrum of GPCRs, including

Family A, Family B,'® and Family C.1718

“Flat” SAR describes the common observation that structural modifications to allosteric
ligands often have apparently minimal or confounding effects on ligand potency, whilst
“shallow” SAR describes the complete abolishment of activity of allosteric ligands by small
structural changes; making it difficult to elucidate trends and map the ligand’s
pharmacophore. This is likely an artifact of the high-throughput in vitro screening protocols
typically chosen to assess allosteric ligands. Such testing paradigms, which involve titration
of increasing concentrations of an allosteric ligand against a fixed orthosteric ligand
concentration, yield estimates of a single pharmacological parameter that fail to capture the
“textured” effects of allosteric ligands (see Chapter 1," Figures 9 and 10 for a more detailed
explanation). Orthosteric ligands may be adequately described by a single pharmacological
parameter. In the case of orthosteric agonists, their potency for stimulating a particular
signalling output (ECsp) is routinely utilized, with some studies also reporting the maximum
response elicited by the agonist in the cellular background under observation (Emax). In the
case of orthosteric antagonists, their potency for inhibiting a particular signalling output
(I1Cs0) may be measured, or (preferably) their affinity (equilibrium dissociation constant) for
the receptor (Ki). In contrast, allosteric ligands require four parameters to sufficiently
encompass their pharmacological capabilities;*® their equilibrium dissociation constant or
affinity for the receptor (Kg), their binding () and functional (/) cooperativity with the

orthosteric probe of choice, and their signalling efficacy for a particular biological output
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(m), in the case of allosteric agonists. Hence, in vitro screening protocols that estimate a
single pharmacological parameter are clearly more suited to orthosteric ligand optimization,
whilst allosteric ligand optimization requires approaches that apply the ternary complex
model?® and the operational model of allosterism and agonism®® to construct more “enriched”

SARs that may identify interesting trends that single parameter studies would fail to uncover.

The M1 and M4 mAChRs are GPCRs at which allosteric interactions have been well
established and characterized. BQCA (1-(4-methoxybenzyl)-4-oxo-1,4-dihydroquinoline-3-
carboxylic acid)®® and LY2033298 ([3-amino-5-chloro-6-methoxy-4-methyl-thieno[2,3-
b]pyridine-2-carboxylic acid)?> (3 and 4, Figure 2) are well-known positive allosteric
modulators (PAMs)/allosteric agonists for the M1 and M4 mAChR, respectively. Whilst these
ligands were originally identified employing the ‘modulator titration curve’ method
previously described, subsequent studies utilizing more rigorous pharmacological methods

have broadened our understanding of the intricacies of their pharmacological profiles.?®%3
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Figure 2. Structures of BQCA (3) and LY2033298 (4)

Furthermore, the SARs of these ligands have been interrogated applying both the
‘traditional’, single-parameter, modulator titration curve method and the more thorough,

multi-parameter ‘enriched’ method. In the case of LY2033298, SAR studies employing the
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‘traditional’ method determined that removal of the heterocyclic nitrogen or the primary
amine was highly detrimental to activity, whilst removal of the chlorine was not. They also
found that replacement of the three-membered ring with a bulkier phenyl ring with either 2,3-
fluoro, 2,5-fluoro or 4-methoxy substitutions retained high nanomolar potency as did
replacement of the pyridine ring methyl substituent with a methoxy or an O-linked N-
containing aromatic ring.?4?® The ‘enriched’ method?’ was able to identify an example of one
structural modification that has opposing effects on different allosteric parameters (namely
affinity vs. cooperativity); a feature of allosteric pharmacophores likely to contribute to the
“flat” SAR observed in traditional studies. Furthermore, they determined that the mechanism
of modulation by these Ms mAChR PAMs may be partially accounted for by stabilization of

the active state of the receptor via binding cooperativity with the orthosteric ligand.

In the case of BQCA, Kuduk and colleagues published numerous studies employing the
‘traditional’ method (reviewed in Chapter 1) but frequently observed “flat” or “shallow”
SAR.%-%0 They were able to determine that 5- and 8-substitution of the A-ring, preservation
of the methylene linker, aromaticity of the C-ring and 4-position substitution of the C-ring
with halogens and lipophilic moieties were all preferred for potency (see Chapter 1, Figure
18).293% However, it wasn’t until a more recent publication by Mistry et al. employing an
‘enriched’ approach to investigating the BQCA SAR that these observations were understood
in terms of individual allosteric ligand parameters.3* Specifically, they found that 5- and 8-
fluorine substitution of the A-ring appeared to be important for allosteric agonism (zs) whilst
preserving the methylene linker and C-ring aromaticity were critical for maintaining binding
cooperativity (). They also found that 4-position substitution of the C-ring with a lipophilic
moiety improved affinity without affecting cooperativity whilst, conversely, the carboxylic

acid (or an isostere containing a hydrogen bond donor) is an important determinant of
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cooperativity without affecting affinity. The informative conclusions obtained from these
‘enriched’ studies highlight the value of adopting such an approach for allosteric ligand SAR

elucidation and lead optimization.

To further exemplify the importance of implementing this approach in the study of My
MAChHR allosteric ligands, we selected two known M1 mAChR PAMs (5 and 6, Figure 3)

that have stemmed from BQCA optimization studies by Merck.2%338

O O F O O

Figure 3. Structures of BQCA analogues 5 and 6

These compounds are reported to have greatly improved potency compared to BQCA in
‘traditional’ calcium mobilisation modulator titration curve assays (in the presence of an EC2o
concentration of ACh). We sought to ascertain whether this improved potency was the result
of improved affinity, functional efficacy, binding cooperativity, functional cooperativity, or a
combination thereof. This approach also enabled us to investigate whether, despite the
considerable structural variation between these compounds, the source of this improved
potency could be accounted for by changes in the same allosteric parameter(s). These
compounds were synthesized and pharmacologically characterized in radioligand binding and
ERK1/2 phosphorylation assays in Chinese Hamster Ovary (CHO) cells stably expressing the

human M1 mAChR. Application of the ternary complex model and the operational model of

147



allosterism allowed us to estimate the affinity (Kg), the binding () and functional (f)

cooperativity constants, and the functional efficacy () of each ligand.
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Results
Synthesis

The first two steps of the synthesis of 5 (Scheme 1) were followed as per the BQCA
synthesis (see Chapter 2), starting with 2-fluoroaniline (7a) in place of aniline. Both 8a and
9a were obtained in slightly higher yields to that obtained in the BQCA synthesis (8a: 93%,
compared to 83%; 9a: 75%, compared to 48%). N-Benzylation with the commercially
available 2-(bromomethyl)naphthalene was then performed to obtain 10a in good vyield,
followed by ester saponification to obtain 5 in near quantitative yield. The first two steps of
the synthesis of 6 (Scheme 1) were completed in a similar manner with similar yields,
starting with 2,5-difluoroaniline (7b). In this case, the desired N-benzylating agent was not
commercially available, and N-benzylation with 4-bromobenzylbromide followed by an
Ullman coupling with pyrazole was unsuccessful due to no reaction occurring in this latter
step (not shown). Hence, the desired benzyl bromide 12 was obtained by employing Appel
conditions to facilitate functional group interconversion from the benzyl alcohol 11.
Subsequent N-benzylation and saponification steps were employed as per the synthesis of 5

to obtain 6 in reasonable yield.
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Scheme 1. Synthesis of BQCA analogues 5 and 62

R, R, O O
(a) ©\ (b) OEt
— = NG |
NH N
2 /r H
R, Rq
7aRi=F,R;=H 8aR,=F, R,=H 9aR,=F,R,=H
7b R1 RZ_F 8bR1 R2—F gb R1 Rz—F
#(C)
R, O O R, o

Ry
1 fRS
¢(e) 5R;=F,Ry=H 10aR;=F,Ry,=H
R0 R0
e o o

_N

N\\> 6R1=R2=F 10bR1—R2—

— R3=*

5 .

-
@Reagents and conditions: (a) diethylethoxymethylene malonate, 120 °C, 93% (8a), 73%
(8b); (b) diphenyl ether, 220 °C, 75% (9a), 46% (9b); (c) benzyl bromide, DIPEA, ACN,
80 °C, 65% (10a), 74% (10b); (d) 1 M LiOHag), THF, 80 °C, 90% (5), 40% (6); (e) CBra,

PPhs, ACN, 0-80 °C, 81%.

Pharmacology

[PHINMS equilibrium whole cell binding interactions between acetylcholine and each of
our test allosteric ligands (BQCA and analogues 5 and 6) were conducted in CHO cells stably
expressing the hM: mAChR (Figure 4). Application of the ternary complex model to these

data allowed us to estimate each ligand’s affinity (pKg), binding cooperativity with [PHINMS
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(log anms)) and binding cooperativity with acetylcholine (log «ogach)) (Table 1). All

pharmacological data for BQCA are taken from Chapter 2.
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Figure 4. Equilibrium whole cell binding and ERK1/2 phosphorylation functional
interaction studies between the ACh and the BQCA analogues 5 and 6 (in the presence
of a Kp concentration of [PH]NMS in binding). Values represent the mean + S.E.M. from

three to four experiments performed in duplicate.

ERK1/2 phosphorylation assays were conducted in CHO cells stably expressing the hM1
MAChR. Time course assays were performed to establish the length of incubation time
required to measure the peak phosphorylated ERK1/2 response for each test compound
(Appendix 6). Concentration-response curves applying the appropriate incubation time were
subsequently completed to estimate the pECso of each compound. (Table 1). Interaction
studies, with ACh as the interacting orthosteric ligand, were conducted for each of our test

allosteric ligands; BQCA, 5 and 6 (Figure 4). Application of the operational model of
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allosterism to these data allowed us to estimate each ligand’s signalling efficacy () and the

combined binding/activation cooperativity (f) (Table 1).

Table 1. Ternary complex model parameters for the binding interaction between
[FHINMS, ACh and each allosteric ligand, and the operational model of allosterism
functional parameters for the activity of each allosteric ligand alone, and in the presence

of acetylcholine (ACh).

pKg? 4.44 +0.07 489 +0.13 5.57 £0.09
Log anms)’ -3.00* -0.03+0.03 |-1.05+0.16
Log ajach’ 2.88+£0.11 2.17+0.13 2.53+0.16
Q[ACh] 759 148 339

PECs ¢ 6.77 £ 0.07 6.54 +0.15 7.16 £0.15
Log ¢ 2.21+0.08 2.08 £0.10 2.07+0.14
' 162 120 117

Log aff’® 3.71+0.18 3.91+0.19 3.28 £0.29
Log B (B)" 0.83 (7) 1.74 (55) 0.75 (6)

Estimated parameter values represent the mean + S.E.M. from at least three to four experiments
performed in duplicate

“ Negative logarithm of the equilibrium dissociation constant of the allosteric ligand

b Logarithm of the binding cooperativity factor between [’ H]NMS and the allosteric ligand; * denotes
when the parameter was constrained to an arbitrary low value consistent with very high negative
cooperativity between the allosteric ligand and the radioligand

¢ Logarithm of the binding cooperativity factor between ACh and the allosteric ligand
pKs value was fixed to that estimated for each ligand in whole cell binding experiments

4 Negative logarithm of the ligand concentration that produces half the maximal response

¢ Logarithm of the operational efficacy parameter of the ligand

/" Antilogarithm of the operational efficacy parameter of the ligand

¢ Logarithm of the product of the binding and activation cooperativity factors between ACh and the
allosteric ligand

" Logarithm (and antilogarithm) of the activation cooperativity factor between ACh and the allosteric
ligand (derived by fixing the binding cooperativity value to that estimated for each ligand in whole
cell binding experiments — Log agach)
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Discussion

The potency of the majority of BQCA analogues reported to date is taken from the
concentration that yields the point of inflection of the titration curve of the ligand in the
presence of an ECyo concentration of ACh. This method, whilst effective for identifying hit
compounds, gives us limited information about the ligand binding mode and does not attempt
to quantify allosteric behavior. The study performed here attempts to identify what specific
pharmacological parameters may be responsible for the improvement in activity of these

compounds over BQCA.

Compound 6 (pKg = 5.57) exhibited a significant increase in affinity (p< 0.0001) compared
to BQCA (pKg = 4.44) (Table 1). The ligand’s pECsp, binding and functional cooperativities,
and signalling efficacy were not significantly different from BQCA. This suggests that the
substantial increase in potency reported by Kuduk et al.® for this analogue (from 845 nM to
171 nM) is largely dictated by the affinity of 6, and not its modulatory ability. This improved
affinity may arise from additional hydrogen bonding interactions between the receptor and
the fluorine atoms of the bicyclic core, and/or the additional van der Waals interactions and
H-bond acceptor of the pyrazole ring. 5 exhibited a notable gain in activation cooperativity
with ACh compared to BQCA (from g =7 to g = 55, (p< 0.001)) (Table 1). The other
binding and functional parameters estimated for this compound were not significantly
different from BQCA. This suggests that the enhanced potency reported by Kuduk et al.?® for
this analogue (from 845 nM to 80 nM) is largely driven by the activation cooperativity (with
ACh) of 5. Enhancement of this property may be the result of the lipophilic naphthalene ring
system forming favourable van der Waals interactions that directly or indirectly affect amino
acid residues involved in cooperativity transmission, such as F182, E397 and E401 in

extracellular loop 2 and transmembrane 7.3
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Two known BQCA analogues were synthesised and pharmacologically characterised in
[PBHINMS equilibrium whole cell binding and ERK1/2 phosphorylation functional assays.
The data reveal that improvements in specific properties, such as affinity or activation
cooperativity, drive the improved activity of these ligands compared to BQCA. Furthermore,
the data also demonstrate that the source of improved potency is not the same
pharmacological parameter for the two ligands. 5 and 6 may serve as useful probes for

investigating the in vivo effect of improving properties individually.

This chapter illustrates a method by which the frequently confounding SAR observed with
allosteric ligands may be deconvoluted. If changes in chemical structure can be linked
specifically to changes in affinity, binding cooperativity, activation cooperativity or
signalling efficacy, rather than simply “potency”, a clearer, albeit more complex, picture of
the ligand-receptor interaction may be elucidated. A crucial question, one that is presently
unanswered, is: what properties of these M:1 mAChR allosteric ligands do we need to
improve, and to what extent, to achieve a therapeutic effect in both preclinical and clinical
trials? (e.g. How high does the positive cooperativity with ACh need to be to elicit a
therapeutic effect without causing neurotoxicity?) Clearly, ligands for which we have more
detailed binding and functional knowledge may serve as ideal tool compounds for probing
the specific effects of a single parameter change such as increased affinity, increased
cooperativity, or decreased signalling efficacy in an in vivo setting. This may yield a clearer
picture of what the ideal balance of properties is, as well as an informed direction in which

rational drug design may proceed.
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Experimental
Chemistry
General

All materials were reagent grade and purchased commercially from Sigma-Aldrich or
Matrix Scientific. Anhydrous solvents were obtained from a MBraun MB SPS-800 Solvent
Purification System. Analytical thin layer chromatography (TLC) was performed on Silica
Gel 60 F2s4 pre-coated plates (0.25 mm, Merck ART 5554) and visualized by ultraviolet light,
iodine or ninhydrin as necessary. Silica gel 60 (Fluka) was used for silica gel flash
chromatography. Microwave reactions were performed in a CEM Discover microwave
reactor. Melting points (mp) were determined on a Mettler Toledo-MP50 Melting Point
System.

'H NMR spectra were routinely recorded at 400 MHz using a Briiker Avance 400 MHz
Ultrashield Plus spectrometer equipped with a Silicon Graphics workstation. Chemical shifts
(8u) for all '"H NMR spectra are reported in parts per million (ppm) using the centre peak of
the deuterated solvent chemical shift as the reference: CDCl; (7.26) and de-DMSO (2.50).%
Each resonance was assigned according to the following convention: chemical shift (J)
(multiplicity, coupling constant(s) in Hz, number of protons, and assignment). Coupling
constants (J) are reported to the nearest 0.5 Hz. In reporting spectral data the following
abbreviations have been used: s, singlet; d, doublet; t, triplet; q, quartet; p, pentet; m,
multiplet; br, broad; app, apparent; as well as combinations of these where appropriate.

13C NMR spectra were routinely recorded at 100 MHz using a Briiker Avance 400 MHz
Ultrashield Plus spectrometer equipped with a Silicon Graphics workstation. Chemical shifts

(8¢) for all 3C NMR spectra are reported in parts per million (ppm), using the centre peak of
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the deuterated solvent chemical shift as the reference: CDCI; (77.16) and ds-DMSO
(39.52).3® Coupling to fluorine (*°F) is reported as 'Jcr, 2Jcr, *Jcr and “Jcr to the nearest Hz.>*

HSQC, HMBC and COSY spectra were obtained using the standard Briiker pulse sequence
to assist with structural assignment of the compounds.

Liquid Chromatography-Mass Spectrometry (LCMS) was performed on an Agilent 1200
Series coupled to the 6120 quadrupole mass spectrometer. Elution was also monitored at 254
nm. High Resolution Mass Spectrometry (HRMS) analyses were recorded in the specified ion
mode using a LCT Premier XE TOF Mass Spectrometer coupled to 2795 Alliance
Separations Module at cone voltages of 45 V (ESI+) and 60 V (ESI-).

Analytical reverse-phase High Performance Liquid Chromatography (HPLC) was
performed on a Waters HPLC system using a Phenomenex® Luna C8 (2) 100A column (150
X 4.6 mm, 5 um) and a binary solvent system; solvent A: 0.1% TFA/H20; solvent B: 0.1%
TFA/80% MeOH/H-0. Isocratic elution was carried out using the following protocol (time,
% solvent A, % solvent B): 0 min, 100, 0; 10 min, 20, 80; 11 min, 20, 80; 12 min, 100, 0; 20
min, 100, O; at a flow rate of 1.0 mL/min monitored at 254 nm using a Waters 996
Photodiode Array detector.

Characterization requirements for intermediate compounds were set as: mp, 'H NMR, '*C
NMR, LCMS and HPLC (254 nm) or LCMS purity. Characterization requirements for final
compounds were set as: mp, 'H NMR, *C NMR, LRMS, HRMS, and HPLC (254 nm and

214 nm) purity >95%.

General procedure for diethyl 2-(((R-phenyl)amino)methylene)malonate
The appropriately substituted aniline (7a or 7b) (30 mmol) and diethylethoxymethylene
malonate (6.06 mL, 30 mmol) were syringed into a RBF and heated at 120 °C for 3-6 h. The

reaction mixture was removed from the heat, 20 mL cold petroleum spirits added and the

156



flask cooled on an ice bath for 30 min. The yellow crystals that formed were transferred to an
Erlenmeyer flask and sonicated (in small batches) in cold petroleum spirits for 2-3 min. The
target compound was obtained as pale yellow-white crystals following vacuum filtration and

additional washes with petroleum spirits.

Diethyl 2-(((2-fluorophenylamino)methylene)malonate (8a)

; L
4' 6' (o)
1
NN N0

FoA s
7

7.80 g, 93%; mp 78-79 °C: 8n (CDCls) 10.99 (br d, J= 13.5 Hz, 1H, NH), 8.44 (d, J= 13.5

Hz, 1H, CCHNH), 7.22 (td, J= 8.0, 1.0 Hz, 1H, H5'), 7.13-7.05 (m, 2H, H3', H6"), 7.05-6.98
(m, 1H, H4"), 4.26 (g, J= 7.0 Hz, 2H, CH2CHs), 4.19 (q, J= 7.0 Hz, 2H, CH-CH3), 1.31 (t, J=
7.0 Hz, 3H, CH2CHs), 1.26 (t, J= 7.0 Hz, 3H, CH,CHs); 8¢ (CDCls) 168.6 (C), 165.6 (C),
152.8 (CF, d, Wcr= 245 Hz), 150.9 (CH), 127.9 (C, d, 2Jcr= 10 Hz), 125.0 (CH), 124.95 (CH,
d, “Jcr= 3 Hz), 116.3 (CH, d, 2Jce= 12 Hz), 116.2 (CH, d, 3Jcr= 6 Hz), 95.1 (C), 60.5 (CH>),
60.2 (CHy), 14.4 (CHs), 14.3 (CHs); m/z LRMS (TOF ES*) [MH]* 282.3; HPLC: tr = 10.41

min, purity = 98.9%
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Diethyl 2-(((2,5-difluorophenyl)amino)methylene)malonate (8b)

6.60 g, 73%; mp 87.8-88.5 °C; & (CDCls) 10.99 (br d, J= 13.0 Hz, 1H, NH), 8.32 (d, J=
13.5 Hz, 1H, CCHNH), 7.04 (ddd, *Jue= 10.0, “Jue= 9.0, J= 5.0 Hz, 1H, H3"), 6.93 (ddd,
33ur= 9.0, J= 6.5, 3.0 Hz, 1H, H6'), 6.69 (dddd, 2Jue= 9.0, J= 7.5, 3.5, 3.0 Hz, 1H, H4"), 4.26
(g, J= 7.0 Hz, 2H, CH2CHs), 4.20 (g, J= 7.0 Hz, 2H, CH2CHs), 1.31 (t, J= 7.0 Hz, 3H,
CH2CH3), 1.27 (t, J= 7.0 Hz, 3H, CHCHs); 8¢ (CDCls) 168.4 (C), 165.3 (C), 159.2 (CF, dd,
Ler= 242, “Jcr= 2 Hz), 149.9 (CH), 148.8 (CF, dd, Wcr= 241, “Jcr= 3 Hz), 128.9 (C, dd,
2)cr= 13, 3Jcr= 10 Hz), 117.0 (CH, dd, 2Jce= 21, 3Jcr= 10 Hz), 110.7 (CH, dd, 2Jce= 24,
3Jcr= 8 Hz), 103.2 (CH, d, 2Jcr= 29 Hz), 96.3 (C), 60.7 (CH2), 60.4 (CHy), 14.4 (CHs), 14.2

(CHs); m/z LRMS (TOF ES*) [MH]* 300.3; HPLC: tr = 10.89 min, purity = 97.4%

General procedure for ethyl R-4-0xo-1,4-dihydroquinolone-3-carboxylate

Diphenyl ether (8 mL) was heated to 220 °C in a small beaker directly placed on the hotplate.
The appropriately substituted diethyl 2-(((R-phenyl) amino)methylene)malonate (8a or 8b)
(400 and 500 mg, 1.42 and 1.67 mmol, respectively) was added and the reaction mixture
heated, uncovered, for 20 min. The beaker was removed from the heat and allowed to cool to
RT, resulting in product formation and almost total solidification of the reaction mixture. The
target compound was isolated as a grey-white powder by vacuum filtration and copious

washing with cold petroleum spirits.
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Ethyl 8-fluoro-4-oxo-1,4-dihydroguinoline-3-carboxylate (9a)

251 mg, 75%; mp 212.3-213.7 °C; n (ds-DMSO) 8.40 (s, 1H, H2), 7.97 (d, J = 8.0 Hz, 1H,
H5), 7.65 (dd, ®Jur = 10.5, J= 8.5 Hz, 1H, H7), 7.41 (td, J= 8.0, 5.0 Hz, 1H, H6), 4.22 (q, J=
7.0 Hz, 2H, CH2CHs), 1.28 (t, J= 7.0 Hz, 3H, CH2CHs); 8¢ (ds-DMS0) 172.5 (C), 164.4 (C),
152.8 (CF, d, Wcr= 248 Hz), 144.7 (CH), 129.1 (C), 128.2 (C), 124.5 (CH, 3Jce= 7 Hz), 121.3
(CH), 117.3 (CH, 2Jcr= 17 Hz), 110.5 (C), 59.8 (CHy), 14.2 (CHs); m/z LRMS (TOF ES")

[MH]* 236.3; HPLC: tr = 6.53 min, purity = 95.6%

Ethyl 5,8-difluoro-4-oxo0-1,4-dihydroguinoline-3-carboxylate (9b)

195 mg, 46%; mp 209.1-210.1 °C; 84 (d-DMSO) 8.30 (s, 1H, H2), 7.64 (ddd, 3Jue= 10.5,
9.0, J = 4.0 Hz, 1H, H7), 7.11 (ddd, 3Jue= 11.5, 9.0, J= 4.0 Hz, 1H, H6), 4.21 (g, J= 7.0 Hz,
2H, CH2CHz3), 1.27 (t, J= 7.0 Hz, 3H, CH2CHj3); 8¢ (de-DMSO) 171.4 (C), 164.0 (C), 156.6
(CF, dd, YJcr= 256 Hz, “Jcr= 3 Hz), 147.6 (CF, dd, Ncr= 242 Hz, “Jcr= 4 Hz), 144.0 (CH),
130.0 (C), 118.5 (C), 117.6 (CH, dd, 2Jce= 19 Hz, 3Jce= 10 Hz), 112.1 (C), 110.1 (CH, dd,
2)ce= 24 Hz, 3dce= 7 Hz), 59.8 (CHz), 14.2 (CHs): m/z LRMS (TOF ES*) [MH]* 254.3;

LCMS: tr = 4.64 min, purity = >99.0

159



Synthesis of 1-(4-(bromomethyl)phenyl)-1H-pyrazole (12)

1" 5
Br 6

[4-(1H-Pyrazol-1-yl)phenyl]methanol (11, 200 mg, 1.15 mmol), triphenylphosphine (452 mg,
1.72 mmol, 1.5 eq.) and acetonitrile (8 mL) were placed in an RBF and cooled to 0 °C in an
ice bath. Carbon tetrabromide (571 mg, 1.72 mmol, 1.5 eq.) was added and the reaction
stirred at 0 °C for 10 min before being heated to 80 °C and stirred for 6 h. The reaction
mixture was cooled, partitioned between dichloromethane (10 mL) and water (10 mL), and
the aqueous layer extracted with dichloromethane (3 x 10 mL). The combined organic
fractions were dried over MgSOys, filtered and the solvent evaporated in vacuo to yield an
orange-yellow clear oil. The target molecule was isolated as off-white crystals by column
chromatography (stationary phase: silica, mobile phase: 3:1 petroleum spirits:ethyl acetate).
220 mg, 81%; mp 72-73 °C; &x (CDCls) 8.50 (d, J= 2.0 Hz, 1H, H5"), 7.84 (d, J= 8.5 Hz,
2H, H2, H6), 7.76 (d, J= 5.5 Hz, 1H, H3"), 7.57 (d, J= 8.5 Hz, 2H, H3, H5), 6.59-6.52 (m,
1H, H4"), 4.76 (s, 2H, H1"); 8¢ (CDCls) 141.4 (CH), 140.0 (C), 135.9 (C), 130.3 (CH), 126.7
(CH), 119.3 (CH), 107.9 (CH), 32.8 (CH2); m/z LRMS (TOF ES*) [MH]* 237.3; LCMS: tr =

5.84 min, purity = >99.0%

General procedure for N-benzylation

The ethyl ester precursor with the appropriate substitution pattern (9a or 9b) (250 and 160
mg, 1.06 mmol and 632 umol, respectively) and acetonitrile (7 mL) were placed in a RBF
and cooled to 0 °C in an ice bath. The appropriately substituted benzyl bromide (1.1 eg.) and

N,N-diisopropylethylamine (DIPEA) (4 eq.) were added and the reaction stirred at 80 °C for
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between 3-22 h. If the product was observed to precipitate from the reaction mixture, the
resulting white solid was isolated by vacuum filtration and washed with diethyl ether. If no
precipitate was observed, the reaction mixture was partitioned between chloroform (10 mL)
and 1 M HClg (10 mL), and the aqueous layer extracted with chloroform (3 x 10 mL). The
combined organic fractions were dried over MgSOQsa, filtered and the solvent evaporated in

vacuo to yield a white solid.

Ethyl 8-fluoro-1-(naphthalen-2-ylmethyl)-4-0x0-1,4-dihydroquinoline-3-carboxylate (10a)

257 mg, 65%; mp 224.1-224.7 °C; 8 (ds-DMSO) 8.91 (s, 1H, H2), 8.14 (d, J= 8.0 Hz, 1H,
H5), 7.97-7.81 (m, 3H, H4", H5", H8"), 7.59-7.49 (m, 5H, H6, H7, H1", H6", H7"), 7.35 (d,
J= 8.5 Hz, 1H, H3"), 5.89 (s, 2H, H1"), 4.27 (q, J= 7.0 Hz, 2H, CH,CHs3), 1.30 (t, J= 7.0 Hz,
3H, CH2CHs); ¢ (ds-DMSO) 171.8 (C), 164.3 (C), 152.1 (CH), 151.5 (CF, d, Wcr= 250 Hz),
134.8 (C), 132.8 (C), 132.2 (C), 131.1 (C), 128.5 (CH), 128.4 (C), 127.6 (CH, 2Jcr= 20 Hz),
126.5 (CH), 126.1 (CH), 125.6 (CH, 3Jcr=9 Hz), 124.0 (CH), 123.8 (CH), 122.7 (CH, *JcF=3
Hz), 120.1 (CH), 119.8 (CH), 110.6 (C), 60.0 (CHz), 59.8 (CHy), 14.3 (CH3); m/z LRMS

(TOF ES*) [MH]* 376.5; HPLC: tr = 10.48 min, purity = 97.5%
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Ethyl 1-(4-(1H-pyrazol-1-yl)benzyl)-5,8-difluoro-4-oxo-1,4-dihydroguinoline-3-carboxylate

10b

191 mg, 74%; mp 177.3-178.2 °C; 8n (de-DMSO) 8.76 (s, 1H, H2), 8.45 (d, J= 2.5 Hz, 1H,
H5"), 7.81 (d, J= 8.5 Hz, 2H, H3", H5"), 7.73 (d, J= 1.5 Hz, 1H, H3"), 7.58 (ddd, 3Jnr=
13.5,9.0, J = 4.5 Hz, 1H, H7), 7.28 (d, J= 8.5 Hz, 2H, H2", H6"), 7.19 (ddd, 3Jue= 11.0, 9.0,
J=3.5 Hz, 1H, H6), 6.53 (dd, J= 2.5, 2.0, 1H, H4""), 5.71 (app d, J= 3.7 Hz, 2H, H1'), 4.25
(9, 3= 7.0 Hz, 2H, CH,CHs), 1.29 (t, J= 7.0 Hz, 3H, CH,CHs); 8¢ (ds-DMSO) 171.0 (C),
163.9 (C), 157.3 (CF, d, YJcr= 258 Hz), 151.4 (CH), 147.3 (CF, d, Jcr= 240 Hz), 141.0
(CH), 139.0 (C), 134.7 (C), 129.9 (C), 127.7 (CH), 126.9 (CH), 120.3 (CH, dd, 2Jcr= 26 Hz,
3Jcrk= 11 Hz), 119.5 (C), 118.7 (CH), 112.3 (C), 112.0 (CH, dd, 2Jce= 24 Hz, 3Jce= 9 Hz),
107.9 (CH), 60.1 (CHz), 59.2 (CH2), 14.2 (CHs); m/z LRMS (TOF ES*) [MH]* 410.5; HPLC:

tr = 9.46 min, purity = 96.5%

General procedure for ester saponification

The starting ester (10a or 10b) (200 and 140 mg, 533 and 342 umol, respectively) and
tetrahydrofuran (10 mL) were brought to 0 °C in an ice bath. 1 M LiOH (2 eq.) was added
dropwise whilst stirring and then the reaction mixture was heated at 80 °C for 24 h.

Following addition of excess 1 M HClpq), the target molecule precipitated out and was
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isolated as an off-white powder by vacuum filtration, washed with distilled water to remove

the residual acid, then dried under vacuum overnight.

8-Fluoro-1-napthalen-2ylmethyl)-4-ox0-1,4-dihydroguinolone-3-carboxylic acid (5)

167 mg, 90%; mp 239.8-240.4 °C; &4 (d-DMSO) 14.87 (br s, 1H, OH), 9.27 (s, 1H, H2),
8.28 (dd, J= 8.0, 1.5 Hz, 1H, H5), 7.97-7.81 (m, 3H, H4", H5", H8"), 7.71 (ddd, , *Jue= 14.5,
J=8.0, 1.5 Hz, 1H, H7), 7.65-7.57 (m, 2H, H6, H1"), 7.53-7.45 (m, 2H, H6", H7"), 7.38 (dd,
J=85, 1.5 Hz, 1H, H3"), 6.07 (app d, J= 3.0 Hz, 2H, H1'); 8¢ (ds-DMSO) 177.1 (C), 165.6
(C), 152.4 (CH), 151.6 (CF, d, Xce= 250 Hz), 134.3 (C), 132.8 (C), 132.3 (C), 129.0 (C),
128.9 (C), 128.5 (CH), 127.7 (CH), 127.5 (CH), 127.1 (CH), 126.5 (CH), 126.2 (CH), 124.1
(CH), 123.9 (CH), 122.4 (CH), 121.4 (CH), 67.0 (C), 60.7 (CH2); m/iz LCMS (TOF ES*)
[MH]* 348.0; m/iz HRMS (TOF ES*) CaiH1sFNO3 [MH]* calcd 348.1030; found 348.1047;

HPLC: tr = 10.45 min, purity (254) = 99.7%, purity (214) = 98.5%.
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1-(4-(1H-Pyrazol-1-yl)benzyl)-5,8-difluoro-4-oxo-1,4-dihydroquinoline-3-carboxylic acid (6)

51.6 mg, 40%; mp >300 °C; &n (ds-DMS0) 15.10 (s, 1H, OH), 8.95 (s, 1H, H2), 8.52 (d, J=
2.5 Hz, 1H, H5"), 7.89 (d, J= 8.5 Hz, 2H, H3", H5"), 7.81 (d, J= 1.5 Hz, 1H, H3""), 7.70-
7.61 (m, 1H, H7), 7.31 (d, J= 8.5 Hz, 2H, H2", H6"), 7.24 (ddd, 3Jur= 12.0, 9.0, J= 3.5 Hz,
1H, H6), 6.61 (dd, J= 2.5, 2.0, 1H, H4"), 5.82 (app d, J= 3.7 Hz, 2H, H1"); 8¢ (ds-DMSO)
175.8 (C), 165.3 (C), 157.5 (CF, d, XJce= 260 Hz), 151.8 (CH), 147.3 (CF, d, YJcr= 250 Hz),
141.0 (CH), 139.0 (C), 135.0 (C), 127.7 (CH), 127.0 (CH), 122.4 (C), 119.7 (CH, dd, 2Jcr=
23 Hz, 3Jcr= 12 Hz), 119.3 (C), 118.7 (CH), 112.2 (C), 110.9 (CH, dd, 2Jcr= 24 Hz, 3Jcr= 8
Hz), 107.9 (CH), 59.1 (CH.); m/z LRMS (TOF ES*) [MH]" 382.6; m/z HRMS (TOF ES")
C20H13F2N303 [MH]* calcd 382.0998; found 382.1013; HPLC: tr = 9.23 min, purity (254) =

98.5%, purity (214) = 98.2%.

Pharmacology

Radioligand Equilibrium Whole Cell Binding Assays

Plate preparation. FlpIn-CHO cells stably expressing human muscarinic M1 receptors
(hM1 mAChR FlpIn-CHO) were cultured at 37 °C in 5% CO- in Dulbecco’s modified Eagle
medium (DMEM) supplemented with 5% (v/v) foetal bovine serum (FBS) and 16 mM

HEPES. Cells were seeded into white opaque Isoplates™ at 8 x 10° cells per well and then
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grown at 37 °C for 20-24 h. Cells were then washed twice with cold HEPES-buffered saline,
140 pL per well cold HEPES-buffered saline was added and the plates kept on ice.

Assay protocol. A stock solution of ACh (102 M) was made up in cold HEPES-buffered
saline. Stock solutions of the interacting allosteric ligands of choice (102 M) were made up in
DMSO. Dilutions of all ligands were made up in cold HEPES-buffered saline at ten times
(10x) the required concentration and added to stock plates on ice. Cells were equilibrated at 4
°C for 4 h with 20 uL of ACh, 20 uL of a single interacting allosteric ligand and 20 uL of 0.1
nM [*H]NMS (total volume 200 uL per well).

Assay termination and data collection. Assays were terminated by media removal, 2 x
100 pL per well washes with 0.9% NaCl solution and addition of 100 uL per well
Microscint-20 scintillation liquid. The levels of remaining bound radioligand, and therefore
the degree of radioligand displacement, was measured in disintegrations per minute (dpm) on

the Microbeta2™ LumiJET 2460 microplate counter (PerkinElmer).

AlphaScreen ERK1/2 Phosphorylation Assays

Plate preparation. FlpIn-CHO cells stably expressing human muscarinic My receptors
(hM1 mAChR FlpIn-CHO) were cultured at 37 °C in 5% CO. in DMEM supplemented with
5% (v/v) FBS and 16 mM HEPES. Cells were seeded into transparent 96-well plates at 5 x
10% cells per well and grown for 6 h. Cells were then washed once with phosphate-buffered
saline (PBS) and incubated in serum-free DMEM (180 pL per well) at 37 °C overnight (16-
18 h) to allow FBS-stimulated phosphorylated ERK1/2 levels to subside.

Time course assays. A stock solution of ACh (102 M) was made up in MilliQ water.
Stock solutions of the test ligands (102 M) were made up in DMSO. All ligands were diluted

to 10° M in serum-free DMEM. 20 puL ligand additions were made at predetermined time
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points over a 30 minute period (30, 25, 20, 15, 10, 8, 6, 5, 3 and 1 min) with the cells being
incubated at 37 °C following each addition. FBS, which triggers ERK1/2 phosphorylation via
a tyrosine Kkinase receptor, was added at 6 min as a measure of the maximal levels of
pERK1/2 production.

Concentration-response curves (CRCs). A stock solution of ACh (102 M) was made up
in MilliQ water. Stock solutions of the test ligands (102 M) were made up in DMSO.
Dilutions of all ligands were made up in FBS-free media at ten times (10x) the required
concentration and added to stock plates. Cells were incubated at 37 °C with 20 uL per well of
each concentration of all compounds at 5 min (as determined by time course assays).

Interaction studies. A stock solution of ACh (102 M) was made up in MilliQ water. Stock
solutions of the allosteric test ligands (102 M) were made up in DMSO. Dilutions of ACh
and the interacting ligand were made up in FBS-free media at twenty times (20x) the ideal
concentration range (as determined by CRC assays). Equal volumes of each concentration of
ACh and each concentration of the interacting ligand of choice were premixed in stock plates.
Cells were incubated at 37 °C with 20 uL per well of each ligand mixture at 5 min (as
determined by time course assays).

Assay termination and data collection. Agonist-stimulated ERK1/2 phosphorylation was
terminated by the removal of drugs and the addition of 100 uL p/well of SureFire™ lysis
buffer. The cell lysates were agitated for 5-10 min. Following agitation, 5 uL of cell lysates
were transferred into a 384-well white opaque Optiplate™, followed by addition of 8.5 uL of
a solution of Reaction buffer/Activation buffer/acceptor beads/donor beads in a ratio of
6/1/0.3/0.3 (v/viviv) under green light conditions. The plates were then incubated at 37 °C in
the dark for 1 h and fluorescence was measured on a Fusion-a.™ plate reader (PerkinElmer)

using standard AlphaScreen settings.

166



Data analysis
All data analysis was managed using Prism 6 software (GraphPad Software, San Diego,
CA). Experiments measuring radioligand equilibrium whole cell binding interactions were

fitted to the allosteric ternary complex model (1):

A M
KaKe [l [Bl «[l[B]
+ =+ —+ )

A+ (2
a'[B]+ Ks Ki  Ks KiKe

Y =

where Y is the percentage (vehicle control) binding, [A], [B] and [I] are the concentrations of
[PHINMS, the allosteric ligand, and ACh respectively, Ko and Kp are the equilibrium
dissociation constants of [PHJNMS and the allosteric ligand, respectively, Ki is the
equilibrium dissociation constant of ACh, and « and ' are the cooperativities between the
allosteric ligand and [’H]NMS or ACh, respectively. Values of a (or a') > 1 denote positive
cooperativity; values <1 (but >0) denote negative cooperativity, and values = 1 denote neutral
cooperativity. Functional orthosteric and allosteric agonist concentration-response curves

were fitted via nonlinear regression to the three-parameter logistic function (2):

(Epy — basal )
E = Basal + 1410 " s —Log [A]) (2)

where E is response, Fmax and basal are the top and bottom asymptotes of the curve,
respectively, log [A4] is the logarithm of the agonist concentration, and pECso is the negative
logarithm of the agonist concentration that gives a response halfway between Emax and basal.
Functional experiments measuring the interactions between ACh and each allosteric ligand
were fitted to the operational model of allosterism and agonism (3)***! to derive functional

estimates of modulator affinity, cooperativity, and efficacy.

B En(za[Al( Ke + aB[B]) + 7e[B]KA)"
" ([A] Ke + KaKe + [B] Ka + a[Al[B]) " + (za[Al( Ks + aB[B]) + [B]KA)"

E 3)
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where E, is the maximum attainable system response for the pathway under investigation;
[A] and [B] are the concentrations of orthosteric and allosteric ligands, respectively; Ka and
Kgp are the equilibrium dissociation constants of the orthosteric and allosteric ligands,
respectively; za and 78 are the operational measures of orthosteric and allosteric ligand
efficacy (which incorporate both signal efficiency and receptor density), respectively; nis a
transducer slope factor linking occupancy to response; « is the binding cooperativity
parameter between the orthosteric and allosteric ligand; S denotes the magnitude of the
allosteric effect of the modulator on the efficacy of the orthosteric agonist.**>* In all cases,
the equilibrium dissociation constant of each allosteric ligand was fixed to that determined
from the competition binding experiments.

Statistical analyses were performed where appropriate using one-way analysis of variance
with Dunnett’s post test, and significance indicated as follows: * = p< 0.05, ** = p< 0.01, ***

=p<0.001 and **** = p<(0.0001
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Chapter Six



Future Directions

Chapters 2 and 3

Chapters 2 and 3 reported the development of two irreversible allosteric ligands, MIPS1262
and MIPS1455, based on the structure of the M1 mAChR-selective allosteric ligand BQCA.
Two important questions need to be answered to assess the future utility of the molecular
tools developed in Chapters 2 and 3; a) Where do these ligands bind to the M1 muscarinic
acetylcholine receptor? And b) How selective are these ligands; on target, across the GPCR
family and in a broader cellular context? Techniques that may be employed to address these
questions are mass spectrometry, computational modeling, crystallography and screening

assays.

The use of mass spectrometric techniques to probe the primary, secondary, tertiary and
quaternary structures of membrane-bound proteins such as GPCRs, and the intracellular
multiprotein complexes that interact with them, has advanced considerably in recent years.*?
One particularly accessible and well-established technique thought to have laid the
foundation for the field of proteomics is peptide mass fingerprinting.® One of the earliest
examples of the application of this technique to identify the binding site of an irreversible
GPCR ligand is that of acetylcholine mustard (AChM) at mAChRs.* In brief, purified
receptors were treated with the reactive aziridinium form of [*HJAChM, digested with
cyanogen bromide, and the resulting fragments subjected to SDS-PAGE and Edman
degradation analysis to identify the labeled amino acid residue as the highly-conserved
transmembrane domain 3 aspartic acid present in the orthosteric site of all aminergic
GPCRs.> Based on this approach, the covalent binding site(s) of our irreversible BQCA
analogues, MIPS1262 and MIPS1455, could be elucidated using a modified experimental

protocol. The original AChM study did not purify individual receptor subtypes, instead using

175



a mixture of mAChRs isolated from the rat forebrain and striatum. Whilst this is of no
consequence to their study, given the propensity for AChM to bind non-selectively to the
same binding site on all five mMAChR subtypes, our work necessitates the use of purified M1
mAChR. Another important difference between the AChM study and our own prospective
study is the use of a tritiated irreversible ligand. In the former study, the radioactive label
aided detection of covalently modified peptides in the fragmentation mixture. However, as
the speed and sensitivity of proteomics techniques has advanced considerably, the amino acid
residues labeled by MIPS1262 and MIPS1455 could still be readily identified by rapid
sequencing and mass spectrometric analysis of the entire protein digest in the absence of a
radioactive label. Finally, it is likely that trypsin, rather than cyanogen bromide, would be
applied to fragment the covalently labeled receptor as it is a more commonly used proteolytic

cleavage agent.

This experiment would determine the on-target selectivity of MIPS1262 and MIPS1455.
As already highlighted in Chapter 3, the inherent reactivity of the isothiocyanate functionality
in MIPS1262 may result in the ligand covalently modifying multiple nucleophilic amino acid
residues at the M1 mAChR. Molecular dynamics simulations demonstrating the ability of
both orthosteric and allosteric GPCR ligands to adopt metastable binding poses at distinct
sites prior to reaching stable poses within their respective binding sites further support this
likelihood.®" Furthermore, close examination of a recent molecular model of the BQCA-M;
MAChHR interaction indicates that the nucleophilic amino acid residues present in this region
of the receptor do not lie in close proximity to the benzylic pendant of BQCA, suggesting
that, even if MIPS1262 interacts with the BQCA binding site, it may not be adopting the
same pose. Selectivity studies across the other four mAChR subtypes (Appendix 2) provide

further evidence to support this. In contrast, MIPS1455 can be pre-equilibrated with the My
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mMAChHR to form a reversible ligand-receptor complex prior to photoactivation and subsequent
covalent modification. This increases the likelihood that MIPS1455 will only label the
allosteric binding site of interest, and in a pose that more closely resembles that which the
parent molecule BQCA adopts at the M1 mAChR. Indeed, the binding and functional data
reported in Chapter 3 and the mAChR selectivity studies reported in Appendix 3 clearly
support the hypothesis that, prior to photoactivation, MIPS1455 interacts with the My
MAChHR in a similar manner to BQCA. Peptide mass fingerprinting would clearly provide

more conclusive evidence to evaluate these hypotheses.

Identifying the amino acid residues that are being covalently modified by these ligands
would supplement existing computational modelling of the BQCA binding site and
subsequently aid the design of more soluble, pharmacokinetically viable BQCA analogues.
Furthermore, if MIPS1455 was found to be selectively labelling the binding site of interest,
the ligand could serve as an immensely valuable tool for co-crystallization with an orthosteric
agonist-bound M1 mAChR, which may further elucidate the structural network by which
BQCA transmits its extraordinary degree of positive cooperativity and better inform rational
drug design at this and potentially other GPCRs. Binding and functional screening against a
panel of common GPCR targets could be employed to assess the broader selectivity of
MIPS1262 and MIPS1455, though it is already clear that MIPS1262 shows off-target activity
within the mAChR family. Fluorescent labelling and gel electrophoresis could be utilized to
assess the selectivity of these ligands in a broader cellular context, though this necessitates

further synthetic chemistry efforts that will be discussed in the next section.

Given that MIPS1455 appears to be the more promising of these two molecular tools, a

second functionality or ‘reporter’ group could be introduced to expand the pharmacological
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utility of this ligand. Fluorescent, radioactive, and biotin-based probes are examples of

secondary functionalities introduced into affinity labels for enzymes and GPCRs.®

Biotin-based probes enable detection and purification of affinity-labeled target proteins
using streptavidin-coated resin beads, facilitating target identification and monitoring of
protein expression levels.® Incorporating a biotin tag into MIPS1455 (1, Figure 1) may yield
a useful tool for monitoring changes in M1 mAChR expression in healthy and diseased tissue,
or following treatment with orthosteric agonists/antagonists or allosteric modulators in both
an in vitro or ex vivo context. It may also be useful for isolating and studying M1 mAChRs
that have been functionally modified by intracellular signaling and trafficking proteins.
Whilst expensive and hazardous, affinity labels containing radioactive atoms such as %1 and
3H are also commonly used in in vitro protein profiling studies. In contrast to biotinylation,
radiolabeling offers a more subtle means to modify the structure of an affinity label and can
be detected in vivo. An example of how radioactive iodine might be incorporated into the

structure of MIPS1455 is illustrated by structure 2, Figure 1.

Fluorescently-tagged affinity labels offer a broader range of capabilities than biotinylation
and radiolabeling, by virtue of the extensive array of fluorophores developed in recent years
and the ability to directly visualize such ligands in protein profiling, microscopy and in vivo
imaging.® An analogue of MIPS1455 tagged with a fluorescent label such as tetrazine (3,
Figure 1) could prove to be valuable for studying the structural dynamics of the highly-
flexible extracellular vestibule of the M1 mAChR in the presence and absence of an
orthosteric agonist/antagonist, a region of the receptor shown to be crucial for determining
the degree of receptor activation and G protein-coupling specificity.'® Furthermore, such
molecular tools may afford direct visualization of the trafficking and compartmentalization of

the M1 mAChR following allosteric ligand-mediated activation and internalization in live
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cells, which may prove distinct from orthosteric ligand-mediated processes. An additional
application may be the selective visualization of M1 mAChRs in specific tissues following
experiments involving animal models of cognition or from post-mortem human brain tissue,
allowing differences in receptor expression and localization between healthy, diseased and
treatment groups to be elucidated. Furthermore, a recent proof-of-concept study detailed the
use of a positron emission tomography (PET) tracer as a source of light for in vivo
photoactivation;'! further broadening the potential applications for MIPS1455 and other

photoactivatable ligands.

Whilst BQCA analogues containing each of these three types of ‘reporter’ groups could be
separately synthesized, tandem photoaffinity-labeling-bioorthogonal conjugation is an
efficient, highly advantageous method by which different probes can be synthesized in situ
from a single affinity label depending on the needs of the individual experiment.!2 A
‘clickable” handle, most commonly a terminal alkyne, is introduced into the affinity label (4,
Figure 1) that allows for coupling to biotin, a fluorophore, a second reactive functionality, or
an amino acid within a protein target that has been modified with the requisite alkyl azide, in
a copper-catalyzed process. To date, this strategy has largely been used to study enzymatic
drug targets, however examples of its application at ligand-gated ion channels and GPCRs are

emerging.*>4
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Figure 1. Prospective biotinylated (1), radiolabelled (2), fluorescently-labelled (3) and

clickable (4) analogues of MIPS1455

MIPS1262 and MIPS1455 reported in Chapters 2 and 3 of this thesis may serve as
templates for multifunctional molecular tools for the M1 mAChR, though it would be worth
considering applying the strategies described to one of the higher affinity BQCA-like
scaffolds recently reported. This work also provides proof-of-concept for the development of

such ligands for the orthosteric and allosteric sites of other GPCRs.

Chapter 4

Chapter 4 described the preliminary stages of rationally designing bitopic ligands for the
M: mAChR. Inspired by studies undertaken at the M, mAChR!51¢ and guided by an
experimental approach detailed by our own laboratory,*” we sought to link together the high

potency, non-selective orthosteric ligand iperoxo with the low affinity, highly selective
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allosteric ligand BQCA. The pharmacological methods required to determine the binding
mode of the putative bitopic ligands 33a and 44, as well as suggestions for future synthetic
chemistry undertakings, have already been discussed in Chapter 4. Hence, this section will
speculate on the prospective utility of these ligands should they prove to be interacting with

the M1 mAChR in a bitopic manner.

If a bitopic mechanism of action were to be confirmed, it would be necessary to assess the
MAChHR and broader target selectivity of these ligands in a similar manner to that described
for the irreversible allosteric ligands in Chapters 2 and 3. Furthermore, to complement the
mutagenesis studies that would be performed to elucidate a bitopic binding mode, molecular
dynamics simulations would provide an overall picture of the poses likely being adopted by

these ligands, informing further optimization and novel therapeutic design.

The level of receptor activation required to achieve a therapeutic effect (i.e. enhancement
of cognition, attenuation of AD pathophysiology) without on-target side effects (i.e.
neurotoxicity) remains a crucial question for the field of M; mMAChR therapeutic
development. A series of M1 mAChR-selective bitopic ligands of different linker lengths may
aid researchers in addressing this question, given the significant advances afforded by
rationally-designed bitopic ligands at the M2 mAChR (Chapter 4, Figure 2). Specifically,
recapitulating the graded receptor activation achieved with M2 mAChR bitopic ligands® in
the context of the M1 mMAChR may provide suitable in vivo tools to ascertain the level of
receptor activation required to achieve an optimal therapeutic effect and avoid toxicity in
animal models of cognitive deficits. Whilst iperoxo and BQCA alone do not affect stimulus
bias at the M1 mAChR, bitopic ligands combining the two pharmacophores may adopt
binding poses that give rise to distinct receptor conformations that alter the G protein-

coupling preferences and signaling pathways activated by the receptor. In vitro
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pharmacological techniques based on previous work performed in our laboratory could be
undertaken to investigate whether such ligands engender stimulus bias. Examples of such
techniques include the use of genetically-modified yeast strains expressing select G protein

chimeras and/or the calculation of bias factors and the generation of bias plots.'8-%

Such future undertakings, whilst purely theoretical, illustrate the potential value of

advancing this project beyond the preliminary research reported in this thesis.

Chapter 5

Chapter 5 briefly demonstrated that applying more detailed pharmacological analyses may
unmask the potential of known allosteric ligands to probe the effect of “dialing up” particular
allosteric parameters to the exclusion of others. Future work would involve examining if
selective enhancement of different allosteric parameters gives rise to divergent effects in an
in vivo setting; i.e. does enhancing the affinity of the allosteric ligand (as in the case of 5,
Chapter 5) have a different effect than enhancing the functional efficacy of the allosteric
ligand (as in the case of 6, Chapter 5). That said, in applying such an approach to future
studies, it would be more fruitful to investigate the effect of iterative structural changes on
individual allosteric parameters, rather than simply comparing a parent molecule (BQCA) to
two analogues containing multiple structural alterations. Furthermore, as a number of higher
potency M1 mAChR-selective allosteric ligands derived from the structure of BQCA have
emerged since this project was undertaken,?? it would be of interest to direct investigative

efforts towards these ligands.
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Conclusion

The overall aim of this thesis, to synthesize and pharmacologically evaluate a range of
molecular tools that may be employed to advance our understanding of allosteric and bitopic
interactions with the M1 mAChR, has been successfully achieved. Future directions will
involve taking these ligands beyond the preliminary development described in this thesis and
into the exploration of their application in structural and functional studies of the M;

MAChR.
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S2

1. The 2D NMR HMBC spectrum used to confirm N-benzylation to form BQCA (5), with the

key crosspeaks between position 8 and position 15 indicated by the arrows
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2. HPLC traces for final compound purity (254 and 214 nm)
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S8

3. Radioligand Saturation Whole Cell Binding experiments for compounds 4c, 4d and 10.
Bmax (% vehicle) bar graphs from radioligand saturation binding experiments performed in hM,
mAChR-expressing CHO cells in the presence of increasing concentrations of radio-labeled
orthosteric antagonist [*H]NMS where values significantly different from Vehicle are indicated
by an * (where * = p< 0.05, ** = p< 0.01, *** = p< 0.001 and **** = p< 0.0001). Orange. 30
min pre-incubation with vehicle, 4c, or 4c + ACh. Purple. 30 min preincubation with vehicle, 4d,
or 4d + ACh. Blue. 30 min pre-incubation with vehicle, 10, or 10 + ACh. Values represent the
mean + S.E.M from at least three to four experiments performed in duplicate.
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Appendix 2. Chapter 2 Unpublished Supporting Information

1. Pharmacological characterization of BQCA and putative irreversible analogues in ERK1/2 phosphorylation
time course assays in Flpln CHO cells stably expressing the hM1 mAChR (top) and non-transfected Flpin CHO
cells (bottom). See Alphascreen ERK1/2 Phosphorylation Assays — Time Course Assays in the Experimental
Section of Chapter 2 for a description of the protocol. Values represent the mean + SEM from two to three

experiments performed in duplicate.
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2. In situ validation of the ability of MIPS1262 to irreversibly couple to a nucleophilic amino acid residue

(cysteine)
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3. Pharmacological characterization of MIPS1262 (11) in [BH]NMS competition binding assays. Experiments
performed in hM; — hMs mAChR-expressing CHO cells in the presence of increasing concentrations of ACh
with or without increasing concentrations of MIPS1262 in the presence of a Kp concentration of radiolabeled
orthosteric antagonist [P H]NMS. Values represent the mean + SEM from two to three experiments performed in
duplicate.
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SUPPORTING INFORMATION

Appendix 3. Chapter 3 Published Supporting Information

1. [*HJNMS competition binding curves and ERK 1/2 phosphorylation concentration-response curves for BQCA
(1) and MIPS1455 (4) alone (in the absence of the orthosteric agonist ACh). Experiments performed in hM,
mAChR-expressing CHO cells in the presence of increasing concentrations of BQCA or MIPS1455 in the
presence of a Ky, concentration of radiolabeled orthosteric antagonist ['TH]NMS. Values represent the mean +
SEM from two to three experiments performed in duplicate.
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2. Pharmacological characterization of BQCA (1) (top) and MIPS1455 (4) (bottom) in ["H]NMS competition
binding assays. Experiments performed in hM, — hMs mAChR-expressing CHO cells in the presence of
increasing concentrations of ACh with or without increasing concentrations of BQCA or MIPS1455 in the
presence of a Kj, concentration of radiolabeled orthosteric antagonist [TH|NMS. Values represent the mean +
SEM from two to three experiments performed in duplicate.
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3. Structure of MIPS1262.
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4. HPLC traces for MIPS1455 (4) purity (254 and 214 nm).
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Appendix 4. Chapter 3 Unpublished Supporting Information

1. Pharmacological characterization of MIPS1455 (1) in ERK1/2 phosphorylation time course assays in Flpln
CHO cells stably expressing the hM; mAChR (top) and non-transfected Flpln CHO cells (bottom). See
Alphascreen ERK1/2 Phosphorylation Assays — Time Course Assays in the Experimental Section of Chapter 2
for a description of the protocol. Values represent the mean + SEM from two to three experiments performed in
duplicate.
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Appendix 5. Chapter 4 Supporting Information
1. HPLC traces for compound purity (254 and 214 nm) (and *H NMRs where appropriate)
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Note: The 254 and 214 nm HPLC traces of MIPS1524 on the previous page appear to be impure due to
complications with the HPLC at the time of synthesis and characterization. A blank run (containing only the
solvent in which MIPS1524 was dissolved, methanol) is provided below to illustrate this.
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MIPS1526
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2. Pharmacological characterization of monovalent and putative bitopic compounds in ERK1/2 phosphorylation
time course assays in Flpln CHO cells stably expressing the hM1 mAChR (top) and non-transfected Flpin CHO
cells (bottom). See Alphascreen ERK1/2 Phosphorylation Assays — Time Course Assays in the Experimental
Section of Chapter 4 for a description of the protocol. Values represent the mean £ SEM from two to three
experiments performed in duplicate.
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3. LCMS of base-catalyzed saponification of 32b

VWD1 A, Wavelength=254 nm (D:\EZXDATA\CHEMIST\03-14\090314-BJD-7-41-CRUDE1-01164.D)
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4. 'H NMR and LCMS of acid-catalyzed hydrolysis of 32b
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Appendix 6. Chapter 5 Supporting Information

1. HPLC traces for compound purity (254 and 214 nm)
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2. Pharmacological characterization of 5 and 6 in ERK1/2 phosphorylation time course assays in Flpin CHO
cells stably expressing the hM1 mAChR (top) and non-transfected FlpIn CHO cells (bottom). See Alphascreen
ERK1/2 Phosphorylation Assays — Time Course Assays in the Experimental Section of Chapter 5 for a
description of the protocol. Values represent the mean + SEM from two to three experiments performed in
duplicate.
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