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Chapter One



Introduction

1. G protein-coupled receptors

1.1 Classification, function and dynamics

G protein-coupled receptors (GPCRs) are a class of membrane-bound receptor proteins
that mediate a wide variety of physiological functions in the human body. The superfamily of
human GPCRs contains over 800 members.! GPCRs are further characterised into five families
based on sequence and structural similarities; rhodopsin (family A), secretin (family B),
glutamate (family C), adhesion and Frizzled/Taste2, the largest of these families is the
rhodopsin (family A) GPCRs which contains many important pharmaceutical targets.’
GPCRs transmit signals across the cell membrane in response to a many varied physical stimuli
including small molecules, peptides/ proteins and photons.* Signals are accepted by the
extracellular region of the receptor, which induces a conformational change, and affects
coupling to various intracellular signalling proteins, most notably the guanine nucleotide
binding proteins (G proteins).’ In the inactive state, when bound to intracellular surface of a
GPCR, G proteins exist as a heterotrimeric complex of o, B and y subunits.® Upon receptor
activation the guanosine diphosphate (GDP)-bound o subunit binds to a molecule of guanosine
triphosphate (GTP) (displacing GDP) causing dissociation of the monomeric o subunit and the
dimeric By subunits from the receptor, which then stimulate downsteam effectors.” With the
assistance of GTPase, the a subunit then hydrolyses GTP to GDP and reassociates with the By
subunits and the receptor, restoring the initial state of the receptor-G protein complex and

allowing for further signalling (Figure 1).
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Figure 1. Basic mechanism of GPCR signalling via G proteins. A GPCR is shown in green, embedded in the membrane, which is shown in grey.
Acetylcholine (1) is shown as a representative stimulus. GTP is depicted as yellow balls, GDP as red balls. The G protein a subunit is shown in
orange, the § subunit is shown in blue and the y subunit is shown in purple. GTPase is shown in light green, associated with the G protein a subunit.
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GPCRs can also couple to a variety of other intracellular signalling proteins, including
B-arrestin which is involved in regulating GPCR signalling by recruiting activated GPCRs and
marking them for endocytotic internalisation via clathrin-coated vesicles.” Another important
signalling pathway downstream of many GPCRs is the mitogen-activated protein kinase
(MAPK) pathway, which upon activation ultimately results in phosphorylation of extracellular
signal-regulated kinases (ERKs) (as well as many other signalling cascades) and which are
involved in regulation of gene transcription and cell division.!® The characteristic structural
feature of GPCRs is their seven a-helical transmembrane regions (TM1 - TM7) which are
interconnected by alternating intra- and extracellular (ICL and ECL) loops.!! To date, the
structures of a significant number of family A GPCRs have been solved, including the
rhodopsin receptor,!' 1B, 2A, 2B and 2C 5-hydroxytryptamine receptors,'>'> B; and P2
adrenergic receptors,” 17 A; and A,a adenosine receptors,!®!® Dy, D; and D4 dopamine
receptors,’*?2, CB1 and CB2 cannabinoid receptors,>* delta-, kappa- and mu-opioid

receptors® 2’ and the M;-M4 muscarinic acetylcholine receptors, !

among others. As such,
much is known about their physical structures, binding sites and mechanisms of receptor
activation.’> Comparison of x-ray crystal structures of several active and inactive-state family
A GPCRs has revealed a common conformational rearrangement of the transmembrane helices
(TM1-7) between upon receptor activation.** The most significant conformational change is in
TM6, which undergoes rotation around its longitudinal axis, resulting in displacement of the
cytoplasmic end of the helix on the order of 10 A.>3 TM1, TM5 and TM7 all undergo an inward

movement (towards the central binding pocket), while TM3 undergoes a slight rotation and

upward movement (towards the extracellular space) (Figure 2).3*
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Figure 2. Schematic diagram showing the common conformational changes of the
transmembrane helices observed between x-ray crystal structures of active and inactive-state
family A GPCRs. Lateral and extracellular view of a GPCR structure shown for orientation.
Graphic adapted from Tehan et al.3*3

1.2 Orthosteric ligands

In family A GPCRs the endogenous (orthosteric) binding site is typically located in the
middle of the transmembrane ‘bundle’ on the extracellular face of the receptors. Ligands which
bind to this site are referred to as ‘orthosteric ligands’ and depending on the degree to which
they stabilise or destabilise an active receptor conformation are classified as agonists, partial
agonists, antagonists or inverse agonists.*> Agonists bind preferentially to the active state of
their target receptor, antagonists bind neutrally and elicit no downstream signalling, while
inverse agonists destabilise an active receptor conformation, resulting in the a reduction in

intracellular signalling below that of basal levels.*® The pharmacological properties of
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orthosteric ligands are typically broadly quantitated by two properties, their affinity (strength
of binding) and in the case of agonists and inverse agonists their efficacy (strength of signal
induced by ligand binding). For agonists, partial agonists and inverse agonists of equivalent
affinity the efficacy can be compared relatively from the maximum response values of each
ligand in functional assays. However a more robust measure of efficacy, that is independent of
ligand affinity, can be derived by fitting the data for each ligand to an operational model of
agonism and constraining the affinity to a value measured in binding assays.?” This method
allows for a quantitative value for efficacy for each ligand that is comparable to other values,

regardless of the affinities of the agonists/ partial agonists in question.
1.3 Allosteric ligands

Some, and possibly all, GPCRs also contain secondary binding sites, known as ‘allosteric
sites’, spatially distinct from the orthosteric site.*® Ligands which bind to these sites are referred
to as ‘allosteric ligands’ and can act upon their target receptor in several ways. Allosteric
ligands may exert some receptor activation in their own right, referred to as allosteric agonism,
or they may modulate the affinity or functional response of a co-bound orthosteric ligand,
referred to as ‘allosteric modulation’ and quantitated by a term referred to as ‘cooperativity’.>
Cooperativity can be positive, in which affinity and/ or efficacy of the orthosteric ligand is
potentiated, neutral, in which these properties remain unchanged, or negative, in which these
properties are attenuated, and allosteric ligands with these properties are referred to as positive
allosteric modulators (PAMs), neutral allosteric ligands (NALs) and negative allosteric
modulators (NAMs), respectively. Allosteric modulation is a probe dependent phenomenon,
meaning that their activity as a PAM, NAL or NAM will depend upon the orthosteric probe
with which they are co-incubated. For allosteric modulators with no intrinsic efficacy are

described by a simple allosteric ternary complex model. The affinity cooperativity (a) and

efficacy cooperativity (f) can be estimated independently, provided that other variables (such
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as allosteric ligand affinity Kg, orthosteric probe affinity, Ka) in the model are constrained. In
the cases of allosteric agonists, their intrinsic efficacy must be taken into account and their

pharmacology is well described by an operational model of allosteric agonism (Figure 3).34°

Orthosteric binding  Allosteric binding ~ Concomitent binding
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IN* @ﬁ*or—c N* @ﬁ*or—c
/ \©0' /\'O/
2 Ko K/alpha /\KB/alpha
ac N o c ' eT
O/ Y
AN 67\10/
| l CoN
SA SB SA*beta SB
Kpg/alpha

S, <€— AR ==———"-— ARB —» Sj*beta

K, K /alpha

R=——"RB —» S

Kg

Figure 3. Simple operational model of allosteric agonism. Ka and Kg are the affinity constants
for the orthosteric ligand and allosteric ligand binding to the orthosteric site and allosteric site,
respectively. Sa and Sp represent the quantitation of some arbitrary cellular signal induced by
and orthosteric ligand and allosteric ligand, respectively. ‘Alpha’ and ‘beta’ represent the
cooperativity between the two ligands, ‘alpha’ refers to modulation of affinity while ‘beta’
refers to modulation of efficacy, (when both ligands are co-bound). The ligands depicted are
the orthosteric agonist, iperoxo, and the allosteric potentiator, BQCA.

From a therapeutic perspective, allosteric ligands carry several potential advantages over

orthosteric ligands. For purely allosteric modulators, that possess no intrinsic efficacy in their
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own right (as opposed to allosteric agonists), the spatially and temporally distinct nature of
their binding means that they exert no activity at their target receptor in the absence of
endogenous tone. Consequently, allosteric modulators maintain normal inter-neuronal
signalling ‘rhythms’ and also have an upper limit to their effect at the target receptor (i.e. a
‘ceiling’ effect), limiting the potential for overdose.*® Allosteric sites are also typically less
conserved than orthosteric sites and in some cases this results in differences in affinity at related
receptor subtypes and hence subtype selectivity.*! However selectivity in allosteric ligands can
also arise from differences in cooperativity and not differences in allosteric site affinity
between subtypes within subfamilies of GPCRs, inspiring the term ‘absolute subtype
selectivity’; an allosteric ligand which possess neutral cooperativity at all subtypes within a

subfamily of GPCRs except for one.*?
1.4 Hybrid ligands and bitopic ligands

Hybrid ligands are a class of molecules that consist of two functional molecules (e.g.
ligands or ‘pharmacophores’) joined by a molecular linker. There are many potential
applications for the conjoining of two functional molecules. Hybrid ligands targeting two
distinct (either homologous or heterologous) protein targets have been explored as synergistic/
combination therapies, as well as those targeting two adjacent sites on a single protein, referred
to in GPCR ligands as ‘bitopic’ (or ‘dualsteric’) ligands.***> Bitopic ligands are based on the
message-address concept in which an orthosteric ligand provides the ‘message’ (e.g. agonism
and/ or affinity) and the allosteric ligand provides the ‘address’, referring to subtype
selectivity.*® It is important to note that not all hybrid ligands bind bitopically and not all bitopic
ligands are hybrid ligands, these terms refer to the structural features of the molecule and
mechanism by which it interacts with its target receptor, respectively. An example of a hybrid
ligand that is both a combination therapy (i.e. targets two district receptors) and a bitopic ligand

is THRX-198321 (2) (Figure 4). THRX-198321 (2) is a hybrid ligand which consists of a
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mAChR antagonist linked to a B-adrenergic receptor agonist and was originally investigated as
a potential treatment of COPD. Subsequently the researchers investigating THRX-198321 (2)
demonstrated the pharmacology of this ligand could not be explained by a simple orthosteric
interaction, and in a detailed study demonstrated that it binds bitopically at both the M», M3

mAChRs and the B,-adrenergic receptor.*’#

Hybrid/ Bitopic Ligand Bitopic Binding

beta adrenergic receptor agonist

NH
(e} Extracellular

"Allosteric Pharmacophore"

Allosteric
Site HO,K%H
SN0
P

HN

L

Qe
7

"Orthosteric Pharmacophore"

THRX-198321 (2)

(@) I
1@ ;
Z U E

HN

5

Intracellular

muscarinic receptor antagonist

Figure 4. Chemical structure of combination therapy hybrid bitopic ligand, THRX-198321 (2)
and a diagram illustrating it bitopically binding to one of its target receptors, the M3 mAChR.

Bitopic hybrid ligands offer a potential strategy to overcome the issues of subtype
selectivity which are common among ligands targeting GPCRs. By engaging both the
orthosteric and allosteric sites of a GPCR these ligands aim to exploit the lower conservation
of the allosteric sites for increased subtype selectivity while maintaining high affinity and/ or
efficacy that is typically associated with orthosteric ligands (Figure 4).* Bitopic binding
mechanisms are highly dynamic, often consisting of multiple binding modes that can each

interact or compete with one another directly at a molecular level (Figure 5).°°>® As a result of
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this mechanistic studies are challenging, as temporally separated allosteric or orthosteric
binding events and concomitant bitopic binding may present with data from common assays

that is indistinguishable.*

Potential Hybrid Ligand Binding Modes

Orthosteric
Site

Figure 5. Schematic diagram of potential hybrid ligand binding modes. (A) Simultaneous
bitopic binding to the allosteric and orthosteric sites. (B) Purely orthosteric binding in which
the allosteric pharmacophore remains unbound to the receptor. (C) Purely allosteric binding in
which the orthosteric pharmacophore remains unbound to the receptor. (D) Co-binding of two
bitopic ligands, one binding purely orthosterically, the other binding purely allosterically.

Despite this, bitopic binding has been demonstrated in several designed hybrid ligands
as well as discovered in examples of previously unappreciated bitopic ligands.**34-%¢ In several
cases the pharmacological properties (i.e. affinity, efficacy and selectivity) of the constituent
monomer pharmacophores is partially preserved (or enhanced), validating hybrid bitopic

ligands as potential approach to designing subtype selective agonists/ partial agonists.*- 378
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2. Muscarinic acetylcholine receptors (mAChRs)

The muscarinic acetylcholine receptors (mAChRs) are a subfamily of the family A
GPCRs consisting of five members, the Mi-Ms mAChRs, and form part of the cholinergic
system in the central nervous system (CNS) and peripheral nervous system (PNS). The
mAChRs are activated by the endogenous agonist acetylcholine (1). Studies employing mRNA
hybridisation and immunocytochemical methods have revealed the relative distribution of each
of the five mAChR subtypes in various human tissues.>® All five subtypes are found to be
expressed in the CNS, the Mi, M3 and Ms mAChRs being expressed predominantly
postsynaptically, while the M2 and Ms mAChRs are predominantly expressed presynaptically.
The M> and M3 mAChRs are also highly expressed in peripheral tissues including cardiac,
smooth muscle, secretory glands and others, and off-target drug activity at these receptors is
responsible for what is commonly referred to as cholinergic side effects.®® The M, M3 and Ms
mAChRs predominantly couple intracellularly to the Gg11 family of G proteins resulting
activation of phospholipase C (PLC), leading to increased inositol-1,4,5-triphosphate (IP3)
production, and subsequently the increased release of calcium ions (Ca*") into the cytosol. The
M, and Ms mAChRs predominantly (but not exclusively®') couple to Gy, G proteins and
activation of these proteins results in inhibition of adenylate cyclase (AC) which results in
lower production of cyclic adenosine monophosphate (cCAMP) and inhibition of voltage-gated

calcium channels.>® ¢

2.1 Drugs targeting the mAChRs

As evidenced by their broad distribution throughout the human body, the mAChRs are
involved in a wide range of physiological functions, and as such have in the past and to the
present been actively pursued as drug targets for the treatment of various diseases.® There are

several muscarinic ligands currently used clinically including pilocarpine (3) and carbachol,
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(4) which is used in the treatment of glaucoma, ipratropium (5), tiotropium (6) and alclidinium
(7), which are used in the treatment of chronic obstructive pulmonary disease (COPD),
diphenhydramine (8) and doxylamine (9), which are used as antiemetics and sleep-aids,
oxybutynin (10), tolterodine (11) and solifenacin (12), which are used in the treatment of
overactive bladder and urge incontinence, dicycloverine (13) and mebeverine (14), which are
used in the treatment of irritable bowel syndrome, and pirenzepine (15) which has historically
been used to treat peptic ulcer (Figure 6). The structural scaffold of many mAChR ligands
mimics that of the endogenous agonist, ACh (1), and contain a quaternary or ionisable amine,

and an ester funstional group (or isostere therof) (Figure 6).
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Figure 6. Examples of mAChR ligands with medicinal applications for a variety of conditions.
Circled on each ligand is the characteristic quaternary or ionizable amine which is necessary
for binding to the orthosteric site of the mAChRs.

The design of orthosteric ligands targeting the mAChRs has several common technical
issues. Orthosteric mAChR ligands are typically non-selective for a single mAChR subtype,

owing to the highly conserved nature of mAChR orthosteric site. Additionally a quaternary
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ammonium or ionizable amine group is a necessity in mAChR orthosteric ligands. The
quaternary or protonated amine group binds to a fully conserved aspartate in the orthosteric
site (Asp>>?) of the mAChRs and is essential for orthosteric binding.®* This means that
designing ligands with suitable physiochemical properties for blood-brain barrier (BBB)
penetration is a significant challenge in the design of drugs targeting the orthosteric site of

mAChRs in the CNS.%
2.2 Structure and activation of the mAChRs

X-ray crystallographic data has revealed in molecular detail the structure, ligand binding
and dynamics of the Mi-Ms mAChRs, by the comparison of ligand-bound active and inactive
structures.?® 33! As mentioned previously, the binding of orthosteric ligands occurs primarily
to the key Asp>~*? residue in the orthosteric binding pocket via a charged nitrogen ‘head’ group
of the ligand (Figure 7 C). Another highly conserved residue, Asn®>? (Figure 7 C) on TM6,
also makes a hydrogen bonding interaction with hydrophilic functional groups on both agonists
and antagonists. The orthosteric site itself is mostly occluded in both active and inactive
structures by three highly conserved tyrosines, (Tyr** Tyr®3! Tyr’3%) which form a ‘lid’ over
the charged nitrogen ‘head’ group of orthosteric ligands (Figure 7 B).?° The 4-hydroxyl groups
ofthese tyrosine residues form hydrogen bonds with one-another in the active-state M> mAChR
structure, and mutation of these residues to phenylalanine results in loss of agonist efficacy and
coupling to intracellular signalling. Observed movement of the helices between active and
inactive conformations of the M2 mAChR forms part of the evidence for the model of GPCR
activation discussed previously and is consistent with that model (see G protein-coupled

receptors: classification, function and dynamics) (Figure 7 A).
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Figure 7. (A) Active M> mAChR (orange) bound to iperoxo (16), overlayed with the inactive
3-quinuclidinyl benzilate (QNB, 17)-bound M> mAChR crystal structure (blue) showing the
location of iperoxo (16) binding and the significant displacement of TM6 upon receptor
activation. (B) Closer view of the conserved tyrosine ‘lid’ binding to iperoxo (16). (C) View
of the hydrogen bonding interaction between the dihydroisoxazole ring oxygen of iperoxo (16)
and N404%32, (D) LY2119620 (18) bound to the allosteric site of the M, mAChR. Graphic was
adapted from Kruse et al.?’

The crystal structure of the agonist, iperoxo (16), and M2/Ms mAChR PAM, LY2119620

(18), co-bound to the M, mAChR provides invaluable insight into the allosteric site and
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allosteric ligand binding. The ‘typical’ allosteric binding site to which LY2119620 (18) binds
is located between ECL2 and TM6 and TM7. In the M2 mAChHR the key allosteric residues are
Tyr177%%2 and Trp4227° which interact directly with the aromatic core of LY2119620 (18).
Additionally several other residues make hydrogen bonding interactions with LY2119620 (18)
including Tyr80%¢!, Asn410%%  Asn4195“"3) or ionic interactions including Glul725¢L?
(Figure 7 D). In combination with the application of computational modelling, the x-ray data
reported for the Mi;-Ms mAChRs provides the tools necessary to derive structure-based
rationalisations for complex pharmacological data and facilitates the potential for structure-

based ligand design.
2.3 The M1 mAChR and Alzheimer’s disease

Alzheimer’s disease (AD) is a neurodegenerative disease which has no definitively
known cause. Symptomatically it presents with cognitive decline in memory and learning,
resulting from the accumulation of B-amyloid plaques and neurofibrillary tangles (caused by
hyperphosphorylation of tau-proteins) in the brain as the disease progresses.®¢” For many
decades now numerous lines of evidence have pointed towards the cholinergic hypothesis of
memory dysfunction as a potential cause for cognitive decline in AD patients.®®’° In post-
mortem examination, AD patients have been found to have significantly reduced numbers of
cholinergic neurons in the basal forebrain’! as well as abnormal levels of cholinergic markers,
including ACh (1),% its precursor choline and acetyl transferase which is essential in ACh (1)
biosynthesis. Administration of non-selective muscarinic antagonists can exacerbate cognitive
deficits in animal models’* and conversely cholinergic stimulation in Alzheimer’s patients has

been shown to promote cognition.®®
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Figure 8. Acetylcholine esterase inhibitors, tacrine (19), donepezil (20), rivastigmine (21) and
galantamine (22), which are either currently or have previously been used to treat cognitive
decline in patients with Alzheimer’s disease. Inhibition of acetylcholine esterase increases
intra-synaptic acetylcholine, thus promoting cholinergic neurotransmission.

There are several drugs that have been or are used clinically which attempt to address
this dysfunction of the cholinergic system in the CNS by inhibiting acetylcholine esterase, an
enzyme responsible for ACh (1) degradation in the inter-synaptic space; tacrine, donepezil,
rivastigmine and galantamine (Figure 8). However due to their non-selective mode of action,
all four drugs possess significant cholinergic side effects, including gastrointestinal distress,
bradycardia and hyper-salivation. Meta-analyses and randomised controlled trials measuring
outcomes of patients who are prescribed acetylcholine esterase inhibitors shows only a modest
benefit in slowing cognitive decline.”> A more recent meta-analysis has suggested there may
be no benefit for Alzheimer’s patients with mild cognitive impairment or mild dementia.” One
of the key ‘hallmarks’ of AD, the aggregation of -amyloid plaques in the brain, arises due to
post-translational cleavage of the precursor protein (amyloid precursor protein, APP) by a pair
of secretases referred to as - and y- secretase. A third enzyme, a-secretase, cleaves APP within

the B-amyloid domain and thus precludes its formation (Figure 9).”
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Figure 9. Schematic diagram showing the relationship between the M1 mAChR, the a-, B- and
v- secretases and their roles in processing of amyloid precursor protein to form either
neurotoxic f-amyloid protein or benign protein products.

Activation of the M| mAChR has been found to increase levels of a-secretase in the brain
and ameliorate symptoms in Alzheimer’s disease animal models.”® Deletion of the M; mAChR
has also been shown to increase amyloidogenic processes in mouse models exhibiting -
amyloid plaque pathology.”” M; mAChR knockout mice also display increased amphetamine-
induced hyperlocomotion and dopaminergic neurotransmission, suggesting the potential for

the M; mAChR to treat symptoms of psychosis.”®
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Figure 10. Chemical structures of M1/ M4 mAChR-preferring partial agonist, xanomeline (23)
and M; mAChR selective partial agonist, GSK1034702 (24). Both ligands have shown
significant benefits to cognition in human clinical trials.

The most recent drug targeting the M1 mAChR for the treatment of cognitive dysfunction
to progress to phase III clinical trials was xanolmeline (23), a M1/ M4 mAChR preferring partial
agonist (Figure 10). Xanomeline (23) showed significant dose-dependent reduction in
hallucinations, delusions, vocal outbursts and other behavioural disturbances in Alzheimer’s
patients.””®® However, significant dose limiting off-target cholinergic side effects were
observed (most notably gastrointestinal) which prevented the clinical advancement of
xanomeline (23).3! More recently a clinical trial of the M; mAChR selective allosteric agonist
GSK1034702 (24) (Figure 10) showed positive results in improving memory (specifically,
immediate recall) in abstaining male smokers.®? The trials of M; mAChR targeting drugs,
xanomeline (23) and GSK1034702 (24), clinically validate the M; mAChR as a promising

target for the treatment of cognitive dysfunction in Alzheimer’s patients.
2.4 The M4 mAChR and schizophrenia

Schizophrenia is a psychiatric disease that is characterised by several symptom clusters,
referred to as the positive symptoms, negative symptoms, and cognitive dysfunction. Positive
symptoms refers to delusions, disordered thoughts and speech, and sensory hallucinations;

negative symptoms refers to deficits in emotional response including anhedonia, social

27



withdrawal and lack of motivation; and cognitive dysfunction in schizophrenia refers to deficits
in attention, memory and learning. Schizophrenia typically presents in young adulthood
however the presentation of the different symptom clusters varies significantly among
patients.® The cause of schizophrenia is unknown and it has been proposed that schizophrenia
arises from one or more of several genetic and/ or environmental factors, which give rise to the
complex neurobiology of the disease.®®*> The long-standing dopaminergic hypothesis of
schizophrenia proposes that the different clusters of symptoms arise from dysfunctions in
dopaminergic signalling in multiple regions of the brain, specifically positive symptoms from
hyperdopaminergic activity in the mesolimbic reward pathway, and negative symptoms from
hypodopaminergic activity in the medial prefrontal cortical and mesocortical pathways.® First
generation antipsychotics such as chlorpromazine (a non-selective dopamine receptor
antagonist) are effective for decreasing the frequency of psychotic episodes and improving
positive symptoms, but showed little efficacy in treating negative symptoms or cognitive
dysfunction.’” Chronic usage of first generation antipsychotics is also associated with
extrapyramidal side effects, limiting the long term usefulness of these drugs. Second generation
antipsychotics such as clozapine, and haloperidol also possessed 5-HT2aR antagonism
additionally to dopamine receptor antagonism, which resulted in reduced extrapyramidal side
effects.®® However these drugs also mostly fail to effectively address the negative symptoms
and cognitive deficits present in schizophrenics.® More recent research has pointed towards
the involvement of numerous other monoamine receptors (including, N-methyl-D-aspartate
(NMDA) receptors, glutamate receptors and y-aminobutyric acid (GABA) receptors,
cannabinoid receptors, nicotinic acetylcholine receptors (nAChRs) and mAChRs) as playing
integral roles in the pathogenesis and symptomology of schizophrenia.®3-* 3% Designing
selective agonists targeting the M4 mAChR is one promising strategy that is currently being

actively explored as a way of controlling dopaminergic activity as well as treating cognitive
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dysfunction.”® Non-selective mAChR antagonists, such as scopolamine, can induce psychosis
in humans.”! Conversely, mAChR stimulation has been shown to have pro-cognitive and
antipsychotic properties in animal models, as well as in humans.”?** D; dopamine receptors
and M4 mAChRs are co-expressed in the striatum, suggesting that M4 mAChR signalling could
modulate dopaminergic signalling in the mesolimbic reward pathway directly.”**> In mouse
models, activation M2 and Ms mAChRs has been shown to mediate dopaminergic and
glutaminergic signalling in the nucleus accumbens (which forms part of the mesolimbic
system).”® Radioligand binding studies with Mj;/ Ms mAChR selective antagonist
[*H]pirenzepine on post-mortem brain samples from diagnosed schizophrenics have
demonstrated reduced numbers of M1 and Ms mAChRs (eliminating antipsychotic usage as the
cause) suggesting that mAChR signalling is impaired in these patients.”’”® Numerous studies
investigating administration of M4 mAChR targeting agonists have demonstrated antipsychotic
properties in mouse models.”>'®! The antipsychotic properties Mi/Ma selective agonist
xanomeline (23) are abolished in Ms mAChR knockout mice.!%>!1%* Additionally, Ms mAChR
knockout mice also display several animal model hallmarks of psychosis, including abnormal
social behaviour and decreased prepulse inhibition.!% The observed reduction in behavioural
disturbances in clinical trials of xanomeline (23) in Alzheimer’s patients lead to a trial being
conducted evaluating its antipsychotic and pro-cognitive effects in patients with schizophrenia.
The trial showed a robust dose-dependent improvement in all three symptom clusters, positive,
negative and cognitive, but was again not progressed further due to intolerable gastrointestinal
and other peripheral cholinergic side-effects.”®> Recently, Karuna Pharmaceuticals and
PureTech Health have reported promising results in phase I tolerability studies for their
combination therapy of xanomeline (23) and trospium chloride (a peripherally restricted
mAChR non-seletive antagonist, structure not shown), ‘KarTX’ (http://karunatx.com/).

Currently Karuna Pharmaceuticals are recruiting for a phase II randomized, double-blind study
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assessing the safety, tolerability, and efficacy of KarXT in hospitalized adults with diagnosed
schizophrenia.'”  Although KarTX may circumvent the issue of mAChR subtype
discrimination by blocking peripheral M2 and M3 mAChRs the designing of more selective
ligands would eliminate the need for such combination therapies, avoiding possible side-effects
of KarTX which could arise through drug-drug interactions or directly from antagonism of

peripheral mAChRs.
3. Novel design strategies to overcome issues of subtype selectivity in mAChR ligands
3.1 Allosteric agonists/ PAMs targeting the M1 mAChR

In light of the mounting evidence for the pro-cognitive and antipsychotic action of the
M; and M4 mAChRs, respectively, research efforts have been directed towards the
development of more selective ligands which target either or both receptors.>® °% 197-109 Ope
approach that has been explored is that of allosteric agonist/ PAMs, which typically have
greater mAChR subtype selectivity than there orthosteric agonist counterparts. The first
generation allosteric agonist AC-42 was found to selectively activate the M1 mAChR in vitro

but lacked the necessary absorption, distribution, metabolism and excretion (ADME)

properties for in vivo evaluation.'!°
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Figure 11. Chemical structures of early M1 mAChR selective allosteric agonists, AC-42 (25),
AC-260584 (26), 77-LH-28-1 (27), TBPB (28) and Lu AE51090 (29).

Subsequent optimisation studies lead to more metabolically stable analogues AC-260584
(26) and 77-LH-28-1 (27) which along with other early M1 mAChR allosteric agonists such as
TBPB (28) and Lu AE51090 (29) have all shown promising procognitive and/ or antipsychotic
activity in vivo.!'''!'* TBPB (28) has been shown to directly lower levels of B-amyloid
production in vitro, further suggesting the M1 mAChR as an effective target for managing the
pathology of Alzheimer’s disease.!'> BQCA (30) is a M; mAChR selective PAM that has
generated significant interest due to its high M; mAChR subtype selectivity, high positive
cooperativity with the endogenous agonist ACh (1) and promising results in preclinical
studies.!!>1'® Subsequent generations of analogues of BQCA (30) based on the quinolone

scaffold (summarised in Figure 12) include compounds with improved ADME properties, and/
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or compounds showing improved pharmacological results compared to BQCA (30) in vitro

and in several cases in animal models.!!”!%
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Figure 12. General overview of the chemical space explored surrounding the benzoquinolone
scaffold of M1 mAChR selective PAM, BQCA (30). Significant modification to the core
scaffold as well as peripheral substituents has resulted in many ligands ofthis class which retain
the property of M1 mAChR selective potentiation of ACh (1) and/ or agonism, and which
display an improved pharmacokinetic profile, and/ or improved potency, over BQCA (30).

HTS ‘hit’ from the NIH’s Molecular Libraries Probe Production Centers Network
(MLPCN) library offered a new indole scaffold, the low potency M1 mAChR selective PAM
VUO0108370 (31) (Figure 13).!3 Potency and selectivity were improved upon substitution of

the benzylic pendant and 4,6-difluoro substitution of the indole ring, as in VU0456940 (32)

(Figure 13).1%7
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Figure 13. Chemical structures of indole (or azaindole)-based M mAChR selective PAMs,
based on the NIH hit, VU0108370 (31). Optimisation of the benzylic pendant resulted in
VU0456940 (32) Substitution of the, indole ring and sulphonyl group with successful
functional groups from previous SAR studies on the quinolone scaffold resulted in potent,
selective and in vivo efficacious M1 mACHR PAMs VU6004256 (33) and PF-06764427 (34),
respectively.

Replacement of the sulphonyl group with N-((18,2S5)-2-hydroxycyclohexyl)amide
moiety, as in VU6004256 (33) resulted in further improvements in potency and safety profile
in mice, lacking severe adverse peripheral cholinergic side-effects.!*® Azaindole based
analogue, PF-06764427 (34) displays high cooperativity and M; mAChR selectivity but lacked
in its safety profile compared with VU6004256 (33)."*° The diversity of structures of subtype
selective mAChR PAMs was further expanded upon by the high-throughput screening efforts
at Vanderbilt Center for Neuroscience Drug Discovery, yielding compounds such as

VUO119498 (35), VU0027414 (36), VU0090157 (37) and VU0029767 (38) (Figure 14). These
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PAMs varied in mAChR subtype selectivity, and potentially mechanism of binding to the

allosteric site.'4°
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Figure 14. Diverse chemical structures of M1 mAChR targeting ‘hit’ molecules discovered by
the high-throughput screening efforts at Vanderbilt Center for Neuroscience Drug Discovery.

Compound VUO0119498 (35) exhibited selectivity for the M, M3 and Ms mAChRs and
was further optimised to give both M; and Ms mAChR selective PAMs (although only the M;
mACHhR selective will be discussed here), representing a third scaffold of indolone-based M;
mAChR PAMs (Figure 14).'41-142 Similar to the indole scaffold substitution of benzylic pendant
of VUO0119498 (35) with a methyl pyrazole ring improved potency significantly, giving ML137
(39) and VU0448350 (40) (Figure 15).'* Switching the indolone core to an isoindolone core,
as in compounds VU0453595 (41) and compound 42 (Figure 15), gives a marked improvement
in ADME properties, compound 42 showing good oral bioavailability in both rodent and canine
animal models.'*% 144145 More recently research has focused on minimising allosteric agonism
in M; mAChR PAMSs, which has been proposed to cause off-target peripheral mAChR

activation (potentially at the M; mAChR itself), leading to cholinergic side effects.!38 143147
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Figure 15. Chemical structures of indolone-based M1 mAChR selective PAMs, based on the
Vanderbilt Center for Neuroscience Drug Discovery HTS hit, VU0119498 (35), ML137 (39)
and VUO0448350 (40). Isomerisation of the indolone core scaffold to isoindolone improves
ADME properties in VU0453595 (41) and compound 42.

From a structural perspective, it is clear that many modifications are generally
advantageous to potency and/ or cooperativity across the quinolone, indoline and indolone
scaffolds while maintaining similar M1 mAChR selectivity. These structural and functional
similarities imply a common pharmacophore and mechanism of action for this class of M;

mAChR PAMs, which provides a basis for rational design.

Figure 16. Chemical structure of M1 mAChR selective partial agonist developed by Roche,
compound 43.

Finally worthy of mention is the benzodiazepine scaffold invented at Roche, compound
43 which shows good potency in M; mAChR expressing human cell lines (Figure 16).'4
However it is not clear whether this molecule fits into the same pharmacophoric or mechanistic

class as the quinolone, indole and indolone-based M1 mAChR PAMs. Development of the M

mAChR PAM scaffolds mentioned herein are currently ongoing.
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3.2 Allosteric agonists/ PAMs targeting the My mAChR

Preclinical studies and clinical studies pointing towards the M4 mAChR as having
antipsychotic properties have led to the investigation and development of M4 mAChR selective
ligands which are allosteric agonists and/ or PAMS. Thiochrome (44) was the first discovered
allosteric ligand which was a M4 mAChR PAM and a NAL of ACh (1) at the Mi-M3, Ms
mAChR subtypes, but exhibited low affinity and poor drug-like qualities.'*® An important
breakthrough came with the discovery of the 5-aminothieno[2,3-c]pyridine scaffold of My
mAChR PAM LY2033298 (45). LY2033298 (45) exhibited no allosteric agonism, instead
acting as pure potentiator of ACh (1) at the Mo/Ms mAChRs.!?! In rodent studies, the M/ My
mACHhHR selective PAM LY2033298 (45) was found to potentiate the antipsychotic properties
of subtype non-selective mAChR agonist oxotremorine, and modulate dopamine release in the
prefrontal cortex.'®! Structurally related analogue, LY2119620 (46) has similar My/ My
mACHhR selectivity and has been shown to bind to the typical allosteric site of the Mo mAChR
by X-ray crystallography, and to not bind to the M1, M3, Ms mAChR subtypes by Schober et

29, 149

al. employing a radiolabelled derivative, as opposed to thiochrome (45) which gains

selectivity via differences in cooperativity at the M;-Ms mAChR subtypes.'*®
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Figure 17. Chemical structures of early Ms mAChR PAMs; thiochrome (44), LY2033298 (45),
LY2119620 (46) and VUO10010 (47).

Subsequent optimisation of the of LY2033298 (45), substituting the pyridine ring and
amide group lead to VU0010010 (47), which showed high potency and good cooperativity with
ACh (1) in cells expressing rat M4y mAChRs.”” VU0010010 (47) was found to increase
carbachol (4) induced depression of transmission at excitatory (but not inhibitory) synapses in
the hippocampus in ex vivo studies, suggesting the importance of the M4 mAChR in memory
and learning.”” However when administered alone, VU0010010 (47) lacked in vivo activity,
likely due to its poor pharmacokinetic profile. Many amide substitued derivatives of
VU0010010 (47) have been reported including VU0152099 (48) and VU0152100 (ML108)
(49), which maintain potency and which show improved CNS penetration in rats.'>° However,
poor metabolic stability due to hydroxylation of the 6-methyl group of the pyridine ring limited
VU0152099 (48) and VUO0152100 (ML108) (49) from being pursued further. Replacement of
the labile 6-methyl with ethers, and subsequent SAR studies, resulted in ML173 (50), which
showed greatly improved microsomal stability.'>! However ML173 (50) also displayed 25-fold
preference for the human over the rat M4 mAChR, an issue which arises due to the lack of

evolutionary pressure to conserve the allosteric sites of GPCRs.
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Figure 18. Chemical structures of Ms mAChR selective PAMs VU0152099 (48) and
VUO0152100 (49) which are degraded in vivo by 6-methyl hydroxylation, and ML173 (50)
which overcomes this issue by employing a substituted ether at the 6- position.

This species bias presents a significant challenge for optimisation because it somehwhat
invalidates preclinical rodent study data, making it very difficult to evaluate candidate
molecules for safety and efficacy in vivo. Subsequent generations of Ms mAChR PAMs,
expanded further on the 5-aminothieno[2,3-c]pyridine scaffold and focused on the two main
issues, the species bias between rat and human M4 mAChRs and the ADME profile of the
compounds, emphasising CNS penetration and metabolic stability. Two new scaffolds have
since been emerged, including a benzothiazole-based ligand, ML293 (51), from Vanderbilt
Center for Neuroscience Drug and the discovery and the 5-amino-thieno[2,3-c]pyridazine-

based ligand from Wood et al. (52) (Figure 19).!52153
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Figure 19. Two novel scaffolds of Ms mAChR selective PAMs, ML293 (51) and VU0467154
(52), both of which demonstrate an improved pharmacokinetic profiles over previous scaffolds.

The benzothiazole-based ligand, ML293 (51) has a low micromolar potency however
shows good CNS penetration in rats when orally administered, making it an interesting
potential candidate for further optimisation.'*? The pyridazine-based ligand described by Wood
et al., VU0467154 (52), also displayed favourable pharmacokinetic properties but lacked in

potency at the human M4 mAChR (although has applications as a tool in rat models).'*314
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Figure 20. Chemical structure of VU6000918 (53) which showed demonstrated promising
efficacy in preclinical rat models of psychosis.

More recently SAR surrounding azetidine-derived amides of these pyridazine ligands has
culminated in the discovery of VU6000918 (53), which achieves high potency, good
pharmacokinetic properties and has demonstrated a 74% reduction in amphetamine induced
hyperlocomotion in rats with 3 mg/ kg.'® As with the M; mAChR PAMs mentioned

previously, the development of these M4 mAChR PAMs is currently ongoing.
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3.3 Hybrid and bitopic ligands targeting the mAChRs

One potentially interesting observation is that there are numerous structurally and
functionally diverse examples of subtype selective mAChR ligands which display evidence for
a bitopic binding mechanism.***** The previously mentioned M; mAChR selective agonist AC-
42 (54) (Figure 21) shows evidence in binding and functional assays that is inconsistent with
either a purely allosteric or purely orthosteric binding mode.>® The M; mAChR affinity and
functional response of AC-42 (54) are rightward shifted by orthosteric antagonist atropine,
indicative of a competitive interaction. However AC-42 (54) also slows [*H]N-
methylscopolamine ([PH]NMS) dissociation in non-equilibrium kinetic binding experiments
suggestive of an allosteric interaction. Confounding the issue, mutational studies point to the
extracellular region between TM1 and TM3 as the binding site of AC-42 (54) and orthosteric
mutations, Y381A and W101A, which significantly reduce the affinity of orthosteric agonists

ACh (1) and pilocarpine (3), actually increase the affinity of AC-42 (54).
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AC-42 (54) VU0364572 (55) VU0357017 (56)

Figure 21. Chemical structures of M; mAChR selective bitopic agonists; AC-42 (54),
VU0364572 (55) and VU0357017 (56).

Structurally related ligands 77-LH-28-1 (27), TBPB (28), Lu AE51090 (29), VU0364572
(55) and VUO0357017 (56) all display similar M; mAChR selective partial agonism and have
also all shown evidence for both orthosteric and allosteric binding, implying a general bitopic
binding mechanism for this class of M; mAChR selective partial agonists.>* % 114 156-158 The

(formally assumed orthosteric) Mi/ M4 mAChR-preferring agonist McN-A-343 (57) was
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shown to interact via a bitopic binding mechanism at the M> mAChR by Valant et al. in 2008.>!
The group showed the quaternary ammonium orthosteric ‘head’ group activates the receptor
while the allosteric ‘tail’ region of McN-A-343 (57) interacts with the allosteric site and exerts

negative cooperativity with the head group.

'head’

‘tail’ (¢]]

McN-A-343 (57)

Figure 22. Chemical structure of Mi/Ms mAChR preferring partial agonist, McN-A-343 (57).

Upon mutation of one core allosteric epitope at the Ma mAChR (Y177AF?) the
allosteric tail of McN-A-343 (57) was no longer able to exert negative cooperativity with the
head group, and hence the potency of the parent compound increased. Potentially, bitopic
binding has also been seen in the subtype selective mAChR antagonist, ADFX-384 (58), which
belongs to a set of structurally related antagonists (compounds 59-62, Figure 23) which possess

Mi/Ms mAChR or M2/Ms mAChR subtype selectivity.'>
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Figure 23. Chemical structure of the potentially bitopic mAChR selective antagonist AF-DX
384 (58), and structurally related selective mAChR antagonists, pirenzepine (59), AQ-RA 741
(60), telenzepine (61) and otenzepad (62).

There are several examples of serendipitously discovered mAChR bitopic ligands
including N-desmethylclozapine (63), Pirenzepine-(15)-BODIPY (64), THRX-160209 (65)
and THRX-198321 (66), which with the exception of N-desmethylclozapine (63) are

antagonists (Figure 24).47-48. 160-161
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Figure 24. Chemical structures of serendipitously discovered mAChR bitopic ligands; N-
desmethylclozapine (63), pirenzepine-(15)-BODIPY (64), THRX-160209 (65) and THRX-
198321 (66).

The apparent frequency with which bitopic ligands have been incidentally discovered
tends to suggest the ubiquity of the phenomena, which implies that there may be many
examples of currently unrealised bitopic ligands. The evidence presented for a bitopic
mechanism for N-desmethylclozapine (63), pirenzepine-(15)-BODIPY (64), THRX-160209

(65) and THRX-198321 (66) is briefly outlined below in Table 1.
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Table 1. Bitopic ligands targeting mAChRs and evidence for their bitopic mechanism

Ligand Target receptor
N-desmethylclozapine (63) M; mAChR

Pirenzepine-(15)-BODIPY (64) M; mAChR

THRX-160209 (65) M, mAChR

THRX-198321 (66) M, mAChR/ B> AR

Evidence for bitopic interaction

Competes with both allosteric and
orthosteric ligands

Sensitive to allosteric and orthosteric
mutations

Competes with orthosteric ligands
Insensitive to allosteric modulation at
specific linker lengths

Sensitive to allosteric and orthosteric
mutations

Docking consistent with bitopic binding
mode

Affinity greater than  constituent
monomers

M, mAChR selectivity
[*H]THRX-160209 displaced by
orthosteric and allosteric ligands
Affinity greater than monomers
Competes with orthosteric ligands
Changes dissociation of orthosteric
radioligands (implies allosteric
interaction)

Several designed examples of mAChR bitopic partial agonists have also been reported

including iper-6-phth (67a), iper-6-naph (67b), isox-6-phth (68a) and isox-6-naph (68b),

which consist of a potent agonist (iperoxo or isoxazole) and the M2 mAChR selective NAM,

W84 (71), or derivatives thereof (Figure 25). These hybrid ligands acquire selectivity for the

M:; mAChR by a mechanism of interacting orthosteric and allosteric ligand binding ensembles,

which determine the efficacy of each ligand differentially at each of the Mi-Ms mAChR

subtypes.**-30

44



iper- iper-6-phth (67a)
iper-6-naph (67b)
isox-6-phth (68a)
isox-6-naph (68b)

|
SN (CH, ) atr-6-phth (69a)
|/>_ — atr-6-naph (69b)
o ° sco-6-phth (70a)
. sco-6-naph (70b)
isox-
-phth
NTS
N _(CHz)ek o
g SN
N kg
(0]
atr- (CHz)s;q OR
/ -naph
N
- v ees
\N+
A
(0]
(0]
%
sco- (CH2)s
HO %E/O
;\-O
(0]
0]
\ / 0
N\/\/N\/\/\/\N+’\/\N
e} / \
o)

W84 (71)

Figure 25. Generalised chemical structure of designed mAChR bitopic ligands consisting of
agonists (iperoxo, iper-, isoxazole, isox-), antagonists (atropine, atr-, scopolamine, sco-), and
the NAM, W84 (71) (-phth, a) or a napthyl derivative (-naph, b).

Similarly, hybrid antagonists atr-6-phth (69a), atr-6-naph (69b), sco-6-phth (70a), sco-
6-naph (70b), consisting of orthosteric antagonists atropine or scopolamine and allosteric

derivatives of W84, and also display some moderate preference for the M> mAChR at the level

of affinity.'®> Several hybrid bitopic ligands consisting of a derivative of the M; mAChR
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selective agonist/ PAM BQCA and iperoxo have been reported, and exhibit linker length

dependent partial agonism at the M; mAChR.!63-164

BQCA-iperoxo

Figure 26. Generalised chemical structure of BQCA-iperoxo hybrid ligands.

However, these BQCA-iperoxo hybrids (Figure 26) have not been assessed for selectivity
over the remaining M>-Ms mAChR subtypes. Interestingly, some low-efficacy derivatives of
BQCA-iperoxo have also been shown to be protean agonists, which induce agonism in inactive
receptors and inverse agonism in active receptors.'®> Modifying the linker length of BQCA-
iperoxo type ligands can be employed to rationally design these protean agonists.!%® A key
feature that is common to many examples of hybrid ligands (designed and discovered) is
subtype selectivity. The mechanisms of bitopic binding appear to be intrinsically linked to
mechanisms of mAChR ligand selectivity. From this, it seems likely that the understanding of
the molecular dynamics of bitopic ligands will reveal much about mechanisms of subtype
selectivity for mAChRs, and potentially family A GPCRs generally. However, only further
investigation will tell whether mAChR hybrid bitopic ligands will be able to overcome the
significant challenges associated with the development of selective agonists for the mAChRs
in the CNS. Regardless, these molecules are useful probes whose investigation will likely yield
valuable insight into the molecular mechanisms by which mAChR ligands, both orthosteric

and allosteric, gain subtype selectivity.
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4. Fluorescently tagged bioactive molecules

Fluorescently tagging bioactive molecules has a huge number of potential applications
in the biological sciences for understanding the localisation and molecular scale interactions of
proteins and small-molecules. Generally, the fluorescent tagging of bioactive molecules is
achieved by genetic manipulation of a protein of interest to form a fluorescent chimeric protein,
or by chemical modification of a small-molecule ligand such that it fluoresces.'®” Two
important applications in pharmaceutical science are the visualisation of fluorescent proteins
to monitor localisation (for example GPCR internalisation and trafficking), and the use of
fluorescently tagged ligands for the measurement of the binding kinetics or affinity of an
unlabelled test ligand.!®® The latter being a versatile and safer alternative the use radiolabelled
ligands, which are commonly used for the determination of the kinetic and binding properties
of unlabelled test ligands, or of the radioligand itself. Techniques which employ several
fluorescently tagged bioactive molecules, such as fluorescence resonant energy transfer
(FRET) and bioluminescence resonance energy transfer (BRET) are particularly powerful,
allowing for the simultaneous determination, in real-time, of protein localisation and trafficking
within the cell as well as molecular scale protein-protein or protein-ligand interactions, when

coupled with an appropriate visualisation technique (such as confocal microscopy).'¢’
4.1 Design of fluorescently tagged small-molecule probes

Small molecule fluorescent probes typically consist of a ligand, covalently joined to a
fluorophore by a molecule linker.'”” Examples exist where the fluorophore has been
incorporated directly into the pharmacophore of a single ligand (such as the CB> cannabinoid
receptor probe described by Petrov et al.),'”! however such a design strategy requires that the
receptor binding pocket be somewhat flexible, and tolerate the incorporation of the fluorophore

into the ligand scaffold, to avoid significant affinity loses.!”! For hybrid fluorescent ligands
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conjoined by a linker there are several important considerations in designing a suitable probe,
such as linker length, attachment point (to both the fluorophore and ligand), and the
physiochemical properties (importantly lipophilicity) of the resultant probe.!”?> Generally, there
will be an optimal linker length, at which affinity of the probe is highest. However, the
relationship between linker length and probe affinity is not necessarily a simple one, such as
the B2 adrenoreceptor targeting probes reported by Martikkala et al., for which both short and
long linker length probes could displace orthosteric ligand propranolol, but the intermediate
linker length probe could not.!”® Attachment of the linker to the ligand needs to be done at a
point where the ligand scaffold is suitably structurally flexible to the additional steric bulk of
the linker and fluorophore.'®® This decision needs to be informed by SAR information of the
ligand as well as preferably some structural knowledge about the bound ligand-receptor
complex to predict a suitable attachment point which will not interfere with the binding of the
probe.!'”™ Attachment point of the linker to the fluorophore tag is less critical but also an
important consideration as some chemical modifications may interfere with the fluorescent
properties of the fluorophore.!” However many commercially available fluorophores come
with a reactive functional group installed for convenient synthetic attachment to a target
bioactive molecule. Upon synthesis, the pharmacology of small-molecule fluorescent probes
must be rigorously validated to ensure that, following addition of the fluorophore/ linker, they
retain the desired binding and functional properties for the intended application.'®® Hybrid
ligands such as fluorescently tagged GPCR ligands are typically large molecules, and as such
consideration of their lipophilicity must be taken into account when designing them. When
designing a probe, attempts should be made such that its lipophilicity does not exceed that of
(for example) the Lipinski rules,'’® such that the probe retains reasonable water solubility for
an aqueous assay environment and to limit non-specific uptake of the probe into cellular

membranes which could interfere with the accuracy, precision and/ or resolution of
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measurements made using the probe.!” Due to the highly lipophilic nature of the commonly
used polymethylene-based linkers, some researchers have employed polyethyleneglycol-like
or polypeptide-based linkers to limit lipophilicity of in their probe designs.!”’'”® Several
fluorescent probes targeting the mAChRs have been reported including probes based on
orthosteric antagonist, tolerodine (72), the Mi/ M4 mAChR selective orthosteric antagonist,

telenzepine (73), and the M; mAChR selective bitopic/ allosteric agonist, AC-42 (74).17°-181

@ HO Tolterodine Telenzepine m

Tolterodine-BODIPY (72) Cy3B-telenzepine (73) Para-LRB-AC42 (74)

Figure 27. Chemical structures of fluorescent tracer ligands targeting the mAChRs;
tolterodine-BODIPY (72), Cy3B-telenzepine (73) and para-LRB-AC42 (74).

At this current time, as mAChR allosteric site targeting fluorescent tracer has not been
reported. Application of such a probe would yield invaluable information regarding the
structure, function and dynamics of allosteric ligand binding to the mAChRs, and additionally
would have applications in screening for of allosteric ligands, which will likely ultimately lead

to the development of more potent and selective drugs targeting these receptors.
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5. Summary and thesis aims

The mAChRs have in the past and up to the present been actively pursued in both
academia and industry as therapeutic targets for a range of diseases. Most recently, the M1 and
Ms mAChRs have become of targets interest for the treatment of cognitive disorders, such as
Alzheimer’s disease and schizophrenia. Due to the high degree of homology between the M-
Ms mAChR subtypes the development of single subtype selective ligands has proven to be a
significant challenge. In this introduction we have highlighted several contemporary
approaches to overcoming this issue of selectivity in mAChR ligand design, including the
development of allosteric ligands and the lesser explored concept of bitopic hybrid ligands.
The focus of chapters 2 and 3 of this thesis was to develop an M; or Ms mAChR selective
hybrid agonist. However, development of these hybrid agonists was found to be limited due to
an apparent inverse correlation between their selectivity and efficacy. As such, in chapter 4 our
aim was to uncover the molecular mechanism that determined this apparent inverse correlation,
such as to explore the mechanism by which these ligands gain selectivity, and to determine the
viability of designing a high efficacy/ high selectivity mAChR hybrid agonist. In chapter 5 our
aim was to develop a fluorescently tagged probe molecule, which could be used as a tool for
determining allosteric site affinity of ligands at the mAChRs, and which would be appropriate
for adapting to a HTS method. Overall, this work aims to increase our understanding of
mAChR hybrid ligand agonist selectivity, and to aid in the future development of selective

mAChR drugs, for the treatment of cognitive disorders.
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synthesis of these compounds is attributed to Dr. Briana J. Davie. The synthesis of all of the
ligands presented in this chapter was performed by myself. The pharmacological assaying/
evaluation of the aforementioned ligands was also performed by myself, including all
analysis. The cloned hM-Ms muscarinic acetylcholine cell lines used in this work were
provided by the laboratory of Dr. Arthur Christopoulos. General guidance in the
pharmacological analysis was also provided by Dr. Arthur Christopoulos and Dr. Celine
Valant.
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Subtype Selectivity and Efficacy of Iperoxo-BQCA Muscarinic

Acetylcholine Receptor Hybrid Ligands

ABSTRACT: Agonists for the human M; and M4 muscarinic acetylcholine receptors
(mAChRs) are attractive compounds for the treatment of cognitive disorders, such as
Alzheimer’s disease and schizophrenia. However past efforts to optimise a ligand for selective
agonism at any one of the M1-Ms mAChR subtypes has proven to be a significant challenge.
Recently, research efforts have demonstrated that hybrid ligands may offer a potential solution
to the issue of subtype selectivity. In an attempt to design an M1 mAChR selective partial
agonist by hybridizing an M1 mAChR selective positive allosteric modulator (BQCA) and a
potent agonist (iperoxo), we unexpectedly found that these ligands possessed moderate M>/My
mACHhR selectivity, and that the M4 mAChR selectivity could be augmented by truncation or
removal of the allosteric pharmacophore. Evaluation of truncated derivatives of the hybrid
ligands at the M1-Ms mAChR subtypes suggests that the allosteric pharmacophore of iperoxo-
based mAChR hybrid ligands plays a negative role in their M2/M4 mAChR selectivity, which
arises from addition of the linear N-alkyl linker alone, provided the N-alkyl chain length is

sufficient.

B INTRODUCTION

The human M; and M4 muscarinic acetylcholine receptors (mAChRs) have previously
been established as promising targets for the treatment of Alzheimer’s disease and
schizophrenia.'"'® Clinical data for the Mi/Ms mAChR preferring partial agonist, xanomeline,
showed a significant reduction in cognitive impairment in patients with Alzheimer’s disease?
3 and schizophrenia.* However, patient dropout rates from the clinical trials to date have been

high, due to intolerable gastrointestinal and other cholinergic side-effects.’ The observed side-
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effects have been largely attributed to off-target activity at the related M> and M3 mAChR
subtypes.!%!! The issue of low subtype selectivity is common to most orthosteric mAChR
ligands (for example the potent agonist, 4-[(4,5-dihydro-3-isoxazolyl)oxy]-N,N,N-trimethyl-2-
butyn-1-aminium iodide (iperoxo) (1)) and putatively arises due to the high degree of
conservation of the orthosteric site of the mAChRs.!? However the mAChRs possess as many
as two spatially distinct ‘allosteric’ sites that are less conserved and thus offer more
opportunities for attaining greater receptor subtype selectivity.!* Allosteric modulators
targeting these sites are of particular interest in the treatment of CNS disorders,'* as they can
modulate signaling dependent on the presence of endogenous ligand and thus maintain the
normal inter-neuronal signaling patterns.'> 1-(4-Methoxybenzyl)-4-oxo-1,4-dihydro-3-
quinolinecarboxylic acid (BQCA) (2) is a first generation M; mAChR selective positive
allosteric modulator (PAM).!'® Despite the successive improvements in the generations of
compounds based on 2, an even in structurally diverse M; mAChR PAMSs, the affinities of
these compounds have remained in the low micromolar range,!”! suggesting that mAChR
allosteric sites may be intrinsically weakly interacting binding sites. However, in the past
decade several groups have reported hybrid ligands for the mAChRs that consist of two ligands
(or more generally ‘pharmacophores’) that are joined by a molecular linker.?%2! Many of these
hybrid ligands are reported to engage the mAChRs both allosteric and orthosterically,
concurrently or concomitantly, referred to as ‘bitopic’ or ‘dualsteric’ receptor binding.?*%°
Bitopic hybrid ligands offer an attractive solution to the issues of low potency, affinity and/ or
selectivity of either allosteric or orthosteric ligands as they engage both allosteric and
orthosteric sites and so can, in principal, possess some of the favourable traits of both types of
ligands (i.e. selectivity and potency).?%2! This carries the caveat that bitopic hybrid ligands lose
the temporally and spatially distinct binding that characterises allosteric ligands, and with it the

favourable properties it may offer in the treatment of CNS disorders with regard to maintaining
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normal inter-neuronal signaling patterns.’*?! However, the partial clinical success of
xanomeline clearly demonstrates that, provided selectivity can be maintained, an orthosteric
binding mechanism does not exclude the potential for clinical viability.>* Additionally hybrid
ligands are typically larger molecules which may limit their blood-brain barrier (BBB)
penetration, however this is not a significant consideration for this proof-of-concept study.
The molecular mechanisms of receptor-ligand binding that have been proposed to explain
the observed pharmacology of these hybrid ligands are complex, in some cases comprising of
multiple distinctive allosteric and orthosteric binding modes that can each interact with one
another.?% 23 272933 To date, rational hybrid ligand design strategies have focused on the
conjoining of known allosteric and orthosteric pharmacophores with an appropriate length
molecular linker.2!% 2% 2%:34 This approach has been used to show that conjoining of the M
mAChR selective negative allosteric modulator (NAM) ‘W-84" and an orthosteric agonist
oxotremorine, predictably produces partial agonist hybrids, with selective an apparent
preference for M, mAChR similar to the parent allosteric ligand.?? Similarly, several studies
have shown that the pharmacology of mAChR hybrid ligands can be reconstituted by the
coincubation of its monomeric units.?* 2> 3* This has prompted the suggestion that it may be
possible to rationally design selective hybrid ligand full agonists for the mAChRs, by
combining a selective PAM and a highly efficacious agonist. For example, compound 1, a
highly efficacious mAChR agonist,* that is selectively potentiated by the PAM, 2 at the M,

mAChHR (Figure 1).'¢
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Figure 1. Chemical structures of iperoxo (4-[(4,5-dihydro-3-isoxazolyl)oxy]-N,N,N-trimethyl-
2-butyn-1-aminium iodide) (1), a subtype non-selective mAChR agonist, BQCA (1-(4-
methoxybenzyl)-4-o0xo-1,4-dihydro-3-quinolinecarboxylic acid) (2), an M; mAChR selective
allosteric modulator, BQCA-derivative (1-(4-aminobenzyl)-N-((1S,25)-2-
hydroxycyclohexyl)-4-oxo-1,4-dihydroquinoline-3-carboxamide) (3), presumably an M;
mACHhR selective allosteric modulator, and a general structure of the series of M2/ Ms mAChR
selective BQCA-iperoxo hybrid ligands previously reported (4).2%3*

Recently, several hybrid ligands derived from 1 and 2 have been reported (e.g. compound
4, Figure 1).* 3 In these studies, compound 4 and analogs behaved as partial agonists,
contradictory to what might be expected, given the potent functional response observed with
the coincubation of the constituent monomers.?* 3* However, the partial agonism of 4 and its
derivatives is consistent with a steric clash between the linker and several conserved tyrosine
residues (Y*>**, Y®! and Y7-*°) that occlude the mAChR orthosteric site and are important for
receptor activation,*® and so is likely an unavoidable consequence of the introduction of the
linker. Compound 4 and its derivatives have not been evaluated for their mAChR subtype
selectivity, and so a comparison to the selectivity of the constituent allosteric monomer cannot

be made.?* ** However, discrepancies between the optimised structures of 4 compared with

70



monomer 2 tend to suggest that the allosteric pharmacophore of 4 is unable to bind
homologously to its constituent allosteric monomer, 2, or act cooperatively with the orthosteric
pharmacophore, iperoxo. 2% 3% 37 A possible explanation for this is that the linker attachment
point of 4 restricts the confirmation of the allosteric pharmacophore, prohibiting it from
engaging the allosteric site homologously to its constituent allosteric monomer. A previous
SAR study has shown that substitution of the 3-carboxylic acid is generally detrimental to the
activity of 2.37 This result suggests that attachment of the linker to the benzylic ‘pendant’
moiety of 2 (Figure 1) may be a more advantageous compared to the 3-carboxylic acid
attachment point, that has been previously explored.?* ** Reported here is a series of hybrid
ligands consisting of 1 and a closely related analogue of BQCA, 3, attached by an amide linker

at the unexplored 4-position of the benzylic ‘pendant’.

ﬂ

o
ol

Figure 2. Proposed molecular truncations to the hybrid ligands for comparative structure-
function analysis at the M1-Ms mAChRs.
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Examination of the pharmacology of our hybrid ligands showed that they possess
moderate M2/M4 mAChR selectivity at linker lengths with non-optimal potency and maximum
response. To determine the structural features of hybrid ligands based on 1 that affect mAChR
subtype selectivity we synthesised a series of truncated hybrid ligands (Figure 2), and evaluated

them at the M1-Ms mAChRs by pERK 1/2 and radioligand binding assays.

B RESULTS AND DISCUSSION

Chemistry. We initially planned to use BQCA (2) as the allosteric pharmacophore for
the hybrid ligands. The synthetic route retained an ethyl ester as a protecting group throughout
the synthesis, prior to being hydrolysed in the final step. However, the target hybrid ligands
were unstable under the hydrolytic conditions necessary to de-protect the ester. Accordingly,
it was decided that the 3-carboxylic acid of 2 would be functionalised to the corresponding
(18,25)-2-hydroxycyclohexyl amide derivative 3. The 3-carboxylic acid of 2 has been shown
to be non-essential for its PAM / agonist activity and the (1S,25)-2-hydroxycyclohexyl amide
moiety has previously been shown to be beneficial for both efficacy and functional
cooperativity with acetylcholine, in related analogues.!”'® 37 The incorporation of the 2-
hydroxycyclohexyl amide moiety into our design (in place of a carboxylic acid) obviated the
associated problems with the protection and deprotection steps. This minor adjustment allows
amide coupling reagents to be used to attach the linker to 3, without the need to deprotect the

ester. This approach was found to be applicable to all linker lengths synthesised.
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Scheme 1. Synthesis of hybrid ligands consisting of iperoxo and a derivative of BQCA

connected by a polymethylene amide linker*

"BQCA-derivative"

o @65*@ Saas

n=4,8a n=4,7a
n=>5,8b ? n=>5,7b
n=06,8c éN n=6,7c
n=7,8d o n=7,7d
n=38,8e n=8,7e
n=9,8f n=9,7f

“Reagents and conditions: (a) (1S,25)-2-aminocyclohexan-1-ol HCl, HCTU, DIPEA, 1:1
DMF:DCM, rt, 75%; (b) Pd/ C, H> (1 atm), DMF, rt, 67%; (c) bromoalkanoic acid, HCTU,
DIPEA, 1:1 DMF:DCM, rt, 58-95%; (d) 9, DIPEA, ACN, reflux, 9—40%.

The synthesis of 5 was performed according the general methods previously described
for the synthesis of related analogues of 2.>73® Compound 5 was then amide coupled to (15,25)-
2-aminocyclohexan-1-ol using HCTU coupling reagent in DCM:DMF (1:1), with DIPEA as
the base to form compound 6. Coupling of the terminal-bromoalkanoic acids to the aromatic
amine of 3 was achieved again using HCTU. The synthesis of 9 was carried out according to a
previously reported method.>® Synthesis of products 8a-f was achieved by refluxing the
bromoalkanamide intermediates 7a—f with 9 in ACN and DIPEA as the base. The yields for
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compounds 8a-f were lower than expected due to competing elimination and hydrolysis
reactions of the bromoalkanamides. Hydrolysis of the bromoalkanamides could be limited by
the use of dry solvents however the elimination side reaction was more difficult to avoid
because of the higher temperatures required to promote quaternisation of iperoxo-base, 9.
Ultimately the yields were deemed acceptable for producing sufficient quantities of these

compounds for initial proof-of-concept pharmacological evaluation.

Scheme 2. Synthesis of truncated hybrid ligands and substituted analogs®

H
/ (a) ’ / (b) / Br
) 0 N_O

1,1

2,10a
3,10b
4,10c¢
5,10d
6
7
8
9
1

, 10e
,10f
, 10g
, 10h
0, 10i

5B BB BBBBBBB

“Reagents and conditions: (a) N-alkyl iodide, KI:K>COs (1:1) cat., ACN, reflux, 31-75%; (b)
bromoalkanamide (11a-c Supplementary Information), ACN, DIPEA, reflux, 32—64%.

N-Alkylation of 9 to form products 1 and 10a-i was carried out according the method
described by Messerer et al.>* Compounds 11a-¢ were prepared employing HCTU coupling
reagent (Supplementary Information). Synthesis of products 12a-c was achieved as for 8a-f,
by refluxing 11a-c with 9 and DIPEA in ACN. Starting material and other minor-byproducts
were separable from the product by flash column chromatography (FCC), using a small mass

to product ratio of silica, or by preparative HPLC.
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Evaluation of the hybrid ligands at the M;-Ms mAChRs. Hybrid ligands 8a-f were
first evaluated at the M1 mAChR by ERK1/2 peak phosphorylation assay in Flp-In-CHO cells
over expressing the M; mAChR, to determine the optimal linker length for the hybrids in terms
of potency and maximum response. The ERKI1/2 assay was chosen because ERK
phosphorylation is a downstream effector of many pathways coupled to the mAChRs, including
both G; and Gs G protein activation. Thus, the pERK1/2 assay allows both G; and Gs coupled
mAChR subtypes to be evaluated and compared using a single assay type. Consistent with
previously reported mAChR hybrid ligands (e.g. compound 4) we found the hybrid ligands to
behave as partial agonists, with the C6-C8 polymethylene linkers, 8c-e, to be optimal, in the
sense that they possessed higher maximum response and potency values than shorter or longer
linker lengths evaluated at the M; mAChR 2% 24 26.28-29.34 Accordingly, compounds 8c-e were
then evaluated at the remaining M>-Ms mAChRs in Flp-In-CHO cells (M2, M4-Ms mAChRs)
or CHO-K1 (M3 mAChR) by the same pERK 1/2 concentration-response assay. The binding
affinities of 8c-e, at the Mi-Ms mAChRs were also measured in the same cell lines by
competition radioligand binding assay with [°ZH]NMS. From these measurements of pERK 1/2
response and affinity we were also able to determine the efficacy of 8c-e at the Mi-Ms
mAChRs.

Compounds 8c-e displayed no improvement in selectivity towards the M1 mAChR over
1, contradictorily showing a significant decrease in efficacy at the M; versus Mz or My
mAChRs. Surprisingly the non-optimal linker hybrid, 8e, displayed significant differences in
efficacy between the M2 or My versus the M1/M3/Ms mAChRs (Table 1). These observations
were consistent with those of related mAChR hybrid ligands that also have shown preferential
attenuation of efficacy at the Gus coupled M1/M3/Ms mAChRs versus the Ggi coupled M2/My

mAChRs at non-optimal linker lengths.*?
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Evaluation of the truncated hybrid ligands at the M{-Ms mAChRs. To examine the
roles of the structural features of the 8c-e in mAChR subtype selectivity a series of truncated
hybrid ligands, 10a-i and 12a-c¢ (Scheme 2), was designed and synthesised to identify regions
of the ligand important for selectivity and potency. We first wished to ascertain that 3
maintained functional cooperativity with 1, comparable to related analogues in the literature.
Interaction assays of the allosteric monomer 3 and orthosteric monomer 1 were performed
(Supplementary Information) and the cooperativity of 3 with 1 was found to be comparable to
related analogues in the literature (log o = 2.20 + 0.30 and log a8 = 1.30 £ 0.20).%” Our hybrid
ligands, 8a-f, were first examined by pERK 1/2 assay at the M1 mAChR to evaluate which
linker lengths gave the optimal potency and maximum response. The most potent hybrid
ligands with the highest maximum response, 8c-e, were then examined at the M;-Ms mAChRs
by pERK 1/2 and competitive radioligand binding assay. From the pERK 1/2 and radioligand

binding data we then calculated the efficacy of 8c-e.
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Table 1. Functional and binding data for hybrid ligands (8a-f) at the M1—Ms mAChRs

Cpd
1 (IXO)

8a
8b
8c

8d

8e

8f

“pECso values are the negative logarithm of the concentration of a ligand that was able to elicit 50 % the maximum
achievable response by that ligand as determined by fitting a 3-parameter concentration-response curve to the
data. *Emx values are the maximum response measured by a ligand, as a percentage of the maximum response
achievable by the full agonist, iperoxo (IXO, 1). “pK; values are the negative logarithm of the inhibition constant
for each ligand, as determined by competition radioligand binding assays with [PH]NMS and fitting the data to a
one-site inhibition binding model. “Log . is the ligand efficacy, corrected for receptor expression, as determined
by fitting the functional ERK 1/2 phosphorylation concentration-response data for each ligand to an operational
model of agonism and constraining the model by the measured values of affinity for each ligand at each of the
respective mAChR subtype. ¢* and T denote a statistically significant difference in efficacy versus the M, or My
mAChRs, respectively. Data was statistically analysed using Bonferroni’s multiple comparison test, 2-way
ANOVA. Values not measured are denoted ‘-’. Data represent the mean + S.E. of 3 independent experiments
performed in duplicate.

0 0 0 N0 X T NN DYDY B

e

M;

pECso”
9.46 +0.35
10.23+£0.19
9.42+0.31
10.43 +0.17
9.52+0.16
7.09 +£0.07
7.13+£0.07
7.85+0.07
9.04 £ 0.06
8.68 £0.08
9.27+0.08
8.10+£0.20
7.72 +£0.06
8.93+£0.07
8.11+£0.09
8.95+0.09
7.96+0.16
7.56 +0.08
8.48 £0.05
7.55+0.11
8.67+0.07
7.77£0.20
7.03+0.14

0]

Bl

100 £2
100 £ 4
100 £2
100 £2
100 £4
77+3
88+3
98 +3
103 +£2
89+2
96 +3
86+ 6
100 +£2
107 £2
93+3
94 +3
71 £4
97 +£4
107 +£2
66 £ 4
88+2
58+5
74+3

n =49, 8a-f

pKi¢ log ¢
7.62+0.13 1.89+0.10
8.70+£0.02 2.02+0.15
6.84 £0.14 1.84 +£0.13
8.18 £ 0.07 2.04+0.12
7.83+0.23 1.67+0.11
7.32+£0.22 0.66 +0.11"¢
7.49+0.12 1.65+0.05
6.29+0.14 1.00 £ 0.02
7.30+0.18 1.92+0.12
6.95+£0.07 0.63 + 0.09%¢
6.84 £0.13 1.02 £ 0.14"
6.86+0.18 2.29+0.13
5.64+0.14 1.04 £0.02
6.63+0.14 2.07+£0.12
6.33+£0.12 0.81 £0.08
6.75+0.19 0.76 £ 0.13¢
6.81 £0.14 1.81 £0.12
5.82+0.20 0.66 + 0.04t¢
6.46 £0.22 1.73+£0.12
6.33+£0.15 0.21 +£0.07t

The hybrid ligands, 8a-f, displayed the highest potency and maximum response at the

M mAChR at linker lengths of C6-C8 carbons, 8c-e. The hybrid ligands were generally
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partial agonists with potencies ranging from approximately 100 nM to 10 nM, at the M;
mAChR. When compounds 8c-e were evaluated at the remaining M>-Ms mAChR subtypes
they displayed a wider range on potencies from approximately 100 nM to 1 nM, and a range
of affinities from approximately 3 uM to 30 nM. The hybrid ligand with the highest potency
was 8¢ which had a pECso 0 9.27 + 0.08 at the M4 mAChR. Unfortunately none of the
hybrid ligands evaluated at the M1-Ms mAChRs possessed any selectivity for the M;
mACHhR, instead in fact displaying generally lower efficacy at the M1/M3/Ms mAChRs versus
the M>/Ms mAChRs, relative to iperoxo, 1. This reduction in efficacy at the M1/M3/Ms
mAChRs interestingly results in some slight selectivity for the M2/Ma, and this is most
pronounced in the least potent and least efficacious hybrid ligand, 8e. To examine the
structural features responsible for this preference for the M>/Ms mAChRs over the M1/M3z/Ms
mAChRs at the level of efficacy, we then examined the truncated hybrid ligands, 10a-i and
12a-c by pERK 1/2 concentration-response functional assay at the M1 mAChR.
Representative compounds bearing C6, C8 and C10 linker lengths, were then examined at the

M; — Ms mAChRs by functional and radioligand binding assay to evaluate their selectivity.

Table 2. Functional and binding data for the truncated hybrid ligands 3, 10a-i, 12a-c at the

M;—Ms mAChRs

o o Q o/j\ Br
= X = N-phenylamide =
N \

N )

OH o /@
T ML
3 n=1,1

NH; n=2-10, 10a-i n=6,8 or 10, 12a-c
Cpd n X mAChR  pECs* Bl pK Log 7.
3 n/a n/a M, 6.19+0.12 72+4 564+038 057+0.11
10a 2 H M, 7.80+0.05 68+2 - -
10bp 3 H M, 735+£0.05 702 - -
10c 4 H M, 7.32+0.11 67+5 - -
10d 5 H M, 6.58 £0.11 79+5 - -
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10e 6 H M, 7.78 £0.17 586  5.63+0.14 1.92+0.26

M, 8.01 +£0.21 85+6 6.51+0.23 1.51+0.22
M3 7.52+0.18 89+6 5.60+0.23 1.25+0.25
My 8.32+0.14 83+3 6.19+0.04 2.12+0.13
Ms 7.67+0.22 71+6 6.14+0.04 1.48 £0.23

10f 7 H M; 7.13+£0.18 56 +4 - -

10g 8 H M; 7.72 +0.38 28+2 5.70+0.14 1.73 £ 0.20%
M, 7.23+0.28 62+6 5.93+0.22 1.30+£0.30
M3 7.71+£0.47 31+6 5.44+£0.23 1.43 £0.34"
M, 7.95+0.22 61 £4 5.70£0.26 2.22+0.25
M; 7.08 +£0.23 55+5 549 +0.17 1.53+0.24

10h 9 H M; 5.83+0.45 8 +3 - -

10i 10 H M, nd nd 5.83+0.17 -3
M, 6.36 +0.22 387  6.33+£0.38 0.09 + 0.52f¢
M; nd nd 6.03 £0.38 -3
My 7.05+0.12 37+6 5.61 +£0.28 1.60 +0.22%
Ms nd nd 5.09+0.12 -3

12a 6 N-phenylamide ~ M, 6.49+0.18 19+£2 482+0.06 1.43+0.18%
M, 6.75+0.24 58+6 5.33+0.06 1.55+0.31
M; 6.43+0.23 29+4  438+0.10 1.49 + 0.23f¢
M. 6.65+0.14 504  4.69+0.09 1.95+0.14
M;s 5.89+0.08 62+3 4.77+0.11 1.05+0.08

12b 8 N-phenylamide M, 7.11£0.09 64+3 587+0.08  0.99+0.09™
M, 7.70+£0.12 92 +4 6.50 £0.07 1.27+0.17
M; 7.23 +0.08 75+3 5.40+0.11 1.27 £0.08
My 7.74 £0.09 88+3 5.93+£0.06 1.80 £0.09
Ms 7.29+£0.15 72 +4 5.31+0.10 1.93+£0.15

12¢ 10 N-phenylamide M, 6.95 £042 72 5.92+0.08 -0.79+0.117T¢
M, 7.72+0.17 735 5.97+0.13 1.09+0.13
M3 7.72+£0.42 18+3 5.29+0.11 -0.58 +0.23"f¢
My 7.66 £0.08 74 £2 5.62+0.09 1.58 £0.09
Ms 6.29 £0.25 18 +2 5.56+0.10 -0.51 £ 0.06"¢

“pECso values are the negative logarithm of the concentration of a ligand that was able to elicit 50% the maximum
achievable response by that ligand as determined by fitting a 3-parameter concentration-response curve to the
data. *Emx values are the maximum response measured by a ligand, as a percentage of the maximum response
achievable by the full agonist, iperoxo (IXO, 1). “pK; values are the negative logarithm of the inhibition constant
for each ligand, as determined by competition radioligand binding assays with [PH]NMS and fitting the data to a
one-site inhibition binding model. “Log t. is the ligand efficacy (corrected for receptor expression) as determined
by fitting the functional ERK 1/2 phosphorylation concentration-response data for each ligand to an operational
model of agonism and constraining the model by the measured values of affinity for each ligand at each of the
respective mAChR subtype. Instances where no ligand efficacy was observed Log 7. was fixed to -3. ¢ and T
denote a statistically significant difference in efficacy versus the M, or M4y mAChRs, respectively. Data was
statistically analysed using Bonferroni’s multiple comparison test, 2-way ANOVA. Values not measured are
denoted ‘-’. Compounds which gave no determinable response in the specified assay are denoted ‘nd’. Data
represent the mean + S.E. of 3 independent experiments performed in duplicate.
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Generally, the truncated hybrid ligands, 10a-i and 12a-¢, possessed a consistent affinity
of 1-10 uM across the Mi-Ms mAChR subtypes while the potency and maximum response
values varied more prominently between ligands and mAChR subtypes (Figure 4, Table 2).
The maximum response of 10a-i was dependent only on the linker length of the ligand, with
the response decreasing as linker length increased (Table 2). The longest linker derivative, 10i,
gave a response so low at the Mi/M3/Ms mAChR that a reliable measurement could not be
distinguished from baseline (Table 2). Interestingly, the efficacy of 10i (IXO-C10), was also
found to be significantly higher at the M4 mAChR compared to the M> mAChR, while
approximately maintaining efficacy with 1 at the Ms mAChR (Table 1). In contrast, the N-
phenyl amide bearing truncated hybrids, 12a-¢, displayed an optimal linker length, similar to
the hybrid ligands, 8a-f. The optimal linker length was found to be the C8 derivative, 12b, that
gave the greatest potency and maximum response of this subset of compounds, 12a-¢, at the
M;-Ms mAChRs (Table 2). The C10 linker length truncated hybrid ligands, 10i (IXO-C10) and
12¢ (IXO-C10-phen), both displayed comparably greater selectivity for the M2/Mas > M1/M3/Ms
mAChRs than the C6 or C8 ligands, 8c,e (hybrid-C6, hybrid-C8), 10e,g (IXO-C6, IXO-C8),

and 12a,b (IXO-C6-phen, IXO-C8-phen).
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Figure 4. Effect of terminal substituent and linker length on ligand efficacy of hybrid and truncated hybrid ligands at the M-
M;s mAChR subtypes. (A) Generalised structures of hybrid ligands (‘hybrid-Cn’), and the truncated hybrid ligands (‘IXO-Cn-phen’
and ‘IXO-Cn’). The graphs show (B, top) compounds with 3 as the terminal substituent (hybrid-Cn), (B, middle) truncated compounds
with and N-phenyl amide as the terminal substituent (IXO-Cn-phen), (B, bottom) truncated compounds with no terminal substituent
(IXO-Cn). (C, top) shows the compounds bearing six (C6) linear polymethylene units in their linker (8¢, 10e, 12a), (C, middle) eight
(C8) units (8e, 10g, 12b) and (C, bottom) ten (C10) units (10i, 12¢). Log 7. is the ligand efficacy, corrected for receptor expression, as
determined by fitting the functional ERK 1/2 phosphorylation concentration-response data for each ligand to an operational model of
agonism and constraining the model by the measured values of affinity (Table 1, Table 2) for each ligand at each of the M1-Ms mAChR
subtypes. Each data point represents the mean + S. E. of 3 independent experiments, performed in duplicate.
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The Mi-Ms mAChR efficacy data for the hybrid ligands, 8c,e, and truncated hybrid
ligands 10d,g,i and 12a-c¢ were analysed by stratifying the compounds by their linker length
(C6, C8 or C10) and terminal ‘allosteric’ substituent (i.e. ‘hybrid-Cn’, ‘IXO-Cn-phen’ or ‘IXO-
Cn’) (Figure 4 A). Comparison of the efficacy of the ligands by terminal substituent reveals
that truncation of the allosteric pharmacophore to the IXO-Cn-phen derivatives, 12a-c,
increases the M>/Ms mAChR selectivity. Except at the optimal linker length, 12b (IXO-C8-
phen), at which efficacy was highest and M>/M4 mAChR subtype selectivity was lowest
(Figure 4 B). The IXO-Cn ligands, 10a-i, showed a simple linker length dependent decrease in
efficacy at the M1/M3/Ms > M2/M4 mAChRs, compared with 1 (Figure 4 B). Comparison of
the efficacy of the ligands, stratified by their linker length (C6, C8 or C10), at the M-Ms
mAChR subtypes, reveals that functionalisation of the ‘allosteric’ pharmacophore of the hybrid
ligand structure at shorter linker lengths (C6 and C8) is less important to the efficacy of the
ligands, than at longer linker lengths (C10) (Figure 4 C). The presence of similar Mo/My >
Mi/M3/Ms mAChR selectivity in the truncated hybrids ligands, 10a-i and 12a-c, and the hybrid
ligands, 8a-f, suggests that this selectivity does not result from a receptor-ligand interaction
with the allosteric pharmacophore, but rather more likely with the linker. However, the fact
the both the hybrid ligands, 8a-f, and compounds 12a-¢ exhibit an optimal linker (in terms of
potency and maximum response) at a linker length of approximately C8 polymethylene units,
tends to suggest that the allosteric pharmocophore (or N-phenyl amide in 12a-c¢) has some
positive effect on agonism at this linker length. It seems likely that one or more of the common
structural features between the allosteric pharmcophore of the hybrid ligands 8a-f and the N-
phenyl amide of compounds 12a-¢ makes an allosteric interaction with the mAChRs which
positively affects the potency and maximum response of the ligands. However, it seems that,
counter intuitively, this proposed additional allosteric interaction with the mAChRs, while it

increases the potency and maximum response of the compounds, seemingly simultaneously
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reduces the M2/M4 mAChHR selectivity which is observed in the longer or shorter linker length

ligands, 8a-b,f and 12a,c, or in the longer linker-only ligand, 10i.

B CONCLUSIONS

Herein is presented a series of hybrid ligands consisting of a potent orthosteric ligand,
iperoxo, 1, and a functionally equivalent derivative of BQCA, 3, and the analysis of their
mAChR subtype selectivity at the level of efficacy. It was found that the hybrid ligands
possessed little selectivity at optimal linker lengths, however at non-optimal linker lengths
some apparent preference for the M2/M4 mAChRs was observed. To understand the structural
basis of these observations we synthesized a series of truncated hybrid ligands, and similarly
assayed them across the M1-Ms mAChRs. The truncated hybrid ligands were found to possess
similar pharmacological properties to the hybrid ligands in terms of M2/M4 mAChR selectivity.
The pharmacology of the M>/M4 mAChHR selective truncated hybrid ligands was well described
by the mechanism of conformational restriction of the extracellular domain proposed by
Bermudez et al.,** and this mechanism in turn explains why no allosteric pharmacophore is
necessary to achieve the desirable M>/M4 mAChR selectivity. However as of yet we have no
clear explanation as to why the hybrid ligands (hybrid-C6, 8¢, hybrid-C7, 8d, and hybrid-C8,
8e) and some of the truncated hybrid ligands (IXO-C6, 10e, IXO-C8, 10g, and IXO-C8-phen,
12b) show little or no selectivity for the M2/Ms4 mAChRs. It is plausible that these ligands may
bind differentially to the allosteric vestibule of the mAChRs in their dominant binding pose, in
such a conformation that they do not obstruct the allosteric site and hence have lower or
abolished selectivity. Furthermore it is interesting to note that the selectivity of other mAChR
hybrid ligands, which have been proposed to bind bitopically (such as those described by
Disingri et al.?), closely resembles the selectivity observed (i.e. preference for the Ma/Ma
mAChRs) in our truncated hybrid ligands (e.g. IXO-C10, 10i), which bare no allosteric
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pharmacophore and hence cannot bind bitopically. This may suggest that some mAChR hybrid
ligands have been misclassified as bitopic, when in fact they gain selectivity by the mechanism
of conformational restriction of the allosteric vestibule proposed by Bermudez et al.,*® and that
this may be the most common mechanism by which mAChR hybrid ligand agonists gain
selectivity. In our experiments, IXO-C10, 10i, showed significantly higher efficacy at the M4
versus M> mAChRs, possibly suggesting that conformational restriction of the extracellular
domain may affect the M, and M4 mAChR efficacy differentially in some cases, either due to
subtle structural differences in the M> and Ms mAChR subtypes, differential coupling to
intracellular G proteins or due to differences in ligand binding conformations between these
subtypes. We suggest that the addition of an N-alkyl linker to more selective orthosteric
pharmacophores may yield ligands with improved selectivity for the M> or Ms mAChRs.
Additionally, we have found that the truncated hybrid ligand IXO-C10-phen, 12¢, retains good
efficacy at the M, and Ms mAChRs (M> mAChR: log 7. = 1.09 + 0.13, Ms mAChR: log 7. =
1.58 = 0.09) as well as approximately 10-fold selectivity over the remaining Mi/M3/Ms
mAChHR subtypes (M1 mAChR: log 7. =-0.79 £ 0.11, M3 mAChR: log z. = -0.58 £ 0.23, M5
mAChR: log 7. = -0.51 = 0.06). This structure contains several regions (allosteric
pharmacophore, orthosteric pharmacophore and linker) which could potentially be further
expanded upon via a SAR study to optimise its efficacy and selectivity and may serve as a
suitable lead compound for the development of a purely M2 or M4 mAChR selective hybrid

ligand.

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
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Solvent Purification System. Analytical thin layer chromatography (TLC) was performed on
Silica Gel 60 F254 pre-coated plates (0.25 mm, Merck ART 5554) and visualised using
ultraviolet light, iodine, potassium permanganate or ninhydrin as necessary. Silica gel 40—63
micron (Davisil) was used for silica gel flash chromatography. 'H NMR spectra were recorded
on a Briiker Avance 400 MHz Ultrashield Plus spectrometer at 400.13 MHz. Chemical shifts
(8u) for all "H NMR spectra are reported in parts per million (ppm) using the central peak of
the deuterated solvent chemical shift as the reference: CDCls (7.26) and d-DMSO (2.50).%
Each resonance was assigned according to the following convention: chemical shift (o)
(multiplicity, coupling constant(s) in Hz, number of protons). Coupling constants (J) are
reported to the nearest 0.1 Hz. In reporting the 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. '*C NMR spectra were recorded
at 100.62 MHz using a Briiker Avance 400 MHz Ultrashield Plus spectrometer. Chemical
shifts () for all 3C NMR spectra are reported in parts per million (ppm), using the center peak
of the deuterated solvent chemical shift as the reference: CDClz (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. LC-MS 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 an Agilent
6224 TOF LC-MS coupled to an Agilent 1290 Infinity (Agilent, Palo Alto, CA). 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/H;O; solvent B: 0.1% TFA/ACN. 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 214 and/ or 254 nm
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using a Waters 996 Photodiode Array detector. Characterisation requirements for final
compounds were set as: 'H NMR, *C NMR, LC-MS, HPLC (254 nm and 214 nm) purity

>95%.

Synthesis of 1-(4-nitrobenzyl)-4-oxo-1,4-dihydroquinoline-3-carboxylic acid 5,
Iperoxo-base 9 and subsequently iperoxo 1°° was carried out according to literature procedures
(Supplementary Information).

N-((1S8,25)-2-Hydroxycyclohexyl)-1-(4-nitrobenzyl)-4-o0xo0-1,4-dihydroquinoline-3-
carboxamide (6). 1-(4-Nitrobenzyl)-4-o0xo0-1,4-dihydroquinoline-3-carboxylic acid (5) (2.19
g, 6.74 mmol), HCTU (3.23 g, 8.03 mmol) and (18,25)-2-aminocyclohexan-1-ol*HCI (1.04 g,
6.88 mmol) were dissolved in DMF (20 mL) and stirred at rt under N. N,N-
Diisopropylethylamine (4.0 mL, 3.0 g, 23 mmol) in DCM (20 mL) was added dropwise over
45 min. Stirring, under N> was continued overnight (17 h). The DCM was removed under
vacuum and the solution was diluted with aqueous HC1 (20 mL, 2 M) and extracted with ethyl
acetate (3 x 30 mL). The organics were washed with saturated NaHCO3 (aq) (30 mL), distilled
water (30 mL) and brine (30 mL), dried over anhydrous MgSO4 and the solvent removed under
vacuum. The crude product was the purified by FCC, with silica as the stationary phase and
DCM-DCM/methanol (19:1) as the gradient mobile phase. The product was a orange solid;
2.28 g, 75%. 'H NMR (ds-DMSO) 6 10.07 (d, J = 7.6 Hz, 1H), 9.12 (s, 1H), 8.36 (dd, J = 8.1,
1.4 Hz, 1H), 8.20 (d, /= 6.6 Hz, 2H), 7.73 (ddd, J = 8.6, 7.0, 1.6 Hz, 1H), 7.63 (d, J = 8.5 Hz,
1H), 7.51 (ddd, J=7.9,7.1,0.7 Hz, 1H, H6), 7.46 (d, /= 8.8 Hz, 2H), 5.97 (s, 2H), 4.82 (d, /=
5.0 Hz, 1H), 3.82-3.60 (m, 1H), 3.48-3.36 (m, 1H), 2.08-1.97 (m, 1H), 1.92-1.80 (m, 1H),
1.71-1.52 (m, 2H), 1.40-1.16 (m, 4H). 1*C NMR (ds-DMSO) § 176.3, 164.2, 149.5, 147.5,

144.4, 139.4, 133.6, 128.1, 127.9, 126.8, 125.7, 124.5, 118.2, 112.2, 71.7, 55.6, 54.1, 34.2,
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31.1,24.2, 23.7. m/z MS (TOF ES") C23H23N30s [M+H]" caled, 422.2; found, 422.2. LC-MS:
fr = 5.91 min.
1-(4-Aminobenzyl)-N-((15,25)-2-hydroxycyclohexyl)-4-oxo-1,4-dihydroquinoline-3-

carboxamide A3). N-((18,25)-2-Hydroxycyclohexyl)-1-(4-nitrobenzyl)-4-oxo-1,4-
dihydroquinoline-3-carboxamide (6) (1.60 g, 3.80 mmol) was dissolved in DMF (24 mL). Pd/C
(10% w/w, 160 mg) was added and the solution was stirred under hydrogen gas for 3 h. Once
the starting material was no longer detectable by LC-MS the solution was filtered and washed
through Celite™ with methanol (30 mL). The methanol was removed from the collected
organics, slowly under vacuum, at which point a white precipitate formed which was filtered
and washed with cold H>O, giving the product as a fine white solid; 1.00 g, 67%. '"H NMR (de-
DMSO) 0 10.09 (d, J=17.6 Hz, 1H), 8.96 (s, 1H), 8.33 (dd, /= 8.1, 1.5 Hz, 1H), 7.86 (d, J =
8.6 Hz, 1H), 7.76 (ddd, J = 8.6, 5.7, 1.6 Hz, 1H), 7.50 (ddd, J = 7.9, 7.1, 0.8 Hz, 1H), 6.96
(d, J=8.4 Hz, 2H), 6.51 (d, J = 8.5 Hz, 2H), 5.52 (s, 2H), 5.14 (s, 2H), 4.81 (d, /= 5.0 Hz,
1H), 3.76-3.56 (m, 1H), 3.44-3.35 (m, 1H), 2.05-1.95 (m, 1H), 1.93-1.79 (m, 1H), 1.71-1.53
(m, 2H), 1.38-1.08 (m, 4H); '*C NMR (ds-DMSO) 6 175.6, 164.0, 148.6, 148.1, 139.2, 132.7,
128.1, 127.4, 126.1, 125.0, 122.0, 118.0, 114.0, 111.1, 71.3, 55.9, 53.7, 33.8, 30.7, 23.8,
23.3. m/z MS (TOF ES") C23H2sN303 [M+H]" calcd, 392.2; found, 392.2. LC-MS: & = 4.98
min.

General procedure for the synthesis of terminal-bromoalkanamide BQCA
derivatives. 1-(4-Aminobenzyl)-N-((1S,2S)-2-hydroxycyclohexyl)-4-oxo-1,4-
dihydroquinoline-3-carboxamide (3) (256 pumol, 1 eq.), HCTU (307 umol, 1.2 eq.) and the
appropriate terminal-bromoalkanoic acid (307 umol, 1.2 eq.) were dissolved in DMF (2 mL)
and stirred under N» at room temperature. NV,N-Diisopropylethylamine (DIPEA) (59 mg, 0.46
mmol, 1.8 eq.) in DCM (2 mL) was added dropwise over 30 min, and stirring continued for 6

h. The DCM was removed under vacuum and the reaction mixture was then diluted with
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distilled water (10 mL). The precipitate which formed was filtered and washed with a small
volume of cold ethyl acetate, then suspended in a 1:1 solution of saturated NaHCO3 (aq) and
distilled water and stirred vigorously for 30 min, before being vacuum filtered again. The
resulting solid was then re-dissolved in DCM (10 mL) and washed with sat. NaHCO3 solution
(5 mL), dH20 (5 mL) and brine (5 mL) before being dried over anhydrous MgSO4 and the
solvent removed in vacuo to afford the target compound.
1-(4-(5-Bromopentanamido)benzyl)-V-((1S5,25)-2-hydroxycyclohexyl)-4-oxo-1,4-
dihydroquinoline-3-carboxamide (7a). Off-white solid; 82.4 mg, 58%. 'H NMR (ds-DMSO)
0 10.09 (d, J="7.3 Hz, 1H), 9.94 (s, 1H), 9.04 (s, 1H), 8.34 (d, J= 7.8 Hz, 1H), 7.79-7.68 (m,
2H), 7.55 (d, J = 8.0 Hz, 2H), 7.52-7.46 (m, 1H, H6), 7.18 (d, J = 8.6 Hz, 2H), 5.71 (s, 2H),
4.83 (s, 1H, OH), 3.74-3.64 (m, 1H), 3.51 (t, J= 6.5 Hz, 2H), 3.44-3.36 (m, 1H) 2.30 (t, J =
7.3 Hz, 2H), 2.07-1.97 (m, 1H), 1.91-1.73 (m, 3H), 1.69-1.52 (m, 4H), 1.45-1.15 (m, 4H); 1*C
NMR (ds-DMSO) 6 176.1, 171.4,164.4, 149.1, 139.6, 139.4, 133.3, 130.7, 127.9, 127.6, 126.6,
125.5,119.9, 118.4, 111.8, 71.7, 56.0, 54.1, 36.1, 35.2, 34.2, 32.2, 31.1, 27.5, 24.2, 24.1. m/z
MS (TOF ES") CasH3:BrN3O04 [M+H]" calcd, 554.2; found, 554.1. LC-MS: tr = 6.02 min.
1-(4-(6-Bromohexanamido)benzyl)-V-((15,25)-2-hydroxycyclohexyl)-4-oxo-1,4-

dihydroquinoline-3-carboxamide (7b). Off-white solid; 99.7 mg, 86%. 'H NMR (ds-DMSO)
0 10.09 (d, J = 7.3 Hz, 1H), 9.93 (s, 1H), 9.04 (s, 1H), 8.34 (d, /= 7.8 Hz, 1H), 7.79-7.69
(m, 2H), 7.55 (d, J = 8.0 Hz, 2H), 7.52-7.46 (m, 1H, H6), 7.18 (d, J = 8.1 Hz, 2H), 5.70 (s,
2H), 4.83 (s, 1H), 3.75-3.64 (m, 1H), 3.51 (t, /= 6.5 Hz, 2H), 3.44-3.36 (m, 1H) 2.27 (t, J =
8.1 Hz, 2H), 2.07-1.97 (m, 1H), 1.92-1.73 (m, 3H), 1.69-1.52 (m, 4H), 1.45-1.15 (m, 6H). 1*C
NMR (ds-DMSO0) 6 176.1, 171.6, 164.4, 149.1, 139.6, 139.4, 133.3, 130.6, 127.9, 127.6, 126.6,
125.5,119.9, 118.4, 111.8, 71.7, 56.1, 54.1, 36.6, 35.5, 34.2, 32.5, 31.1, 27.7, 24.7, 24.2, 23.7.

m/z MS (TOF ES") C29H34BrN3O4 [M+H]" calcd, 568.2; found, 568.2. LC-MS: g = 6.14 min.
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1-(4-(7-Bromoheptanamido)benzyl)- V-((1S,25)-2-hydroxycyclohexyl)-4-oxo-1,4-
dihydroquinoline-3-carboxamide (7¢). Off-white solid; 140.1 mg, 93%. 'H NMR (de-
DMSO) 0 10.09 (d, /= 7.6 Hz, 1H), 9.91 (s, 1H), 9.04 (s, 1H), 8.34 (d, J= 7.7 Hz, 1H), 7.78—
7.70 (m, 2H), 7.55 (d, J= 8.6 Hz, 2H), 7.49 (ddd, /= 8.0, 6.2, 1.8 Hz, 1H, H6), 7.17 (d, J= 8.6
Hz, 2H), 5.70 (s, 2H), 4.83 (s, 1H), 3.74-3.64 (m, 1H), 3.50 (t, /= 6.7 Hz, 2H), 3.43-3.36 (m,
1H) 2.26 (t, J= 7.4 Hz, 2H), 2.07-1.97 (m, 1H), 1.91-1.82 (m, 1H), 1.81-1.72 (m, 2H), 1.69—
1.44 (m, 4H), 1.44-1.15 (m, 8H). 1*C NMR (ds-DMSO) § 175.7, 171.3, 163.9, 148.6, 139.1,
139.0, 132.9, 130.2, 127.4, 127.1, 126.1, 125.1, 119.4, 118.0, 111.4, 71.2, 55.6 , 53.7, 36.2,
35.2,33.7,32.1,30.7, 27.7, 27.3, 24.9, 23.8, 23.3. m/z MS (TOF ES") C30H36BrN3O4 [M+H]"
calcd, 582.2; found, 582.4. LC-MS: tr = 6.31 min.

1-(4-(8-Bromooctanamido)benzyl)-N-((1S5,25)-2-hydroxycyclohexyl)-4-oxo-1,4-
dihydroquinoline-3-carboxamide (7d). Off-white solid; 150.1 mg, 95%. 'H NMR (ds-
DMSO) ¢ 10.09 (d, J=7.6 Hz, 1H), 9.90 (s, 1H), 9.04 (s, 1H), 8.34 (d, J/= 7.7 Hz, 1H), 7.79—
7.70 (m, 2H), 7.55 (d, J= 8.5 Hz, 2H), 7.52-7.46 (m, 1H), 7.17 (d, J = 8.6 Hz, 2H), 5.70 (s,
2H), 4.82 (d, J= 5.0 Hz, 1H), 3.74-3.63 (m, 1H), 3.51 (t, J = 6.7 Hz, 2H), 3.44-3.36 (m, 1H)
2.25(t,J=7.4 Hz, 2H), 2.07-1.97 (m, 1H), 1.92-1.72 (m, 3H), 1.69-1.48 (m, 4H), 1.41-1.15
(m, 10H). *C NMR (ds-DMS0) 6 176.1, 171.8, 164.3, 149.1, 139.6, 139.5, 133.3, 130.6, 127.9,
127.6, 126.6, 125.5, 119.9, 118.4, 111.8, 71.7, 56.0, 54.1, 36.7, 35.7, 34.2, 32.5, 31.1, 28.9,
28.3,27.9, 25.4, 24.2, 23.7. m/z MS (TOF ES") C31H33BrN304 [M+H]" calcd, 596.2; found,
596.2. LC-MS: fr = 6.45 min.

1-(4-(9-Bromononanamido)benzyl)-V-((1S8,25)-2-hydroxycyclohexyl)-4-oxo-1,4-
dihydroquinoline-3-carboxamide (7e¢). Off-white solid; 100.9 mg, 65%. 'H NMR (ds-
DMSO) 6 10.09 (d, /= 7.5 Hz, 1H), 9.90 (s, 1H), 9.04 (s, 1H), 8.34 (d, J= 8.4 Hz), 7.78-7.69
(m, 2H), 7.55 (d, J = 8.5 Hz, 2H), 7.52-7.46 (m, 1H), 7.17 (d, J = 8.5 Hz, 2H), 5.70 (s, 2H),

4.82 (d, J= 4.6 Hz, 1H), 3.75-3.62 (m, 2H), 3.49 (t, J = 6.7 Hz, 2H), 3.43-3.36 (m, 1H), 2.25
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(t, J=17.3 Hz, 3H), 2.07-1.98 (m, 1H), 1.90-1.71 (m, 3H), 1.69-1.42 (m, 4H), 1.39-1.15 (m,
12H). 1*C NMR (ds-DMSO) § 176.1, 171.8, 164.4, 149.1, 139.6, 139.5, 133.3, 130.6, 127.9,
127.6, 126.6, 125.5, 119.9, 118.4, 111.8, 71.7, 56.0, 54.1, 36.8, 35.7, 34.2, 32.7, 31.1, 29.1,
29.0, 28.4, 28.0, 25.5, 24.2, 23.7. m/z MS (TOF ES") C3,H40BrN3;O4 [M+H]" calcd, 610.2;
found, 610.2. LC-MS: #r = 6.64 min.
1-(4-(10-Bromodecanamido)benzyl)-N-((15,25)-2-hydroxycyclohexyl)-4-oxo-1,4-

dihydroquinoline-3-carboxamide (7f). Off-white solid; 120.6 mg, 76%. 'H NMR (de-
DMSO) 0 10.09 (d, J = 7.5 Hz, 1H), 9.90 (s, 1H), 9.04 (s, 1H), 8.34 (d, J= 8.4 Hz, 1H), 7.78—
7.69 (m, 2H), 7.55 (d, J = 8.5 Hz, 2H), 7.52-7.46 (m, 1H), 7.17 (d, J = 8.5 Hz, 2H), 5.70 (s,
2H), 4.82 (d, J=4.6 Hz, 1H), 3.75-3.62 (m, 2H), 3.49 (t, /= 6.7 Hz, 2H), 3.43-3.36 (m, 1H),
2.25(t,J=17.3 Hz, 3H), 2.07-1.98 (m, 1H), 1.90-1.71 (m, 3H), 1.69-1.42 (m, 4H), 1.39-1.15
(m, 14H). ®C NMR (ds-DMS0) 6 176.1, 171.8, 164.4, 149.0, 139.6, 139.5, 133.3, 130.6, 127.9,
127.6, 126.6, 125.5, 119.8, 118.4, 111.8, 71.7, 56.1, 54.1, 36.8, 35.7, 34.1, 32.7, 31.1, 29.2,
29.1,29.0,28.5,27.9, 25.5,24.2,23.7. m/z MS (TOF ES") C33H42BrN304 [M+H]" calcd, 624.2;
found, 623.8. LC-MS: fr = 6.85 min.

General procedure for the synthesis of ligands 8a-f and 12a-c. The appropriate
terminal-bromoalkanamide BQCA derivative (7a—f) (250 umol, 1.0 eq.) or terminal-
bromoalkanamide (11a-c¢) (250 pmol, 1.0 eq.) and 4-((4,5-dihydroisoxazol-3-yl)oxy)-N,N-
dimethylbut-2-yn-1-amine (iperoxo-base 9) (375 umol, 1.5 eq.) were dissolved in chloroform
(1 mL) and heated to reflux for 48 h. The solvent was then removed in vacuo and the resulting
residue chromatographed on 15 mass equivalents of silica (gradient mobile phase: 100% DCM
- 90% DCM/ 10% methanol), the appropriate fractions combined and the solvent removed in
vacuo to yield the target molecule.

N-(4-((4,5-Dihydroisoxazol-3-yl)oxy)but-2-yn-1-yl)-5-((4-((3-(((1S,25)-2-

hydroxycyclohexyl)carbamoyl)-4-oxoquinolin-1(4H)-yl)methyl)phenyl)amino)-/N,/V-
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dimethyl-5-oxopentan-1-aminium bromide (8a). Light orange solid; 43.2 mg, 32%. 'H
NMR (CDCl3) 6 10.25 (app s, 1H), 9.93 (s, 1H), 8.86 (s, 1H), 8.38 (d, /= 7.4 Hz, 1H), 7.73
(d, J=7.8 Hz, 2H), 7.56 (t, J = 7.20z Hz, 1H), 7.43 (d, J = 8.4 Hz, 1H), 7.37 (t, J = 7.3 Hz,
1H), 7.01 (d, J= 7.8 Hz, 2H), 5.38 (s, 2H), 4.74 (s, 2H), 4.62 (s, 2H), 4.37 (t, J= 9.6 Hz, 2H),
3.78 (br s, 2H), 3.53-3.41 (br m, 1H), 3.24 (s, 6H), 2.94 (t, J = 9.6 Hz, 2H), 2.61-2.22 (br m,
2H), 2.09-1.93 (br m, 2H), 1.82—1.58 (br m, 7H), 1.46—1.12 (br m, 5H). 3*C NMR (CDCl;) ¢
176.7,171.5,166.8, 166.5, 148.4, 139.2, 139.1, 133.1, 129.2, 127.7,127.1, 126.9, 125.4, 120.5,
117.1, 111.2, 86.8, 75.6, 75.4, 70.1, 63.6, 57.3, 57.1, 55.4, 54.9, 50.3, 35.4, 34.3, 32.9, 31.4,
24.6, 24.0, 22.0, 21.5. m/z MS (TOF ES+) C37HasNsOs [M]" caled, 656.3; found 656.3. LC-
MS: tr = 3.10 min.

N-(4-((4,5-Dihydroisoxazol-3-yl)oxy)but-2-yn-1-yl)-6-((4-((3-(((1S,25)-2-
hydroxycyclohexyl)carbamoyl)-4-oxoquinolin-1(4H)-yl)methyl)phenyl)amino)-/V,/V-
dimethyl-6-oxohexan-1-aminium bromide (8b). Light orange solid; 22.0 mg, 17%. '"H NMR
(CDCl3) 0 10.26 (app s, 1H), 9.94 (s, 1H), 8.86 (s, 1H), 8.38 (d, J=7.5 Hz, 1H), 7.75 (d, J =
7.6 Hz, 2H), 7.57 (t, J= 7.2 Hz, 1H), 7.43 (d, J = 8.4 Hz, 1H), 7.38 (t, /= 7.4 Hz, 1H), 7.00
(d, J=7.7 Hz, 2H), 5.39 (s, 2H), 4.74 (s, 2H), 4.62 (s, 2H), 4.37 (t, J= 9.6 Hz, 2H), 3.78 (br
s, 2H), 3.52-3.42 (br m, 1H), 3.23 (s, 6H), 2.94 (t, /=9.6 Hz, 2H), 2.60-2.23 (br m, 2H), 2.10—
1.93 (br m, 2H), 1.83-1.58 (br m, 7H), 1.46—-1.12 (br m, 7H). '*C NMR (CDCL) 6 176.7, 172.3,
166.8, 166.6, 148.3, 139.4, 139.3, 133.1, 128.8, 127.8, 127.1, 125.4, 125.0, 120.5, 117.1, 111.2,
86.7,75.7,75.6,70.1, 64.2,57.2,57.1, 55.5, 54.8, 50.7, 34.3, 32.9, 31.9, 31.4, 25.0, 24.7, 24.5,
22.7,21.9. m/z MS (TOF ES+) C3sHasNsOg [M]" calcd, 670.4; found, 670.4. LC-MS: tr = 3.12
min.

N-(4-((4,5-Dihydroisoxazol-3-yl)oxy)but-2-yn-1-yl)-7-((4-((3-(((1S,2S)-2-
hydroxycyclohexyl)carbamoyl)-4-oxoquinolin-1(4H)-yl)methyl)phenyl)amino)-N,/NV-

dimethyl-7-oxoheptan-1-aminium bromide (8c). Light orange solid; 19.7 mg, 15%. 'H
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NMR (CDCl3) 6 10.25 (app s, 1H), 9.93 (s, 1H), 8.86 (s, 1H), 8.38 (d, /= 7.4 Hz, 1H), 7.73
(d, J=7.8 Hz, 2H), 7.56 (t, J=7.2 Hz, 1H), 7.43 (d, /= 8.4 Hz, 1H), 7.37 (t, J= 7.3 Hz, 1H),
7.01 (d, J=7.8 Hz, 2H), 5.38 (s, 2H), 4.74 (s, 2H), 4.62 (s, 2H), 4.37 (t, /= 9.6 Hz, 2H), 3.78
(br m, 2H), 3.53 — 3.41 (br m, 1H), 3.24 (s, 6H), 2.94 (t, /= 9.6 Hz, 2H), 2.61 — 2.22 (br m,
2H), 2.09 — 1.93 (br m, 2H), 1.82—-1.58 (br m, 7H), 1.46—1.12 (br m, 9H). '*C NMR (CDCl) 6
176.7,172.7,166.8, 166.6, 148.3, 139.5, 139.3, 133.1, 128.7, 127.8, 127.1, 127.0, 125.4, 120.5,
117.1, 111.2, 86.7, 75.7, 75.6, 70.1, 64.3, 57.3, 57.1, 55.6, 54.8, 50.5, 36.9, 34.4, 31.4, 29.7,
27.6, 25.0, 24.8, 24.7, 24.0, 22.0. m/z MS (TOF ES+) C39Hs50NsOs [M]" calcd, 684.4; found,
684.4; LC-MS: tr = 3.21 min.
N-(4-((4,5-Dihydroisoxazol-3-yl)oxy)but-2-yn-1-yl)-8-((4-((3-(((1S,25)-2-
hydroxycyclohexyl)carbamoyl)-4-oxoquinolin-1(4H)-yl)methyl)phenyl)amino)-N,/NV-
dimethyl-8-oxooctan-1-aminium bromide (8d). Light orange solid; 12.1 mg, 9%. 'H NMR
(CDCl3) 0 10.25 (app s, 1H), 9.93 (s, 1H), 8.86 (s, 1H), 8.38 (d, J= 7.4 Hz, 1H), 7.73 (d, J =
7.8 Hz, 2H), 7.56 (t, J= 7.2 Hz, 1H), 7.43 (d, J = 8.4 Hz, 1H), 7.37 (t, J= 7.3 Hz, 1H), 7.01
(d, J= 7.8 Hz, 2H), 5.38 (s, 2H), 4.74 (s, 2H), 4.62 (s, 2H), 4.37 (t, J = 9.6 Hz, 2H), 3.78 (br
m, 2H), 3.53-3.41 (br m, 1H), 3.24 (s, 6H), 2.94 (t, J = 9.6 Hz, 2H), 2.61-2.22 (br m, 2H),
2.09-1.93 (br m, 2H), 1.82—1.58 (br m, 7H), 1.46—1.12 (br m, 11H). *C NMR (CDCl3) 6 176.7,
172.9,166.8, 166.6, 148.1, 139.6, 139.3, 133.2, 128.6, 127.8, 127.3, 127.0, 125.4, 120.5, 117.0,
111.2, 86.6, 75.7, 75.5, 70.1, 64.2, 57.3, 57.1, 55.6, 54.8, 50.4, 36.6, 34.3, 32.9, 31.4, 27.8,
27.5, 25.3, 25.0, 24.7, 24.0, 22.1; m/z MS (TOF ES+) C40Hs2N506 [M]" calcd, 698.4, found
698.4. LC-MS: fr = 3.22 min.
N-(4-((4,5-Dihydroisoxazol-3-yl)oxy)but-2-yn-1-yl)-9-((4-((3-(((1S,2S)-2-

hydroxycyclohexyl)carbamoyl)-4-oxoquinolin-1(4H)-yl)methyl)phenyl)amino)-/N,/NV-
dimethyl-9-oxononan-1-aminium bromide (8¢). Light orange solid; 18.9 mg, 17%. "H NMR

(CDCls) 8 10.25 (app s, 1H), 9.93 (s, 1H), 8.86 (s, 1H), 8.38 (d, J= 7.4 Hz, 1H), 7.73 (d, J =
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7.8 Hz, 2H), 7.56 (t, J= 7.2 Hz, 1H), 7.43 (d, J = 8.4 Hz, 1H), 7.37 (t, J= 7.3 Hz, 1H), 7.01
(d, J= 7.8 Hz, 2H), 5.38 (s, 2H), 4.74 (s, 2H), 4.62 (s, 2H), 4.37 (t, J = 9.6 Hz, 2H), 3.78 (br
m, 2H), 3.53-3.41 (br m, 1H), 3.24 (s, 6H), 2.94 (t, J = 9.6 Hz, 2H), 2.61-2.22 (br m, 2H),
2.09-1.93 (br m, 2H), 1.82-1.58 (br m, 7H), 1.46-1.12 (br m, 13H). '*C NMR (CDCls) § 176.7,
172.9,166.8, 166.7, 148.2, 139.6, 139.3, 133.1, 128.6, 127.9, 127.2, 127.0, 125.4, 120.6, 117.1,
111.2, 86.6, 75.7, 75.6, 70.1, 64.4, 57.3, 57.1, 55.6, 54.7, 50.7, 35.9, 34.3, 33.9, 33.1, 28.1,
26.0, 25.9, 25.6, 25.1, 24.7, 23.9, 22.4. m/z MS (TOF ES+) C41Hs4NsO¢ [M]" caled, 712.4,
found 712.4. LC-MS: tr = 3.35 min.
N-(4-((4,5-Dihydroisoxazol-3-yl)oxy)but-2-yn-1-yl)-10-((4-((3-(((1S,2S5)-2-

hydroxycyclohexyl)carbamoyl)-4-oxoquinolin-1(4H)-yl)methyl)phenyl)amino)-/N, V-
dimethyl-10-oxodecan-1-aminium bromide (8f). Light orange solid; 51.4 mg, 40%. 'H
NMR (CDCI3) 6 10.25 (app s, 1H), 9.93 (s, 1H), 8.86 (s, 1H), 8.38 (d, /= 7.4 Hz, 1H), 7.73
(d, J=7.8 Hz, 2H), 7.56 (t, J= 7.2 Hz, 1H), 7.43 (d, /= 8.4 Hz, 1H), 7.37 (t, J=7.3 Hz, 1H),
7.01 (d, J=7.8 Hz, 2H), 5.38 (s, 2H), 4.74 (s, 2H), 4.62 (s, 2H), 4.37 (t, /= 9.6 Hz, 2H), 3.78
(br m, 2H), 3.53-3.41 (br m, 1H), 3.24 (s, 6H), 2.94 (t, J=9.6 Hz, 2H), 2.61-2.22 (br m, 2H),
2.09-1.93 (br m, 2H), 1.82-1.58 (br m, 7H), 1.46—1.12 (br m, 15H). '*C NMR (CDCl;) § 176.8,
172.9,166.7, 166.6, 148.2, 139.5, 139.3, 133.1, 128.6, 127.8, 127.2, 127.0, 125.4, 120.6, 117.1,
111.2, 86.6, 75.7, 75.6, 70.1, 64.3, 57.2, 57.1, 55.7, 54.8, 50.4, 37.1, 34.3, 32.9, 32.2, 31.4,
29.6,28.4,26.4,25.5,25.3,24.7,23.9,22.4. m/z MS (TOF ES+) C42HssNsO¢ [M]" caled, 726.4;
found, 726.4. LC-MS: fr = 3.55 min.

General procedure for the synthesis of compounds 1 and 10a-i. 4-((4,5-
Dihydroisoxazol-3-yl)oxy)-N,N-dimethylbut-2-yn-1-amine (9) (160 pmol, 1.0 eq.) was
dissolved in an excess of alkyl iodide (5-20 eq.). The solution was stirred at rt for 2448 h.

If iperoxo-base 9 was found to be present at this point by LC-MS the reaction was sealed and
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heated gently to 60 °C on a water bath until starting material was no longer detectable. Solvent
was removed in vacuum and the product washed with ethyl acetate: petroleum ether (1:1).
4-((4,5-Dihydroisoxazol-3-yl)oxy)-/NV-ethyl-/V,N-dimethylbut-2-yn-1-aminium iodide
(10a). White solid; 39.4 mg, 70%. '"H NMR (ds-DMSO) § 4.93 (t, J= 1.7, 2H), 4.43 (t, J= 1.7,
2H), 4.32 (t, J = 9.6 Hz, 2H), 3.42 (q, J = 7.3 Hz, 2H), 3.05 (s, 6H), 3.02 (t, /= 9.6 Hz, 2H),
1.26 (t, J= 7.3 Hz, 3H). *C NMR (ds-DMSO) § 166.7, 85.9, 76.1, 69.6, 58.9, 57.2, 52.9, 49.2,
32.2,7.9. m/z MS (TOF ES+) C11Hi9N>O»+ [M]" caled, 211.1; found, 211.1. LC-MS: tr = 1.04
min.
4-((4,5-Dihydroisoxazol-3-yl)oxy)-N,N-dimethyl-N-propylbut-2-yn-1-aminium
iodide (10b). White solid; 18.1 mg, 31%. '"H NMR (CDCl) 6 4.92 (t, J= 1.5 Hz, 2H), 4.82 (t,
J=1.5Hz, 2H), 4.44 (t, J=9.6 Hz, 2H), 3.65-3.55 (m, 2H), 3.45 (s, 6H), 3.03 (t, /=9.6 Hz,
2H), 1.91-1.75 (m, 2H), 1.07 (t, J = 7.3 Hz, 3H). *C NMR (ds-DMSO) § 166.7, 86.0, 76.2,
69.6, 64.6, 57.2, 53.4, 49.8, 32.2, 15.5, 10.4. m/z MS (TOF ES+) C12H21N202+ [M]" calced,
225.2; found, 225.2. LC-MS: fr = 1.80 min.
N-Butyl-4-((4,5-dihydroisoxazol-3-yl)oxy)-/V,/N-dimethylbut-2-yn-1-aminium iodide
(10c). White solid; 26.5 mg, 44%. "H NMR (CDCls) § 4.86 (t,J= 1.5 Hz, 2H), 4.83 (t, J= 1.5
Hz, 2H), 4.43 (t, /= 9.6 Hz, 2H), 3.73-3.58 (m, 2H), 3.45 (s, 6H), 3.02 (t, J = 9.6 Hz, 2H),
1.81-1.66 (m, 2H), 1.52-1.40 (m, 2H), 1.01 (t, J = 7.3 Hz, 2H). *C NMR (CDCl) 6 166.9,
87.1, 75.7, 70.2, 64.5, 57.4, 55.3, 51.0, 33.1, 24.9, 19.6, 13.8. m/z MS (TOF ES+)
C13H23N202+ [M]" caled, 239.2; found, 239.2. LC-MS: fr = 1.79 min.
N-(4-((4,5-Dihydroisoxazol-3-yl)oxy)but-2-yn-1-yl)-V,N-dimethylpentan-1-aminium
iodide (10d). White solid; 40.0 mg, 64%. '"H NMR (CDCl) J 4.85 (t, J = 1.5 Hz, 2H), 4.83
(t, J = 1.5 Hz, 2H), 4.44 (t, J = 9.6 Hz, 2H), 3.69-3.58 (m, 2H), 3.44 (s, 6H), 3.03 (t, J=9.7

Hz, 2H), 1.84-1.68 (m, 2H), 1.44-1.35 (m, 4H), 0.94 (t, J = 6.9 Hz, 3H). '3C NMR (CDCL) 6
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166.9, 87.2, 75.6, 70.2, 64.8, 57.3, 55.3, 51.0, 33.1, 28.2, 22.7, 22.4, 14.0. m/z MS (TOF ES+)
C14H25N202+ [M]" caled, 253.2; found, 253.2. LC-MS: & = 1.80 min.
N-(4-((4,5-Dihydroisoxazol-3-yl)oxy)but-2-yn-1-yl)-V,N-dimethylhexan-1-aminium
iodide (10e). White solid; 43.2 mg, 66%. 'H NMR (CDCL) 6 4.87 (t, J = 1.5 Hz, 2H), 4.83
(t,J=1.5 Hz, 2H), 4.44 (t, /= 9.6 Hz, 2H), 3.68-3.57 (m, 2H), 3.45 (s, 6H), 3.03 (t, /= 9.6
Hz, 2H), 1.82-1.68 (m, 2H), 1.49-1.21 (m, 6H), 0.90 (t, /= 7.1 Hz, 3H). '*C NMR (ds-DMSO)
0166.7,86.0,76.1, 69.6, 63.2,57.2, 53.2, 49.8, 32.3, 30.6, 25.3, 21.8, 21.7, 13.8. m/z MS (TOF
ES+) CisH27N202+ [M]" caled, 267.2; found, 267.2. LC-MS: fr = 1.79 min.
N-(4-((4,5-Dihydroisoxazol-3-yl)oxy)but-2-yn-1-yl)-V,N-dimethylheptan-1-aminium
iodide (10f). White solid; 48.0 mg, 71%. '"H NMR (CDCl;) 6 4.87 (t, J = 1.5 Hz, 2H), 4.83
(t, J=1.5Hz, 2H), 4.44 (t, J=9.6 Hz, 2H), 3.69 — 3.55 (m, 2H), 3.45 (s, 6H), 3.03 (t, J=9.6
Hz, 2H), 1.82-1.67 (m, 2H), 1.47-1.15 (m, 8H), 0.88 (t, J = 6.9 Hz, 3H). *C NMR (CDCL) ¢
166.9, 87.2, 75.8, 70.3, 64.8, 57.5, 55.4, 51.1, 33.2, 31.0, 29.0, 26.2, 23.1, 22.7, 14.2. m/z MS
(TOF ES+) CisH290N202+ [M]" caled, 281.2; found, 281.2. LC-MS: #r = 1.80 min.
N-(4-((4,5-Dihydroisoxazol-3-yl)oxy)but-2-yn-1-yl)-NV,N-dimethyloctan-1-aminium
iodide (10g). White solid; 113.1 mg, 75 %. 'H NMR (CDCL) 6 4.88 (t, J = 1.5 Hz, 2H), 4.83
(t, J= 1.5 Hz, 2H), 4.43 (t, J= 9.6 Hz, 2H), 3.70-3.57 (m, 2H), 3.45 (s, 6H), 3.02 (t, /= 9.6
Hz, 2H), 1.82-1.70 (m, 2H), 1.45-1.15 (m, 12H), 0.86 (t, J = 6.8 Hz, 2H). '*C NMR (CDCl)
0 166.9, 87.0, 75.8, 70.2, 64.7, 57.5, 55.3, 51.0, 33.1, 31.8, 29.3, 29.2, 26.3, 23.1, 22.8,
14.2. m/z MS (TOF ES+) C17H31N,0,+ [M]*caled, 295.2; found, 295.2. LC-MS: tr = 1.81 min.
N-(4-((4,5-Dihydroisoxazol-3-yl)oxy)but-2-yn-1-yl)-V,N-dimethylnonan-1-aminium
iodide (10h). White solid; 132.8 mg, 68 %. '"H NMR (CDCls) 6 4.88 (t, J = 1.5 Hz, 2H), 4.83
(t, J= 1.5 Hz, 2H), 4.42 (t, J= 9.6 Hz, 2H), 3.71-3.56 (m, 2H), 3.45 (s, 6H), 3.02 (t, /= 9.6

Hz, 2H), 1.83-1.69 (m, 2H), 1.46-1.16 (m, 14H), 0.86 (t, J = 6.8 Hz, 3H); '*C NMR (CDCl;)
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0 166.9, 87.0, 75.8, 70.2, 64.7, 57.5, 55.3, 51.0, 33.1, 31.9, 29.5, 29.3, 29.1, 26.3, 23.1, 22.8,
14.3; m/z MS (TOF ES+) CisH33N>0, [M]" caled, 309.3; found, 309.3. LC-MS: #r = 1.82 min.

N-(4-((4,5-Dihydroisoxazol-3-yl)oxy)but-2-yn-1-yl)-NV,N-dimethyldecan-1-aminium
iodide (10i). White solid; 20.1 mg, 66 %. '"H NMR (CDCl) ¢ 4.88 (t, J = 1.5 Hz, 2H), 4.83
(t,J=1.5Hz, 2H), 4.42 (t, /= 9.6 Hz, 2H), 3.71-3.56 (m, 2H), 3.45 (s, 6H), 3.02 (t, J= 9.6
Hz, 2H), 1.83-1.69 (m, 2H), 1.47-1.15 (m, 16H), 0.86 (t, J = 6.8 Hz, 3H). *C NMR (CDCl;)
0166.7, 86.9, 75.8, 70.2, 64.7, 57.5, 55.3, 51.0, 33.1, 31.9, 29.5, 29.3, 29.1, 28.9, 26.3, 23.1,
22.8, 14.3; m/z MS (TOF ES+) Ci9H3sN202+ [M]" caled, 323.3; found, 323.3. LC-MS: =
1.82 min.

N-(4-((4,5-Dihydroisoxazol-3-yl)oxy)but-2-yn-1-yl)- NV, N-dimethyl-7-o0xo0-7-
(phenylamino)heptan-1-aminium bromide (12a) Light yellow oil; 29.3 mg, 69 %. 'H NMR
(CDCl3) 0 9.17 (s, 1H), 7.80-7.74 (m, 2H), 7.29-7.22 (m, 2H), 7.03 (tt, /= 7.6/ 1.1 Hz, 1H),
4.82-4.79 (m, 2H), 4.71-4.68 (m, 2H), 4.41 (t, J=9.6 Hz, 2H), 3.72-3.63 (m, 2H), 3.31 (s, 6H)
2.99 (t, J = 9.6 Hz, 2H), 2.49 (t, J = 7.6 Hz, 2H), 1.83-1.67 (m, 4H), 1.53-1.36 (m, 4H). 1°C
NMR (CDCL) 6 172.5, 166.9, 139.1, 128.8, 123.7, 120.0, 86.9, 75.7, 70.2, 64.5, 57.3, 55.1,
47.7,37.2,33.0, 27.8, 25.2, 25.0, 22.17. m/z MS (TOF ES+) C2H3:N303+ [M]" calcd, 386.2;
found, 386.2. LC-MS: #r = 4.725 min.

N-(4-((4,5-Dihydroisoxazol-3-yl)oxy)but-2-yn-1-yl)-NV,N-dimethyl-9-0x0-9-
(phenylamino)nonan-1-aminium bromide (12b) Light yellow oil; 34.1 mg, 78 %. 'H NMR
(CDCl3) 0 9.04 (s, 1H), 7.72 (d, J = 8.0 Hz, 2H), 7.29-7.21 (m, 2H), 7.02 (t, J = 7.2 Hz, 1H),
4.83-4.72 (m, 4H), 4.39 (t, J=9.6 Hz, 2H), 3.64-3.51 (m, 2H), 3.32 (s, 6H) 2.98 (t, /= 9.6 Hz,
2H), 2.48 (t,J= 7.2 Hz, 2H), 1.79-1.63 (m, 4H), 1.43-1.27 (m, 8H). *C NMR (CDCL) 6 172.7,
166.9,139.1, 128.9, 123.8, 120.2, 86.7, 75.9, 70.2, 64.6, 57.4, 54.9, 47.7,37.3, 33.1, 28.7, 28.5,
28.4,25.9,25.4,22.2. m/z MS (TOF ES+) C24H36N303+ [M]" caled, 414.3; found, 414.3. LC-

MS: fr = 5.25 min.
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N-(4-((4,5-Dihydroisoxazol-3-yl)oxy)but-2-yn-1-yl)- NV, N-dimethyl-11-oxo0-11-
(phenylamino)undecan-1-aminium bromide (12¢) Light yellow oil; 22.7 mg, 70 %. '"H NMR
(CDCl3) 0 8.70 (s, 1H), 7.66 (d, J = 8.0 Hz, 2H), 7.25 (t, J = 8.0 Hz, 2H), 7.02 (t, /= 7.2 Hz,
1H), 4.82-4.72 (m, 4H), 4.40 (t, J = 9.6 Hz, 2H), 3.64-3.53 (m, 2H), 3.33 (s, 6H) 2.98 (t, J =
9.6 Hz, 2H), 2.44 (t,J=7.2 Hz, 2H), 1.78-1.62 (m, 4H), 1.41-1.23 (m, 12H). '*C NMR (CDCl5)
0172.5,166.9, 138.9, 128.9, 123.8, 120.2, 86.7, 75.9, 70.2, 64.5, 58.5, 57.4, 54.9, 50.6, 37.5,
33.0, 29.0, 28.9 28.8, 28.7, 26.0, 25.6, 22.8. m/z MS (TOF ES+) CasH4oN303+ [M]" calcd,

442.30; found, 442.3. LC-MS: fr = 5.81 min.

Pharmacology. Cell culture. Flp-In-CHO cells stably expressing human muscarinic
M, Mz, My, Ms, or CHO-K expressing the M3 receptors were cultured at 37 °C in 5% CO2 in
F-12 (Ham) (M) or Dulbecco’s modified Eagle media (M2 — Ms) supplemented with 10% (M)
or 5% (M2 — Ms) (v/v) FBS.

ERK 1/2 phosphorylation assay plate preparation. Cells were seeded into transparent 96-
well plates at 25 x 10° cells per well and grown for 6 - 8 h. Cells were then washed once with
phosphate-buffered saline (PBS) and incubated in serum-free media (180 or 160 uL per well,
depending on the intended assay) at 37 °C) for at least 8 h, to allow phosphorylated ERK1/2
levels to subside.

Concentration-response curves (CRCs). Cells were plated in 180 pL. media per well. A
stock solution of acetylcholine (10 M) was made up in cold PBS. Stock solutions of the test
ligands (10 M) were made up in warm DMSO. Dilutions of all ligands were made up in FBS-
free media at ten times (10%) the required concentration and added to stock plates. Cells were
incubated at 37 °C with 20 pL of ligand solution at the appropriate concentration per well until

peak phosphorylation occurred at which point the assay was terminated.
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Allosteric-orthosteric ligand interaction assays. As for CRCs, except that cells were
plated in 160 pL media per well. 20 pL of both allosteric ligand and orthosteric ligands were
added immediately in succession.

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, 10 uL of cell lysates
were transferred into a 384-well white opaque Optiplate™, followed by addition of 8.3 pL of
a solution of reaction buffer / activation buffer / acceptor beads / donor beads in a ratio of
60/10/0.3/0.3 (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 Envision™ plate reader (PerkinElmer)
using standard settings.

Radioligand equilibrium whole cell binding assay plate preparation. Cells were seeded
into white opaque IsoplatesTM at 10 x 10 cells per well and then grown at 37 °C for 20-24 h.
Cells were then washed twice with 50 uL of cold HEPES-buffered saline, then 140 or 160 pL
of cold HEPES-buffered saline was added per well.

Orthosteric competition binding assay protocol. Stock solutions of each ligand (102 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 25 °C for 4 h with 20 pL of'test ligand solution and 20 pL of
1 nM [PH]NMS (total volume 200 uL per well).

Allosteric interaction assay protocol. 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 warm DMSO. Dilutions of all ligands were made

up in cold HEPES-buffered saline at ten times (10%) the required concentration and added to

98



stock plates. Cells were equilibrated at 4 °C for 4 h with 20 pL of ACh, 20 pL of allosteric
ligand solution and 20 pL of 1 nM [°PH]NMS (total volume 200 pL per well).

Assay termination and data collection. Assays were terminated by media removal of the
assay buffer and by washing twice with 50 uL 0.9% NaCl solution. Microscint-20 scintillation
liquid (100 puL per well) was then added to each well and the plates covered. The levels of
remaining bound radioligand, were measured in counts per minute (cpm) on the Microbeta2 TM
LumiJET 2460 microplate counter (PerkinElmer).

Data analysis. All data analysis was managed using Prism 6 software (GraphPad
Software, San Diego, CA).

Whole cell equilibrium competition radioligand binding experiments were fitted to a one-
site competition binding equation (1) to estimate the pK; for each ligand. The equation assumes
that there is only one-site the ligands bind to and that the binding is reversible and at
equilibrium:

-b
Y = bottom + top—bottom

O
)

1+10[1-log(10 i( Ka
where Y is the percentage (vehicle control) binding, top and bottom are the total and non-
specific binding, respectively. [A] and [I] are the concentrations of [ *H]NMS, and competing
“cold” ligand respectively, Kx and K; are the equilibrium dissociation constants of [PH]NMS
and the “cold” ligand, respectively. The efficacy (7) of several ligands was determined by fitting

the functional data to an operational model of agonism (2):

Emax—Basal
10198 K4 4 10lL] n (2)
10log T+[L]

Y =

1+(
where Y is the measured response, Emax and basal are the top and bottom asymptotes of the
curve, respectively, Ka equilibrium dissociation constant for the ligand being tested, [L] is the
concentration of ligand in solution, 7 is the efficacy of the ligand being tested and n is the

transducer slope. The efficacy values were then normalised to the M4 mAChR values, to give
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the ‘corrected efficacy’ (z.), to account for the varying receptor expression in each cell line

used by the following equation:

Bmaxyx
BmaxM4) (3)

logt. = logt — log(

where 7. is the corrected efficacy, 7 is the measured efficacy (as determined by equation 2),
Bmax is the maximum counts recorded when the mAChR in question is incubated with a
saturating concentration of [PH]NMS, at mAChR Mx, where x gives the subtype in question,

compared to the Ms mAChR.
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Structure-Activity Relationship Study of Novel M2/ My Selective
Muscarinic Acetylcholine Receptor Hybrid Ligand Partial

Agonists

ABSTRACT: In chapter 2 we identified several iperoxo-based truncated hybrid ligands which
possessed good potency and selectivity for the M»/Ms4s mAChRs. Noting the potential
therapeutic relevance of an M4 mAChR selective agonist we have explored these structures
here in this chapter in an attempt to optimise their potency and Ms mAChR selectivity. We
have explored substitutions to all regions of the molecule including the orthosteric
pharmacophore, linker and terminal allosteric substituent. Our results show that substitution of
the orthosteric pharmacophore for a more Mi/Ms mAChR selective, but lower efficacy, ligand
(McN-A-343) results in a loss of activity, demonstrating the necessity of a high efficacy agonist
as the orthosteric pharmacophore when designing mAChR hybrid-ligand agonists. Substitution
of the linker with heteroatoms or a heteroaliphatic ring gave ligands which displayed lower
potency and selectivity than their alkyl linker counterparts, suggesting that this region of the
molecule is intolerant of both polar and sterically bulky substitution. Modification of the
terminal allosteric phenyl group of our lead compound yielded several interesting compounds
which display varied efficacy values and selectivity, including two low efficacy ligands with
good selectivity for the Mz and Ms mAChRs, respectively. However, an apparent
interdependence of efficacy and selectivity was observed for all of the compounds evaluated
which limited further optimization towards a highly efficacious M4 mAChR selective agonist.
We propose that there may be a molecular mechanistic explanation for this apparent

interdependence of selectivity and efficacy which may limit further optimisation.
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B INTRODUCTION

Family A (rhodopsin-like) G protein-coupled receptors (GPCRs) are a class of membrane
bound receptor proteins that contains many important pharmaceutical targets, constituting
approximately one quarter of currently approved drugs.'” Structurally, GPCRs consist of seven
alpha-helices that traverse the cell membrane and are connected by extracellular and
intracellular ‘loops’.* GPCRs bind to an endogenous ligand at their so called ‘orthosteric’ site,
which in the family A GPCRs is located in the middle of the helix ‘bundle’, approximately
half-way across the cell membrane.’ Many, and potentially all, GPCRs also possess secondary
binding sites referred to as ‘allosteric’ binding sites which are typically less conserved and thus
offer more opportunities for selectivity.® Ligands which engage both the allosteric and
orthosteric sites simultaneously are referred to as ‘bitopic’ (or ‘dualsteric’) ligands, and usually

consist of two ligands (or ‘pharmacophores’) connected by a molecular linker (Figure 1).7”

Family A GPCRs

Hybrid Ligand
Extracellular

"Ioops" :
Allosteric

Site
i .‘ i
Trans-membrane N+.
alpha-helix "bundle"

Orhtosteric
Site

A4

"Allosteric
= Pharmacophore"

<: "Orthosteric

Pharmacophore"

Intracellular
"loops"

Figure 1. Schematic diagram of a family A GPCR and a hybrid ligand bound to a family A
GPCR in a ‘bitopic’ or ‘dualsteric’ binding mode.

The muscarinic acetylcholine receptors are a sub-family of the family A GPCRs that
contains five members, the M1-Ms mAChRs. Each ofthe Mi-Ms mAChR subtypes are involved

in pharmaceutically relevant biological processes and both antagonist and agonist drugs
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targeting the mAChRs are used clinically.!!! Activation of the M; and Ms mAChRs has
previously been established as a promising pharmaceutical target for the treatment of
Alzheimer’s disease and schizophrenia, respectively.!*!® However, designing subtype

selective mAChR agonists has proven a significant challenge,'*!*

presumably due to the
homologous structure of the orthosteric site across the M;-Ms mAChR subtypes,**?* to which
most mAChR agonists typically exclusively bind. As a result, mAChR agonism is usually
accompanied by off-target side effects at the related mAChR subtypes. Hybrid ligands offer an
attractive solution to the issue of subtype selectivity as they have the potential to interact with
the mAChRs outside the orthosteric site to less conserved, allosteric regions of the receptor,

which can potentially engender the hybrid ligands with subtype selectivity. 24’

Iperoxo (1) BQCA (2)

Figure 2. Chemical structures of full-agonist, iperoxo (4-[(4,5-dihydro-3-isoxazolyl)oxy]-
N,N,N-trimethyl-2-butyn-1-aminium iodide) (1) and M; mAChR selective PAM, BQCA (1-(4-
methoxybenzyl)-4-o0xo0-1,4-dihydro-3-quinolinecarboxylic acid) (2).

In chapter 2, we explored the conjoining of a potent agonist, iperoxo (1), and a positive
allosteric modulator (PAM)/ agonist, BQCA (2), in an attempt to design an M; mAChR
selective partial agonist (Figure 2). We found the selectivity of the resultant hybrid ligands to
be, unexpectedly, partially selective towards the M2/ M4y mAChR instead of the M1 mAChR.

Noting the potential clinical significance of an M4 mAChR selective agonist, we then attempted
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to elucidate the mechanism of this selectivity as well as to improve the M4 mAChR selectivity

and potency of these ligands.

Lead compound Most M, mAChR selective

Br
Br o |.®
|~ o~~~ /© N o\/\,il H
/N* N O/\j/ 10
/

Ny © I H
o\j/
M,/ M, mAChHR selective M, mAChHR selective
3 pECs, = 30 nM (M, mAChR) 4 pECs, = 100 nM
(M, mAChR)

Figure 3. Structures of the more potent lead compound (N-(4-((4,5-dihydroisoxazol-3-
yloxy)but-2-yn-1-yl)-N,N-dimethyl-11-o0xo0-11-(phenylamino)undecan-1-amintum bromide)
(3) and the most M4 mAChR selective ligand (N-(4-((4,5-dihydroisoxazol-3-yl)oxy)but-2-yn-
1-yl)-N,N-dimethyldecan-1-aminium iodide) (4), identified in a previous study (Chapter 2).

We identified N-(4-((4,5-dihydroisoxazol-3-yl)oxy)but-2-yn-1-yl)-N,N-dimethyl-11-
0x0-11-(phenylamino)undecan-1-aminium bromide (3) as a potent agonist with significant
M>/Ms mAChR selectivity and N-(4-((4,5-dihydroisoxazol-3-yl)oxy)but-2-yn-1-yl)-N,N-
dimethyldecan-1-aminium bromide (4) as having significant selectivity for the
M4s>M>>>M1/M3/Ms mAChRs at the level of efficacy, albeit with relatively lower potency
compared with compound 3 (Figure 3). This study demonstrated the previously
unacknowledged importance of the N-linker for selectivity of iperoxo-based mAChR hybrid
ligands and that non-ligand ‘allosteric’ pharmacophores can be employed to achieve high
potency and selective agonists, such as compound 3. In our initial hybrid ligand structure-
activity relationship (SAR) study, M2/Ms mAChR selectivity and efficacy of these ligands
appeared to be inversely related. That is, only either selectivity or high potency could be

attained in a single ligand, but not both properties. Given the noteworthy improvement in
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selectivity observed in the (subtype non-selective) mAChR agonist, iperoxo, upon
hybridization we also speculated that this effect may be more pronounced upon the
hybridization of a more selective orthosteric agonist. In this study, we wanted to look at several
aspects of the mAChR hybrid ligand structure eluded as potentially interesting by our previous
study in chapter 2. These included substituting the orthosteric pharmacophore for a more
selective one, substituting the N-linker of the hybrid ligands and expanding on the SAR study

surrounding substitution of the phenyl ring of compound 3.

MCcN-A-343 (5)

Figure 4. Chemical structure of the Mi/Ms mAChR preferring partial agonist, McN-A-343 (4-
(((3-chlorophenyl)carbamoyl)oxy)-N,N,N-trimethylbut-2-yn-1-aminium iodide) (5).

MCcN-A-343 (5) is an M1/ Ms mAChR preferring partial agonist which has shown
evidence for acting at the mAChRs by a bitopic mechanism (Figure 4).2® McN-A-343 5 also,
unlike iperoxo (1), distinguishes between the M, and M4 mAChRs.? For these reasons we
looked at swapping the subtype non-selective agonist (orthosteric pharmacophore), iperoxo
(1), for McN-A-343 (5) as the orthosteric pharmacophore of our hybrid ligands.>® We also
looked at substituting the N-linker of our hybrid ligands with structural motifs from a class of
diaryldiazepinone based selective mAChR antagonists, which includes telenzepine (6),

pirenzepine (7), AF-DX 384 (8), otenzepad (9), AQ-RA 741 (10), among others (Figure 5).
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Figure 5. Chemical structures of mAChR subtype-selective antagonists; telenzepine (6),
pirenzepine (7), AF-DX 384 (8), otenzepad (9), AQ-RA 741 (10) and a dibenzodiazepinone-
xanomeline hybrid ligand (11), previously described by She et al.!
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Based on comparison of the structures of the M1/ Ms mAChR selective antagonists,
telenzepine (6) and pirenzepine (7), and the Mo/ M4 mAChR selective antagonists, AF-DX 384
(8), otenzepad (9) and AQ-RA 741 (10), we hypothesized that the heteroaliphatic rings
(piperazine in M1/ M4 mAChHR selective ligands and piperidine in the M2/Ms mAChR selective
ligands) may play a role in the selectivity of these ligands (Figure 5). Furthermore AF-DX 384
has shown evidence of interacting with the mAChRs allosterically,?> which in turn suggests
that the structurally related diaryldiazepinone ligands (Figure 5) may also act by a more
complex mechanism than previously thought. From these two points, we speculated that
incorporation of these heteroaliphatic rings into our hybrid ligands may augment their
selectivity at the level of affinity in favour of either the M1/ Ms mAChR (if a piperazine were
installed) or M2/ Ms mAChR (if a piperidine were installed). She et al. recently demonstrated
that the M> mAChR affinity selectivity could be augmented by hybridising the orthosteric
partial agonist xanomeline and a dibenzodiazepinione-type derivative of AQ-RA 741 (Figure
5). Intriguingly this ligand contains both the piperazinyl and piperidinyl motifs and as expected
as consequence of our hypothesis, has greatest affinity at the M>>M=M4 mAChRs, similar to
the diaryldiazepinone ligands from which it is derived. However when the full
diaryldiazepinone pharmacophore (Figure 5) is incorporated into a hybrid ligand with the

partial agonist xanomeline mAChR agonism is lost.*!

We suspected that the loss of efficacy of
this ligand results from conformational restriction of the active state of the allosteric site*® by
the dibenzodiazepinone antagonist core. In our ligand design, we hoped to maintain ligand
efficacy and so removed much of the diaryldiazepinone core, leaving only a phenyl ring, such

that the resultant hybrids structurally resembled our lead mAChR hybrid ligand, 1, for the sake

of comparison (Figure 6).
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Figure 6. Schematic diagram showing the planned structural changes to our previously
identified lead compound 3, in an attempt to augment potency, efficacy and M4 mAChR
selectivity.

Additionally, we examined the SAR surrounding substitution of the phenyl ring of 3. We
synthesized and evaluated a first iteration of singly substituted analogues and, based on the
results, synthesized a second series of analogues that combined the most potent and most
selective single substitutions, in varying combinations (Figure 6). The substituents, fluorine,
methoxy and trifluoromethyl groups were chosen to give the greatest range of possible
receptor-ligand interactions, exploring hydrogen bonding steric bulk and ring electronics. The
fluorine groups were chosen for their comparable size to hydrogen but increased (pseudo)

hydrogen bond forming ability, the methoxy group was chosen because of its increased steric
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bulk, hydrogen bonding and electron donating properties, and the trifluoromethyl was chosen

because of its hydrogen bonding and electron withdrawing properties.

B RESULTS AND DISCUSSION
Chemistry. The synthesis of McN-A-343-base 13 was carried out by combining the
synthesis of 4-(N,N-dimethylamino)but-2-yn-1-ol (12) reported by Klockner et al.>* and then
forming the carbamide with 3-chlorophenylisocyanate and base, similar to previously reported
methods (Scheme 1).2% 3536 QOverall the yields are comparable to previously reported

methods.?

Scheme 1. Synthesis of McN-A-343 and hybrid ligand derivatives thereof”

R = CH;, McN-A-343, 5

. Q ° R ]
Br/z
cl 13 X @ " %{QTWN\Q
o)

n=06,14a
n=3§, 14b
n=10, 14¢

“Reagents and conditions: (a) 3-chlorophenylisocyanate, TEA, ACN, rt, 16 h, 50%; (b)
methyliodide, TEA, ACN, rt, 16 h, 87 %; (c) n-bromo-N-phenylalkanamide (Supplementary
Information), TEA, ACN, reflux, 16 h, 30 — 44%.
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The terminal N-phenylamide bearing linkers were synthesized by the method reported in
chapter 2, utilizing  2-(6-chloro-1H-benzotriazole-1-yl)-1,1,3,3-tetramethylaminium
hexafluorophosphate (HCTU) as a coupling reagent to form the n-bromo-N-phenylalkanamide
intermediates (Chapter 2, Supplementary Information). N-Quaternisation of McN-A-343-base
13 with the n-bromo-N-phenylalkanamide intermediates was achieved by combining the
reagents with base in ACN and heating to reflux overnight (Scheme 1). Products 14a-c were

then purified by flash column chromatography (FCC) on silica.

Scheme 2. Synthesis of iperoxo-based hybrid ligands containing structural features of the

selective antagonists pirenzepine/ telenzepine®

®) N N HN/©
o ML

HN™Y O O n=3,17a
LN A Y n=5,17b
H n=

“Reagents and conditions: (a) 1,n-dibromoalkane, TEA, ACN, rt, 16 h, quantitative (b) N-
phenyl-2-(piperazin-1-yl)acetamide, TEA, reflux, 16 h, 29 — 46%.

The synthesis of iperoxo-base 15 was carried out as previously reported (Chapter 2,

).34

Supplementary Information).”* The syntheses of the piperizinyl-linker based compounds, 17a-

¢, were carried out by quaternising iperoxo base with an excess of the appropriate
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dibromoalkane (Scheme 2). N-Phenyl-2-(piperazin-1-yl)acetamide and the iperoxo-
alkylbromides 16a-c¢ were then combined in ACN with base and heated to reflux overnight to
afford the desired products, 17a-c, that were then isolated by preparative high performance
liquid chromatography (HPLC) (Scheme 2). To explore the incorporation of heteroatoms into
the linker of our hybrid ligands we synthesized a series of ‘linker-only’ iperoxo-based ligands
with either an amine or hydroxyl group, 18a-c and 19a-d (Scheme 3). For this ligand series,
we chose secondary amines and terminally substituted hydroxyl groups such that in both cases
the heteroatom would bear a single hydrogen bond donor, for the sake of comparison of either
the nitrogen or oxygen substituent. The linker lengths chosen were all intermediate lengths in
the alkyl chain derivatives series (IXO-Cn, Chapter 2) between the most and least potent, such
that we could compare them structurally and pharmacologically to the entire series of alkyl

linker derivatives.

Scheme 3. Synthesis of NH and OH substituted iperoxo-linker derivatives®

- () |+®
N S N
o\j/
3,18a

5,18b
7,18¢

n
n
n

Br
l@ (©) I@ @

n=5,16b n=3, m=219a
n=3m=23,19b
n=5m=219¢
n=5 m=319d

“Reagents and conditions: (a) 1-bromoalkan-n-ol, TEA, ACN, rt, 16 h, 55 — 67%; (b) 1,n-
dibromoalkane, TEA, ACN, rt, 16 h, quantitative; (c) N-alkylamine, TEA, reflux, 16 h, 27 -
41%.
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Compounds 18a-¢ were synthesized by quaternising iperoxo-base, 15, with 1-
bromoalkanols of the appropriate alkyl chain length with TEA as the base (Scheme 3).
Compounds 19a-d were synthesized from the intermediates 16a,b (Scheme 2) by substituting
the terminal bromide with the appropriate N-alkylamine, again using TEA as the base (Scheme
3). Finally, we explored the substitution of the phenyl ring of 3 with moieties of differing
electron donating/ withdrawing properties, sterics and hydrogen bond forming ability (Figure
6, Scheme 2). The ring substitutions made to compound 3 were intended to maximise the
likelihood of forming a specific receptor-ligand binding interaction of the ‘allosteric’
pharmacophore of compound 3 and the M; - Ms mAChRs and to potentially augment its My

mACHhR selectivity and/ or potency.
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Scheme 4. Synthesis of the phenyl ring substituted derivatives of our previously identified

lead compound, iperoxo-based hybrid ligand*

R
oo
10

N ~N
N7

15
/ (a) / Br
o o}

/N\ /N\
O\/\]/ O\j/ 20a-r

Iteration 1

R = NH(methyl), 20a R = NH(2-methoxyphenyl), 20g

R = NH(cyclohexyl) 20b R = NH(3-methoxyphenyl), 20h

R = N(methyl)(phenyl), 20c R = NH(4-methoxyphenyl), 20i

R = NH(2-fluorophenyl), 20d R = NH(2-trifluoromethylphenyl), 20j
R = NH(3-fluorophenyl), 20e R = NH(3-trifluoromethylphenyl), 20k
R = NH(4-fluorophenyl), 20f R = NH(4-trifluoromethylphenyl), 201

Iteration 2

R = NH(3,5-bistrifluoromethylphenyl), 20m R = NH(2,5-difluorophenyl), 20p
R = NH(3,5-difluorophenyl), 20n R = NH(perfluorolphenyl), 20q
R = NH(2,6-difluorophenyl), 200 R = NH(3-trifluomethoxyphenyl), 20r

Reagents and conditions: (a) n-bromo-N-(substituted phenyl)alkanamide (21a-h)
(Supplementary Information), TEA, ACN, reflux, 16 h, 22 — 61%.

The intermediate n-bromoalkanamides (21a-h) for 20a,e-i,k-1 were synthesized by
employing HCTU, as had been used previously for related intermediates (Scheme 4,
Supplementary Information). However, for several of the desired n-bromoalkanamide
intermediates no product formed with HCTU, 1-[Bis(dimethylamino)methylene]-1H-1,2,3-
triazolo[4,5-b]pyridinium 3-oxide hexafluorophosphate (HATU) or N,N"-
dicyclohexylcarbodiimide (DCC) coupling reagents. For these n-bromoalkanamide
intermediates the acylchloride was performed with thionyl chloride before displacing with the

appropriate substituted aniline (or amine), and this gave sufficient yields in all remaining cases.
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This method was then employed for the synthesis of 20b-d,j,m-r. Compounds 20a-r were
synthesized by combining 15 and the n-bromoalkanamides with base in ACN and heating to

reflux overnight, and purified by preparative HPLC (Scheme 4).

Pharmacology. The McN-A-343-hybrid ligands, 14a-c, were subjected to
concentration-dependent ERK 1/2 phosphorylation assays at the M1-Ms mAChRs. The ERK
1/2 assay was chosen because ERK phosphorylation is a downstream effector of many
pathways coupled to the mAChRs, including both G; and Gs G protein activation. Thus, the
pERK1/2 assay allows both G; and Gs coupled mAChR subtypes to be evaluated and compared
using a single assay type. McN-A-343 and iperoxo displayed potency values consistent with
literature values.?”-3* Although several of the derivatives showed some slight pERK 1/2 activity
in the time-dependent assays (Supplementary Information), this was not observed in the
concentration-dependent assays and was determined to be due to disturbance of the cells by the
addition of the ligand solution, and not by activity of the ligand itself. The McN-A-343 hybrid
ligands 14a-c showed no activity at any of the Mi-M4 mAChRs above baseline. This is most
likely due to the loss of affinity and efficacy (and as a result potency) of the addition of the
linker unit (Figure 7). Unfortunately, this observation may suggest that the use of selective
partial agonists as the orthosteric pharmacophore of mAChR hybrid ligands may be unviable,
as the efficacy of the base orthosteric ligand is typically too low to remain active upon the

addition of the (efficacy attenuating) N-alkyl linker.
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Figure 7. Functional response of iperoxo 1, McN-A-343 § and McN-A-343 based hybrid
ligands 14a-c at the M;-Ms mAChRs. Functional response was measured by pERK 1/2 assay
in CHO cells expressing the M3 or M4 mAChRs. Response was measured at the peak
phosphorylation time as determined by time-dependent pERK 1/2 assay (Supplementary
3 independent experiments performed in

Information). Data represent the mean + S. E. of
duplicate.

We then shifted attention to modifying the hybrid linker, incorporating the hypothesized
selective structural motifs of the M1/ M4 mAChR selective antagonists, telenzepine and
pirenzepine. We evaluated the piperizynyl linker hybrid ligands 17a-c¢ by functional assay at

the M3 and M4 mAChRs, at which the polymethylene N-linker hybrid ligands were least and

most efficacious, respectively (Figure 8).
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Figure 8. Functional response of piperazinyl-linker hybrid ligands 17a (‘C3”), 17b (‘C5’) and
17¢ (‘C7’) at the M3 and M4 mAChRs. Functional response was measured by pERK 1/2 assay
in CHO cells expressing the M3 or M4 mAChRs. Response was measured at the peak
phosphorylation time as determined by time-dependent pERK 1/2 assays (Supplementary
Information). Data represent the mean + S.E. of 3 independent experiments performed in
duplicate. S.E. values which are smaller than the symbols used are not shown. Values which
appear less than zero are not significantly different from zero by two-way ANOVA.

Substitution of the N-linker of our iperoxo 1-based hybrid ligands with a piperazine
moiety yielded compounds with lower potency and/ or reduced M4 vs. M3 mAChR selectivity,
compared with our most potent and selective polymethylene hybrid ligand, 3. To investigate
this we synthesized several less sterically bulky amine substituted linker derivatives of iperoxo
(1) as well as several oxygen substituted analogues, to assess the effect of incorporating a

hydrogen bond acceptor/ donor functional group into the hybrid ligand N-linker. These ligands,
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18a-c and 19a-d, were then evaluated by functional assay at the M3 and M4 mAChRs, as for

17-a-c (Table 1).

Table 1. Functional data for the NH or OH substituted iperoxo-linker ligands at the Mz and M4

mAChRs
O{j\ Br
N O/\\N4 XMy
n
Cpd n X Y mAChR pECso* Ernax”
18a 1 CH» O M3 6.61 £0.28 66=+9
My 7.02+0.12 75+4
18b 3 CH; (0] M; 6.21+0.40 48 £ 12
My 5.75+0.16 80+ 8
18¢ 5 CH» O M3 5.98 +£0.49 38+13
My 5.52+0.34 52+12
19a 3 NH CH, M3 7.49 £0.21 83+7
My 7.27+0.11 86 £4
19b 3 NH CH.CH» M3 7.29 £0.23 757
My 5.87+0.21 56 £7
19¢ 5 NH CH, M3 6.85+0.28 59 +£38
My 7.19+£0.11 87+4
19d 5 NH CH.CH; M; 6.11+0.29 67 +12
M, 5.80+0.17 71 £8

“pECs values are the negative logarithm of the concentration of a ligand that was able to elicit 50% the maximum
achievable response by that ligand as determined by fitting a 3-parameter concentration-response curve to the
data. *Emsx values are the maximum response measured by a ligand, as a percentage of the maximum response
achievable by the full agonist, iperoxo. Functional response was measured by pERK 1/2 assay in CHO cells
expressing the Ms or My mAChRs. Response was measured at the peak phosphorylation time as determined by
time-dependent pERK 1/2 assays (Supplementary Information). Data represent the mean = S. E. of 3 independent
experiments performed in duplicate.

We found that in all evaluated cases, insertion of hydrogen bond acceptor/ donor groups
into the N-linker of iperoxo 1-based hybrid ligands was detrimental to the agonism and/ or M4
mAChR selectivity of the hybrid ligands compared to the polymethylene derivative of

equivalent linker length. This intolerance to hydrophilic and/ or bulky substitution in the linker
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most likely arises due to the hydrophobic nature of the mAChR vestibule and the fact the
vestibule contracts upon receptor activation.?! This likely explains the poor agonism seen in
the piperazinyl linker derivatives, 17a-c, as well as in 18a-c¢ and 19a-d. Given that mAChR
hybrid ligands typically have low efficacy compared with their monomeric orthosteric
pharmacophore, we considered this property unfavourable and so did not explore N-linker

substitutions of our hybrid ligands further.

Next, we synthesized and tested two iterations of ring-substituted analogues of 3 in an
attempt to further augment or modify the mAChR selectivity and/ or potency of this ligand.
The first iteration (compounds 20a-l) consisted of singly substituted derivatives, designed to
maximize the likelihood of forming a specific receptor-ligand interaction (Scheme 4). The
second iteration (compounds 20m-r) included symmetrical derivatives of the most potent
ligands, difluoro- substitutions combining the most potent and most selective singly substituted
fluoro derivatives, the combining of the potent 3-methoxy and 3-trifluoromethyl into the 3-
trifluoromethoxy derivative. The perfluoro derivative, that was intended to invert quadrupole
moment of the phenyl ring (compared with the unsubstituted phenyl derivative)*’® and, by
comparison to 3, allow us to detect any potential - aromatic receptor-ligand interactions. The
ring substituted derivatives, 20a-r, were then initially subjected to functional assays at the M3
and M4 mAChRs. The most interesting compounds were then evaluated at the remaining My,
M; and Ms mAChR subtypes by functional assay and competition radioligand binding to

determine their mAChR subtype selectivity at the level of efficacy (Table 2).
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Table 2. Functional and binding data for the ring substituted hybrid ligands at the M—Ms

mAChRs

Cpd
Iperoxo
1

20a

20b

20c¢

20d

20e

20f

20g

20h

20i

20

phenyl

cyclohexyl

phenyl

2-fluorophenyl

3-fluorophenyl

4-fluorophenyl

2-methoxyphenyl

3-methoxyphenyl

4-methoxyphenyl

2-(trifluoromethyl)

phenyl

N

n/a

CHs

CHs

o, .

mAChR

M,
M,
M;
My

M;
My
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Br

O
\ /
O/\/NWJ\N/R

|
10 R
pECs¢*

9.46 +0.35
10.23 +£0.19
9.42+0.31
10.43 +£0.17
9.52+0.16
6.94+0.42
7.72+0.17
7.72+0.42
7.66 +£0.08
6.29+£0.25
nd
6.84 £0.43
nd
7.51£0.20
6.50+0.78
nd
7.56+£0.14
nd
7.49+0.24
nd
7.49+0.18
8.30+0.15
8.70+£0.11
7.71+0.28
8.42+0.16
7.63+£0.20
8.15+0.13
8.29+0.16
8.68+0.12
7.49+0.47
8.24+0.14

nd
7.15+0.20

Emaxb

100 £2
100 £4
100 £2
100 £2
100 + 4
T+2
73+5
18£3
74+2
18+£2
nd
40+9
nd
57+4
22+£10
nd
57+3
nd
43 +£4
nd
57+4
102+5
108 +4
57+6
75+4
62 +4
79+ 4
74 +4
89 +3
26+5
75+4

nd
48 +4

pKi

7.62+0.13
8.70 £ 0.02
6.84+0.14
8.18 £0.07
7.83£0.23
5.92+£0.08
5.62+£0.09
5.29+0.11
5.62+£0.09
5.56+£0.10
5.99 £0.08
6.04 +0.04
5.13+0.16
5.50+£0.01
5.00 £0.09

Log 7.

1.89+0.10
2.02+0.15
1.84+0.13
2.04+0.12
1.67£0.11
-0.79+£0.11
1.09+0.13
-0.58+0.23
1.58£0.09
-0.51£0.06
-3
1.13£0.47
-3
1.32+0.03
0.17+£0.26



3-(trifluoromethyl)

20k phenyl H M; 831+0.19 82+5

M, 871+0.13 92+4
4-(trifluoromethyl)

201 phenyl H M; 8.50+0.34 58+8 6.56+0.10 1.50+0.67
M, 8.39+0.17 91+5 6.69+0.03 1.63+0.18
M; 8.53+£0.16 97+5 6.48+027 1.49+0.21
M, 8.89+0.11 97+3 6.21+0.03 2.06+0.23
M;s 8.08+0.15 82+5 6.03+£0.13 139+0.25

3,5-
b;s(triﬂuoromethyl)
20m phenyl H M; nd nd 7.56 +£0.39 -3
M, nd nd 7.63+£0.16 -3
M; nd nd 6.93£0.04 -3
My nd nd 7.07+0.22 -3
Ms nd nd 6.49 +0.32 -3
20n 3,5-difluorophenyl H M; nd nd - -
My 7.60+£0.18 57+8 - -
2,6-
bis(trifluoromethyl)
200 phenyl H M; nd nd - -
My 7.37+0.11 57+3 - -
20p 2,5-difluorophenyl H M, nd nd 6.42+0.78 -3
M> nd nd 6.46+0.15 -3
M3 nd nd 5.82+0.22 -3
My 6.87+0.16 39+4 590+£032 0.78+0.22
M; nd nd 5.81+0.14 -3
20q perfluorophenyl H M; nd nd - -

M4 7.46+0.10 58+3 - -
3-(trifluoromethoxy)

20r phenyl H M nd nd 7.05+0.24 -3
M, 749+026 75 +7 6.86+0.05 0.78+0.13
M; nd nd 6.32+0.08 -3
My 7.30+£0.43 39+£8 6.29+£0.23 -0.32+0.13
M;s nd nd 6.27+0.11 -3

“pECs values are the negative logarithm of the concentration of a ligand that was able to elicit 50 % the maximum
achievable response by that ligand as determined by fitting a 3-parameter concentration-response curve to the
data. *Emx values are the maximum response measured by a ligand, as a percentage of the maximum response
achievable by the full agonist, iperoxo. Functional response was measured by pERK 1/2 assay in CHO cells
expressing the one of the M;-Ms mAChRs. Response was measured at the peak phosphorylation time as
determined by time-dependent pERK 1/2 assays (Supplementary Information). “pK; values are the negative
logarithm of the inhibition constant for each ligand, as determined by competition radioligand binding assays with
[PHJNMS and fitting the data to a one-site inhibition binding model. “Log 7. is the ligand efficacy (corrected for
receptor expression) as determined by fitting the functional ERK 1/2 phosphorylation concentration-response data
for each ligand to an operational model of agonism and constraining the model by the measured values of affinity
for each ligand at each of the respective mAChR subtype. Instances where no ligand efficacy was observed Log
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7. was fixed to -3. Values not measured are denoted ‘-’. Compounds which gave no determinable response in the
specified assay are denoted ‘nd’. Data represent the mean + S.E. of 3 independent experiments performed in
duplicate.

In the first iteration of ligands, 20a-1 the most potent ligand, 201, and most My selective
ligand, 20a, were then chosen for measurement of their functional response at the remaining
Mi/M2/Ms mAChRs as well as the affinity at the M-Ms mAChRs by competition radioligand
binding. Although 201 was highly potent it displayed no selectivity any of the mAChR
subtypes. Several derivatives bearing an hydrogen bond (or pseudo hydrogen bond) at the 3-
or 4- position (such as 20e,h,k,]l) also displayed high potency at the M3/Ms mAChRs,
suggesting that such moieties are favourable to ligand potency at these positions. Compound
20a was found to possess similar selectivity for the Mo/Ms>M1/M3/Ms mAChRs to 3, showing
that the phenyl ring is not necessary for potency or selectivity of these ligands, however
functionalisation of the ring can affect both properties. Several derivatives, 20b,c,d,j behaved
similarly to the unsubstituted analogue 3 at the M3 and Ms mAChRs and were not explored
further. Frustratingly, we noted that there appeared to be an inverse relationship between
efficacy and selectivity of our first iteration of ligands, 20a-1. In every case we evaluated, the
higher the efficacy of a ligand, the less selective it was. This was also noted previously in
chapter 2, where the least efficacious ligands were also the most selective, and similarly the
most efficacious ligands possessed little selectivity. The second iteration of ligands, which
combined the most potent and most selective substitutions from the first iteration, yielded
several interesting compounds. Compound 20m displayed no measurable activity at the M-
Ms mAChRs and when assessed for binding at the Mi-Ms mAChRs, 20m was shown to
completely displace [PH]NMS at all M;-Ms mAChR subtypes suggesting it is a non-selective

neutral antagonist or weak inverse agonist, showing that ring substitutions of 3 can both

126



augment or attenuate ligand efficacy significantly. The combination (one of two possible
combinations) of the 3-fluoro substitution (that gave a non-selective potent hybrid ligand, 20e)
and the 2-fluoro (the most selective fluoro analogue, 20d) gave a hybrid ligand that displayed
lower potency at the Ms mAChR than either, 20p. Despite its relatively lower potency
compared other analogues in this set, 20p displays no activity above baseline at the Mi-M3/ M5
mAChRs, implying that it is selective for the M4 mAChR, at least with regards to its efficacy

in pERK 1/2 signalling in vitro (Table 2).
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Figure 9. (Left) Functional response of 20r at the Mi-Ms mAChRs and (right) efficacy
comparison between the M> and M4 mAChRs. Functional response was measured by pERK
1/2 assay in CHO cells expressing the M1-Ms mAChRs. Response was measured at the peak
phosphorylation time as determined by time-dependent pERK 1/2 assays (Supplementary
Information). Efficacy (Log z.) was determined by fitting the functional data and binding data
for each ligand to an operational model of agonism (Experimental). Efficacy data was
analysed statistically using Bonferroni’s multiple comparison test, 2-way ANOV A (ns = not
significant, **** p <(0.001). Data represent the mean + S.E. of 3 independent experiments
performed in duplicate. Values which appear less than zero are not significantly different
from zero by two-way ANOVA.

Compound 20r was also particularly interesting. As with many examples in our previous
iterations of iperoxo-based hybrid ligands, 20r displayed no activity above baseline at the
Mi/M3/Ms mAChRs and a partial agonist response at the M2 and M4 mAChRs. In contrast to
our previous hybrid ligands, 20r displayed significantly greater efficacy at the M> mAChR
rather than M4 mAChRs, making it the first M2 mAChR selective partial agonist to arise from
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our iperoxo 1-based ligands (Figure 9), at the level of efficacy. Furthermore, all of our
previously evaluated iperoxo 1-based hybrid ligands displayed higher affinity (~0.5 — 1 pK;
unit) at the M; and M2 mAChRs (compared with the M3/ M4/ Ms mAChRs) and attained My
mAChR selectivity through efficacy alone. Compound 20r also displays approximately 10-
times higher affinity at the M; and M> mAChR compared with the M3-Ms mAChRs but in this
case, it acts synergistically with its higher efficacy at the M mAChR, resulting in significant
M>>M4>>M1/M3/Ms mAChR selectivity at the level of efficacy (Table 2, Figure 9).
Unfortunately, as for the singly substituted phenyl ring derivatives, we found that the greater
the efficacy of the hybrid ligand the lower the selectivity, and this is the case for both 20p and
20r, which had the lowest efficacy values at the M> and M4 mAChRs of any of the ligands
tested (which still maintained activity). This apparent interdependence of efficacy and
selectivity has limited further optimization of these ligands at this point and, depending on the
mechanistic basis for the interdependence, may prove to be an intractable hurdle to designing
mAChR hybrid ligands which are both subtype-selective and highly efficacious. However, at
this point no mechanistic conclusions can be drawn. Typically, the design of hybrid ligands
involves the conjoining of two known ligands in an attempt to engage two discrete binding
sites with a single receptor. In this study, we have looked at the conjoining of non-ligand
substituents to an orthosteric agonist and shown that these ligands, similar to their
bipharmacophoric counterparts, can have interesting properties and significant variation in

pharmaceutically relevant properties such as efficacy and selectivity.

B CONCLUSIONS
In this chapter, we aimed to optimise the M2/Ms mAChR selective truncated hybrid

ligand partial agonists, which we had previously identified (Chapter 2), towards improved
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efficacy and M4 mAChR selectivity. We initially hypothesised that the substitution of iperoxo,
1, (a non-selective agonist) in our ligands with an M1/M4 mAChR preferring agonist (McN-A-
343, 5) may yield compounds with excellent selectivity for the Mi/Ms mAChRs. However,
evaluation of our McN-A-343-based hybrid ligands revealed that substitution of the orthosteric
pharmacophore with selective partial agonists, such as McN-A-343 (or, likely, xanomeline)
may be an unviable route to improving selectivity of mAChR hybrid ligands. We then explored
substitutions to the linker, first incorporating a piperazine, a motif commonly found in M /M4
mAChR selective dibenzodiazepinone-based antagonists. In this case we expected these
compounds to gain improved Mi/Ms mAChR selectivity at the level of affinity, similar to the
parent antagonists from which the piperazine motif was taken. However, these piperazine-
linker hybrid ligands displayed reduced efficacy and selectivity as compared with their alkyl
chain linked counterparts. Further exploration of the linker SAR, by substituting with a single
amine or hydroxyl group demonstrated that hydrogen bond donot/ acceptor groups are poorly
tolerated when incorporated into the N-linker of iperoxo 1-based mAChR hybrid ligands. In all
of the N-linker substituted compounds that we explored we noted a substantial loss of potency,
and in several cases a complete loss of selectivity, as compared with the polymethylene N-
linked derivative of equivalent linker length. Finally, we looked at substituting the phenyl ring
of our potent M2/ M4 mAChHR selective hybrid ligand 3, and this yielded several interesting
ligands. Substitution of the phenyl ring with hydrogen bond acceptor groups at the 3- and 4-
positions generally resulted in an increase in potency, compounds 20e,h,k,1 possessed
significantly improved potency over 3 (approximately 10-fold increase). However, as potency
was increased, we saw a reduction in M2/Ms4 mAChR selectivity. Generally, we found the
multiple substitutions of the phenyl ring were detrimental to ligand efficacy or gave ligands

whose potency was equivalent to the unsubstituted derivative, 3. However, compound 20p
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showed absolute selectivity at the level of efficacy for the Ms mAChR, giving no response
above baseline at the remaining M1-M3, Ms mAChRs under our assay conditions. Additionally,
compound 20r displayed good selectivity for the M>>Ms>>Mi/M3/Ms mAChR having both
higher affinity and efficacy at the M> versus the M4 mAChR. However, as in chapter 2, we
have noted difficulties in optimizing both efficacy and selectivity simultaneously. Our results
indicate that these two properties may be intrinsically linked in an inverse relationship for these
and structurally related hybrid ligands, suggesting that designing a hybrid ligand that is both
M4 mAChHR selective and highly efficacious may be impossible. Chapter 4 will focus on
understanding the mechanistic basis for the apparent interdependence between efficacy and
selectivity of these ligands, to determine the viability of designing a high efficacy M4 mAChR

selective hybrid ligand.

B EXPERIMENTAL SECTION

Chemistry. All materials were reagent grade and purchased commercially from Sigma-
Aldrich or Matrix Scientific. Anhydrous solvents were obtained from an MBraun MB SPS-800
Solvent Purification System. Analytical thin layer chromatography (TLC) was performed on
Silica Gel 60 F254 pre-coated plates (0.25 mm, Merck ART 5554) and visualised using
ultraviolet light, iodine, potassium permanganate or ninhydrin as necessary. Silica gel 40—63
micron (Davisil) was used for silica gel flash chromatography. 'H NMR spectra were recorded
on a Briiker Avance 400 MHz Ultrashield Plus spectrometer at 400.13 MHz. Chemical shifts
(6) for all "H NMR spectra are reported in parts per million (ppm) using the central peak of the
deuterated solvent chemical shift as the reference: MeOD (3.31), CDCl; (7.26) and ds-DMSO

(2.50).>° Each resonance was assigned according to the following convention: chemical shift
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(0) (multiplicity, coupling constant(s) in Hz, number of protons). Coupling constants (J) are
reported to the nearest 0.1 Hz. In reporting the 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. '*C NMR spectra were recorded
at 100.62 MHz using a Briiker Avance 400 MHz Ultrashield Plus spectrometer. Chemical
shifts () for all 3C NMR spectra are reported in parts per million (ppm), using the center peak
of'the deuterated solvent chemical shift as the reference: MeOD (49.00), CDCI3 (77.16) and de-
DMSO (39.52).3 HSQC, HMBC and COSY spectra were obtained using the standard Briiker
pulse sequence to assist with structural assignment of the compounds. LC-MS 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 an Agilent
6224 TOF LC-MS coupled to an Agilent 1290 Infinity (Agilent, Palo Alto, CA). 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/CH3CN. 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 214 and/ or 254 nm
using a Waters 996 Photodiode Array detector. Preparative HPLC was performed using an
Agilent 1260 infinity coupled with a binary preparative pump and Agilent 1260 FC-PS fraction
collector, using Agilent OpenLAB CDS software (Rev C.01.04) and an Altima 5 uM C8 22
mm % 250 mm column. The following buffers were used: buffer A, H20; buffer B, MeCN,
with sample being run at a gradient of 5% buffer B to 100% buffer B over 20 min at a flow rate
of 20 mL/min. Characterisation requirements for final compounds were set as: 'H NMR, *C

NMR, LC-MS, HPLC (254 nm and 214 nm) purity >95%.
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Compounds 1, 12 and 15 were synthesised by the methods reported by Kloeckner et al.

(Chapter 2, Supplementary Information).>*

4-(Dimethylamino)but-2-yn-1-yl (3-chlorophenyl)carbamate (6). 12 (1 eq., 212 mg,
1.88 mmol), and TEA (3 eq., 570 mg, 5.64 mmol) were dissolved in dry THF (10 mL) on an
ice bath (0 °C). 3-chlorophenyl isocyanate (1.2 eq., 346 mg, 2.25 mmol) was added in one
portion and the solution was stirred overnight and allowed to warm to room temperature. The
solvent was removed under vacuum and the crude material purified by FCC (eluent
EtOAc/MeOH 4:1). Off-white solid; 250.0 mg, 50%. 'H NMR (MeOD) § 9.53 (br s, 1H), 7.58
(t,J=2.0 Hz, 1H), 7.30 (ddd, J = 8.2/2.0/1.0 Hz, 1H), 7.24 (t, /= 7.8 Hz, 1H), 7.01 (ddd, J =
7.8/2.0/1.0 Hz, 1H), 4.81 (t, J = 1.9 Hz, 2H), 3.30 (t, J = 1.9 Hz, 2H), 2.30 (s, 6H). '°C NMR
(MeOD) 6 154.7, 141.6, 135.5, 131.1, 123.9, 119.5, 117.8, 82.1, 81.4, 53.6, 48.3, 44.1. m/z MS

(TOF ES") Ci3H;5CIN,O2 [M+H]" caled, 267.2; found, 267.1. LC-MS: tr = 4.64 min.

4-(((3-Chlorophenyl)carbamoyl)oxy)-N,N,N-trimethylbut-2-yn-1-aminium  iodide
(5). 6 (67 mg, 0.25 mmol) was dissolved in ACN (10 mL). A large excess of iodomethane was
added and the solution stirred overnight at room temperature. The solvent was removed under
vacuum and the crude material recrystallized from boiling MeOH. White solid; 61.6 mg, 87%.
'"H NMR (ds-DMSO) 6 9.65 (br s, 1H), 7.60 (t, J = 2.0 Hz, 1H), 7.30 (ddd, J = 8.2/2.0/1.0 Hz,
1H), 7.26 (t, J= 7.8 Hz, 1H), 7.04 (ddd, J = 7.8/2.0/1.0 Hz, 1H), 4.91 (t, /= 1.8 Hz, 2H), 4.44
(t, J = 1.8 Hz, 2H), 3.25 (s, 9H). *C NMR (ds-DMSO) 6 154.6, 141.6, 135.6, 131.2, 124.1,
119.5,117.9, 88.9, 75.3,57.4, 53.5, 53.3. m/zMS (TOF ES") C14H;sCIN20>" [M]" calcd, 281.1;

found, 281.1. LC-MS: tr = 4.72 min.
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General procedure for the synthesis of McN-A-343 based hybrid ligands (14a-c)

Compound 6 (250 pmol, 1.0 eq.), n-bromo-N-phenylalkanamide (250 pmol, 1.0 eq.)
(Supplementary Information) and TEA (750 umol, 3.0 eq.) were dissolved in ACN and heated
to reflux with stirring overnight. The solvent was then removed under vacuum and the crude

material was purified by FCC (eluent DCM/MeOH 20:1).

N-(4-(((3-Chlorophenyl)carbamoyl)oxy)but-2-yn-1-yl)-N,N-dimethyl-7-oxo0-7-
(phenylamino)heptan-1-aminium bromide (14a). Viscous yellow oil; 156.1 mg, 38%. 'H
NMR (MeOD) 6 9.74 (br s, 1H), 9.65 (br s, 1H), 7.62 (t, J= 2.1 Hz, 1H), 7.57-7.53 (m, 2H),
7.32-7.26 (m, 3H), 7.24 (t, J = 8.0 Hz, 1H), 7.08 (tt, J = 7.4/1.0 Hz, 1H), 7.02 (ddd, J =
7.8/2.1/1.1 Hz, 1H), 4.88 (t, J = 1.8 Hz, 2H), 4.38 (t, ] = 1.8 Hz, 2H), 3.47-3.39 (m, 2H), 3.17
(s, 6H), 2.37 (t, J= 7.4, 2H), 1.83-1.74 (m, 2H), 1.67 (p, J = 7.3 Hz, 2H), 1.48-1.34 (m, 4H).
3C NMR (MeOD) 6 174.4, 154.6, 141.4, 139.9, 135.6, 131.2, 129.8, 125.1, 124.1, 121.3,
119.4,117.8, 88.8, 75.3, 65.3, 55.0, 53.3, 51.2, 37.6, 29.5, 26.9, 26.3, 23.4. m/z MS (TOF ES")

C26H33CIN3O3" [M]" caled, 470.2; found, 470.2. LC-MS: tr = 5.09 min.

N-(4-(((3-Chlorophenyl)carbamoyl)oxy)but-2-yn-1-yl)-NV,N-dimethyl-9-0x0-9-
(phenylamino)nonan-1-aminium bromide (14b). Viscous yellow oil; 56.2 mg, 44%. 'H
NMR (MeOD) ¢ 9.73 (br s, 1H), 9.66 (br s, 1H), 7.62 (t, J= 2.1 Hz, 1H), 7.58-7.52 (m, 2H),
7.33-7.26 (m, 3H), 7.24 (t, J = 8.0 Hz, 1H), 7.08 (tt, J = 7.4/1.0 Hz, 1H), 7.03 (ddd, J =
7.8/2.1/1.1 Hz, 1H), 4.88 (t, ] = 1.8 Hz, 2H), 4.38 (t, J = 1.8 Hz, 2H), 3.45-3.38 (m, 2H), 3.17
(s, 6H), 2.36 (t, J= 7.4, 2H), 1.80-1.71 (m, 2H), 1.67 (p, J = 7.3 Hz, 2H), 1.45-1.24 (m, 8H).
BC NMR (MeOD) 6 174.7, 154.6, 141.4, 139.9, 135.6, 131.2, 129.8, 125.1, 124.1, 121.3,
119.4,117.8, 88.8, 75.3, 65.3, 55.0, 53.3, 51.2, 37.9, 30.1, 30.0, 29.9, 27.2, 26.8, 23.6. m/z MS

(TOF ES") C2sH37CIN3O5" [M]" caled, 498.3; found, 498.2. LC-MS: #g = 5.23 min.
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N-(4-(((3-Chlorophenyl)carbamoyl)oxy)but-2-yn-1-yl)-NV,N-dimethyl-11-0x0-11-
(phenylamino)undecan-1-aminium bromide (14¢). Viscous yellow oil; 62.0 mg, 30%. 'H
NMR (MeOD) 6 9.73 (br s, 1H), 9.66 (br s, 1H), 7.62 (t, J= 2.1 Hz, 1H), 7.58-7.52 (m, 2H),
7.33-7.26 (m, 3H), 7.24 (t, J = 8.0 Hz, 1H), 7.08 (tt, J = 7.4/1.0 Hz, 1H), 7.03 (ddd, J =
7.8/2.1/1.1 Hz, 1H), 4.88 (t, J = 1.8 Hz, 2H), 4.38 (t, ] = 1.8 Hz, 2H), 3.45-3.37 (m, 2H), 3.17
(s, 6H), 2.37 (t, J = 7.4, 2H), 1.81-1.62 (m, 4H), 1.42-1.19 (m, 12H). *C NMR (MeOD) ¢
174.7, 154.6, 141.4, 139.9, 135.6, 131.2, 129.8, 125.1, 124.1, 121.3, 119.4, 117.8, 88.8, 75.3,
65.3, 55.0, 53.3, 51.2, 38.0, 30.4, 30.2, 30.1, 30.0, 29.9, 27.3, 26.9, 23.6. m/z MS (TOF ES")

C30H41CIN3O3" [M]" caled, 526.3; found, 526.3. LC-MS: fg = 5.38 min.
General procedure for the synthesis of piperazinyl-linker hybrid ligands (17a-c)

Compound 15 (1.0 mol, 1.0 eq.), 1,n-dibromoalkane (5.0 mmol, 5.0 eq.) and TEA (3.0 mmol,
3.0 eq.) were dissolved in ACN and stirred overnight at room temperature. The solvent was
removed under vacuum and the crude material was washed with hot PE. The crude material,
N-phenyl-2-(piperazin-1-yl)acetamide (1.2 mmol, 1.2 eq.) and TEA (1.5 mmol, 1.5 eq.) was
then dissolved in ACN and stirred overnight at room temperature. The solvent was then

removed under vacuum and the crude material was purified by preparative HPLC.

4-((4,5-Dihydroisoxazol-3-yl)oxy)-N,/N-dimethyl-/V-(3-(4-(2-0x0-2-
(phenylamino)ethyl)piperazin-1-yl)propyl)but-2-yn-1-aminium bromide (17a).Viscous
yellow oil; 23.8 mg, 35%. 'H NMR (MeOD) 6 9.94 (br s, 1H), 7.62-7.53 (m, 2H), 7.32 (ddd, J
=9.4,5.6,2.0Hz, 2H), 7.13 (ddt, J=7.2, 6.1, 1.2 Hz, 1H), 4.92 (t, J= 1.8 Hz, 2H), 4.44-4.36
(m, 4H), 3.68 (s, 2H), 3.58-3.51 (m, 2H), 3.25-3.16 (m, 10H), 3.08-2.96 (m, 4H), 2.19 (p, J =

3.8 Hz, 2H), 1.97-1.54 (m, 4H). '3C NMR (MeOD) 6 169.4, 162.4, 139.1, 129.9, 125.7, 121.5,
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88.5, 76.5, 71.2, 64.9, 61.3, 58.2, 57.9, 55.1, 52.9, 51.1, 33.7, 23.5. m/z MS (TOF ES")

C24H36NsO3" [M]" caled, 442.3; found, 442.3. LC-MS: fr = 3.39 min.

N-(4-((4,5-Dihydroisoxazol-3-yl)oxy)but-2-yn-1-yl)- NV, N-dimethyl-5-(4-(2-0x0-2-
(phenylamino)ethyl)piperazin-1-yl)pentan-1-aminium bromide (17b). Viscous yellow oil,
32.9 mg, 46%. "H NMR (MeOD) 6 9.73 (br s, 1H), 7.61-7.55 (m, 2H), 7.32 (ddd, J = 9.4, 5.6,
2.0 Hz, 2H), 7.13 (ddt, J= 7.2, 6.1, 1.2 Hz, 1H), 4.91 (t, J = 1.8 Hz, 2H), 4.43-4.33 (m, 4H),
3.53-3.33 (m, 12H), 3.21-3.13 (m, 8H), 3.07-2.87 (m, 4H), 1.97-1.70 (m, 4H), 1.48 (p, J=3.8
Hz, 2H). *C NMR (MeOD) § 169.9, 162.5, 139.1, 129.9, 125.6, 121.5, 87.7, 76.5, 71.2, 65.3,
61.5,58.2,57.9,55.1,52.9,51.1, 33.7, 29.6, 24.3, 23.5. m/z MS (TOF ES") C2sH4oNsO3" [M]"

calcd, 470.3; found, 470.3. LC-MS: fr = 3.59 min.

N-(4-((4,5-Dihydroisoxazol-3-yl)oxy)but-2-yn-1-yl)- NV, N-dimethyl-7-(4-(2-ox0-2-
(phenylamino)ethyl)piperazin-1-yl)heptan-1-aminium bromide (17¢). Viscous yellow oil;
26.8 mg, 29%. 'H NMR (MeOD) 6 9.74 (br s, 1H), 7.62-7.54 (m, 2H), 7.38-7.27 (m, 2H), 7.13
(tt, /J=7.6/ 1.1 Hz, 1H), 4.91 (t, J= 1.7 Hz, 2H), 4.44-4.34, 3.69-3.38 (m, 10H), 3.21-3.12 (m,
8H), 3.04-2.94 (m, 4H), 1.84-1.71 (m, 4H), 1.53-1.37 (m, 10H). 3*C NMR (MeOD) ¢ 169.9,
162.5,139.1, 129.9, 125.6, 121.5, 87.7,76.5, 71.2, 65.3, 61.5, 58.2,57.9, 55.1, 52.9, 51.1, 33.7,
29.6,27.3,27.0,24.9, 23.5. m/z MS (TOF ES") C2sH44Ns03" [M]" caled, 498.3; found, 498.3.

LC-MS: g = 3.71 min.
General procedure for the synthesis of OH bearing linker hybrid ligands (18a-c)

Compound 15 (250 pmol, 1.0 eq.), n-bromo-1-hydroxyalkane (750 pmol, 3.0 eq.) and TEA
(750 pmol, 3.0 eq.) were dissolved in ACN (10 mL) and heated to reflux with stirring
overnight. The solvent was then removed under vacuum and the crude material was purified

by preparative HPLC.
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4-((4,5-Dihydroisoxazol-3-yl)oxy)-/N-(3-hydroxypropyl)-NV,/NV-dimethylbut-2-yn-1-
aminium bromide (18a). Viscous white oil; 21.4 mg, 55%. 'H NMR (MeOD) 6 4.91 (t, J =
1.8 Hz, 2H), 4.46-4.32 (m, 4H), 4.15 (t, 1.9 Hz, 1H), 3.68 (t, J = 5.8 Hz, 2H), 3.62-3.48 (m,
2H), 3.18 (s, 6H), 3.03 (t, /= 9.6 Hz, 2H), 2.04-1.92 (m, 2H). *C NMR (MeOD) 6 168.7, 87.8,
76.5,71.2,63.6,59.3, 58.2,55.3, 51.2, 33.6, 26.9. m/z MS (TOF ES") C12H21N203" [M]" calcd,

241.1; found, 241.0. LC-MS: fr = 1.45 min.

N-(4-((4,5-Dihydroisoxazol-3-yl)oxy)but-2-yn-1-yl)-5-hydroxy-/N,N-dimethylpentan-
1-aminium bromide (18b). Viscous white oil; 31.2mg, 67%. '"H NMR (MeOD) 6 4.91 (t, J =
1.8 Hz, 2H), 4.47-4.34 (m, 4H), 4.15 (t, 1.9 Hz, 1H), 3.59 (t, J = 6.3 Hz, 2H), 3.48-3.37 (m,
2H), 3.17 (s, 6H), 3.03 (t, /=9.6 Hz, 2H), 1.91-1.74 (m, 2H), 1.72-1.57 (m, 2H), 1.56-1.38 (m,
2H). *C NMR (MeOD) § 168.7, 87.7, 76.5, 71.2, 65.4, 62.3, 58.2, 55.0, 51.1, 33.6, 32.8, 23.7,

23.4. m/z MS (TOF ES") C14H2sN203" [M]" caled, 269.2; found, 269.0. LC-MS: tr = 1.49 min.

N-(4-((4,5-Dihydroisoxazol-3-yl)oxy)but-2-yn-1-yl)-7-hydroxy-/V,N-dimethylheptan-
1-aminium bromide (18c). Viscous white oil; 37.1 mg, 61%. 'H NMR (MeOD) 6§ 4.91 (t, J=
1.8 Hz, 2H), 4.43-4.36 (m, 4H), 4.15 (t, 1.9 Hz, 1H), 3.56 (t, J = 6.5 Hz, 2H), 3.48-3.37 (m,
2H), 3.16 (s, 6H), 3.03 (t, J = 9.6 Hz, 2H), 1.84-1.73 (m, 4H), 1.57-1.36 (m, 6H). 3*C NMR
(MeOD) o 168.7, 87.7, 76.6, 71.2, 65.4, 62.8, 58.2, 55.0, 51.1, 33.6, 33.4, 29.9, 27.2, 26.7,

23.6. m/z MS (TOF ES") Ci6H20N,O03" [M]" caled, 297.2; found, 297.0. LC-MS: #r = 1.68 min.
General procedure for the synthesis of NH bearing linker hybrid ligands (19a-d)

Compound 14 (1.0 mmol, 1.0 eq.), 1,n-dibromoalkane (3.0 mmol, 3.0 eq.) and TEA (3.0 mmol,
3.0 eq.) were dissolved in ACN (10 mL) and stirred overnight at room temperature. The solvent
was removed under vacuum and the crude material was washed with hot PE. The crude

material, N-alkylamine (1.5 mmol, 1.5 eq.) and TEA (1.5 mmol, 1.5 eq.) was then dissolved in
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ACN (10 mL) and stirred overnight at room temperature. The solvent was then removed under

vacuum and the crude material was purified by preparative HPLC.

4-((4,5-Dihydroisoxazol-3-yl)oxy)-/N-(3-(ethylamino)propyl)-V,N-dimethylbut-2-yn-
1-aminium bromide (19a). Viscous yellow oil; 12.2 mg, 38%. 'H NMR (MeOD) ¢ 4.92 (t, J
= 1.8 Hz, 2H), 4.44-4.37 (m, 4H), 3.60-3.49 (m, 3H), 3.23-3.19 (m, 8H), 3.12 (qd, /= 6.3, 5.4,
3.1, 2H), 3.05 (t, J = 9.6 Hz, 2H), 2.22 (p, J = 5.4 Hz, 2H), 1.34 (t, J = 7.3 Hz, 3H). *C NMR
(MeOD) 0 168.9, 88.2, 76.3, 71.2, 69.4, 61.9, 58.2, 51.4, 44.9, 44.2, 33.7, 21.1, 11.5. m/z MS

(TOF ES") C14H26N302" [M]" caled, 268.2; found, 268.0. LC-MS: fr = 1.34 min.

4-((4,5-Dihydroisoxazol-3-yl)oxy)-N,/N-dimethyl- V-(3-(propylamino)propyl)but-2-
yn-1-aminium bromide (19b). Viscous yellow oil; 14.6 mg, 27%. 'H NMR (MeOD) 6 4.92
(t, J = 1.8 Hz, 2H), 4.50-4.36 (m, 4H), 3.62-3.48 (m, 3H), 3.20-3.16 (m, 8H), 3.06-3.01 (m,
4H), 2.08-1.93 (m, 2H), 1.63-1.46 (m, 2H), 0.95 (t, J = 7.4, 3H). 3*C NMR (MeOD) 6 168.8,
87.7,76.5, 71.1, 64.9, 58.2, 55.2, 51.2, 48.0, 41.4, 33.8, 32.3, 23.2, 11.5. m/z MS (TOF ES")

C1sH2sN3O2" [M]" caled, 282.2; found, 282.0. LC-MS: fr = 1.37 min.

N-(4-((4,5-Dihydroisoxazol-3-yl)oxy)but-2-yn-1-yl)-5-(ethylamino)-/V,/V-
dimethylpentan-1-aminium bromide (19¢). Viscous yellow oil; 20.0 mg, 40%. 'H NMR
(MeOD) 0 4.91 (t, J = 1.8 Hz, 2H), 4.43-4.37 (m, 4H), 3.48-3.40 (m, 3H), 3.19-3.15 (m, 8H),
3.11-3.00 (m, 4H), 1.90-1.72 (m, 4H), 1.48 (p, J=7.7 Hz, 2H), 1.31 (t, J= 7.3, 3H). *C NMR
(MeOD) 6 168.8, 87.8, 76.5, 71.18, 65.0, 58.2, 55.2, 51.2, 48.0, 44.0, 33.7, 26.8, 24.3, 23.2,

11.5. m/zMS (TOF ES") Ci6sH30N302" [M]" caled, 296.2; found, 296.0. LC-MS: tr = 1.38 min.

N-(4-((4,5-Dihydroisoxazol-3-yl)oxy)but-2-yn-1-yl)-N,N-dimethyl-5-
(propylamino)pentan-1-aminium bromide (19d). Viscous yellow oil; 12.8 mg, 41%. 'H
NMR (MeOD) 6 4.91 (t, J= 1.8 Hz, 2H), 4.45-4.34 (m, 4H), 3.50-3.37 (m, 3H), 3.20-3.16 (m,
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8H), 3.07-2.95 (m, 4H), 1.93-1.64 (m, 6H), 1.50 (p, J = 7.7 Hz, 2H), 1.03 (t, J = 7.5, 3H). 13C
NMR (MeOD) 6 168.8, 87.8, 76.5, 71.18, 64.9, 58.2, 55.2, 51.2, 48.0, 44.0, 33.8, 32.3, 26.8,
24.3,23.2, 11.5. m/z MS (TOF ES") C17H3N30," [M]" caled, 310.3; found, 309.9. LC-MS: &

= 1.42 min.
General procedure for the synthesis of ring substituted hybrid ligands (20a,e-i,k-1)

Compound 15 (250 pumol, 1.0 eq.), n-bromoalkanamide 21a-h (275 pumol, 1.1 eq.)
(Supplementary Information) and TEA (750 pmol, 3.0 eq.) were dissolved in ACN (10 mL)
and heated to reflux with stirring overnight. The solvent was then removed under vacuum and

the crude material was purified by preparative HPLC.

General procedure for the synthesis of ring substituted hybrid ligands (20b-d,j,m-
r) 11-Bromoundecanoic acid (650 umol, 1.0 eq.) was dissolved in DCM (10 mL) with stirring
and chilled on and ice bath to 0 °C. Thionyl chloride (1.5 mL) in DCM (10 mL) was then added
to the solution dropwise over 1 h. The solution was stirred and allowed to warm to room
temperature over 1.5 h. DCM and excess thionyl chloride was then removed from the solution
under vacuum. The crude was diluted with toluene (5 mL) and this was removed under vacuum
as an azeotropic mixture with residual thionyl chloride. The crude material was then dissolved
in DCM (10 mL) and the appropriate amine (1.0 eq.) and TEA (1.5 eq.) were added and the
solution stirred overnight at room temperature. The solution was then washed with HCI
solution (2M, 10 mL) sat. bicarbonate solution (10 mL), brine (10 mL) and dH>O (10 mL),
dried over MgSO4 and the solvent removed under vacuum. The crude material was
characterized by LC-MS before combining with 15 (1.0 eq.) and TEA (3.0 eq.) in ACN (10
mL) and heating to reflux with stirring overnight. The solvent was then removed under vacuum

and the crude material was purified by preparative HPLC.
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N-(4-((4,5-Dihydroisoxazol-3-yl)oxy)but-2-yn-1-yl)-V,N-dimethyl-11-
(methylamino)-11-oxoundecan-1-aminium bromide (20a). Viscous white oil; 43.6 mg,
45%. '"H NMR (CDCL) 6 6.33 (q, J= 4.0 Hz, 1H), 4.82 (t, J= 1.8 Hz, 2H), 4.74 (t, J= 1.8 Hz,
2H), 4.43 (t, J=9.6 Hz, 2H), 3.66-3.56 (m, 2H), 3.37 (s, 6H), 3.01 (t, J=9.6 Hz, 2H), 2.81 (d,
J=4.3 Hz, 3H), 2.32 (t, J = 7.7 Hz, 2H), 1.85-1.56 (m, 4H), 1.47-1.21 (m, 12H). *C NMR
(CDCL3) 0 176.1, 166.9, 86.9, 75.7, 70.2, 64.7, 57.3, 55.1, 50.8, 46.3, 35.9, 33.0, 28.9, 28.8,
28.7, 28.6, 26.7, 26.0, 25.8, 22.8. m/z MS (TOF ES") C21H3sN303" [M]" caled, 380.3; found,

380.3. LC-MS: fr = 3.39 min.

11-(Cyclohexylamino)-/N-(4-((4,5-dihydroisoxazol-3-yl)oxy)but-2-yn-1-yl)-V,/V-
dimethyl-11-oxoundecan-1-aminium bromide (20b). Viscous white oil; 22.2 mg, 48%. 'H
NMR (MeOD) ¢ 6.51 (d, J= 5.5 Hz, 1H), 4.91 (t,J= 1.8 Hz, 2H), 4.43-4.35 (m, 4H), 3.62 (tt,
J=10.9/3.9, 1H), 3.46-3.37 (m, 2H), 3.16 (s, 6H), 3.03 (t, /=9.6 Hz, 2H), 2.14 (t, /= 7.4 Hz,
2H), 1.89-1.52 (m, 8H), 1.46-1.13 (m, 18H). '3C NMR (MeOD) 6 175.3, 168.7, 87.7, 76.6,
71.2,65.5,58.2,55.0, 53.8,51.1,43.4,37.2,33.8,33.7,30.4,30.2, 28.4,27.4,27.3,27.1, 26.7,
26.2,23.6. m/zMS (TOF ES") C26HasN303" [M]" calcd, 448.4; found, 448.0. LC-MS: tr =3.19

min.

N-(4-((4,5-Dihydroisoxazol-3-yl)oxy)but-2-yn-1-yl)- NV, N-dimethyl-11-
(methyl(phenyl)amino)-11-oxoundecan-1-aminium bromide (20c). Viscous white oil; 32.1
mg, 34%. 'H NMR (MeOD) ¢ 7.48 (t, J = 7.4 Hz, 2H), 7.40 (t, J = 7.4 Hz, 1H), 7.27 (d, J =
7.0 Hz, 2H), 4.90 (t, J = 1.8 Hz, 2H), 4.43-4.35 (m, 4H), 3.45-3.34 (m, 2H), 3.24 (s, 3H), 3.14
(s, 6H), 3.02 (t, J=9.6 Hz, 2H), 2.08 (t, J = 7.6 Hz, 2H), 1.82-1.71 (m, 2H), 1.52 (p, J=7.2
Hz, 2H), 1.42-1.13 (m, 12H). '*C NMR (MeOD) 6 174.1, 168.7, 145.3, 131.0, 129.2, 128.4,
87.7,76.6,71.2,65.5,58.2,55.0,51.1, 37.8, 34.9, 33.7, 30.5, 30.4, 30.3, 30.2, 27.3, 27.2, 26.6,

23.6. m/z MS (TOF ES") C27H4N303" [M]" caled, 456.3; found, 456.0. LC-MS: fr = 3.82 min.
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N-(4-((4,5-Dihydroisoxazol-3-yl)oxy)but-2-yn-1-yl)-11-((2-fluorophenyl)amino)-/V,/V-
dimethyl-11-oxoundecan-1-aminium bromide (20d). Viscous white oil; 42.1 mg, 43%. 'H
NMR (MeOD) ¢ 9.58 (br s, 1H), 7.87-7.77 (m, 1H), 7.20-7.10 (m, 3H), 4.90 (t, /= 1.8 Hz,
2H), 4.42-4.34 (m, 4H), 3.44-3.38 (m, 2H), 3.15 (s, 6H), 3.02 (t, /=9.6 Hz, 2H), 2.43 (t, J =
7.4 Hz, 2H), 1.82-1.65 (m, 4H), 1.47-1.25 (m, 12H). *C NMR (MeOD) 6 178.4, 175.1, 168.7,
156.1 (d, Jcr = 262.4 Hz), 127.1 (d, Jcr = 8.2 Hz), 126.1, 125.3 (d, Jcr = 2.7 Hz), 116.5 (d, Jcr
=13.7Hz), 87.7,76.6,71.2,65.5,58.2,55.0,51.1,37.4,33.7,30.4, 30.3, 30.2, 30.1, 27.5, 27.2,
26.8, 23.6. m/z MS (TOF ES™) CasH3oFN303" [M]" caled, 460.3; found, 460.0. LC-MS: & =

3.00 min.

N-(4-((4,5-Dihydroisoxazol-3-yl)oxy)but-2-yn-1-yl)-11-((3-fluorophenyl)amino)-/V,/V-
dimethyl-11-oxoundecan-1-aminium bromide (20e). Viscous white oil; 20.1 mg, 61%. 'H
NMR (CDCl3) 6 8.95 (s, 1H), 7.65 (dt, J="7.5, 1.6 Hz, 1H), 7.44 (dt, J= 8.0, 1.5 Hz, 1H), 7.20
(td, J=17.5,4.9 Hz, 1H), 6.73 (tt, J= 7.4, 1.6 Hz, 1H), 4.84-4.80 (m, 4H), 4.40 (t, /= 9.6 Hz,
2H), 3.63-3.55 (m, 2H), 3.34 (s, 6H), 2.99 (t, J= 9.6 Hz, 2H), 2.40 (t, J = 7.5 Hz, 2H), 1.76-
1.62 (m, 4H), 1.36-1.17 (m, 12H). 3C NMR (CDCL) ¢ 172.5, 167.2, 162.4 (d, Jcr = 256.2
Hz), 135.2 (d, Jcr = 7.7 Hz), 129.2 (d, Jcr = 8.0 Hz) 117.0 (d, Jcr = 3.1 Hz) 112.2 (d, Jcr =
19.2 Hz), 108.8 (d, Jcr = 20.1 Hz), 86.7, 75.9, 70.1, 64.6, 57.3, 55.0, 47.3, 37.3, 33.1, 29.1,
28.9 28.8, 28.7, 28.6, 26.0, 25.6, 22.8. m/z MS (TOF ES") C26H3oFN303" [M]" calcd, 460.3;

found, 460.0. LC-MS: g = 3.11 min.

N-(4-((4,5-Dihydroisoxazol-3-yl)oxy)but-2-yn-1-yl)-11-((4-fluorophenyl)amino)-/V,/V-
dimethyl-11-oxoundecan-1-aminium bromide (20f). Viscous white oil; 31.1 mg, 49%. 'H
NMR (CDCh) 6 8.83 (s, 1H), 7.73-7.64 (m, 2H), 6.98-6.92 (m, 2H), 4.84-4.78 (m, 4H), 4.42
(t, J=9.6 Hz, 2H), 3.70-3.58 (m, 2H), 3.37 (s, 6H), 3.00 (t, J = 9.6 Hz, 2H), 2.45 (t, J=7.5

Hz, 2H), 1.76-1.62 (m, 4H), 1.45-1.16 (m, 12H). 13C NMR (CDCL) § 172.5, 166.8, 156.2 (d,
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Jcr = 253.2 Hz), 135.0 (d, Jcr = 2.9 Hz), 121.8 (d, Jcr = 5.5 Hz) 115.3 (d, Jcr = 15.0 Hz), 86.8,
75.9,70.2, 64.5, 57.3, 55.0, 47.3, 37.3, 33.1, 29.1, 28.9 28.8, 28.6, 28.5, 26.0, 25.6, 22.8. m/z

MS (TOF ES*) Ca6H30FN305* [M]" caled, 460.3; found, 460.0. LC-MS: & = 3.06 min.

N-(4-((4,5-Dihydroisoxazol-3-yl)oxy)but-2-yn-1-yl)-11-((2-methoxyphenyl)amino)-
N,N-dimethyl-11-oxoundecan-1-aminium bromide (20g). Viscous white oil; 22.2 mg, 59%.
"H NMR (CDCls) 6 8.30 (dd, J = 7.9, 1.6 Hz, 1H), 7.75 (br s, 1H), 6.99 (td, J = 7.8, 1.7 Hz,
1H), 6.90 (td, 7.8, 1.4 Hz, 1H), 6.84 (dd, J= 8.1, 1.4 Hz, 1H), 4.87-4.76 (m, 4H), 4.38 (t, J =
9.6 Hz, 2H), 3.61-3.51 (m, 2H), 3.39 (s, 6H), 2.97 (t, /= 9.6 Hz, 2H), 2.35 (t, /= 7.5 Hz, 2H),
1.77-1.62 (m, 4H), 1.40-1.19 (m, 12H). 3*C NMR (CDCl) 6 171.4, 166.8, 147.8, 127.7, 123.6,
121.0, 119.8, 110.0, 86.4, 77.5, 76.0, 70.1, 64.2, 57.3, 55.8, 54.8, 50.6, 38.0, 33.0, 29.3, 29.2,
29.1, 29.0, 26.1, 25.6, 22.9. m/z MS (TOF ES") C27H42N304" [M]" calcd, 472.3; found, 472.3.

LC-MS: tr = 2.98 min.

N-(4-((4,5-Dihydroisoxazol-3-yl)oxy)but-2-yn-1-yl)-11-((3-methoxyphenyl)amino)-
N,N-dimethyl-11-oxoundecan-1-aminium bromide (20h). Viscous white oil; 45.7 mg, 52%.
'"H NMR (CDCls) § 8.82 (s, 1H), 7.44 (t, J = 2.2 Hz, 1H), 7.21-7.09 (m, 2H), 6.57 (ddd, J =
7.8, 2.6, 1.2 Hz, 1H), 4.81-4.71 (m, 4H), 4.39 (t, /= 9.6 Hz, 2H), 3.64-3.52 (m, 2H), 3.33 (s,
6H), 2.98 (t, /= 9.6 Hz, 2H), 2.43 (t, /= 7.5 Hz, 2H), 1.75-1.61 (m, 4H), 1.37-1.19 (m, 12H).
3BC NMR (CDCls) 6 172.6, 166.9, 160.0, 140.2, 129.5, 112.3, 109.6, 105.8, 86.6, 75.9, 70.2,
64.4, 61.4, 57.4, 55.4, 54.9, 50.6, 37.5, 33.0, 28.9, 28.8, 28.7, 28.6, 26.0, 25.6, 22.7. m/z MS

(TOF ES") C27H42N304" [M]" caled, 472.3; found, 472.0. LC-MS: g = 3.02 min.

N-(4-((4,5-Dihydroisoxazol-3-yl)oxy)but-2-yn-1-yl)-11-((4-methoxyphenyl)amino)-
N,N-dimethyl-11-oxoundecan-1-aminium bromide (20i). Viscous white oil; 25.1 mg, 36%.

'H NMR (CDCL) & 8.64 (s, 1H), 7.59-7.50 (m, 2H), 6.85-6.75 (m, 2H), 4.84-4.75 (m, 4H),
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4.40 (t, J = 9.6 Hz, 2H), 3.63-3.55 (m, 2H), 3.34 (s, 6H), 2.99 (t, J = 9.6 Hz, 2H), 2.40 (t, J =
7.5 Hz, 2H), 1.76-1.62 (m, 4H), 1.38-1.19 (m, 12H). 1*C NMR (CDCls) 6 172.2, 156.0, 132.1,
121.9, 114.0, 86.6, 75.9, 70.2, 64.4, 57.4, 5.6, 54.9, 50.6, 37.3, 33.0, 29.0, 28.9, 28.8, 28.7,
28.6, 26.0, 25.7, 22.8. m/z MS (TOF ES") C27H4N304" [M]" caled, 472.3; found, 472.1. LC-

MS: fr = 2.98 min.

N-(4-((4,5-Dihydroisoxazol-3-yl)oxy)but-2-yn-1-yl)- NV, N-dimethyl-11-oxo-11-((2-
(trifluoromethyl)phenyl)amino)undecan-1-aminium bromide (20j). Viscous white oil;
28.3 mg, 41%. '"H NMR (MeOD) § 9.57 (br s, 1H), 7.72 (dd, J= 7.9, 1.5 Hz, 1H), 7.64 (td, J
=17.7,1.5 Hz, 1H), 7.50 (d, /= 8.0 Hz, 1H), 7.45 (t, J="7.7 Hz, 1H), 491 (t, /= 1.8 Hz, 2H),
4.42-4.32 (m, 4H), 3.44-3.35 (m, 2H), 3.15 (s, 6H), 3.02 (t, /=9.6 Hz, 2H), 2.42 (t, /= 7.4 Hz,
2H), 1.89-1.61 (m, 4H), 1.48-1.23 (m, 12H). *C NMR (MeOD) 6 175.9, 158.1, 136.3, 133.9,
129.8 (q, Jcr = 211.7 Hz), 127.5 (q, Jcr = 6.8 Hz), 126.4, 123.7, 116.9, 92.6, 73.0, 71.9, 65.4,
58.8, 55.3, 53.7, 37.1, 33.9, 30.4, 30.3, 30.2, 30.1, 27.3, 27.2, 26.7, 23.6. m/z MS (TOF ES")

C27H390F3N303" [M]" caled, 510.3; found, 509.9. LC-MS: fr = 3.14 min.

N-(4-((4,5-Dihydroisoxazol-3-yl)oxy)but-2-yn-1-yl)-NV,N-dimethyl-11-oxo0-11-((3-
(trifluoromethyl)phenyl)amino)undecan-1-aminium bromide (20k). Viscous white oil;
19.9 mg, 22%. 'H NMR (CDCL) 6 9.32 (s, 1H), 8.12 (s, 1H), 7.94 (d, J=7.9 Hz, 1H), 7.37 (t,
J =179 Hz, 1H), 7.28 (d, J = 7.9 Hz, 1H), 4.83-4.74 (m, 4H), 4.41 (t, J = 9.6 Hz, 2H), 3.67-
3.60 (m, 2H), 3.38 (s, 6H), 3.00 (t, /=9.6 Hz, 2H), 2.51 (t, J=7.5 Hz, 2H), 1.81-1.66 (m, 4H),
1.40-1.19 (m, 12H). 3C NMR (CDClL) 6 173.1, 166.9, 139.7, 132.4, 129.7 (q, Jcr = 8.2 Hz),
129.3, 123.7, 118.4 (q, Jcr = 239.1 Hz), 116.6, 86.8, 75.8, 70.2, 64.6, 57.3, 55.0, 47.0, 37.2,
33.0, 29.0, 28.9, 28.8, 28.7, 28.6, 26.0, 25.7, 22.7. m/z MS (TOF ES") C27H39F3N303" [M]"

calcd, 510.3; found, 510.0. LC-MS: tr = 3.24 min.
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N-(4-((4,5-Dihydroisoxazol-3-yl)oxy)but-2-yn-1-yl)- NV, N-dimethyl-11-oxo-11-((4-
(trifluoromethyl)phenyl)amino)undecan-1-aminium bromide (201). Viscous white oil; 24.0
mg, 38%. 'H NMR (CDCL) § 9.20 (s, 1H), 7.90 (d, J = 8.4 Hz, 2H), 7.51 (d, J = 8.5 Hz, 2H),
4.86-4.77 (m, 4H), 4.44 (t,J = 9.6 Hz, 2H), 3.72-3.64 (m, 2H), 3.37 (s, 6H), 3.01 (t, /= 9.6 Hz,
2H), 2.52 (t, J = 7.5 Hz, 2H), 2.03-1.67 (m, 4H), 1.43-1.17 (m, 12H). 3*C NMR (CDCl) ¢
176.2,166.9, 143.0, 126.8 (q, Jcr = 3.8 Hz), 126.4 (d, Jcr = 32.7), 125.8 (q, Jcr = 261.9), 120.7,
87.0,75.8,70.2,64.7,57.3,55.2, 47.0,37.2, 33.0, 29.0, 28.9, 28.8, 28.7, 28.6, 26.0, 25.7, 22.7.

m/z MS (TOF ES") C27H390F3N303" [M]" caled, 510.3; found, 510.0. LC-MS: fr = 3.16 min.

11-((3,5-Bis(trifluoromethyl)phenyl)amino)-/V-(4-((4,5-dihydroisoxazol-3-
yl)oxy)but-2-yn-1-yl)-V,N-dimethyl-11-oxoundecan-1-aminium bromide (20m)Viscous
white oil; 23.3 mg, 36%. 'H NMR (MeOD) 6 10.33 (br s, 1H), 8.23-8.18 (m, 2H), 7.64-7.62
(m, 2H), 4.90 (t, /= 1.8 Hz, 2H), 4.42-4.33 (m, 4H), 3.44-3.35 (m, 2H), 3.15 (s, 6H), 3.02 (t, J
= 9.6 Hz, 2H), 2.42 (t, J = 7.4 Hz, 2H), 1.87-1.64 (m, 4H), 1.48-1.28 (m, 12H). *C NMR
(MeOD) 0 179.1, 168.7, 142.2, 133.2 (q, Jcr = 33.3 Hz) 129.3 (q, Jcr = 267.9 Hz), 120.3 (app
t,Jcr=4.1 Hz), 117.4,87.7,76.6,71.2, 65.5, 58.2, 55.0, 50.6, 38.0, 33.7, 30.4, 30.3, 30.2, 30.1,
27.3,27.2,26.5, 23.6. m/z MS (TOF ES") C2sH3sFsN303" [M]" caled, 578.3; found, 577.9. LC-

MS: g = 3.21 min.

11-((3,5-Difluorophenyl)amino)-/N-(4-((4,5-dihydroisoxazol-3-yl)oxy)but-2-yn-1-yl)-
N,N-dimethyl-11-oxoundecan-1-aminium bromide (20n). Viscous white oil; 43.1 mg, 61%.
"H NMR (MeOD) 6 10.03 (br s, 1H), 7.29-7.20 (m, 2H), 6.64 (tt, J=9.1, 2.3 Hz, 1H), ), 4.90
(t,J=1.8 Hz, 2H), 4.42-4.33 (m, 4H), 3.44-3.36 (m, 2H), 3.16 (s, 6H), 3.02 (t, /= 9.6 Hz, 2H),
2.37 (t, J = 7.4 Hz, 2H), 1.83-1.55 (m, 4H), 1.45-1.29 (m, 12H). *C NMR (MeOD) 6 179.6,

169.3, 139.3 (t, Jcr = 2.7 Hz), 101.1 (dd, Jcr = 286.9, 20.5 Hz), 98.5, 94.2, 87.7, 76.6, 71.2,
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65.5, 58.2, 55.0, 51.1, 37.4, 33.7, 30.4, 30.3, 30.2, 30.1, 27.5, 27.2, 26.8, 23.6. m/z MS (TOF

ES™") Ca6H3sFaN303" [M] caled, 478.3; found, 477.9. LC-MS: tr = 2.95 min.

11-((2,6-Difluorophenyl)amino)-/N-(4-((4,5-dihydroisoxazol-3-yl)oxy)but-2-yn-1-yl)-
N,N-dimethyl-11-oxoundecan-1-aminium bromide (200). Viscous white oil; 27.7 mg, 34%.
"HNMR (MeOD) 6 9.67 (br s, 1H), 7.31 (tt, J = 8.5, 6.2 Hz, 1H), 7.04 (m, 2H), 4.90 (t, J= 1.8
Hz, 2H), 4.42-4.33 (m, 4H), 3.44-3.36 (m, 2H), 3.16 (s, 6H), 3.02 (t, J = 9.6 Hz, 2H), 2.43 (t,
J = 7.4 Hz, 2H), 1.88-1.59 (m, 4H), 1.50-1.31 (m, 12H). 1*C NMR (MeOD) § 175.3, 168.7,
159.8 (dd, Jcr = 267.5, 8.6 Hz), 129.3 (t, Jcr = 9.9 Hz), 116.7, 112.7 (d, Jcr = 23.9 Hz), 87.7,
76.6,71.2, 65.5, 58.2, 55.0, 51.0, 36.7, 33.7, 30.4, 30.3, 30.2, 30.1, 30.0, 27.2, 26.8, 23.6. m/z

MS (TOF ES") C26H3sF2N303" [M]" caled, 478.3; found, 478.0. LC-MS: #r = 3.08 min.

11-((2,5-Difluorophenyl)amino)-/N-(4-((4,5-dihydroisoxazol-3-yl)oxy)but-2-yn-1-yl)-
N,N-dimethyl-11-oxoundecan-1-aminium bromide (20p). Viscous white oil; 22.2 mg, 28%.
"H NMR (CDCL) 6 8.14 (ddt, J=9.9, 6.9, 3.3 Hz, 1H), 7.61(br s, 1H), 7.01 (ddd, J=10.4, 9.0,
4.9 Hz, 1H), 6.70 (ddt, J= 9.1, 7.3, 3.5 Hz, 1H), 4.81 (t, /= 1.8 Hz, 2H), 4.45-4.33 (m, 4H),
3.45-3.35 (m, 2H), 3.20 (s, 6H), 3.00 (t, /=9.6 Hz, 2H), 2.41 (t, J="7.5 Hz, 2H), 1.80-1.56 (m,
4H), 1.43-1.20 (m, 12H). '*C NMR (CDCL) 6 171.9, 166.9, 158.7 (d, Jcr = 242.7 Hz), 148.5
(d, Jcr = 238.4 Hz), 127.5 (t, Jor = 11.9), 115.3 (dd, Jcr = 22.4, 9.6 Hz), 110.1 (d, Jcr =24.8
Hz), 109.0 (d, Jcr = 30.9 Hz), 87.0, 75.1, 70.2, 64.7, 57.2, 54.9, 50.8, 37.2, 32.9, 29.0, 28.9,
28.8,28.7,28.6, 26.0,25.7, 22.8. m/z MS (TOF ES") C26H33F2N303" [M]" caled, 478.3; found,

477.9. LC-MS: tg = 3.18 min.

N-(4-((4,5-Dihydroisoxazol-3-yl)oxy)but-2-yn-1-yl)-V,N-dimethyl-11-ox0-11-
((perfluorophenyl)amino)undecan-1-aminium bromide (20q). Viscous white oil; 34.0 mg,

45%. '"H NMR (MeOD) 6 9.95 (br s, 1H), 4.91 (t, J = 1.8 Hz, 2H), 4.43-4.34 (m, 4H), 3.46-
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3.38 (m, 2H), 3.16 (s, 6H), 3.02 (t, J = 9.6 Hz, 2H), 2.46 (t, J = 7.3 Hz, 2H), 1.85-1.61 (m,
4H), 1.49-1.30 (m, 12H). '*C NMR (MeOD) 6 175.2, 163.75, 145.5 (d, Jcr = 252.1 Hz), 142.3
(d, Jer = 151.2 Hz), 137.9, 112.0, 87.7, 76.6, 65.5, 58.2, 55.0, 53.8, 51.1, 36.5, 33.7, 30.4, 30.3,
30.1, 30.0, 27.24, 26.6, 23.6. m/z MS (TOF ES®) CasH3sFsN305™ [M]" caled, 532.3; found,

531.9. LC-MS: fr = 3.22 min.

N-(4-((4,5-Dihydroisoxazol-3-yl)oxy)but-2-yn-1-yl)- NV, N-dimethyl-11-oxo-11-((3-
(trifluoromethoxy)phenyl)amino)undecan-1-aminium bromide (20r). Viscous white oil;
20.0 mg, 27%. "H NMR (MeOD) 6 10.00 (br s, 1H), 7.72 (dp, J = 3.1, 1.1 Hz, 1H), 7.44 (ddd,
J=28.2,2.0,1.1 Hz, 1H), 7.37 (t, J = 8.2 Hz, 1H), 6.97 (ddt, J= 8.1, 2.3, 1.1 Hz, 1H), 4.90 (t,
J=1.8 Hz, 2H), 4.43-4.34 (m, 4H), 3.44-3.37 (m, 2H), 3.15 (s, 6H), 3.01 (t, J = 9.6 Hz, 2H),
2.38 (t, J= 7.5 Hz, 2H), 1.83-1.62 (m, 4H), 1.46-1.30 (m, 12H). *C NMR (MeOD) 6 174.9,
168.7, 150.7, 141.8, 131.1, 121.9 (q, Jcr = 255.5 Hz), 119.1, 116.9, 113.4, 87.6, 76.6, 71.1,
65.5, 58.2, 55.0, 51.1, 38.0, 33.6, 30.6, 30.5, 30.4, 30.3, 30.2, 27.2, 26.7, 23.6. m/z MS (TOF

ES™) C27H30F3N304" [M]" caled, 526.3; found, 525.9. LC-MS: tr = 3.19 min.

Pharmacology. Cell culture. Flp-In-CHO cells stably expressing human muscarinic
M, Mz, My, Ms, or CHO-K expressing the M3 receptors were cultured at 37 °C in 5% CO2 in
F-12 (Ham) (M) or Dulbecco’s modified Eagle media (M2 — Ms) supplemented with 10% (M)
or 5% (M2 — Ms) (v/v) FBS.

ERK 1/2 phosphorylation assay plate preparation. Cells were seeded into transparent 96-
well plates at 25 x 10° cells per well and grown for 6 - 8 h. Cells were then washed once with
phosphate-buffered saline (PBS) and incubated in serum-free media (180 or 160 pL per well,
depending on the intended assay) at 37 °C) for at least 8 h, to allow phosphorylated ERK1/2

levels to subside.
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Concentration-response curves (CRCs). Cells were plated in 180 pL. media per well. A
stock solution of acetylcholine (102 M) was made up in PBS. Stock solutions of the test ligands
(10> 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 until peak phosphorylation occurred at which point the assay was
terminated.

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, 10 uL of cell lysates
were transferred into a 384-well white opaque Optiplate™, followed by addition of 8.3 uL of
a solution of reaction buffer / activation buffer / acceptor beads / donor beads in a ratio of
60/10/0.3/0.3 (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 Envision™ plate reader (PerkinElmer)
using standard settings.

Radioligand equilibrium whole cell binding assay plate preparation. Cells were seeded
into white opaque IsoplatesTM at 10 x 10 cells per well and then grown at 37 °C for 20-24 h.
Cells were then washed twice with 50 uL of cold HEPES-buffered saline, then 140 or 160 pL
of cold HEPES-buffered saline was added per well.

Saturation binding assay protocol with [PH]NMS. Stock solutions of [PHINMS (102 M)
were made up in cold HEPES-buffered saline. Dilutions of [PTH]NMS 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 25 °C for 4 h. The K4 values for [PH]NMS at the M;-M:s

mAChR subtypes were found to be as follows: M; mAChR: 0.06 £ 0.01 nM, M2 mAChR: 0.11
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+0.02 nM, M3 mAChR: 0.19 £0.12 nM, M4 mAChR: 0.12 + 0.03 nM, Ms mAChR: 0.11 £0.07
nM.

Orthosteric competition binding assay protocol. Stock solutions of each ligand (102 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 25 °C for 4 h with 20 puL of a single interacting ligand and 20
uL of 1 nM [PH]NMS (total volume 200 pL per well).

Assay termination and data collection. Assays were terminated by media removal of the
assay buffer and by washing twice with 50 uL 0.9% NaCl solution. Microscint-20 scintillation
liquid (100 pL per well) was then added to each well and the plates covered. The levels of
remaining bound radioligand, were measured in counts per minute (cpm) on the Microbeta2 TM
LumiJET 2460 microplate counter (PerkinElmer).

Data analysis. All data analysis was managed using Prism 6 software (GraphPad
Software, San Diego, CA).

Whole cell equilibrium competition radioligand binding experiments were fitted to a one-
site competition binding equation (1) to estimate the pK; for each ligand. The equation assumes
that there is only one-site the ligands bind to and that the binding is reversible and at
equilibrium:

Y = bottom + top—bottom

+KA

) (1)
)

1+10[I]—10g(10 i(
where Y is the percentage (vehicle control) binding, top and bottom are the total and non-
specific binding, respectively. [A] and [I] are the concentrations of [ *H]NMS, and competing

“cold” ligand respectively, Kx and K; are the equilibrium dissociation constants of [PH]NMS
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and the “cold” ligand, respectively. The efficacy (z) of several ligands was determined by fitting

the functional data to an operational model of agonism (2):

_ Emax—Basal
Y= 10198 K44 10lLl )
10logt+[L]

1+(

where Y is the measured response, Emax and basal are the top and bottom asymptotes of the
curve, respectively, Ka equilibrium dissociation constant for the ligand being tested, [L] is the
concentration of ligand in solution, 7 is the efficacy of the ligand being tested and n is the
transducer slope. The efficacy values were then normalised to the Ms mAChR values, to give
the ‘corrected efficacy’ (zc), to account for the varying receptor expression in each cell line

used by the following equation:

Bmaxyx
BmaxM4) (3)

logt,. = logt — log(

where 7. is the corrected efficacy, 7 is the measured efficacy (as determined by equation 2),
Bmax 1s the maximum counts recorded when the mAChR in question is incubated with a
saturating concentration of [PH]NMS, at mAChR Mx, where x gives the subtype in question,

compared to the Ms mAChR.
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Investigation into the Molecular Mechanism of Efficacy and
Selectivity of Iperoxo-Based Muscarinic Acetylcholine Receptor

Hybrid Ligands

ABSTRACT: In chapter 2 and 3, while attempting to optimise a series of N-alkyl iperoxo
derived muscarinic acetylcholine receptor (mAChR) hybrid ligands for potency and Ma/ My
mACHhR selectivity, we identified an apparent inverse correlation between the two properties
which limited further optimisation. To investigate this apparent interdependence of efficacy
and M>/M4 mAChR selectivity we have investigated the effect of interacting the hybrid ligands
with the allosteric potentiator, LY2119620, as well as the effect of key orthosteric and allosteric
mutations on the hybrid ligand pharmacology. The experimental results were then
contextualized with in silico docking to give a binding model that is consistent with the
observed data and which explains the observed interdependence of efficacy and M2/My
mACHhR selectivity. Interaction binding data showed a strong correlation between the induced
potentiation of binding affinity and the selectivity of the hybrid ligands, possibly suggesting
that binding conformation plays a direct role in selectivity or that the linker interferes with
allosteric-orthosteric cooperativity. We found no evidence that any of our hybrid ligands made
a direct interaction with the allosteric site of the M2 or M4 mAChRs. However, efficacy of the
more selective ligands (e.g. IXO-C10) was found to increase upon allosteric mutation with no
change in binding affinity relative to their respective wild-type receptors, confirming our
hypothesis that these ligands obstruct the allosteric site rather than interfere with cooperativity.
Additionally, the affinities of the hybrid ligands were found to be unaffected by the M2 mAChR
orthosteric mutation Y426F'3°, suggesting that Y4267 is perturbed by the N-linker of our

hybrid ligands in the wild-type M2 mAChR, and this is supported by molecular docking
154



models. Together our results suggest that the linker and terminal substituent of our hybrid
ligands can adopt two conformations at each of the M1-Ms mAChR subtypes, dependent on the
ligand linker length and/ or substituent. One conformation in which the linker and terminal
substituent of the hybrid ligands obstructs the allosteric site and attenuates efficacy and a
second conformation which does not obstruct the allosteric site, and which results in a non-

selective maintenance of efficacy relative to the orthosteric ligand, iperoxo.

B INTRODUCTION

G protein-coupled receptors (GPCRs) are a class of ~800 membrane bound receptor
proteins that mediate a wide range of physiological processes in the central and peripheral
nervous system of the human body, and hence many GPCRs are of pharmaceutical interest for
the treatment of various diseases.!”? The muscarinic acetylcholine receptors (mAChRs) are one
such sub-family of GPCRs which historically, and up to the present, have received significant
attention from both academia and industry, due to the roles that each of the five subtypes (M-
Ms mAChRs) plays in the smooth muscle contractility in the lungs, heart, eyes, bladder, and
other organs.>® For instance, antagonists targeting the M and M3 mAChRs have successfully
been developed in the past, but generally possess significant off-target side effects due to action
at related mAChR subtypes.” For several decades, significant research efforts have been
directed towards the development of agonists for the M and Ms mAChRs due to their
involvement in the progression of Alzheimer’s disease and schizophrenia, respectively. %12

However although the most recent M1/ Ms mAChR preferring clinical candidate,
xanomeline (1) (Figure 1), showed promising results in treating both disorders in phase 2 trials,

it was not progressed further at the time due to intolerable off-target cholinergic side effects.!*-

' More recently a new formulation of xanomeline (1) in combination with a peripherally
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restricted muscarinic antagonist has re-entered clinical trials in an attempt to limit its peripheral
side effects, however this combination therapy approach may give rise to new drug-drug

interactions and is far from an ideal solution to achieving mAChR subtype selectivity.'?

Xanomeline (1) Iperoxo, "IXO" (2)
Figure 1. Structures of the M1/ Ms mAChR preferring partial agonist, xanomeline (1), and non-
selective full agonist, iperoxo iodide (or “IXO”) (2).

The inherent lack of subtype selectivity is common to many GPCR ligands, and arises
due to the high degree of amino acid conservation observed between the endogenous ligand
binding sites (orthosteric sites) of subtypes within GPCR sub-families.!'* Previously in chapters
2 and 3 we explored the structure-activity relationship (SAR) surrounding agonist-based hybrid

ligands, with regards to their efficacy and M>/Ms4 mAChR selectivity.
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Chapter 2
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Figure 2. Summary of the chemical space explored surrounding agonist-based mAChR hybrid
ligands and truncated hybrid ligands with regards to efficacy and mAChR subtype selectivity,

detailed in chapters 2 and 3.

Similar to other agonist-based mAChR hybrid ligands reported in the literature, most
possess moderate to good M2/Ms4 mAChHR selectivity and an ‘optimal’ linker length, at which
efficacy is highest, similar to putative ‘bitopic’ ligands.!*>° However, structurally these hybrid
ligands do not retain an allosteric pharmacophore as a substituent at all (Figure 2), ruling out a

bitopic mechanism as their mode of action. A key example of this being N-decyl iperoxo (IXO-
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C10), which retains good M2/Ms mAChR selectivity and moderate potency, without any
allosteric pharmacophore (Chapter 2). When the efficacy of these hybrid ligands was higher
(such as at ‘optimal’ linker lengths) we found that the M»/Ms mAChR selectivity was
significantly attenuated or abolished. Analysis of our entire set of hybrid ligands revealed an
apparent linear relationship between their potency and maximum response between the M3
mAChR (at which ligand efficacy was typically lowest) and Ms mAChR (at which ligand
efficacy was typically highest). Further analysis of a representative subset of our hybrid ligands
across all M1-Ms mAChR subtypes also shows that M1, M3 and M5 (but not M2) mAChR ligand
efficacy correlates with M4 mAChR ligand efficacy, implying that M2/M4 mAChR selectivity

correlates inversely with ligand efficacy at the M2/M4 mAChRs (Figure 3).
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Figure 3. (A) Potency and (B) maximum response at the M3 versus M4 mAChRs for all of the
hybrid ligands evaluated in chapters 2 and 3. (C) Plot of the hybrid ligand efficacy at the M-
M3, Ms mAChRs versus the M4 mAChR. pECso values are the negative logarithm of the
concentration of a ligand that was able to elicit 50 % the maximum achievable response by that
ligand as determined by fitting a 3-parameter concentration-response curve to the ERK 1/2
phosphorylation concentration-response data. Enax values are the maximum response measured
by each ligand, as a percentage of the maximum response achievable by the full agonist,
iperoxo (2). Log 7. is the ligand efficacy, corrected for receptor expression (determined by
radioligand binding assays), as determined by fitting the functional data for each ligand to an
operational model of agonism and constraining the model by the measured values of affinity
for each ligand at each of the respective mAChR subtype. Each value in the x and y direction
represents the mean + S.E. of at least 3 independent experiments performed in duplicate. Linear
slopes and intercepts were calculated using least squares regression to find a line of best fit.
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There have been proposed several binding models to explain the observed pharmacology
of various mAChR hybrid ligands, which are structurally related to our hybrid ligands.!*-%!
These include bitopic binding, alternating allosteric-orthosteric binding, mechanisms in which
two ligands bind to the receptor, and others.!” Given that our hybrid ligands fully displace the
radioligand [*H]N-methylscopolamine ([PH]NMS) in equilibrium binding assays (Chapter 2
and 3) and that they lack of an allosteric pharmacophore as a substituent, we expected that these
ligands bound predominantly orthosterically, and that the pharmacology of these ligands would
be very similar, regardless of the terminal ‘allosteric’ substituent. However, we found that
substitution of the terminal ‘allosteric’ substituent could significantly modify the efficacy and
selectivity of these ligands (Figure 4). The M>/Ms mAChR selectivity of some the hybrid
ligands is well explained by the model proposed by Bermundez ef al., in which the linker
moiety sterically disrupts/ obstructs the allosteric vestibule resulting in attenuation in coupling
to Gq versus Gi G proteins, and hence resulting in M>/Ms mAChR selectivity.?’ However this
model could not explain why some hybrid ligands also display an ‘optimal’ linker length (at
which efficacy is highest) similar to putative bitopic hybrid ligands,'> '3 2223 despite lacking
an allosteric pharmacophore with which to make a bitopic receptor-ligand interaction.
Furthermore, this model suggests that significant differences between the efficacy at the M»
and M4 mAChRs should not be possible, however in several of our hybrid ligands a significant

difference in efficacy (i.e. selectivity) between the two G coupled (M2 and Ms) mAChRs was

observed (Figure 4).
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Figure 4. Plots of efficacy versus mAChR subtype for ligands evaluated in chapters 2 and 3
that could not be explained by currently proposed models of mAChR hybrid ligand binding.
(A) Shows ligands with significant efficacy selectivity for the M4 mAChR, (B) shows the
ligand with significant selectivity for the M> mAChR, and (C) shows a higher efficacy, non-
selective ligand sharing structural similarities to other selective hybrid ligands. Log 7. is the
ligand efficacy, corrected for receptor expression (determined by radioligand binding assays),
as determined by fitting the functional ERK 1/2 phosphorylation concentration-response data
for each ligand to an operational model of agonism and constraining the model by the measured
values of affinity for each ligand at each of the M1-Ms mAChR subtypes. Data was statistically
analysed using Bonferroni’s multiple comparison test, 2-way ANOVA (ns = not significant, *
p <0.05). Each data point represents the mean = S.E. of 3 independent experiments performed
in duplicate.

The model proposed by Bermudez et al.?°

also does not account for why some hybrid
ligands displayed comparatively higher efficacy across the Mi-Ms mAChR subtypes and no

M>/Ms mAChR selectivity, despite sharing many common structural features with hybrid
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ligands that did (Figure 4, C). To better understand the molecular mechanism that determines
the efficacy and selectivity in our hybrid ligands, we chose several representative ligands from

our SAR studies in chapter 2 and 3 (Figure 5).

A Representative hybrid ligands
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Figure 5. Chemical structures of (A) the representative hybrid ligands chosen for mechanistic
evaluation from chapters 2 and 3 and (B) the M»/Ms selective PAM, LY2119620 (10).
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The goal was to select a subset of our hybrid ligands which would best represent our
entire series of hybrid ligands, in terms of chemical structure, efficacy and selectivity. IXO-C6
(3), IXO-C8 (4) and IXO-C10 (5) were chosen because these ligands demonstrated a simple
relationship between linker length and efficacy/ selectivity, with their efficacy decreasing and
selectivity increasing as linker length increased. IXO-C6 (3) showed good efficacy relative to
iperoxo (2) and no selectivity, while IXO-C10 (5) showed excellent selectivity and
significantly lower efficacy across the mAChR subtypes compared to iperoxo (2) with IXO-
C8 (4) being intermediate to the other two. Structurally these IXO-Cn ligands also represented
the simplest cases of iperoxo-based hybrid ligands and in that sense, could act as a control for
other linker lengths of hybrid ligands in our subset. IXO-C6-phen (6), IXO-C8-phen (7) and
IXO-C10-phen (8) were chosen because they displayed an optimal linker length at IXO-C8-
phen (7) at which selectivity was lowest and efficacy across the mAChR subtypes was highest,
similar to ours and others’ hybrid ligands, and it was hoped that analysis of these compounds
would allow us to understand why this optimal linker length phenomenon occurs. IXO-C10-
(4-CF3)phen (9) was chosen because although it is almost identical to IXO-C10-phen (8) in
terms of its structure, its efficacy and selectivity are essentially diametrically opposed (Figure
4), and we believed that comparison of IXO-C10-phen (8) and IXO-C10(4-CF3)phen (9) would
yield the greatest insight into the differences between their mechanism of action. We then
evaluated the representative hybrid ligands in binding, functional and interaction assays with
the well-characterized positive allosteric modulator (PAM) LY2119620 (10) (Figure 5) at wild-
type (wt) Mz and Ms mAChRs to determine whether these ligands invariably obstructed the
allosteric site, as suggested by the Bermudez et al. model. Then, we investigated the effects of
a specific mutation of a residue located in the ECL2 of the receptors (M, mAChR - Y177AECL2,

M mAChR - F186AF!?) of the M, and M4 mAChRs, that are essential for allosteric ligand
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binding, to confirm a lack of allosteric mode of action of these ligands, as in models proposed
by Bock et al., for structurally related hybrid ligands to our own.?!: 2* We then performed
molecular docking of the hybrid ligands which suggested that the conserved orthosteric
tyrosine Y, located at the interface between the orthosteric and the allosteric sites, was
highly perturbed in the binding modes of all hybrid ligands at both the M2 and M4 mAChRs.
Previously, crystallographic data has shown the importance of this residue to mAChR agonist
binding and function, including the importance of the 4-hydroxyl group of Y’3° which in the
iperoxo (2)-bound crystal structure of the M2 mAChR forms hydrogen bonds with two other
conserved orthosteric tyrosine Y>* and Y®°!.2> Consequently, we decided to explore further
the role of Y’*° by studying a specific mutant (Y4297*°F) , lacking the key 4-hydroxyl group,
at the M> mAChR, the receptor for which we have the largest amount of structural data, in
binding, functional and interaction binding studies to assess its effect on the hybrid ligands.
Finally, combining molecular pharmacology, mutagenesis and molecular docking data, we
propose a binding model that is consistent with all of the collected data, here and in chapters 2
and 3, and which explains the apparent inverse correlation between mAChR hybrid ligand
efficacy and Mo/ M4 mAChR selectivity, and gives a plausible explanation for why some of
these ligands display significantly greater M» or greater M4 mAChR selectivity at the level of

efficacy.

B RESULTS AND DISCUSSION
Interaction binding study of hybrid ligands with LY2119620 (10). To assess whether
the hybrid ligands obstructed the allosteric site, similar to previously reported agonist-based
mAChR hybrid ligands,*® we performed [PH]NMS competition binding interaction assays on

our set of representative hybrid ligands (Figure 5). We chose the M2/Ms mAChR selective
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positive allosteric modulator (PAM) LY2119620 (10) (Figure 5) because crystallographic data
has previously revealed precisely its binding mode in complex with the agonist iperoxo (2) and
the active state M, mAChR.?* As such, comparison of the LY2119620 (10) interaction binding
data for the iperoxo-based hybrid ligands, to the published M> mAChR LY2119620 (10)/
iperoxo (2)-bound structural data®® allowed us to rule out an allosteric obstruction as the

mechanism for several ligands (Figure 6).
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Figure 6. Radioligand interaction binding assays measuring the change in affinity of ligands the representative hybrid ligands in the
absence or presence of 1 or 10 uM of LY2119620 (10) at the (A) M; and (B) M4 mAChRs. Binding was measured in whole-cell assays
on Flp-In-CHO cells expressing the appropriate M1-Ms mAChR subtype, by competing each ligand with a K4 concentration of [PH]NMS,
as determined by saturation binding assays, in the presence of 1 uM or 10 pM of the M2/ M4 mAChRs selective PAM, LY2119620 (10).
Data was statistically analysed using Bonferroni’s multiple comparison test, 2-way ANOVA (ns = not significant * p < 0.05, ** p <
0.01, *** p<0.001, **** p <(0.0001). Each data point represents the mean + S.E. of 3 independent experiments, performed in duplicate.
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The most M>/M4 mAChHR selective ligand, IXO-C10 (5) was not significantly potentiated by
LY2119620 (10) at either of the M> and M4 mAChRs showing no statistically significant change
in affinity with even saturating concentrations of LY2119620 (10) (Figure 6), suggesting that the
linker sterically interferes with the binding of LY2119620 (10) to the allosteric site, or interferes
with allosteric-orthosteric cooperativity. In contrast, the non-selective hybrid ligands, IXO-C6 (3),
IXO-C8-phen (7) and IXO-C10-(4-CF3)phen (9) were significantly potentiated in the presence of
I and 10 pM LY2119620 (10) (Figure 6), demonstrating that they do not occupy the allosteric site
of the M> and M4 mAChRs under equilibrium conditions. This data provides a preliminary
explanation for the lack of selectivity of these ligands as they do not obstruct the allosteric site and
hence possess no G; bias (and hence no M>/Ms mAChR selectivity) as in the model by Bermudez
et al.*® Interestingly, the ligands with intermediate selectivity, IXO-C6-phen (6) and IXO-C10-
phen (8) also displayed less significant potentiation of affinity by LY2119620 (10). This result
could be interpreted in two ways as, either the hybrid ligands have attenuated cooperativity with
LY2119620 (10) or they bind to the M> and M4 mAChRs in different proportions of binding
conformations, one which obstructs LY2119620 (10) binding and one which does not. To further
investigate the apparent relationship between selectivity and potentiation by LY2119620 (10) we
plotted the ratio of efficacy values (i.e. selectivity) relative to the M> or M4 mAChRs for each of
the hybrid ligands against the change in affinity in the presence of 1 or 10 uM LY2119620 (10) at

the respective M2 or M4 mAChRs (Figure 7).
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Figure 7. (A-D) Selectivity of the hybrid ligands versus change in affinity in the presence of (A-
B) 1 uM or (C-D) 10 uM LY2119620 (10) at the (A, C) M2 and (B, D) M4 mAChRs. Selectivity
(A log 7c) is quantitated as the logarithm of the ratio of the efficacy at the mAChR subtype in
question divided by the efficacy at either the M»> or the M4 mAChRs, respectively. Change in
affinity in the presence of LY2119620 (10) (A pK;) is quantitated as the difference between the
negative logarithms of the measured inhibition constants for each ligand in the presence of 1 or 10
uM LY2119620 (10) versus in the absence of LY2119620 (10). Linear slopes and intercepts were
calculated using least squares regression to find a line of best fit in the GraphPad 7 software. Each
value in the x and y direction represents the mean + S.E. of at least 3 independent experiments

performed in duplicate.
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Table 1. Linear regression analysis of hybrid ligand selectivity versus potentiation by LY2119620 (10) at the M, and M4 mAChRs

mAChR? wt M> mAChR wt Ms mAChR

versus mAChR?  M; M3 My Ms M; M> M3 Ms
LY2119620¢ +1uM +1uM +1uM +1uM +1uM +1uM +1uM +1uM
Equation?Y = -1.98x+2.29 -1.57x+1.85 0.52x—1.06 -1.98x+2.31 -2.50x+3.35 -0.52x+1.06 -2.09x+2.91 -2.50x+3.37
R? value® 0.81 0.70 0.45 0.87 0.83 0.45 0.68 0.88

P value/ 0.0024 0.010 0.070 0.00080 0.0016 0.070 0.012 0.00060
mAChR? wt M> mAChR wt Ms mAChR

versus mAChR? M| M; My M; M, M, M; M;
LY2119620°¢ + 10 uM + 10 uM + 10 uM + 10 uM + 10 uM + 10 uM + 10 uM + 10 uM
Equation? Y = -1.70x +2.05 -1.39x+1.70 0.53x—1.07 -1.66x +2.04 -2.23x+3.12 -0.53x+1.07 -1.92x+2.77 -2.20x+3.11
R? value® 0.71 0.64 0.55 0.73 0.79 0.55 0.68 0.80

P value/ 0.0087 0.017 0.037 0.0073 0.0033 0.037 0.012 0.0027

“Muscarinic acetylcholine receptor subtype in question at which interaction assays with LY2119620 (10) were performed. “Muscarinic acetylcholine receptor which
is being compared in terms of difference in efficacy (i.e. selectivity). “Concentration of the allosteric potentiator LY2119620 (10) used in the experimental protocol.
9Equation of line of best fit in terms of Y, the efficacy (log z.) of the hybrid ligand in question, and ‘x’ the change in affinity (A pKj) of that hybrid ligand in the
presence of the specified concentration of LY2119620 (10). °R? is the square of the coefficient of determination which is the ratio of variation in ‘Y’ which is
explained by variation in ‘x’, divided by the total variation. /P value is the probability of the null hypothesis, which is that the coefficient of the slopes is equal to
zero. Slopes and associated values were determined by least-squares linear regression using the GraphPad 7 software. Each data point represents the mean + S.E.
of 3 independent experiments performed in duplicate, for both the x and y dimensions.
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Plotting the ratio of efficacies (i.e. selectivity) versus change in affinity (i.e. potentiation) in
the presence of LY2119620 (10) at the M> and M4 mAChRs reveals correlations between the two
properties at both subtypes (Figure 7). This correlation is significant when comparing any of the
mAChR subtypes, except for between the M» versus the Ms mAChRs at 1 uM LY2119620 (10),
although the correlation is near-significant at this concentration (p = 0.07) (Table 1). At the higher
concentration of 10 uM LY2119620 (10) the correlation between potentiation and selectivity is
significant (p = 0.0027) (Table 1) between the M» versus the M4 mAChRs, potentially suggesting
differences in hybrid ligand binding conformation or cooperativity between these two subtypes. It
should be noted that although the correlation between selectivity and potentiation was statistically
significant at 10 uM LY2119620 (10) between the M> and M4 mAChRs the coefficient of
determination (R? value) was lower than when comparing the M, and M4 mAChR to the other My,
M3 and Ms mAChRs (Table 1), suggesting that there may be other contributing factors which
influence the relationship. The significant difference in potentiation by LY2119620 (10) at 10 uM
between the M» and Ms mAChRs, assuming it does not arise from attenuated cooperativity, implies
a difference in proportions of different populations of binding conformations for some of these
hybrid ligands between these two subtypes, under assay conditions. In that specific case, this
difference in the proportions of conformations may in turn explain the differences in efficacy
observed between the M; and M4 mAChRs for IXO-C10 (5) and other the hybrid ligands which
distinguish between the M2 and Ms mAChRs (Figure 4). As previously noted, the properties of
efficacy and selectivity of the hybrid ligands show a correlation when plotted against one another

(Figure 3). Having shown that potentiation by LY2119620 (10) correlates with selectivity (Figure
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7, Table 1) we wanted to know whether efficacy also correlated with potentiation by LY2119620
(10), such as to show the interdependence of all three properties, efficacy, selectivity and
potentiation by LY2119620 (10). To investigate this we plotted the efficacy versus potentiation by
LY2119620 (10) at the M> and Ms mAChRs, respectively and again analysed the data by linear

regression (Figure 8, Table 2).

log 7z,
log 7.

A pKi A pKi
(+LY2119620 1 pM) (+LY2119620 10 puM)

Figure 8. Efficacy of the hybrid ligands (log z) versus change in affinity (A pKj) in the presence
of (A) 1 uM or (B) 10 uM LY2119620 (10) at the M and Ms mAChRs. Change in affinity in the
presence of LY2119620 (10) (A pK;) is quantitated as the difference between the negative
logarithms of the measured inhibition constants for each ligand in the presence of 1 or 10 uM
LY2119620 (10) versus in the absence of LY2119620 (10). Linear slopes and intercepts were
calculated using least squares regression to find a line of best fit. Each value in the x and y direction
represents the mean + S.E. of at least 3 independent experiments performed in duplicate.
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Table 2. Linear regression analysis of hybrid ligand efficacy versus change in affinity in the

presence of LY2119620 (10) at the M> and Ms mAChRs

mAChR? wt M> mAChR wt Ms mAChR

LY2119620° +1uM + 10 uM +1uM + 10 uM
Equation® Y=0.85x+0.58 Y=0.8Ix+0.61 Y =033x+1.64 Y =0.2809x + 1.68
R? value? 0.71 0.77 0.60 0.52

P value® 0.0085 0.0042 0.025 0.043

“Muscarinic acetylcholine receptor subtype in question. ?Concentration of the allosteric potentiator LY2119620 (10)
used in the experimental protocol. “Equation of line of best fit in terms of “Y”, the efficacy (log z.) of the hybrid ligand
in question, and ‘x’ the change in affinity (A pK;) of that hybrid ligand in the presence of the specified concentration
of LY2119620 (10). “R? is the square of the coefficient of determination which is the ratio of variation in ‘Y’ which
is explained by variation in ‘x’, divided by the total variation. °P value is the probability of the null hypothesis, which
is that the coefficient of the slope is equal to zero. Slopes and associated values were determined by least-squares
linear regression using the GraphPad 7 software. Each data point represents the mean + S.E. of 3 independent
experiments performed in duplicate, for both the x and y dimensions.

Our analysis showed that there was indeed a significant correlation between efficacy at the
M (p <0.01) and M4 (p < 0.05) mAChRs and potentiation by LY2119620 (10) at both 1 and 10
uM (Table 2). The coefficient of determination (R? value) at the M> mAChR is higher than at the
M4 mAChR suggesting that potentiation by LY2119620 (10) explains differences in efficacy better
at the M, mAChR than at the M4 mAChR for the hybrid ligands. Again, assuming that the
differences in potentiation by LY2119620 (10) imply differences in binding conformation of the
hybrid ligands then this suggests that the differences in coefficient of determination (R? value)
between the Mz and M4 mAChRs (Table 2) may suggest that binding conformation plays a more
significant role in determining efficacy at the M» than at the M4 mAChR. This in turn may elude
to why some of the hybrid ligands display selectivity between these two mAChR subtypes (Figure

4).
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Evaluation of hybrid ligands at allosterically impaired mutant mAChRs. As previously
mentioned, several models of bitopic mAChR ligand binding indicate that these ligands may adopt
a secondary, purely allosteric, binding mode.!®!7 2!- 26 To evaluate the potential for “pure”
allosteric binding modes of the hybrid ligands we evaluated these ligands by concentration-
response curves in pERK 1/2 assays and competition radioligand binding with [JH]NMS at the
mutant Y177A52 M, mAChR and F186AF“"> My mAChR. These mutants were chosen because
the Y1775 residue in the M> mAChR and the homologous F1865¢1? residue in the Ms mAChR
are central to the mAChR allosteric site and integral to the binding of allosteric ligands, such as
LY2119620 (10), in those subtypes.?> %’ We first of all wished to ascertain whether our hybrid
ligands lost affinity upon impairment of the allosteric site, which would indicate that they engage
the receptor in a “pure” allosteric binding mode. Secondly we wished to know whether the efficacy
of the selective hybrid ligands increased upon mutation of the allosteric site, which has been
previously used as an indication that similar hybrid ligands conformationally restrict the allosteric
site, resulting in the Ma/Ms mAChHR selectivity.?’ In doing so we could confirm our hypothesis
that these ligands obstruct the binding of LY2119620 (10), rather than interfere with allosteric-
orthosteric cooperativity, which would in turn imply that our interaction binding data was

indicative of the binding conformation of the hybrid ligands.
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Table 3. Functional and binding data for the hybrid ligands at the wt M», Y177AE2 M,, M4 (3xHA) and F186 A" My mAChRs

wt M: mAChR Y177A%2 M; mAChR
Cpd pECso* Eonax” pKi¢ Log ¢ pECs¢? Enmax” pKi¢ Log 7.*
iperoxo 1023+£0.19 1004 870+0.02 2.02+0.15 10.15+0.08 100+2 8.76+0.03 1.70+0.14
IXO-C8 723+£028 62+6 593+022 1.33+0.20 830+0.19 56+4 6.35+0.02 1.79+0.16
IX0-C10 6.36+£0.22 38+7 6.33+038 0.33+0.15 777028 36+4 6.06+0.05 1.56+0.16*
IXO-C10-phen 772+£020 73+5  621+0.14 0.99+0.17 8.66+0.36 59+4 6.87+0.04 2.10+0.16*
IXO-C10-(4-CF3)phen 8.39+0.17 91+5 6.69+0.03 1.63+0.18 8.52+0.31 49+4* 723+0.01 2.03+0.18

wt Ms mAChR (3xHA) F186A*“"> M4y mAChR (3xHA)

pECso” Bl pK Log 7./ pECs* Bl pK Log 7/
iperoxo 1023+£0.13 100+4 8.42+0.32 2.19+0.11 9.74+0.17 100+5 8.34+028 2.26+0.13
IXO-C8 6.91+£029 43+5 6.01+0.08 1.08+0.08 730+£030 37+4 6.02+034 1.89+0.12%
IX0-C10 6.77+0.70 6+4  583+0.18 0.11+0.24 7.19+042 23+4* 597+£020 1.55+0.18*
IXO-C10-phen 7.08+047 35+7 6.34+028 0.82+0.11 7.48+034 34+4  633+£0.60 1.34+0.13

IX0O-C10-(4-CF3)phen 7.91+0.38 66+8 7.14+0.15 141+0.12 791+£0.34 43+£5*% 6.63+£0.37 1.66+0.10

“pECs values are the negative logarithm of the concentration of a ligand that was able to elicit 50 % the maximum achievable response by that ligand as determined
by fitting a 3-parameter concentration-response curve to the ERK 1/2 phosphorylation functional data. *Ex values are the maximum response measured by a
ligand, as a percentage of the maximum response achievable by the full agonist, iperoxo (2). “pK; values are the negative logarithm of the inhibition constant for
each ligand, as determined by competition radioligand binding assays with [’H]NMS and fitting the data to a one-site inhibition binding model. “Log 7. is the ligand
efficacy, corrected for receptor expression, as determined by fitting the functional data for each ligand to an operational model of agonism and constraining the
model by the measured values of affinity for each ligand at each mutant or wt mAChR subtype. Data was statistically analysed using Bonferroni’s multiple
comparison test, 2-way ANOVA (ns = not significant * p <0.05, ** p <0.01, *** p <0.001, **** p < 0.0001). Data represent the mean + S.E. of 3 independent
experiments performed in duplicate.
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We found no significant difference in the affinity of iperoxo (2) or any of the hybrid ligands
at either the Y177AE*2 M, mAChR versus wt M, mAChR or FI186A™> My mAChR (3xHA
tagged) versus wt M4y mAChR (3xHA tagged). This lack of change in affinity for our hybrid ligands
in the allosterically impaired mutant M2 and M4 mAChRs confirms that a “pure” allosteric binding
mode for these ligands is not the cause of their selectivity, nor is it the reason why potentiation by
LY2119620 (10) is attenuated in the more selective ligands (Table 3). The hybrid ligands displayed
no significant difference in potency at the mutant Y177AF"? and F186AF“? mAChRs versus their
equivalent wild type receptor (Table 3). However, particularly for the most selective ligand, I XO-
C10, these ligands did display higher efficacy at both the Y177AE"? and F186AEL? mutants
which is significant or near-significant in all cases (Table 3, Figure 9). This increase in efficacy is

explained by the model proposed by Bermudez et al.*°

which proposes that the increased space in
the allosteric vestibule, upon mutation of the tyrosine (Y1775? in the M> mAChR) or the
corresponding phenylalanine (F186%¢? in the M4 mAChR) to the less sterically bulky alanine

mutants, limits the conformational restriction of the allosteric site, which is responsible for a Gi-

biased attenuation in efficacy.
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Figure 9. Comparison of the change in ligand efficacy upon mutation of core allosteric residue within ECL2 of the mutant M> and M4
mAChRs, (A) Y177AE? and (B) F186AFC2, Log . is the ligand efficacy, corrected for receptor expression, as determined by fitting
the functional ERK 1/2 phosphorylation concentration-response data for each ligand to an operational model of agonism and
constraining the model by the measured values of affinity for each ligand at each mutant or wt mAChR subtype. Compounds are arranged
from left to right, on the x-axis in order of increasing selectivity for the Mo/Ms mACHhR to illustrate the apparent effect that the Y177AECL?
and F186AF™? mutation has on the efficacy hybrid ligands with respect to their Mo/Ms mAChR selectivity. Data was statistically
analysed using Bonferroni’s multiple comparison test, 2-way ANOV A (ns = not significant * p <0.05, ** p <0.01, *** p <0.001, ****
p <0.0001). Each data point represents the mean + S.E. of 3 independent experiments, performed in duplicate.
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This result confirms our hypothesis that in some binding conformations these hybrid ligands
obstruct the allosteric site rather than attenuate cooperativity with LY2119620 (10). The hybrid
ligands with intermediate selectivity, IXO-C8 (4) and IXO-C10-phen (8) as in the interaction
study, gave apparently intermediary results to least and most M2/M4 mAChR selective ligands,
iperoxo (2) and IXO-C10 (5), respectively, particularly at the M4 mAChR. Specifically, IXO-C8
(4) and IXO-C10-phen (8) showed a significant or near-significant increase in efficacy at the
allosteric mutants, Y177A5L? F186AFC? when compared to their wild-type equivalent M,
mAChR and M4 mAChRs, respectively (Figure 9). These observations are consistent with the
interaction binding data at the M> and Ms mAChRs and further suggest that these ligands may be

able to adopt different proportions of two conformations.

Docking study of hybrid ligands at the M, and M4 mAChRs. To examine the binding
modes of the hybrid ligands in more detail, we employed molecular docking of the aforementioned
hybrid ligands at the active (PDB=4MQS), active (PDB=4MQT) and inactive (PDB=3UON) M>
mAChR and inactive (PDB=5DSG) M4 mAChR crystal structures and excluding poses based on
our experimental findings.?> 2”?® The criteria for an acceptable pose was defined as follows; the
orthosteric pharmacophore adopted a comparable pose to crystallographic pose of iperoxo (2) at
the M> mAChR (PDB=4MQS/4MQT); for the non-selective hybrid ligands, IXO-C6 (3), IXO-C8-
phen (7) and IXO-C10-(4-CF3)phen (9), poses that overlapped with the crystallographic
LY2119620 (10) pose were excluded based on our interaction binding data (Figure 6); and for the
M2/Ms mAChR selective ligand, IXO-C10 (5), poses engaging Y1772 (M, mAChR) or

F1865“M? (M4 mAChR) directly were excluded based on mutagenesis data (Table 3, Figure 9) and
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poses not overlapping the LY2119620 (10) binding site were excluded based on interaction data

(Figure 6).

Figure 10. Docked poses for highest efficacy, IXO-C10-(4-CF3)phen (9), and most selective,
IXO-C10 (5), hybrid ligands, showing a significant difference in the pose of the orthosteric residue,
Y73%. (A) shows an example pose of IXO-C10-(4-CF3)phen (9) and Y4267 in pink, docked into
the LY2119620 (10) / iperoxo (2) bound, active state M2 mAChR (PDB=4MQT). The
crystallographic data for residue Y426’° and ligands LY2119620 (10) and iperoxo (2) is shown
with carbon as green, oxygen as red, nitrogen as blue, sulfur as yellow and chlorine as light green.
(B) Shows an example pose of IXO-C10 (5) and Y4397 in purple, docked into the tiotropium-
bound, inactive state Ms mAChR (PDB=5DSG). The crystallographic data for residue Y4397
and ligand tiotropium is shown with carbon as green, oxygen as red, nitrogen as blue and sulfur as
yellow. Both receptors are viewed from the extracellular space, down towards the orthosteric site,
and the transmembrane helices are labelled ‘“TM1-7’ for orientation.
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The most significant difference between the poses for the hybrid ligands, besides those
specified in the criteria, was the deviation of orthosteric residue Y42673° (M, mAChR) or the
homologous Y43973° (Ms mAChR) in the poses for IXO-C10 (5) from its crystallographic
orientation (Figure 10).2% 2728 The 4-hydroxyl group within Y426'2° forms hydrogen bonding
interactions with other orthosteric residues (Y104 and Y403%!) (via their 4-hydoxyl groups)
upon receptor activation, and the importance of this interaction for mAChR agonism has been
demonstrated crystalographically.> Y426 forms part of the ‘tyrosine lid’ that occludes the
orthosteric binding site from the extracellular domain in the mAChRs. This residue is essential to
M> mAChR agonist binding and function, and the Y426A’>° mutant loses agonist binding and
response.”’ However the Y426F">° mutant M> mAChR exhibits some, albeit weaker, response to
agonists, demonstrating the importance of the 4-hydroxyl group in stabilizing an active receptor
state in the mAChRs.?

Evaluation of truncated and substituted truncated hybrid ligands at an orthosterically
impaired mutant receptor. To examine the role of Y426 in more detail we subjected IXO-C8
(4), IXO-C10 (5), IXO-C10-phen (8) and IXO-C10-(4-CF3)phen (9) to evaluation by
concentration-response curve pERK 1/2 assay and competition radioligand binding with [’ H]NMS
at the mutant Y426F">° M, mAChR, to evaluate whether this residue was important to the binding
and function of our hybrid ligands, as it is for prototypical orthosteric agonists. We also evaluated
each ligand in the presence of 10 uM LY2119620 (10), as we had previously done for the wild-
type M2 mAChR, to ascertain whether the hybrid ligands adopted a comparable binding mode in

the Y426F">° and wild-type M> mAChR.
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Table 4. Functional, binding and interaction-binding data for ligands hybrid ligands at the Y426F’° mutant M, mAChR

Y426F™ M: mAChR + LY2119620 (10 uM)
Cpd pECso* Eonax” pKi¢ Log ¢ A pKi¢
ACh 5.13+£0.10% 108 £3 4.19+0.24* 0.79 £0.07* 3.14 £ 0.32%F
iperoxo 7.82+0.10* 100+ 3 7.31+£0.21* 0.67 £ 0.08* 2.73 £ 0.36*1
IXO-C8 6.06 £0.17* 72+2 6.20+0.09 0.11 £0.05* 0.77+0.14
IXO-C10 5.97+0.14 86+3 6.46 +0.05 0.17 £0.06 -0.34+0.07
IXO-C10-phen 7.30£0.21 57+3 6.75+0.12 0.53+0.06 -0.14 £0.21
IX0-C10-(4-CF3)phen 7.35+0.18* 65+4 7.08+0.15 0.07 £ 0.05* 1.85+0.15"

“pECs values are the negative logarithm of the concentration of a ligand that was able to elicit 50 % the maximum achievable response by that ligand as determined
by fitting a 3-parameter concentration-response curve to the data. *Eay values are the maximum response measured by a ligand, as a percentage of the maximum
response achievable by the full agonist, iperoxo (2). “pK; values are the negative logarithm of the inhibition constant for each ligand, as determined by competition
radioligand binding assays with [’ H]NMS and fitting the data to a one-site inhibition binding model. “Log . is the ligand efficacy, corrected for receptor expression,
as determined by fitting the functional ERK ’: phosphorylation concentration-response data for each ligand to an operational model of agonism and constraining
the model by the measured values of affinity for each ligand at each mutant or wt mAChR subtype. °A pK; values represent the change in affinity in the presence
of 10 uM LY2119620 (10) versus vehicle control. * indicates that the value is significantly different from the wt M, mAChR, and f indicates that the value is
significantly different from the vehicle control. Data was statistically analysed using Bonferroni’s multiple comparison test, 2-way ANOVA (both * and T indicate

p <0.05). Data represent the mean + S.E. of 3 independent experiments performed in duplicate.
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Although orthosteric agonists acetylcholine (ACh) and iperoxo (2) both displayed a
significant decrease in affinity upon mutation Y426F’-°, the hybrid ligands maintained affinity
relative to the wild-type M2 mAChR, suggesting that Y426 is already perturbed by the
binding of all of the hybrid ligands at the wild-type M2 mAChR, and cannot be further altered
in the Y426F’*° mutant. The non-selective ligands, ACh, iperoxo (2) and IXO-C10-(4-
CF3)phen (9), and the intermediate selectivity hybrid ligand, IXO-CS8 (4), suffered a significant
loss of efficacy, while efficacy was approximately maintained in the more selective ligands,
IXO-C10 (5) and IXO-C10-phen (8). In the presence of a saturating concentration of
LY2119620 (10) in equilibrium binding assays iperoxo (2) and all of the evaluated hybrid
ligands gave similar results to the wild-type M> mAChR (Figure 6, Table 4), suggesting that

their binding conformation is similar in both the Y426F’>° and wild-type M> mAChRs.
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Figure 11. (A) Efficacy of the hybrid ligands at the wt M2 and mutant Y426F M> mAChRs
in pERK 1/2 assay, and (B) radioligand interaction binding assays of hybrid ligands with 10
uM or vehicle control of the PAM LY2119620 (10) at the mutant Y426F M> mAChR. Binding
was measured in whole-cell assays on Flp-In-CHO cells expressing either the M, or My
mAChRs by competing increasing concentrations of each ligand with a K4 concentration of
[PH]NMS, as determined by saturation binding assays. Log . is the ligand efficacy, corrected
for receptor expression, as determined by fitting the functional ERK 1/2 phosphorylation
concentration-response curve data for each ligand to an operational model of agonism and
constraining the model by the measured values of affinity for each ligand at each of the
respective mAChR subtype or mutant. Compounds are arranged from left to right, on the x-
axis in order of increasing preference for the Ms mAChR, to illustrate the apparent effect that
the Y426F mutation at the M2 mAChR has on the efficacy of hybrid ligand with respect to its
M>/Ms mAChR selectivity. Data was statistically analysed using Bonferroni’s multiple
comparison test, 2-way ANOVA (ns = not significant * p < 0.05, ** p < 0.01, *** p < 0.001,
*#%% p <0.0001). Each data point represents the mean + S.E. of 3 independent experiments,
performed in duplicate.

With the loss of the 4-hydroxyl group in the Y426F”*° M, mAChR mutant the hydrogen
bonding interactions with Y104°2% and Y403%! are no longer possible, significantly decreasing
in efficacy of iperoxo (2). In the case of IXO-C10-(4-CF3)phen (9) the docking results suggest
that this interaction should still be possible in the wild-type M, mAChR (Figure 10), and
consistent with our modelling studies, excitingly this the loss of the 4-hydoxyl in the Y426F

M: mAChR causes a similar significant decrease in efficacy to that seen for iperoxo (2) (Figure
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11). The more selective M2/Ms mAChR ligands, IXO-C10 (5) and IXO-C10-phen (8), however
displayed no significant change in efficacy compared with the wild-type M> mAChR (Figure
11). In the docked poses of IXO-C10 (5) and IXO-C10-phen (8) that fit the aforementioned
experimentally determined criteria, Y426'2° is highly perturbed, compared with the
crystallographic pose, forced outwards towards TM2 by the N-alkyl linker, and making the
formation of hydrogen bonds with Y104 and Y403%°! impossible (Figure 10). In agreement

F73° mutant has

with our molecular modelling studies, the loss of this 4-hydroxyl in the Y426
little to no effect on the efficacy of the more selective ligands, IXO-C10 (5) and IXO-C10-
phen (8). We believe that this is because, in their dominant binding mode, Y4267~ is displaced

from its crystallographic conformation, and cannot form the hydrogen bonds with Y1043-* and

Y403%°! that are key to M, mAChR activation.?®

B CONCLUSIONS

Our results suggest that the ‘allosteric’ substituent and linker of the hybrid ligands can
adopt two binding modes, while the orthosteric pharmacophore retains a pose homologous to
the one observed crystalographically. One of these conformations apparently disrupts the active
state structure of the ‘typical’ allosteric site (between ECL2 and TM6/7), and results in
attenuation of ligand efficacy in a (presumably) Gji biased manner, as has been previously
reported for structurally related mAChR hybrid ligands.”® However interaction binding,
mutagenesis and molecular modelling studies performed herein suggest a second binding
conformation, outside of the ‘typical’ allosteric site, that promotes the non-selective
maintenance of efficacy (relative to the orthosteric pharmacophore, iperoxo (2)) across the M-
Ms mAChR subtypes. In light of this, the linear relationship between selectivity and
potentiation by LY2119620 (10) at the M> and M4 mAChRs for the evaluated hybrid ligands

is likely indicative of the proportion of bound ligands in the conformation that obstructs the
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allosteric site versus the one which does not. The efficacy of all of these ligands appears to be,
in part, determined by the proportions of the populations of these two binding modes at the
different M;-Ms mAChR subtypes, and this model gives an explanation for the linear
relationship between efficacy and selectivity for our hybrid ligands observed in chapters 2 and
3. Our results suggest that this may even extend to differences in hybrid ligand efficacy between
the M, and M4 mAChRs, and potentially offers an explanation for our identified examples of
hybrid ligands which show greater selectivity for either the M, or M4 mAChR (Figure 4). We
propose that the dominant binding conformation of these M2 or M4 mAChR preferring hybrid
ligands obstructs the allosteric site (resulting in G; biased efficacy attenuation), and then it is
subtle differences in the population size of ligands bound in the alternative conformation
(which allows similar efficacy to iperoxo (2)) which results in significant differences in the
efficacy at the M> or Ms mAChRs. Since these proportions are apparently not equal at the M»
versus Ms mAChRs, this would explain why their efficacy values are also not equal, (i.e. they

possess M or M4 mAChR subtype selectivity) (Figure 12).
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Figure 12. Proposed mechanism of binding for hybrid ligands in which different proportions
of binding conformations can induce differences in the efficacy at the M2 and M4 mAChRs.

Future work will involve further interaction binding studies, examining the binding
modes of the other M2 or M4y mACHhHR selective hybrid ligands, as well as measuring the Gj bias
of these ligands, to examine whether their binding and functional outputs are consistent with
the model we have proposed here. We hope that application of this model can be used to

optimise the selectivity of mAChR hybrid ligands to ultimately aid in the design of a M4
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mAChR selective partial agonist for the treatment of cognitive disorders, such as

schizophrenia.

B EXPERIMENTAL SECTION

Pharmacology. Cell culture. Flp-In-CHO cells stably expressing human muscarinic
M, Mz, My, Ms, or CHO-K expressing the M3 receptors were cultured at 37 °C in 5% CO2 in
F-12 (Ham) (M) or Dulbecco’s modified Eagle media (M2 — Ms) supplemented with 10% (M)
or 5% (M — Ms) (v/v) FBS.

ERK 1/2 phosphorylation assay plate preparation. Cells were seeded into transparent 96-
well plates at 25 x 10* cells per well and grown for 6 - 8 h. Cells were then washed once with
phosphate-buffered saline (PBS) and incubated in serum-free media (180 or 160 uL per well,
depending on the intended assay) at 37 °C) for at least 8 h, to allow phosphorylated ERK1/2
levels to subside.

Concentration-response curves (CRCs). Cells were plated in 180 pL media per well. A
stock solution of acetylcholine (102 M) was made up in PBS. 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 until peak phosphorylation occurred at which point the assay was
terminated.

Allosteric-orthosteric ligand interaction assays. As for CRCs, except that cells were
plated in 160 pL media per well. The allosteric ligand (20 pL) and orthosteric ligands (20 pL)
were added successively.

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, 10 pL of cell lysates
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were transferred into a 384-well white opaque Optiplate™, followed by addition of 8.3 pL of
a solution of reaction buffer / activation buffer / acceptor beads / donor beads in a ratio of
60/10/0.3/0.3 (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 Envision™ plate reader (PerkinElmer)
using standard settings.

Radioligand equilibrium whole cell binding assay plate preparation. Cells were seeded
into white opaque IsoplatesTM at 10 000 cells per well and then grown at 37 °C for 20-24 h.
Cells were then washed twice with 50 pL of cold HEPES-buffered saline, then 140 or 160 pL.
of cold HEPES-buffered saline was added per well.

Saturation binding assay protocol with [PHINMS. Stock solutions of [PH]NMS (10 M)
were made up in cold HEPES-buffered saline. Dilutions of [’ H]NMS were made up in cold
HEPES-buffered saline at ten times (10%) the required concentration and added to stock plates
on ice. Cells were equilibrated at 25 °C for 4 h. The K4 values for [PH]NMS at the M;-Ms
mAChR subtypes were found to be as follows: M1 mAChR: 0.06 + 0.01 nM, M> mAChR: 0.11
+0.02 nM, M3 mAChR: 0.19 £0.12 nM, M4 mAChR: 0.12 + 0.03 nM, Ms mAChR: 0.11 £0.07
nM, Y426F M; mAChR: 0.51 £ 0.10 nM, Y177A M2 mAChR: 0.11 + 0.02 nM, M4 mAChR
(3xHA): 0.04 + 0.01 nM, F186A M4 mAChR (3xHA): 0.11 £ 0.11 nM.

Orthosteric competition binding assay protocol. 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 25 °C for 4 h with 20 pL of a single interacting ligand and 20
uL of 1 nM [PHINMS (total volume 200 pL per well).

Allosteric interaction assay protocol. 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 (10 M) were made up in DMSO. Dilutions of all ligands were made up in
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cold HEPES-buffered saline at ten times (10x) the required concentration and added to stock
plates. Cells were equilibrated at 4 °C for 4 h with 20 uL of ACh, 20 pL of a single interacting
allosteric ligand and 20 uL of 1 nM [*H]NMS (total volume 200 pL per well).

Assay termination and data collection. Assays were terminated by media removal of the
assay buffer and by washing twice with 50 uL 0.9% NaCl solution. Microscint-20 scintillation
liquid (100 pL per well) was then added to each well and the plates covered. The levels of
remaining bound radioligand, were measured in counts per minute (cpm) on the Microbeta2 TM
LumiJET 2460 microplate counter (PerkinElmer).

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):

v= KaKp )Ei].[IJ.[B].am[B]) (1)

B [A]+((a’[B]+KB K| Kp' K|Kp
where Y is the percentage (vehicle control) specific binding, [A], [B] and [I] are the
concentrations of [*’H]NMS, 3, and 1 respectively, Ka and K3 are the equilibrium dissociation
constants of [’H]NMS and the allosteric ligand, respectively, K is the equilibrium dissociation
constant of 1, and a and o' are the cooperativities between the allosteric ligand and [*’H]NMS
or 1, respectively. Values of a (or a') > 1 denote positive cooperativity; values < 1 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):

_ Emax—basal
E = basal + T +10-PECs0-Tog[A] (2)

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

logarithm of the agonist concentration that gives a response halfway between Emax and basal.
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Functional experiments measuring the interactions between 1 and 3 were fitted to the
operational model of allosterism (3) to derive functional estimates of modulator affinity,

cooperativity, and efficacy.

E — Emax(TA[A](KB+aﬁ[BD+TB[B]KA)n (3)

([AlKp+K aKp+[BIK a+a[Al[BD)"+(t4[Al (Kp+aB [B])+T5[BIK 4)"

where Emax 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
Kp are the equilibrium dissociation constants of the orthosteric and allosteric ligands,
respectively; 7a and zg 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; a is the binding cooperativity parameter between
the orthosteric and allosteric ligand; f denotes the magnitude of the allosteric effect of the
modulator on the efficacy of the orthosteric agonist. The equilibrium dissociation constant of
BQCA-derivative was fixed to that determined from the competition binding experiments.

Whole cell equilibrium competition radioligand binding experiments were fitted to a one-
site competition binding equation (4) to estimate the pK; for each ligand. The equation assumes
that there is only one-site the ligands bind to and that the binding is reversible and at
equilibrium:

-b
Y = bottom + top—bottom

T @
)

1+10[/1-log(10 l( Ka
where Y is the percentage (vehicle control) binding, top and bottom are the total and non-
specific binding, respectively. [A] and [I] are the concentrations of [ *H]NMS, and competing
“cold” ligand respectively, Kx and K; are the equilibrium dissociation constants of [PH]NMS
and the “cold” ligand, respectively. The efficacy (7) of several ligands was determined by fitting

the functional data to an operational model of agonism:

_ Emax—Basal
Y = 10108 K 4 4 10lL] n (5)
+ 10log T+[L]
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where Y is the measured response, Emax and basal are the top and bottom asymptotes of the
curve, respectively, Ka equilibrium dissociation constant for the ligand being tested, [L] is the
concentration of ligand in solution, 7 is the efficacy of the ligand being tested and n is the
transducer slope. The efficacy values were then normalised to the M4 mAChR values, to give
the ‘corrected efficacy’ (z.), to account for the varying receptor expression in each cell line

used by the following equation:

logz, = logt — log(22&mMxy (¢)

Bmaxpyy
where 7. is the corrected efficacy, 7 is the measured efficacy (as determined by equation 5),
Bmax is the maximum counts recorded when the mAChR in question is incubated with a
saturating concentration of [PH]NMS, at mAChR Mx, where x gives the subtype in question,

compared to the Ms mAChR.
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Design, Synthesis and Evaluation of a Fluorophore-tagged

Muscarinic Acetylcholine Receptor Allosteric Probe

ABSTRACT: The muscarinic acetylcholine receptors (mAChRs) have received significant
attention from both academia and industry for the treatment of numerous diseases, most
recently targeting the allosteric sites of the M1 and M4 mAChRs for the treatment of impairment
of memory and cognition in Alzheimer’s disease and schizophrenia. The evaluation of ligand
affinity is often fundamental in the characterization and optimization of new ligands, and the
process of measuring ligand affinity typically involves competing increasing concentrations of
an unlabeled test ligand against a labeled probe ligand (at a fixed K4 concentration) and
measuring the change in the amount of bound probe as a function of the concentration of
unlabeled test ligand. However, at the current time there is a lack of probes targeting the
allosteric sites of the mAChRs. There have been several radiolabelled probes which have been
successfully produced targeting the mAChRs allosteric sites. However due to radioactive
hazards, waste and their limited affinity (requiring high concentrations of probe) the
applications of these probes are limited to low-throughput assay setups. To overcome these
issues in measuring muscarinic acetylcholine receptor (mAChR) allosteric ligand affinity we
have designed, synthesized and evaluated a novel fluorescently tagged mAChR allosteric
probe. The probe that we have produced, C73-phth-Lissamine B, is derived from the mAChR
negative allosteric modulator (NAM) C7i-phth, and we have exploited the flexible SAR
surrounding the phthalimido ring motif of C73-phth to install the fluorophore (Lissamine B)
directly into the pharmacophore of the parent ligand. C73-phth-Lissamine B shows comparable
affinity to its unlabeled derivative in both radioligand binding assays and in FRET based
assays. Furthermore, C73-phth-Lissamine B competes with, and shows comparable allosteric

pharmacology when interacting with [*’H]NMS, to the parent ligand C73-phth, at the eGFP-
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tagged M> mAChR, suggesting both ligands share a common allosteric mode of action. This
probe allows for the direct determination of allosteric ligand affinity by FRET-based
competition binding assays, which could in principal be scaled to allow for its use in a high-
throughput assay setup. Additional to its advantages in safety and waste production over similar
radiolabelled probes, this fluorescently tagged mAChR allosteric probe can be used for real-
time imaging studies using confocal microscopy techniques, allowing for the studying of

mACHhR trafficking and localization in the presence of the probe.

B INTRODUCTION

The muscarinic acetylcholine receptors (mAChRs) are currently being actively pursued
as potential targets for the treatment of several diseases, including Alzheimer’s and
schizophrenia.'* The targeting of allosteric site of the mAChRs has gained popularity in recent
decades due to the advantages that allosteric ligands have in terms of selectivity and their
functioning depending on the presence of endogenous tone over more conventional
‘orthosteric’ ligands, which bind to the endogenous ligand binding site.’® In most drug
discovery efforts determination of ligand affinity is important for structural optimization. For
orthosteric ligands this is typically done by competing an unlabeled test ligand against a fixed
concentration of a labelled probe (typically radiolabelled) and fitting the data to a law of mass
action based binding model to estimate affinity.”” However using an orthosteric probe for
estimating this parameter in allosteric ligands is more complex, requiring a three ligand
‘interaction assay’ system under equilibrium conditions, or measurement of the change in
dissociation rate of a radioligand in the presence of increasing concentrations of an allosteric
test ligand under non-equilibrium conditions, to estimate the allosteric ligand affinity with
reasonable error.”'? Aside from being inefficient, these methods are limited as they rely upon

the cooperativity between the competing orthosteric ligand and allosteric test ligand, meaning
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that affinity cannot be determined for neutral allosteric ligands (NALSs) or at receptor subtypes
where the allosteric test ligand and competing orthosteric ligand have no measurable
cooperativity, but may still bind simultaneously. To address this, two groups have developed
tritium radiolabelled derivatives of mAChR allosteric ligands, [PH]LY2119620 and

[*H]dimethyl-W84 (Figure 1).!3-14
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[PHILY2119620 (1) [*H]dimethyl-W84 (2)
Figure 1. Chemical structure of the M/ Ms mAChR selective allosteric modulator,
[PHILY2119620 (1) and mAChR NAM [*H]dimethyl-W84 (2).

These probes carry several advantages which are common to tritium labelled probes
including that they are chemically identical to their unlabeled parent compounds, meaning that
rigorous validation of the probe pharmacology is unnecessary. Additionally, as for all tritium
labelled probes, their output signals are stable for a longer period relative to common assay
durations, due to the relatively long half-life of tritium. Despite this, these probes also have
several limitations. For example [*’H]LY2119620 (1) was found to have affinity only for the
M: and Ms mAChRs,'® making it unsuitable for measuring ligand affinity at the remaining M,
M; and Ms mAChR subtypes. [PH]Dimethyl-W84 (2) does not share this issue, having
reasonable affinity at all Mi1-Ms mAChR subtypes, making it more broadly applicable as a tool
molecule.'* '® However for both [PH]LY2119620 (1) and [*H]dimethyl-W84 (2), as with all

radioligands, radioactive hazards and waste are associated with their use. Compounding the
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problem is the relatively low affinity of allosteric probes as compared with orthosteric probes
commonly used at the mAChRs, requiring concentrations approximately 100 to 1000-fold
greater and hence resulting in a similar relative increase in radioactive hazards, waste and the
cost of each assay. Despite these issues these probes are valuable tools for measuring ligand
allosteric affinity at the mAChRs in a low-throughput assay setup. However, the use of both
[PHJLY2119620 (1) and [*H]dimethyl-W84 (2) becomes less practical as desired throughput
increases. More recently, another tritium-labelled allosteric probe, [PH]PT-1284 has been
developed which targets the M; mAChR. However this probe suffers from the same
disadvantages as [’H]JLY2119620 (1) and [*H]dimethyl-W84 (2) as it is relatively low affinity
compared with orthosteric ligands and has selectivity for the M1 mAChR, limiting its
applicability to that receptor subtype, and further demonstrates that these issues are essentially
intrinsic to tritium labelled allosteric probes.!” Fluorescently tagged probes offer attractive
solutions to several of these issues as they have none of the associated radioactive hazards and
are hence significantly more practical in larger scale assay formats. Fluorescence probes (when
used in conjunction with a fluorescently tagged receptor) can also be used to image ligand
binding directly in real-time, giving important information about receptor internalization and
binding kinetics from a single assay. However, unlike tritium labelled probes, fluorescently
tagged probes are generally not chemically identical to their parent ligand and hence must be
chemically optimised and thoroughly characterised pharmacologically to ensure that they
retain the desired pharmacological properties for the intended application.'® Fluorescent probes
can be prone to photo-bleaching, in some cases on timescales comparable to assay times,
resulting in signal-drift, however this may be mitigated by the choice of a more stable
fluorophore tag.!” There have been several fluorescently tagged probes which have been

reported for the mAChRs which bind either orthosterically or bitopically (Figure 2).
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Figure 2. Chemical structures of fluorescent tracer ligands targeting the mA ChRs; tolterodine-
BODIPY (3), Cy3B-telenzepine (4) and para-LRB-AC42 (5).

Tolterodine-BODIPY (3) was designed for use in receptor occupancy studies of the
mAChRs orthosteric sites and has potential applications in high-throughput screening (HTS).?°
The BODIPY-based fluorophore used in tolterodine-BODIPY (3) comes in a range of
absorption/ emission wavelengths which could have potentially been suitable for our
application, however these fluorophores are very expensive compared with other near-infrared
fluorophores which were similarly suitable, making a BODIPY fluorophore a less attractive
choice for our fluorescent probe. Cy3B-telenzepine (4) was developed to address questions
relating to the existence and function of receptor dimers in the mAChRs. Ultimately, Cy3B-
telenzepine (4) was used to demonstrate that approximately 30% of the M1 mAChRs existed
as dimers, and this study illustrates the versatility of applications of such fluorophore-tagged
ligands.?! However the fluorophore used Cy3B (and other cyanine-based dyes) do not possess

the appropriate near-infrared absorption/ emission wavelengths for our use here.
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Para-LRB-AC42 (5) was developed to address questions relating to the ambiguous
orthosteric/ allosteric pharmacology of the base pharmacophore AC-42, again highlighting the
wide range of applications of fluorophore-tagged ligands.??> However Para-LRB-AC42 (5) was
found to directly compete with allosteric modulator gallamine at the M; mAChR, but not with
other allosteric ligands including WIN 51,708 and N-desmethylclozapine, suggesting that the
interesting molecular pharmacology of the probe may make it unsuitable as a general purpose
mACHhHR allosteric probe. The fluorophore used in Para-LRB-AC42 (5), Lissamine B, possesses
suitable absorption/ emission wavelengths, as well as having good photostability and chemical
stability for our intended application here and was strongly considered as a candidate
fluorophore. Another fluorophore we considered was Texas Red, which has suitable
absorption/ emission wavelengths, but is again considerably more expensive than, for example,
Lissamine B which also has suitable properties for our application. Herein we detail the design,
synthesis and evaluation of a novel fluorophore-tagged allosteric modulator probe for the M-
Ms mAChR subtypes. The goals of our design were as follows; a probe that was synthetically
accessible from commonly available reagents, had potential applications in fluorescence
resonance energy transfer (FRET), bioluminescence resonance energy transfer (BRET) and
fluorescence polarimetry (FP), and which had suitable affinity at the allosteric site of the M-
Ms mAChRs for use at all five subtypes. As a detection method we chose FRET, using the
ligand in conjunction with an N-terminus enhanced green-fluorescent protein (eGFP) tagged
M: mAChR as a proof of concept assay system, due the high sensitivity achievable, ability to
image receptor-ligand binding and receptor trafficking in real-time, and the potential to adapt
the method for HTS.? The N-terminus of the M, mAChHR is an ideal location for the eGFP tag,
giving an ideal distance between the allosteric site and eGFP that is within the Forster radius
(3-6 nm), while additionally minimizing the likelihood of interfering with the structure and

function of the M> mAChR.**?> We chose C73-phth (6), a mAChR NAM belonging to a class
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of well-studied of bis(ammonio)alkane-type ligands as the allosteric parent ligand for our probe

for several reasons (Figure 3).

0 Br Br 0
C;i/\/\/’\‘(\/\/\/\/’\l\/\/\%
o) o
Cy5-phth (6)  ECso = 85 nM (M, mAChR)
Figure 3. Chemical structure of our parent ligand for our mAChR allosteric probe design, C7/3-
phth (6).

Firstly; C73-phth (6) binds to all five mAChR subtypes with similar affinity, unlike for
example LY2119620 (1), which only has affinity for the M, and Ms mAChRs.'*2¢ Importantly,
C73-phth (6) is synthetically accessible from commonly available starting materials, such that
our probe could be cheaply reproduced by other groups to increase the broadness of its
applicability. C73-phth also displays good flexibility in its structure-activity relationship (SAR)
surrounding the terminal ring motifs,?” which was important to our design approach to allow
for the installation of the fluorophore tag directly into the ligand pharmacophore. As examples
of this flexibility, CHIN 3/6 (8), napthmethonium (9), compound 10 and compound 11
illustrate how significant modification the aromatic ring motifs (and changes in linker length)
gives ligands with comparable allosteric potency to the parent ligand, C73-phth (Figure 4).27-%°
In particular these compounds 8-11 (Figure 4) demonstrate that a significant increase in steric
bulk by substituting the phthalimido group with other larger aromatic groups is tolerated,
suggesting that this region of the molecule could possibly be substituted for a similarly bulky,
aromatic fluorophore without significant loss of allosteric potency. Additionally, although C73-

phth (6) is a homobivalent ligand, structurally related hybrid ligands show that being

homobivalent is not a necessity for it possessing allosteric properties.*°

201



Ccr
O cr
\ / o
N\/\/N\/\/\/\N+/\/\N
2 AN
(0]

W84 (7) ECsy =24 nM (M, mAChR)

cr
/\/\I ’\/\/\/N+/\/\N
)\© l \/\/N\/\/\/\ SN ﬁ
10) N
H

CHIN 3/6 (8) ECsy = 62 nM (M, mAChR) naphmethonium (9)  ECsy =20 (M, mAChR)

SSUE
/ o 4 0

o)
\ /
/\ \/\/N\/\/\/\N+’\/\
o o

10 ECs =204 nM (M, mAChR) 1 ECs, = 145 1M (M, mAChR)

Figure 4. Chemical structures of compounds structurally related to C73-phth (6) showing the flexibility in the phthalimido ring SAR,
W84 (7), CHIN 3/6 (8), napthmethonium (9), compound 10 and compound 11. ECsg is the allosteric potency for inhibition of the
dissociation rate of [’H]NMS at the M> mAChR 273132
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Another advantage of using Cys-phth (6) was that it has been well characterized
pharmacologically in the literature,?® giving a good basis for comparison and understanding of the
molecular pharmacology of our resultant C7/3-phth-based fluorescent probe. As a proof of concept
design for the probe we chose the fluorophore Rhodamine B (12) (Figure 5) because its absorption/
emission spectra are appropriate for use with eGFP-tagged receptor in FRET assays. Additionally,
Rhodamine B (12) possesses a carboxyl group for use as a convenient attachment point to the
ligand and is cheap/ readily available, and is even easily synthetically accessible from commonly

available reagents.*’

O
HO O

Rhodamine B (12)

Figure 5. Chemical structures of Rhodamine B (12).

High photostability and quantum yield have been noted as common in Rhodamine-based
probes,** and so we deemed this fluorophore ideal for our initial proof of concept probe design. In
principle, the probe was intended to be suitably versatile such that it would have potential
applications in BRET and FP based assays, provided it binds allosterically to the target mAChRs
with suitable affinity. One important consideration in fluorophore-tagged probe design is the
attachment point of the fluorophore, the chemical structure of the linker, and length of the linker
used to attach the fluorophore, all of which can dramatically affect the resultant probes

physiochemical, binding and/ or other pharmacological properties.>> Given the already ‘linker-
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like’ structure of C7;3-phth (6) and the demonstrated flexibility of the SAR surrounding the ring
motif in structurally related analogues,*® we proposed a design that incorporated the fluorophore

directly into the ligand (Figure 6).

Fluorophore probe design cr ( \
N+\ (0] N
heSeh
Br le)

N/\/\N+/\/\/\/\N+/\/\N O

C;5-phth-Rhodamine B (13)

Figure 6. Chemical structures of our initial design of our proposed C-/3-phth based, Rhodamine B
tagged mAChR allosteric probe C73-phth-Rhodamine B (13)

Incorporation of the fluorophore directly into the ligand without the addition of a linker
carries the advantage that the resultant pharmacology of the probe should closely resemble that of
the base ligand, limiting the potential for unexpected pharmacological properties of the probe
which may limit its potential applications. The absence of a hydrophobic linker also helps to limit
the hydrophobicity of the final probe, improving its solubility in aqueous assay solutions and
limiting non-specific binding which .can interfere with measurements made using the probe.'® This
approach has been successfully employed by Petrov ef al. in the design of their CB2 cannabinoid
receptor probe.*” The group had previously noted flexibility in the SAR surrounding the hydrazone
substituent of their base ligand, compound 14, and managed to successfully incorporate a
fluorescent 7-nitrobenzoxadiazole moiety into the ligand at this point, resulting in the probe NMP6
(15), which maintains good affinity and physiochemical properties relative to the parent compound

(Figure 7).3738
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14 NMP6 (15)

JWH-015 (16) 17
Figure 7. Chemical structures CB2 cannabinoid receptor ligands, compound 14 and JWH-015 (16)
and probes derived from these ligands with the 7-nitrobenzoxadiazole fluorophore incorporated
into the pharmacophore, NMP6 (15) and compound 17.

However, in a similar study, looking to incorporate the same 7-nitrobenzoxadiazole moiety
into the CB2 cannabinoid receptor agonist, JWH-015 (16), without the addition of a significant
length linker, the resultant ligand exhibited a complete loss of both affinity and efficacy at the CB2
cannabinoid receptor upon addition of the fluorescent tag.>® These studies highlight the importance
of understanding the SAR of the base pharmacophore when designing a fluorescent probe, and
illustrate that the strategy of incorporating the fluorophore directly into the pharmacophore of a

ligand without the addition of a significant length linker to space the functional moieties is one of

‘high-risk/ high-reward’.
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B RESULTS AND DISCUSSION

Chemistry. Our planned synthetic approach was to utilize chemistry that had already been
established for the synthesis of C73-phth based hybrid ligands,*° substituting a suitably derivatised
analogue of Rhodamine B for the orthosteric pharmacophore of those hybrid ligands in the final

step of the synthesis to obtain our desired fluorophore probe (Figure 8).

0 +
L
(¢)

Figure 8. Retrosynthetic analysis of the target compound, C73-phth-Rhodamine B (13).
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Typically, the addition of the fluorophore is done in the final step of synthesis for probes
such as this one. However, as previously mentioned, we wished to employ the well-established
chemistry for related compounds to C73-phth (6) (which involves the N-quaternisation in the final
step) to increase the likelihood of our synthesis being successful. Additionally the alternative route
would require initially protecting N',N!-dimethylpropane-1,3-diamine with Boc anhydride and
subsequently deprotecting it once in was installed onto our intermediate compound, increasing the
complexity of the synthesis, lowering the overall yields and limiting the ease of reproducibility of
the synthesis of our probe. We synthesized compound 18 by refluxing 4 molar equivalents of
phthalic anhydride and N',N!-dimethylpropane-1,3-diamine in AcOH for 24 hours, and purifying
the resultant crude mixture by flash column chromatography (FCC) on silica. Subsequently,

27, 30, 40-41

compound 19 was synthesized according to the method described previously, noting

comparable yields, and again being purified by FCC on silica.
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Scheme 1. Reagents and conditions: (a) N',N'-dimethylpropane-1,3-diamine, AcOH, reflux, 24 h,
86%:; (b) 1,7-dibromoheptane (neat, excess), reflux, 16 h, 67%.
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To derivatise Rhodamine B (12) such that it could be incorporated into our fluorophore probe
via a simple substitution reaction, we synthesized compound 20 by combining N! N'-
dimethylpropane-1,3-diamine and Rhodamine B (12) and forming the amide using 2-(6-chloro-1-
H-benzotriazole-1-yl)-1,1,3,3-tetramethylaminium hexafluorophosphate (HCTU) amide coupling
reagent under standard conditions (Scheme 2). The crude organic mixture, containing compound
20, was washed repeatedly with water and saturated NaHCO3 solution and then separated by FCC
on silica to give material of suitable purity for the following steps in the synthesis, and in moderate

yields.

Ccr cr

n - -
~_N o _NT_- ~_N o] N~
(1) ® (1

COOH
g CY

Rhodamine B (12) 20 I
Scheme 2. Reagents and conditions: (a) N!,N'-dimethylpropane-1,3-diamine, HCTU, DIPEA,
DCM:DMF (1:1), room temperature, 24 h, 46%.

The first attempt at a synthesis of C73-phth-Rhodamine B (13) was in AR grade ACN with
catalytic amounts of DIPEA as the base. The procedure involved increasing the temperature from
room temperature to 110 °C incrementally over 48 h, until material with a mass-to-charge ratio
(m/z) consistent with our product, C73-phth-Rhodamine B (13), was detectable by LC-MS.
Although ultimately such a species was detected by LC-MS, the yields were very low, and
effective separation by FCC on silica proved to be challenging due to the large number of

byproducts formed in the reaction (Scheme 3).
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Scheme 3. Reagents and conditions: (a) DIPEA, AR grade ACN, 25 - 110 °C, 48 h, 5%.
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The dominant byproduct gave a m/z ratio consistent with the fully hydrolysed starting
material, compound 21. It was thought that this hydrolysis occurred due to the presence of
water in the reaction mixture in the AR grade ACN used, and the high temperatures required
to promote a reaction (Scheme 3). The purified product 13 exhibited no obvious fluorescence
and was a nearly clear oil (faintly pink), instead of the expected deep red of the fluorophore
starting materials, Rhodamine B (12) and compound 20. Analysis by 'H NMR revealed that
the amide NH proton was not detected, suggesting that (as with some other Rhodamine based
probes***?) this derivative may convert to a spirolactam form under solvated conditions, which
is colourless. Heating the colourless product, C73-phth-Rhodamine B (13), in concentrated
hydrochloric acid solution (32% HCI w/w) produced a red precipitate which was separated by
filtration, and returned to colourless upon dissolution in MeOH. We expect that the red
precipitate and colourless appearances of the material (upon dissolution in MeOH) are the ring

opened (amide) and ring closed (spirolacam) derivatives of our desired product, respectively

(Figure 9).
Ccr
O _ U
?3\/\ i f\/\N O
e 5
Fluoroescent Colourless

Figure 9. Equilibrium reaction showing the proposed ring-opened (fluorescent) and
spirolactam (colourless) forms of compound 13.

This rasies the question as to why compound 20 did not similarly lose fluorescence upon
addition of the linker moiety. One possible explanation is that in compound 13 the nearby
quaternised amine has an electron withdrawing effect on the amide nitrogen, stabilizing the

deprotonated state and facilitating cyclisation of the spirolactone. Alternatively, the presence
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of the positive charge in the quaternary compound 13 stabilises the negatively charged
deprotonated amide, which again facilitates cyclisation. To overcome this issue, we redesigned
the ligand to incorporate a Rhodamine-based fluorophore which is attached at the 4-position of
its phenyl ring, Lissamine B (22), excluding the formation of the spirolactam (Figure 10). The
only noteworthy drawback of this solution is that Lissamine B (22) is approximately 10 times
more expensive than Rhodamine B (12). However as with Rhodamine B (12), Lissamine B
shows good spectral overlap with the eGFP protein, and so is practically a good alternative.??
An alternative solution, in which the cheaper and more commonly available Rhodamine B (12)
may still be used, is to make the N-methylated derivative, compound 24, which would also

preclude spirolacam formation, and this could be explored in future work (Figure 10).
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Redesigned probe

Lissamine B sulfonyl chloride (22) Br-

N/\/\ ,N\ C,/3-phth-Lissamine B (23)
(@)

4- position attachment prevents cyclisation

cr
Alternative redesigned probe (

NZ 6] \N
N
A
N/\/\N+ Br 1)
Br / \
0 NN
/\ |

/ 24
N-methyl prevents spirolactam formation
Figure 10. Chemical structures of Lissamine B sulfonyl chloride (22), our redesigned
fluorophore probe, C73-phth-Lissamine B (23) and a potential alternate N-methylated design,
incorporating Rhodamine B, compound 24.

The N',N!-dimethylpropane-1,3-diamine linker was attached to the fluorophore,
Lissamine B sulfonyl chloride (22), by combining the two materials in anhydrous ACN with
base and stirring at room temperature for 1 hour (Scheme 4). The reaction was monitored by
TLC and, upon completion, the product 25 was isolated by liquid-liquid extraction and aqueous

washings. This gave compound 25 in high yields and to a purity sufficient for the subsequent

synthetic steps.
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Lissamine B (22) 25

Scheme 4. Reagents and conditions: (a) N!N'-dimethylpropane-1,3-diamine, DIPEA,
anhydrous ACN, room temperature, 1 h, 89%.

To avoid the significant hydrolysis of the bromide starting material, compound 19, which
we had been observed previously in the synthesis of C73-phth-Rhodamine B (13), we used
anhydrous ACN as the solvent for the first attempt at the synthesis of C73-phth-Lissamine B
(23) and once again incrementally increased the temperature over the course of the experiment,
with regular monitoring by LC-MS. However, in this case no product formed, even after several

days and heating as high as 160 °C in a sealed tube (Scheme 5).

o}
N/\/\N+/\/\/\/\Br
/ N\
(0]
19
(a)
Br /’// H
'\\F\
Br
NL . .
\ C,5-phth-Lissamine B (23)
o)

Scheme 5. Reagents and conditions: (a) AR grade or anhydrous ACN/ AR grade or anhydrous
DMEF/ AR grade DMSO, DIPEA, 25 - 160 °C, 72 h, no reaction.
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We repeated the experiment in several different polar aprotic solvent systems including
AR grade ACN, AR grade and anhydrous DMF and AR grade DMSO, but no product was
detected by LC-MS in any of our experiments (Scheme 5). Since we were unable to produce
any detectable product by the aforementioned method, we sought out an alternative synthetic
pathway to achieve our title compound, C7;3-phth-Lissamine B (23). When synthesising the
radiolabelled derivative of dimethyl-W84 (2), Trinkle et al. synthesised a tertiary amine
intermediate first, such that the tritium labelled methyl groups could be installed in the final
step.'* In light of this we tried synthesizing the target compound, C73-phth-Lissamine B (23),
via a different route which avoided the direct N-quaternisation of compound 25 with compound
19, instead first substituting the bromine of compound 19 with N-methylamine first, and then
reacting this intermediate, compound 26, with the bromide derivative of compound 25,
(compound 27), and finally N-quaternising the tertiary amine intermediate 28 with methyl

iodide to form our target compound, C73-phth-Lissamine B (23) (Figure 11).
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Figure 11. Proposed alternate route to the synthesis of C7;3-phth-Lissamine B (23).

However, experiments reacting compound 19 with N-methylamine with base in ACN or
DMF again yielded no detectable product by LC-MS and only byproducts were isolated.
Finally, having had no success with aprotic solvents we decided to attempt the reaction again,

this time with the polar protic solvent EtOH (Scheme 6), which we had initially avoided

215



because of the potential for nucleophilic attack of the solvent towards our starting material,
compound 19. As expected, the dominant materials recovered were the mono- and
diethoxylated byproducts, 29 and 30, however a small amount of the target compound, C73-
phth-Lissamine B (23), was also produced, along with many other minor byproducts as

indicated by LC-MS and HPLC analysis (Scheme 6).

19

(@)

25 ///”‘\‘\ C;3-phth-Lissamine B (23)
O

Br o

N/\/\/N{\/\/\/\O/\ %NW
(0] (0]
29 o 30

Major byproducts isolated

Scheme 6. Reagents and conditions: (a) DIPEA, EtOH, 160 °C, 72 h, 4 — 7 %.
This experiment was repeated twice more to ensure its reproducibility and the crude
mixtures were separated by up to five iterative purifications on preparative HPLC, to afford

the title compound C7;3-phth-Lisaamine B (23) in yields ranging from 4 - 7%. Although
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typically a purity of greater than 95 % is acceptable for a test compound, here we have set the
acceptable purity to greater than 99 %. We believed that such extensive purification was
necessary to remove other minor, presumably structurally related, fluorescent byproducts, as
their presence would decrease the signal-to-noise ratio of the final ligand in assay. The low
yields in our experiments are most likely due to the high formation of byproduct as a result of
the choice of solvent and temperature, which were both unfortunately necessary for obtaining
the desired compound. However, it has also been shown that solvents such as ethylene
carbonate, can also be used in the synthesis of di-cationic compounds related to C73-phth.**
This approach may also be applicable to the synthesis of C73-phth-Lissamine B (23) to improve
yields and to minimize byproduct formation associated with the use of a protic/ nucleophilic
solvent such as EtOH. Future work will involve exploring ethylene carbonate and other solvent
systems in the reaction of compounds 19 and 25, in an attempt to improve yields and limit
byproduct formation, for purpose of improving efficiency and ease of separation of the target

compound, C73-phth-Lissamine B (23).

Pharmacology. C7;3-phth-Lissamine B (23) was first evaluated at the eGFP-tagged M»

mAChR by competition and dissociation kinetics binding assays, to determine whether it

retained the allosteric affinity and cooperativity of the parent ligand, C73-phth (6) (Figure 12).
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Figure 12. Radioligand binding experiments on Flp-In-CHO cells over expressing the eGFP-
M, mAChR, assessing the competition binding and dissociation kinetics of [PH]NMS in the
presence of increasing concentrations of C73-phth-Lissamine B (23) and Cs3-phth (6). (Top
left) shows the inhibition of [’H]NMS binding by C7/;-phth-Lissamine B (23), C75-phth (6) and
atropine as a control. (Top right) shows the comparison of allosteric affinity (pKg) and
cooperativity with [PHINMS (log anms) as determined from the competition binding
experiments. (Bottom left) shows the dissociation of [’ H]NMS over time (mins) in the presence
of increasing concentrations of C73-phth-Lissamine B (23). (Bottom right) shows the change
in the dissociation rate constant (kofr) of [3H]NMS in the presence of increasing concentrations
of C75-phth-Lissamine B (23). All data was analysed using the GraphPad 7 software. Data
represent the mean + S.E. of three independent experiments performed in duplicate.

The competition binding assays revealed that Cs;3-phth-Lissamine B (23) partially
displaces [P H]NMS from the eGFP-M, mAChR indicative of an allosteric modulator (Figure
12, top left), however did so with reduced cooperativity (log a) compared with the parent ligand
(C73-phth) (Figure 9, top right). The affinity of C73-phth-Lissamine B (23) (pKs = 5.92 + 0.23)
was apparently reduced compared to C73-phth (6) (pKs = 6.47 + 0.11) but not so much as to
make the probe an unviable tool (Figure 9, top right). However, dissociation kinetic binding
assays confirmed that C;3-phth-Lissamine B (23) retains some negative cooperativity with

[PHINMS, strongly suggesting that it interacts allosterically with the eGPF-M> mAChR and
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with micromolar affinity, comparable to the parent ligand, C7;3-phth (6) (Figure 12, top left).
To independently verify the allosteric affinity and binding mode of C73-phth-Lissamine B (23)
(indicated by the competition and kinetic binding assays) interaction radioligand binding
experiments were performed with both C73-phth (6) and atropine, on Flp-In-CHO cells over

expressing the eGFP-tagged M2 mAChR (Figure 13).
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Figure 13. Interaction radioligand binding experiments on Flp-In-CHO cells over expressing
the eGFP-tagged M, mAChHR, interacting [PTH]NMS, C7;-phth-Lissamine B (23) and either
C73-phth (6) or atropine. (Top left) shows the competition binding curves of [PH]NMS, and
C7/3-phth (6) in the presence of increasing concentrations of C73-phth-Lissamine B (23). (Top
right) shows a plot of how the allosteric affinity (pKg) of C73-phth (6) changes in response to
increasing concentrations of C73-phth-Lissamine B (23). (Bottom left) shows the competition
binding curves of [’ H]NMS, and atropine in the presence of increasing concentrations of C7/3-
phth-Lissamine B (23). (Bottom right) shows a plot of how the affinity (pKj) of atropine
changes in response to increasing concentrations of C73-phth-Lissamine B (23). All data was
analysed using the GraphPad 7 software. Data represent the mean + S. E. of three independent
experiments performed in duplicate.
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The data shows that C73-phth-Lissamine B (23) was able to displace C73-phth (6) in a
concentration dependent manner (Figure 13, top left, top right), indicating that the two ligands
likely compete for a common (allosteric) site. Additionally, no evidence for direct competition
with the orthosteric ligand atropine was found (Figure 13, bottom left, bottom right). As for
[PH]NMS the cooperativity of C73-phth-Lissamine B (23) with atropine was found to be low
(Figure 13, bottom right). Although this suggests that C73-phth-Lissamine B (23) has lost some
of its allosteric modulator characteristics, this property of cooperativity is less important for
the intended use of C73-phth-Lissamine B (23) as an allosteric probe than its affinity for the
allosteric site (Figure 13). In fact, an allosteric probe which exhibits neutral cooperativity may
even be beneficial as it decreases the likelihood of probe dependence-like interactions with
other ligands. Experiments competing C73-phth-Lissamine B (23) with [?’H]NMS indicated that
Cr3-phth-Lissamine B (23) had lower affinity compared with C73-phth (6) (Figure 12).
However experiments interacting C73-phth (6) and C73-phth-Lissamine B (23) reveal a more
precise measurement, showing that the affinity of both ligands are similar (Figure 13). This
most likely arose due to the low cooperativity of C73-phth-Lissamine B (23) and [’H]NMS,
resulting in high error in the initial measurements of affinity (Figure 12). To evaluate any probe
dependency phenomena which may bias our measurements of allosteric affinity, we then
evaluated Cy;3-phth-Lissamine B (23) in similar interaction assays as before, this time
employing the orthosteric agonist iperoxo (IXO) and PG 1000 (Figure 14). The structure of PG
1000 has not been disclosed, however it behaves as an M> mAChR selective antagonist in

assays.
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Figure 14. Interaction radioligand binding experiments on Flp-In-CHO cells over expressing
the eGFP-tagged M> mAChR, interacting [PH]NMS, C7;3-phth-Lissamine B (23) and either
iperoxo (IXO) or PG 1000. (Top left) shows the competition binding curves of [PZH]NMS, and
iperoxo (IXO) in the presence of increasing concentrations of C73-phth-Lissamine B (23). (Top
right) shows a plot of how the allosteric affinity (pKi) of iperoxo (IXO) changes in response to
increasing concentrations of C73-phth-Lissamine B (23). (Bottom left) shows the competition
binding curves of [?’H]NMS, and PG 1000 in the presence of increasing concentrations of C7/3-
phth-Lissamine B (23). (Bottom right) shows a plot of how the affinity (pKi) of PG 1000
changes in response to increasing concentrations of C73-phth-Lissamine B (23). All data was
analysed using the GraphPad 7 software. Data represent the mean + S. E. of three independent

experiments performed in duplicate.

C73-phth-Lissamine B (23) was found to partially inhibit the binding of the orthosteric
agonists, iperoxo and PG 1000, in a concentration dependent manner (Figure 14, top left, top
right, bottom left, bottom right), further suggesting that C73-phth-Lissamine B (23) behaves as
a weak NAM, which induces an inactive conformation in the eGFP-tagged M2 mAChR. As
with the competitive and dissociation kinetics assays (Figure 12), and the interaction
radioligand binding experiments performed with antagonists (Figure 13), the interaction

radioligand binding experiments with agonists (Figure 14) indicated that C73-phth-Lissamine
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B (23) had an affinity for the eGFP-M, mAChR of approximately 1 uM. With these
experiments we were able to rule out probe dependence as a bias in our affinity measurements
for C7;3-phth-Lissamine B (23) and confirm that it appears to maintain good allosteric affinity
for the eGFP-tagged M> mAChR, relative to the parent ligand, C73-phth (6) (Figure 12). Having
established the allosteric binding mode of C73-phth-Lissamine B (23) it was then subjected to

assay by confocal microscopy to evaluate its effectiveness as an allosteric probe (Figure 15).
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Figure 15. Image taken from a representative confocal microscopy experiment. (Top left)
shows the red channel which shows the fluorescent probe, C73-phth-Lissamine B (23). (Top
right) shows the blank channel. (Bottom left) shows the green channel in which the eGFP-
tagged M> mAChR can be seen. (Bottom right) shows the overlay of the red and green channels.
Expression of eGFP—M2 mAChRs was found to be ~ 90 000 receptors per cell by saturation
radioligand binding. Concentration of Cy3-phth-Lissamine B (23) used was 1 pM. All
experiments were performed at room temperature and images were taken live, before during
and after addition of C73-phth-Lissamine B (23). The images above were taken immediately
after addition of C73-phth-Lissamine B (23).
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Encouragingly, in the red channel C73-phth-Lissamine B (23) can be seen localizing to
the cell membranes of the eGFP-M> mAChR expressing CHO cells (Figure 15, top left). The
surrounding solution presents with a faint general fluorescence, possibly due to minor, non-
binding, fluorescent impurities in the sample of C7;3-phth-Lissamine B (23), but could also be
simply due to free, unbound C73-phth-Lissamine B (23) in solution. Despite this a good signal-
to-noise ratio was obtained and so a wash-out was not performed as it was unnecessary. The
green channel shows the eGFP-tagged receptors, generally distributed around the cell
membranes as expected, however some receptors can be seen internalized inside the cells due
to receptor trafficking (Figure 15, bottom left). The overlay of both channels shows that, as
expected, Cri-phth-Lissamine B (23) appears to co-localises with the eGFP-M> mAChRs
around the cell membranes, resulting in the yellow colour seen in the confocal microscopy
image (Figure 15, bottom right). Furthermore, this co-localisation is not seen in the internalized
receptors, suggesting that very little if any C73-phth-Lissamine B (23) is internalized with
receptors over the timescale of the assay. Finally, we wished to examine the binding kinetics
of C73-phth-Lissamine B (23) at the eGFP-tagged M> mAChRs by confocal microscopy and
confirm that the values obtained were consistent with the binding and kinetic measurements

made using radioligand binding techniques performed previously (Figure 16).
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Figure 16. Representative experiment of real-time confocal microscopy data analyzing the
change in FRET signal at a signal point on the membrane of a Flp-In-CHO cell expressing the
eGFP-tagged M> mAChR in the presence of C7;3-phth-Lissamine B (23). (Top) shows the full
duration of a kinetic experiment in which 1 uM of C73-phth-Lissamine B (23) is added initially,
until association has to come to equilibrium, before adding a saturating concentration (300 uM)
of unlabeled C73-phth (6) to induce dissociation. (Bottom left) shows the association phase of
Cr3-phth-Lissamine B (23) binding in isolation for clarity. (Bottom right) shows the
dissociation phase of C7;3-phth-Lissamine B (23) in isolation for clarity.

Real-time confocal microscopy experiments analyzing the change in FRET signal at a
point on the cell membrane show that C73-phth-Lissamine B (23) displays fast on and fast off
rate kinetics, suggesting that (as expected for an allosteric interaction) the energy of binding
and unbinding is relatively low (Figure 16, top). These kinetic FRET experiments also
demonstrate that C7;3-phth-Lissamine B (23) is completely displaced by the parent ligand
within the error margins of the assay, C73-phth (6) (Figure 16, top, bottom right), again (as for

the radioligand interaction binding data) suggesting that both ligands compete for a common

binding site. The affinity for C73-phth-Lissamine B (23) as calculated from the kon and ko
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values from the FRET assays (Figure 16, bottom left) comes out as pKs ~ 5.8, which is
comparable to the estimated affinity values from the radioligand binding assays of pKp ~
6.4(Figure 12, Figure 13, Figure 14). This good agreement between the affinity values
measured from e uilibrium and non-equilibrium experiments implies that the nature of
ligand binding for Css-phth-Lissamine B (23) is specific. If non-specific binding were
occurring the dissociation rate would be artificially decreased in the non-equilibrium assays
(and potentially the dissociation curve biphasic) due to some ligand dissociating from the
receptor and some from the membrane in tandem. Hence, the calculated affinity from the non-
equilibrium experiments would not agree with the equilibrium radioligand binding affinity.
However, we found good agreement between the two assays, hence no evidence for non-
specific binding. In combination with the radioligand binding data previously discussed these
FRET results give a good indication of that C73-phth-Lissamine B (23) behaves as intended as
a mAChR allosteric probe and, in conjunction with the eGFP-tagged M> mAChR CHO cell
line, will be useful a useful tool for the direct measurement of allosteric binding affinity and

kinetics of mAChR allosteric ligands.

B CONCLUSIONS

In this chapter we have designed, synthesized and evaluated a novel fluorophore-tagged
allosteric probe for the mAChRs. Our initial design ultimately failed to produce the desired
fluorescence, and highlighted the importance of including structural features into the ligand
which prevent isomerization of the Rhodamine B (12) tag to its non-fluorescent spirolactam
form. Our re-designed probe overcame this issue, however as with the original design the yields
in the synthesis were low and the isolation of the target compound, C7;3-phth-Lissamine B (23),
was difficult, requiring many repeated purifications by preparative HPLC. N-quaternisation to

form the final product proved to be challenging in polar protic solvents, however, the usage of
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EtOH in the final N-Quaternisation reaction allowed for the production of some of the desired
product, C7;3-phth-Lissamine B (23), in a repeatable manner. Unfortunately, the yields of C73-
phth-Lissamine B (23) were very low, due to the dominant formation of the mono- and
diethoxylated starting material, due to the nucleophilic nature of EtOH. We suggest that other,
non-nucleophilic, high dielectric constant solvents, such as ethylene carbonate, may be useful
for overcoming this issue in future work. The final probe, C7;3-phth-Lissamine B (23),
displayed all of the expected pharmacological traits of the parent ligand (C7;-phth), being a
weak NAM at the eGFP-M; mAChR with an affinity of approximately 1 uM, and not
significantly different from that measured for C7;3-phth (6). Confocal microscopy imaging data
shows that C;3-phth-Lissamine B (23) and the eGFP-M> mAChRs co-localise on the cell
membranes. Time-course assays monitoring change in FRET signal in the presence of C7/3-
phth-Lissamine B (23) indicated that C7;3-phth-Lissamine B (23) displays fast on and off rate
kinetics, and the values for affinity obtained from the FRET kinetics assays and the radioligand
binding assays are in good agreement. Although here we have only evaluated C7;3-phth-
Lissamine B (23) by FRET assay at the eGFP-M> mAChR it is likely that (as with the parent
ligand), C73-phth-Lissamine B (23) also displays reasonable affinity at all M;-Ms mAChR
subtypes, making it a viable tool for probing the allosteric sites of all of those receptors. Our
strategy of incorporating the fluorophore directly into the pharmacophore of C73-phth (6) was
fortunately successful and further highlights what has been shown by previous SAR studies of
related structures that show there is significant flexibility for substituting the phthalimido ring
motif in these compounds with larger aromatic motifs, without the significant loss of allosteric
affinity. Future work will involve optimization of the synthesis of C7;3-phth-Lissamine B (23)
to improve overall yields, and to increase the synthetic accessibility of this compound. We
intend to develop other eGFP-tagged mAChR subtypes (Mi, M3;-Ms mAChR) and to

characterize the pharmacological properties of C73-phth-Lissamine B (23) at these remaining
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mAChR subtypes, to evaluate Cys-phth-Lissamine B (23) as a general purpose mAChR
allosteric probe. Furthermore, we would be interested to know whether C73-phth-Lissamine B
(23) could potentially be used in alternate assay formats such as FP, which can be performed
using the native untagged receptors, as this would further increase the pharmacological
applicability of C73-phth-Lissamine B (23) as a low-cost, throughput scalable, subtype general

mACHhR allosteric probe.

B EXPERIMENTAL SECTION

Chemistry. All materials were reagent grade and purchased commercially from Sigma-
Aldrich or Matrix Scientific. Anhydrous solvents were obtained from an MBraun MB SPS-800
Solvent Purification System. Analytical thin layer chromatography (TLC) was performed on
Silica Gel 60 F254 pre-coated plates (0.25 mm, Merck ART 5554) and visualised using
ultraviolet light, iodine, potassium permanganate or ninhydrin as necessary. Silica gel 40—63
micron (Davisil) was used for silica gel flash chromatography. 'H NMR spectra were recorded
on a Briiker Avance 400 MHz Ultrashield Plus spectrometer at 400.13 MHz. Chemical shifts
(6) for all "H NMR spectra are reported in parts per million (ppm) using the central peak of the
deuterated solvent chemical shift as the reference: MeOD (3.31), CDCl; (7.26) and ds-DMSO
(2.50).% Each resonance was assigned according to the following convention: chemical shift
(0) (multiplicity, coupling constant(s) in Hz, number of protons). Coupling constants (J) are
reported to the nearest 0.1 Hz. In reporting the 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. '*C NMR spectra were recorded
at 100.62 MHz using a Briiker Avance 400 MHz Ultrashield Plus spectrometer. Chemical
shifts (J) 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: MeOD (49.00), CDCI3 (77.16) and de-
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DMSO (39.52).* Compounds for which less then 20 mg were obtained were analysed for 3 hr
to ensure good a signal-to-noise ratio was obtained. HSQC, HMBC and COSY spectra were
obtained using the standard Briiker pulse sequence to assist with structural assignment of the
compounds. LC-MS 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 an Agilent 6224 TOF LC-MS coupled to an Agilent 1290 Infinity
(Agilent, Palo Alto, CA). 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/CH3CN. 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 214 and/ or 254 nm using a Waters 996 Photodiode Array detector. Preparative
HPLC was performed using an Agilent 1260 infinity coupled with a binary preparative pump
and Agilent 1260 FC-PS fraction collector, using Agilent OpenLAB CDS software (Rev
C.01.04) and an Altima 5 pM C8 22 mm % 250 mm column. The following buffers were used:
buffer A, H20; buffer B, MeCN, with sample being run at a gradient of 5% buffer B to 100%
buffer B over 20 min at a flow rate of 20 mL/min. Characterisation requirements for final
compounds were set as: 'H NMR, '*C NMR, LC-MS, HPLC (254 nm and 214 nm) purity

>95%.

N'-(3-(3'-(Diethylamino)-6'-(diethylammonio)-3-oxospiro[isoindoline-1,9'-xanthen]-
2-yl)propyl)-N-(3-(1,3-dioxoisoindolin-2-yl)propyl)-V' ,N , N, N'-tetramethylheptane-
1,7-diaminium dibromide (13). Compound 19 (87 mg, 0.18 mmol) and compound 20 (94 mg,
0.18 mmol) and DIPEA (2 drops) were combined in AR grade ACN (2 mL) and stirred in a

sealed tube. The temperature was gradually increased over 24 h from room temperature to 160
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°C and held at that temperature for an additional 48 hrs. The solution was then allowed to cool
and the solvent removed in vacuo. The crude material was then purified by FCC with
DCM:MeOH (9:1) as the eluent to give the product as a light pink, viscous oil; 6.9 mg, 5%. 'H
NMR (CDCl) 6 7.92 — 7.88 (m, 1H), 7.86 — 7.79 (m, 2H), 7.75 — 7.70 (m, 2H), 7.54 — 7.42
(m, 2H), 7.17 = 7.06 (m, 1H), 6.42 — 6.35 (m, 4H), 6.29 (dd, J =9.0, 2.6 Hz, 2H), 4.14 (t, J =
5.0 Hz, 2H), 3.89 — 3.75 (m, 4H), 3.70 -3.51 (m, 6H), 3.40 — 3.23 (m, 12H), 3.04 (s, 6H), 2.32
—2.22 (m, 2H), 1.94 — 1.61 (m 10H), 1.53 — 1.32 (m, 4H), 1.16 (t, J= 7.0 Hz, 12H); *C NMR
(CDCls) 0 168.7, 168.4, 153.7, 152.9, 148.0, 145.0, 139.1, 134.5, 132.0, 128.8, 128.7, 124.2,
123.8, 123.1, 113.7, 108.4, 97.9, 65.3, 65.0, 64.7, 63.2, 62.8, 62.5, 51.7, 51.5, 50.1, 44.6, 37.0,
35.1,27.1, 24.8, 22.8, 22.4, 22.3, 22.1, 12.8; m/z MS (TOF ES") CssH73NcO4>" [M]*" calcd,
285.9; found, 285.8; LC-MS: trr = 3.09 min.
2-(3-(Dimethylamino)propyl)isoindoline-1,3-dione (18). Phthalic anhydride (888 mg,
6.00 mmol) and N',N!-dimethylpropane-1,3-diamine (153 mg, 1.50 mmol) were combined in
AcOH (15 mL) and heated to reflux for 24 h, monitoring periodically by TLC. The solvent was
removed in vacuo and the crude material was purified by FCC on silica with DCM:MeOH (1:1)
as the eluent, giving the product as a crop of fine white needles; 301 mg, 86%. 'H NMR (ds-
DMSO) ¢ 7.93 — 7.81 (m, 4H), 3.64 (t, /= 6.5 Hz, 2H), 3.19 — 3.06 (m, 2H), 2.74 (s, 6H), 2.03
—1.91 (m, 2H); *C NMR (ds-DMSO) 6 168.2, 134.6, 131.9, 123.2, 54.5, 42.4, 34.8, 23.6; m/z
MS (TOF ES") Ci3H6N202 [M+H]" caled, 233.1; found, 233.2. LC-MS: #r = 4.34 min.
7-Bromo-N-(3-(1,3-dioxoisoindolin-2-yl)propyl)-/V,N-dimethylheptan-1-aminium
bromide (19). Compound 18 (730 mg, 3.15 mmol), 1,7-dibromoheptane (1.63 g, 6.32 mmol)
and DIPEA (406 mg, 3.15 mmol) were combined in ACN (20 mL) and heated to reflux for 6
hrs. The solution was allowed to cool and the solvent removed in vacuo. The crude material
was then recrystallized from EtOAc, adding minimal PE upon cooling to induce crystallization,

giving a crop of white needles which were vacuum filtered, washed with a small volume of PE
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and dried under vacuum; 1.263 g, 82%. 'H NMR (ds-DMSO) & 7.93 — 7.82 (m, 4H), 3.66 (t, J
= 6.3 Hz, 2H), 3.53 (t, /= 6.7 Hz, 2H), 3.46 — 3.40 (m, 2H), 3.27 — 3.18 (m, 2H), 2.97 (s, 6H),
2.04 (p, J=6.7 Hz, 2H), 1.79 (p, J= 6.7 Hz, 2H), 1.65 — 1.55 (m, 2H), 1.43 — 1.17 (m, 6H)
3C NMR (ds-DMSO) 6 168.2, 134.6, 131.9, 123.3, 63.2, 60.9, 53.8, 35.3, 34.8, 32.2, 27.7,
27.4,25.7,21.7,18.3; m/z MS (TOF ES") C20H30BrN>O," [M]" caled, 409.2; found, 408.8. LC-
MS: tr = 5.05 min.
N-(6-(Diethylamino)-9-(2-((3-(dimethylamino)propyl)carbamoyl)phenyl)-3H-
xanthen-3-ylidene)-V-ethylethanaminium chloride (20). Rhodamine B (N-(9-(2-
carboxyphenyl)-6-(diethylamino)-3H-xanthen-3-ylidene)-N-ethylethanaminium chloride)
(1.44 g, 3.00 mmol), N!,N'-dimethylpropane-1,3-diamine (500 mg, 3.00 mmol) and HCTU
(1.24 g, 3.00 mmol) were combined in DCM:DMF (1:1, 30 mL) and stirred at room
temperature. DIPEA (1.16 g, 9.00 mmol) in DCM:DMF (1:1, 4.5 mL) was added to the stirring
solution, dropwise over 30 mins. After the addition, the solution was stirred overnight. The
DCM was then removed under vacuum and dH»>O (150 mL) was added and the product
extracted with EtOAc (3 x 35 mL), which was washed with sat. NaHCO3 solution (3 x 10 mL),
dried over MgSO4 and the solvent removed under vacuum. The crude material was then
purified by FCC with DCM:MeOH (19:1) as the eluent, giving the title compound as a red
foam; 711 mg, 42%. 'H NMR (CDCls) § 7.91 — 7.87 (m, 1H), 7.50 — 7.37 (m, 2H), 7.12 — 7.02
(m, 1H), 6.47 — 6.39 (m, 2H), 6.37 (d, J = 2.6 Hz, 2H), 6.25 (dd, J = 8.9, 2.6 Hz, 2H), 3.32 (q,
J=17.0Hz, 8H), 3.17 - 3.07 (m, 2H), 2.09 (t, J = 7.5 Hz, 2H), 2.02 (s, 6H), 1.15 (t, /= 7.0 Hz,
12H); 3*C NMR (CDCL) 6 168.1, 153.6, 153.5, 148.8, 132.3, 131.7, 129.1, 128.1, 123.9, 122.8,
108.2, 106.0, 97.9, 57.5, 46.9, 45.2, 38.7, 26.2, 12.7; m/z MS (TOF ES") C33H42N4O, [M+H]"
caled, 528.3; found, 528.0. LC-MS: fr = 3.22 min.
2-(6-(Diethylamino)-3-(diethyliminio)-3H-xanthen-9-yl)-5-(NV-(3-((7-((3-(1,3-

dioxoisoindolin-2-yl)propyl)dimethylammonio)heptyl)dimethylammonio)propyl)
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sulfamoyl)benzenesulfonate ditrifluoroacetate (23). Compound 19 (44 mg, 0.11 mmol),
compound 25 (70 mg, 0.11 mmol) and DIPEA (1 drop) were combined in EtOH (2.5 mL) and
heated to 160 °C in a sealed tube for 72 hrs. The solvent was removed in vacuo and the crude
material purified by iterative runs of preparative HPLC by the protocol listed in the general
methods, giving the title compound as a crop of fine red prisms; 8.7 mg, 7%. 'H NMR (MeOD)
08.62 (d, /=19 Hz, 1H), 8.11 (dd, J=8.0, 1.9 Hz, 1H), 7.92 — 7.78 (m, 4H), 7.56 (d, J= 7.9
Hz, 1H), 7.10 (d, J = 9.4 Hz, 2H), 7.02 — 6.92 (m, 4H), 3.76 (t, J = 6.6 Hz, 2H), 3.67 (q, J =
7.1 Hz, 8H), 3.53 — 3.33 (m, 8H), 3.16 — 3.309 (m, 8H), 3.06 (s, 6H), 2.16 (p, J = 6.5 Hz, 2H),
2.11 —2.02 (m, 2H), 1.93 — 1.69 (s, 4H), 1.57 — 1.35 (m, 6H), 1.30 (t, J = 7.0 Hz, 12H); '*C
NMR (MeOD) 6 169.8, 159.4, 157.6, 157.2, 147.4, 143.2, 135.7, 135.6, 133.4, 132.9, 129.2,
127.8,124.3,115.2, 115.0,97.1, 65.4, 65.1, 62.9, 62.3, 51.8, 51.3, 46.8, 41.2, 40.9, 38.2, 35.8,
26.8, 24.4, 23.3, 23.2, 23.1, 12.8; m/z MS (TOF ES") CsxH72NsOsS2*" [M]** calcd, 486.2;
found, 486.0. LC-MS: fr =3.25 min; HPLC: fr = 4.17 min, purity (254) = 98.1%, purity (214)

=97.4%.

2-(6-(Diethylamino)-3-(diethyliminio)-3H-xanthen-9-yl)-5-(/V-(3-
(dimethylamino)propyl)sulfamoyl)benzenesulfonate (25). Lissamine B sulfonyl chloride
(5-(chlorosulfonyl)-2-(6-(diethylamino)-3-(diethyliminio)-3H-xanthen-9-
yl)benzenesulfonate) (115 mg, 0.199 mmol) and N!,N'-dimethylpropane-1,3-diamine (82 mg,
0.80 mmol) were combined in anhydrous THF and the solution stirred at room temperature for
1 hr. The solvent was removed in vacuo and the crude dissolved in dH,O (30 mL) and extracted
into DCM (3 x 15 mL). The combined organic extracts were washed with sat. NaHCO3 (30
mL), dried over MgSOj4 and the solvent removed under vacuum to give the product as fine red
prisms; 69 mg, 54%. 'H NMR (CDCl) § 8.79 (d, J = 1.9 Hz, 1H), 8.00 (dd, J = 7.9, 1.9 Hz,
1H), 7.31 (d, J= 9.5 Hz, 2H), 7.20 (d, J= 7.8 Hz, 1H), 6.79 (dd, J= 9.5, 2.5 Hz, 2H), 6.67 (d,

J=2.5Hz, 2H), 5.30 (s, 1H), 3.63 — 3.47 (m, 8H), 3.24 (t, J= 5.9 Hz, 2H), 2.52 (t, J= 5.9 Hz,
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2H), 2.32 (s, 6H), 1.75 (p, J = 6.0 Hz, 2H), 1.30 (t, J = 7.1 Hz, 12H); 1*C NMR (CDCL) 6
157.9, 155.7, 149.0, 148.1, 146.3, 140.5 133.8, 131.1, 127.9, 124.5, 123.5, 117.1, 114.6, 95.8,
57.9, 46.0, 45.6, 42.4, 25.0, 12.7, 8.2; m/z MS (TOF ES") C3,H42N406S2 [M+H]" caled, 643.3;

found, 642.7; LC-MS: tr = 4.89 min.
Isolated byproducts from the synthesis of compound 6.

N-(3-(1,3-Dioxoisoindolin-2-yl)propyl)-7-ethoxy-/V,N-dimethylheptan-1-aminium
bromide (29). 'H NMR (MeOD) 6 7.60 — 7.51 (m, 2H), 7.14 — 7.05 (m, 2H), 3.68 (q, J = 7.2
Hz, 6H), 3.35 (s, 6H), 3.30 — 3.17 (m, 6H), 2.12 — 2.01 (app m, 2H), 1.91 — 1.80 (app m, 2H),
1.78 — 1.66 (app m, 2H), 1.60 — 1.38 (m, 10H), 1.28 (t, J = 4.5 Hz, 3H); m/z MS (TOF ES")

C22H35N205" [M]" caled, 375.3; found, 375.0; LC-MS: fg = 3.82 min.

7-Ethoxy-N-(3-(2-(ethoxycarbonyl)benzamido)propyl)-/NV,N-dimethylheptan-1-
aminium bromide (30). 'H NMR (MeOD) § 7.60 — 7.51 (m, 2H), 7.14 — 7.05 (m, 2H), 3.68
(q, J = 7.2 Hz, 6H), 3.35 (s, 6H), 3.30 — 3.17 (m, 6H), 2.12 — 2.01 (app m, 2H), 1.91 — 1.80
(app m, 2H), 1.78 — 1.66 (app m, 2H), 1.60 — 1.38 (m, 10H), 1.28 (t, J=4.5 Hz, 3H); m/z MS

(TOF ES") C24H41N204" [M]" caled, 421.3; found, 421.0. LC-MS: tr = 3.71 min.
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Conclusions and Future Directions

Chapter 2

We attempted in this chapter to employ the bitopic hybrid ligand concept for the design
of an M1 mAChR selective agonist, identifying that these ligands strangely possessed M>/My
mAChR selectivity at non-optimal linker lengths. Subsequent synthesis and evaluation of
truncated derivatives of the hybrid ligands revealed that the M2/Ms mAChR selectivity was not
due to a bitopic interaction, being most pronounced in the N-decyl derivative of iperoxo (IXO-

C10), which bears no allosteric pharmacophore with which to make a bitopic interaction.

IXO-BQCA hybrid ligands IXO-C10

Figure 1. General chemical structure of our IXO-BQCA hybrid ligands and the most
selective ligand found in chapter 2, IXO-C10.

Our hybrid ligands, though clearly not bitopic, possess similar selectivity to other
mAChR hybrid ligands which have been reported to act bitopically at the mAChRs.!" Since
completing this study, further work has been published which suggests that some of these
compounds gain their M2/M4 mAChR selectivity via conformational restriction of the allosteric
domain (leading to G;j bias) which explains why many of our truncated hybrid ligands possess
M2/Ms mAChR selectivity.* To our knowledge, no group has yet reported a mAChR hybrid
ligand agonist which possesses selectivity for another subtype (or subset of subtypes) besides
the M2/M4 mAChR, and it seems reasonable to propose that all of these hybrid ligands act via

this mechanism of conformational restriction and not via a bitopic mechanism. Furthermore, if
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these hybrid ligands can only gain selectivity via conformational restriction of the allosteric
domain then designing selective mAChR agonists for any other subtypes besides the M>/My
mAChRs may be an impossibility. Despite this, we found a significant difference in efficacy
for IXO-C10 between the M> and Ms mAChRs, suggesting that there may be another
mechanism/s at play which could allow for differentiation between the M> and M4 mAChR
subtypes besides bitopic interactions and conformational restriction of the allosteric domain.
However, we suggest that the approach of conjoining known orthosteric and allosteric ligands

may not be suitable for designing selective agonists for the mAChRs.
Chapter 3

In chapter 3 we explored the SAR of our iperoxo-based hybrid ligands which we had
identified in chapter 2. Substitution of the allosteric pharmacophore yielded compounds with a
surprising range of pharmacology, from non-selective and relatively high efficacy, to highly
selective (differentiating between the M> and Ms mAChRs and having no activity at the

Mi/M3/Ms mAChRs) and with relatively lower efficacy overall.

N M, mAChHR selective
=0

H
N | +
©/ \([)]/\/\/\/\/\T \/O\(> IXO-C10-(3-OCF;)phen
|
F3C/O

\m M, mACHhR selective
N-o

Fon
Nm/\/\/\/\/\,lq S IXO-C10-(2,5-F)phen
NG
0]
F

H
N |,
/©/ WT \o IXO-C10-(4-CF3)phen
FaC D

| Potent, non-selective
N-o

Figure 2. Chemical structures of hybrid ligands identified in chapter 3 with M2 mAChR
selectivity, M4 mAChR selectivity and no mAChR selectivity.
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The hybrid ligands identified which possess significantly different efficacy between the
M; and Ms mAChRs, as for IXO-C10 in chapter 2, again suggest that some of these hybrid
ligands may act via a mechanism other than conformational restriction of the allosteric domain,
which has been suggested to only result in G; bias.* We identified an inverse correlation
between the efficacy of the hybrid ligands and their selectivity, which suggested that we would
be unable to optimise these ligands for both efficacy and M4 mAChR selectivity further. Also
of note was the hybrid ligands which possessed high efficacy and were non-selective, a
phenomena which we could not account for by the mechanism of conformational restriction of
the allosteric domain, by which they were presumed to act, due to their apparent lack of G;
bias.* From these results we were again lead to the hypothesis that there may be an alternate
mechanism/s at play in the action of these hybrid ligands at the mAChRs, and this possibility
was explored in detail in the following chapter. To our knowledge, this is the first hybrid ligand
study to attempt to build hybrid ligands ‘from the ground up’, as opposed to the more standard
approach which is commonly adopted, in which known ligands are combined. Our results show
that this approach is indeed viable, leading to several novel hybrid ligands with selectivity for
the M» over the Ms mAChRs (or vice versa), or other interesting pharmacology, and propose
that this approach be adopted by others to increase the diversity of mAChR hybrid ligand

structures, such as to better reveal the potential scope of mAChR hybrid ligands in the future.
Chapter 4

In chapters 2 and 3, which explored the SAR surrounding iperoxo-based hybrid ligands,
we noted several observations which we could not account for from a molecular mechanistic
perspective. Initially, based on their chemical structure and pharmacology, we expected that
our hybrid ligands simply disrupted the allosteric vestibule (as has been observed in related
hybrid ligands), resulting in G; bias, and that their pharmacology would be essentially identical,

regardless of the substituted allosteric pharmacophore. However, (as noted in chapter 3) the
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significant variation in pharmacology with allosteric substitution, the identification of hybrid
ligands which differentiated between the Gi coupled M> and M4 mAChRs, and the
identification of a significant inverse correlation between efficacy and selectivity of our entire
set of hybrid ligands, lead us to hypothesise that there may be an alternative mechanism/s
involved in their action at the mAChRs. We subjected our hybrid ligands to molecular
pharmacological and in silico analysis, and our results suggested that these ligands can adopt
two possible conformations, one which non-selectively maintains efficacy, relative to iperoxo,
and another which disrupts the allosteric vestibule, resulting in efficacy attenuation. This model
gives an explanation for our aforementioned anomalous results. Firstly, it allows for the
structure of the allosteric pharmacophore of our hybrid ligands to determine its binding
orientation by interacting with alternate regions of the receptor (outside of the allosteric
vestibule), explaining the significant differences in pharmacology between closely structurally
related hybrid ligands. Secondly, the model allows for each hybrid ligand to bind in differing
ratios of the two orientations at different subtypes, allowing for differences in efficacy at the
G;i coupled M> and M4 mAChRs. Finally, this model explains the correlation between efficacy
and selectivity as resulting from differing proportions of hybrid ligands bound in each state of
this two-state system, as determined by their allosteric substituent. Future work will involve
analysis of these hybrid ligands for their G; bias, via [*>S]GTPyS assay, to assess the extent to
which G;j bias and binding conformation influence their selectivity. Additionally, we wish to
identify the region outside of the ‘typical’ allosteric of the M2 and M4 mAChRs to which the
non-selective hybrid ligands bind, as our results indicate that the proportion of bound hybrid
ligand which binds to this site may allow for selectivity between these two subtypes. Modelling
work has suggested that this alternate binding site resides between transmembrane helices 1, 2
and 7 (TM1, TM2 and TM7) and this could be explored in more detail using mutagenesis of

the M; and M4 mAChRs. Ultimately, we believe that understanding the structural differences
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of this region (TM1, TM2 and TM7) will aid in the rational design of hybrid ligand agonists
which differentiate between the M> and M4 mAChR subtypes, and this in turn may aid in the
rational design of drugs which selectively target either of these two receptors for their

therapeutic benefits.

Chapter 5

In chapter 5 we turned our attention to the rational design of a fluorophore-tagged
mAChR allosteric probe. Here we have designed, synthesised and evaluated a mAChR
allosteric probe which has the potential to be used as a, low-cost general purpose allosteric

probe at all M;-Ms mAChR subtypes.

0 Br Br
N/\/\N+/\/\/\/\N+/\/\N N
/ \ / \ H
e}

C,;3-phth-Lissamine B

Figure 3. Chemical structure of the final fluorophore-tagged mAChR allosteric probe.

This probe bears none of the common issues of waste and safety associated with
radiolabelled probes and has advantages not possible with radiolabelled probes, including
applications in confocal microscopy imaging studies looking at receptor trafficking and
localisation in real-time. Our design strategy involved incorporating the fluorophore directly
into the ligand pharmacophore, a strategy which is typically risky, as the fluorophore is unlikely
to make a good receptor-ligand interaction by mere chance. However we suggest that this
strategy may be well suited to the design of mAChR allosteric probes, given the flexible ‘open’

nature of allosteric vestibules in these receptors.’ Although here the probe was only evaluated
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at the eGFP-tagged M> mAChR in FRET based assays, the parent ligand shows comparable
affinity across all mAChR subtypes (i.e. it is selective at the level of cooperativity), and it is
likely that this probe will work as an allosteric probe at all M1-Ms mAChRs. Future work will
involve the characterisation of the probe at the remaining eGFP-tagged M1, M3-Ms mAChRs
to assess its usefulness at these subtypes. Furthermore, here the probe has only been assessed
in FRET based assays, which require an eGFP-tagged receptor. However we suspect that the
probe may also work in fluorescence polarisation (FP) based assays, which do not require an
eGFP-tagged receptor. This would increase the general applicability of this tool, and could be
investigated in future work.® Finally, despite its pharmacological success, the synthesis of the
probe was unfortunately very low yielding, and so future chemistry work will involve the

improvement and optimisation of the synthesis to fix this issue.
Conclusion

The identification of subtype selective ligands for the mAChRs has been a significant
challenge in medicinal chemistry since the realisation that differentiated mAChR subtype
existed. The overall goal of this thesis was to increase our understanding of selectivity in
mAChR ligands, and (in chapter 5) to facilitate the development of future selective ligands
which may have potential therapeutic benefit. Future work will involve the further development
of these compounds and ideas such as to allow for their employment in the rational design and

discovery of novel therapeutic agents which selectively target a single mAChR subtype.
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B EXPERIMENTAL SECTION

Chemistry. Synthesis of 1-(4-nitrobenzyl)-4-oxo-1,4-dihydroquinoline-3-carboxylic
acid (5),* N-desmethyliperoxo (9) and subsequently iperoxo (1)* was carried out according to
literature procedures.

Synthesis of iperoxo-base 9.

Br” "¢l (@)

o N £
o. -0 > N\+ ~, -
ﬁ/y N o N
(c)
/
L7

OH o
“Reagents and conditions: (a) NaNO,, DMSO, RT, 70%; (b) dimethylamine HCI, HCHO
(aqueous 40% w/w), CuS04.5H>0, KOH.q (2 M), H20, 85 °C, 29%:; (c) NaH (60% in mineral
oil), anhydrous THF, reflux, 48%.
3-Nitro-4,5-dihydroisoxazole (13). A solution of NaNO> (3.51 g, 50.8 mmol) and
isopentylnitrite (5.12 mL, 38.1 mmol) in DMSO (45 mL) was stirred at room temperature,
under Na. 1-Bromo-3-chloropropane (2.53 mL, 25.4 mmol) was added dropwise over 30 min
and the solution stirred for 24 h. The mixture was poured into ice water (75 mL) and extracted
with dichloromethane (3 x 40 mL), dried over anhydrous MgSO4 and the solvent removed
under vacuum. The bulk of excess DMSO was removed by vacuum distillation at 65 °C (5
mmHg), the remainder being removed by dissolving the crude material in ethyl acetate (10 mL)
and washing with brine, drying over anhydrous MgSOs4, and removing the organics under
vacuum. The target compound was obtained as a viscous yellow oil; 3.04 g, 70 %. '"H NMR
(CDCL3) 6 4.84 (t,J = 10.9 Hz, 2H), 3.45 (t, J= 10.9 Hz, 2H). *C NMR (CDCls) 6 75.5, 40.8,
30.7. m/z MS (TOF ES¥) C3HsN,03 [M+H]" caled 117.0; found, 117.0. LC-MS #&: 3.33 min.
4-(Dimethylamino)but-2-yn-ol (14). Dimethylammonium HCI (10.9 g, 134 mmol) was

dissolved in minimal distilled water and the pH adjusted to 10 with aqueous KOH (2 M).
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CuS04.5H>0 (860 mg, 3.44 mmol), 40% aqueous formaldehyde (18.5 mL, 182 mmol) and
propargyl alcohol (6.5 mL, 107 mmol) were dissolved in minimal distilled water and added,
and the pH again adjusted this time to 8. The solution was then heated, with stirring, under N2,
to 85 °C for 3 h. The crude reaction mixture was reduced under vacuum and then extracted
using a continuous liquid-liquid extractor over 18.5 h, utilising 90% DCM/ 10% i-PrOH as the
solvent system. The crude extract was purified by vacuum filtering through a silica ‘plug’ with
chloroform as the mobile phase. Concentration of the organics in vacuo afforded the target
compound as a yellow-orange oil; 3.45 g, 29%. '"H NMR (CDCls) 6 4.27 (t, J = 1.9 Hz, 2H),
3.25(t,J=1.9 Hz, 2H), 2.28 (s, 6H). *C NMR (CDCL) 6 84.1, 80.1, 50.7, 48.0, 44.1. m/z MS
(TOF ES") CéH11NO [M+H]" caled, 114.1; found, 114.4. LC-MS tr: 1.38 min.
4-((4,5-Dihydroisoxazol-3-yl)oxy)-/N,/N-dimethylbut-2-yn-1-amine 9). 4-
(Dimethylamino)but-2-ynol (14) (2.97 g, 25.6 mmol) was stirred in dry THF (50 mL), under
N2. 60% NaH in mineral oil (1.54 g, 38.5 mmol) was carefully added in portions, and stirring
continued at room temperature for 45 min — 1 h. 3-Nitro-4,5-dihydroisoxazole (13) (3.00 g,
26.5 mmol) in dry THF (5 mL) was added dropwise over 15 min. The solution was then
refluxed for 24 h and monitored by LC-MS. After cooling the solution was poured into distilled
water (50 mL) and extracted gently with chloroform (5 x 50 mL), dried over anhydrous MgSQO4,
and the solvent removed under vacuum to yield a crude brown oil. This oil was then
chromatographed on silica (stationary phase: silica, gradient mobile phase: 100% chloroform
—90% chloroform/ 10% methanol) to give the target compounds as a clear yellow oil; 2.24g,
48%. "H NMR (ds-DMSO) 6 4.80 (t, J= 1.9 Hz, 2H), 4.30 (t, J = 9.6 Hz, 2H), 3.28 (t, J= 1.8
Hz, 2H), 3.00 (t, J = 9.6 Hz, 2H), 2.17 (s, 6H). 3*C NMR (CDCl) 6 167.0, 83.4, 78.6, 69.8,
58.1,48.0,44.2, 33.1. m/z MS (TOF ES") CoH14N20, [M+H]" caled, 183.1; found, 183.3. LC-

MS tr: 1.49 min.
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4-((4,5-Dihydroisoxazol-3-yl)oxy)-N,N,N-trimethylbut-2-yn-1-aminium iodide (1).
Compound 9 (200 mg, 1.20 mmol) was dissolved in ACN (10 mL). A large excess of
iodomethane was added and the solution stirred overnight at room temperature. The solvent
was removed under vacuum and the crude material recrystallized from boiling MeOH. White
solid; 350.1 mg, 90%. 'H NMR (ds-DMSO) 6 4.94 (t, J = 1.7 Hz, 2H), 4.46 (t, J = 1.7, 2H),
4.32 (t,J=9.6 Hz, 1H), 3.14 (s, 9H), 3.02 (t, J = 9.6 Hz, 2H). *C NMR (ds-DMSO) 6 166.7,
86.0, 76.3, 69.6, 57.2, 55.1, 52.0, 32.2. m/z MS (TOF ES+) CioH17N202+ [M]" calcd, 197.1;

found 197.1. LC-MS #gr: 1.03 min.

Synthesis of BQCA-derivative 5. ¢

(0] (0]
oK NH N
15 i 16 H

0 0 (0] (0]
N N

17 : 5 K(j\ :
K@\wo e

0}

“Reagents and conditions: (a) aniline (neat), 110 °C, 83%; (b) Eaton’s reagent (P4Oi¢/
methansulfonic acid 1:10 w/w), 95 °C, 71%:; (c) p-nitrobenzyl bromide, K>CO3, KI, DMF, RT,
82%; (d) LiOH.H2O, 1:1 THF:H-0, RT, 85%.

Diethyl 2-((phenylamino)methylene)malonate (15). Aniline (1.60 g, 17.2 mmol) and
diethyl ethoxymethylenemalonate (3.71 g, 17.1 mmol) were combined neat and heated to
110 °C on an oil bath, with stirring, under N>, and the reaction was monitored by TLC. After 8
h the reaction was cooled on ice at which point it solidified. The solid was removed by vacuum
filtration and washed with cold petroleum ether. The organics were then concentrated under

vacuum and the resulting precipitate filtered. The crude product was then recrystallised from

petroleum ether giving a yellow crystalline solid; 3.76 g, 83%. '"HNMR (CDCl3) § 11.01 (d, J =
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13.5 Hz, 1H), 8.53 (d, J=13.7 Hz, 1H), 7.41 — 7.33 (m, 2H), 7.19 - 7.11 (m, 3H), 4.31 (q, J =
7.1 Hz, 2H), 4.25 (q, /= 7.1 Hz, 2H), 1.38 (t, /J=7.1 Hz, 3H), 1.33 (t, /= 7.1 Hz, 3H). m/z MS
(TOF ES") C14H17NO4 [M+H]" caled, 264.1; found, 264.2. LC-MS t: 3.83.

Ethyl 4-0x0-1,4-dihydroquinoline-3-carboxylate (16). Diethyl 2-
((phenylamino)methylene)malonate (15) (3.73 g, 14.2 mmol) was dissolved in Eaton’s reagent
(15 mL, P4O10/ methanesulfonic acid 1:10 w/w) and heated to 95 °C, with stirring, under N».
After 5 h the solution was cooled to room temperature and poured into sufficient saturated
NaHCOs solution to neutralise the residual methanesulfonic acid, and stirred for 15 min. The
precipitate was then vacuum filtered, washed with distilled water and petroleum ether and dried
under vacuum overnight, giving a fine orange crystalline solid; 2.17 g, 71%. "H NMR (dé-
DMSO) ¢ 13.45 (br s, 1H) 8.54 (s, 1H), 8.15 (dd, /= 8.1, 1.1 Hz, 1H), 7.70 (ddd, J = 8.4, 7.0,
1.5 Hz, 1H), 7.61 (dd, J= 8.2, 0.5 Hz, 1H), 7.41 (ddd, J = 8.1, 7.0, 1.1 Hz, 1H), 4.21 (q, J =
7.1 Hz, 2H), 1.28 (t, J = 7.1 Hz, 3H). m/z MS (TOF ES") C12H11NOs3 [M+H]" calcd, 218.1;
found, 218.1. LC-MS fr: 4.84 min.

Ethyl 1-(4-nitrobenzyl)-4-0xo0-1,4-dihydroquinoline-3-carboxylate (17). Ethyl 4-oxo-
1,4-dihydroquinoline-3-carboxylate (16) (445 mg, 2.05 mmol), KoCO3 (349 mg, 2.53 mmol),
KI (39 mg, 0.24 mmol) and 4-nitrobenzyl bromide (545 mg, 2.52 mmol) were dissolved in
DMEF (6 mL) and stirred, under N», at room temperature for 24 h. The reaction mixture was
poured onto ice/ distilled water (20 mL) and the yellow precipitate was collected by vacuum
filtration, and washed with ethyl acetate to remove any excess 4-nitrobenzyl bromide, giving
the product as a light yellow crystalline solid; 591 mg, 82%. 'H NMR (CDCL) § 8.62 (s, 1H),
8.57 (dd, J= 8.0, 1.4 Hz, 1H), 8.27 — 8.19 (m, 2H), 7.56 (ddd, J = 8.6, 7.1, 1.7 Hz, 1H), 7.44
(ddd, J=8.0, 7.2, 0.9 Hz, 1H), 7.34 (d, J = 8.9 Hz, 2H), 7.15 (d, /= 8.4 Hz, 1H), 5.50 (s, 2H),
4.43 (q,J=7.1Hz,2H), 1.43 (t, J=7.1 Hz, 3H). m/z MS (TOF ES") C19Hi6N>Os [M+H]" calcd,

353.1; found, 353.2. LC-MS #r: 7.71 min.
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1-(4-Nitrobenzyl)-4-o0xo0-1,4-dihydroquinoline-3-carboxylic acid (5). Ethyl 1-(4-
nitrobenzyl)-4-oxo-1,4-dihydroquinoline-3-carboxylate (17) (3.19 g, 9.06 mmol), was
dissolved in THF (20 mL) and the solution degassed by bubbling N> through it for 30 min.
LiOH.H>0 (1.69 g, 42.2 mmol) in distilled water (20 mL) was added and the solution stirred
at room temperature, under N, for 48 h. After this time, the reaction was stopped and the THF
was removed under vacuum. The aqueous solution then carefully acidified to pH 3 and the
bright yellow precipitate was filtered and washed with minimal cold distilled water. The crude
material was then ground under hot acetone and vacuum filtered leaving the product as a yellow
crystalline solid; 2.79 g, 85%. '"H NMR (ds-DMSO) J 15.11 (s, 1H), 9.36 (s, 1H), 8.41 (dd, J =
8.1, 1.4 Hz), 8.19 (d, /= 8.8 Hz, 2H), 7.89 — 7.82 (m, 1H), 7.75 (d, /= 8.6 Hz, 1H), 7.63 (t, /=
7.5 Hz, 1H), 7.53 (d, J= 8.7 Hz, 2H), 6.05 (s, 2H). '*C NMR (ds-DMSO) 6 177.5, 166.5, 151.1,
147.4, 144.8, 139.5, 132.9, 128.3, 128.0, 127.0, 124.8, 124.5, 118.4, 117.7, 55.2. m/z MS (TOF

ES™) C17H12N205 [M+H]" caled, 325.1; found, 325.1. LC-MS #r: 5.81 min.

Synthesis of truncated hybrid ligand intermediates 11a-c.”
o) 0
O
Br@/u\ OH o Br<\>/U\N
n n

n=6,
n=6,80r10 n=8 11b
n=1

“Reagents and conditions: aniline, HCTU, DIPEA, 1:1 DMF:DCM, RT, 75-88%.

General procedure for the synthesis of 11a-c. Aniline (10.0 mmol, 1.0 eq.), HCTU
(11.0 mmol, 1.1 eq.) and the appropriate terminal-bromoalkanoic acid (10.0 mmol, 1.0 eq.)
were dissolved in DMF (150 mL) and stirred under N> at room temperature. DIPEA (2.33 g,
18.0 mmol, 1.8 eq.) in DCM (150 mL) was added dropwise over 30 min, and stirring continued

for 6 h. The DCM was removed under vacuum and the reaction mixture was then diluted with
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distilled water (200 mL). The precipitate was filtered was then suspended in a 1:1 solution of
saturated NaHCO3 (aq) and distilled water (300 mL) and stirred vigorously for 30 min, before
being vacuum filtered again. The resulting solid was then re-dissolved in DCM (100 mL) and
washed with sat. NaHCO3 solution (50 mL), dH>O (50 mL) and brine (50 mL) before being
dried over anhydrous MgSOj4 and the solvent removed in vacuo to afford the target compound.

7-Bromo-N-phenylheptanamide (11a) Off-white solid; 808 mg, 88%. '"H NMR (CDCls)
0 8.84 (s, 1H), 7.54-7.49 (m, 2H), 7.33-7.28 (m, 2H), 7.09 (t, J = 7.2 Hz, 1H), 3.40 (t, /= 6.8
Hz, 2H), 2.36 (t, J= 7.6 Hz, 2H), 1.86 (p, J = 6.8 Hz, 2H), 1.74 (p, ] = 7.6 Hz, 2H), 1.52-1.35
(m, 4H). *C NMR (CDCl3) ¢ 171.38, 138.10, 129.09, 124.30, 119.93, 37.62, 34.00, 32.62,
28.42,27.96, 25.45. m/z MS (TOF ES™) C13HisBrNO [M+H]" calcd, 284.1; found, 284.1. LC-
MS #r: 3.36 min.

9-Bromo-N-phenylnonamide (11b) Off-white solid; 1.23 g, 75%. 'H NMR (CDCL) ¢
8.94 (s, 1H), 7.54-7.49 (m, 2H), 7.32-7.26 (m, 2H), 7.08 (t, /= 7.2 Hz, 1H), 3.39 (t, /= 6.8 Hz,
2H), 2.34 (t, J="7.6 Hz, 2H), 1.83 (p, /= 6.8 Hz, 2H), 1.70 (p, J = 7.6 Hz, 2H), 1.46-1.26 (m,
8H). 3C NMR (CDCl) 6 171.75, 138.16, 129.03, 124.22, 119.96, 37.77, 34.13, 32.84, 29.26,
29.22, 28.66, 28.17, 25.67. m/z MS (TOF ES’) CisH22BrNO [M+H]" caled, 312.1; found,
312.1. LC-MS tr: 3.58 min.

11-Bromo-N-phenylundecanamide (11c¢) Off-white solid; 5.65 g, 77%. 'H NMR
(CDCl3) 6 9.07 (s, 1H), 7.56-7.48 (m, 2H), 7.32-7.26 (m, 2H), 7.08 (t,J= 7.2 Hz, 1H), 3.39 (t,
J=6.8 Hz, 2H), 2.35 (t, /= 7.6 Hz, 2H), 1.83 (p, J = 6.8 Hz, 2H), 1.71 (p, J = 7.6 Hz, 2H),
1.45-1.23 (m, 10H). *C NMR (CDCls) 6 171.77, 138.13, 129.04, 124.25, 119.97, 37.85, 34.19,
32.90, 29.45, 29.43, 29.41, 29.33, 28.81, 28.24, 25.74. m/z MS (TOF ES") Ci7H26BrNO

[M+H]" calcd, 340.1; found, 340.1. LC-MS #g: 3.71 min.
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Pharmacology.

Time-course assays. Cells were plated in 180 uL. media per well. Stock solutions of
iperoxo 1 and the test ligands were made up in DMSO (10 M). 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 of iperoxo (10 M) or test ligand solution (10-
5> M) at the time points: 30, 20, 15, 12, 10, 8, 5, 3 and 1 min, before terminating the assay. 10%
(v/v) FBS and vehicle were added at 6 min as positive and negative controls.

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

interactions between compounds 1 and 3 were fitted to the allosteric ternary complex model

(D:

Y=[A]+( KaKp )Ei]n[’]-[BJ.a[l][B]> (1)

(a'[Bl+kg/\" K1 Kp' K|Kp

where Y is the percentage (vehicle control) specific binding, [A], [B] and [I] are the
concentrations of [*’H]NMS, 3, and 1 respectively, Ka and Kp are the equilibrium dissociation
constants of [’H]NMS and the allosteric ligand, respectively, K; is the equilibrium dissociation
constant of 1, and a and o' are the cooperativities between the allosteric ligand and [*’H]NMS
or 1, respectively. Values of a (or a') > 1 denote positive cooperativity; values < 1 denote
negative cooperativity, and values = 1 denote neutral cooperativity. Functional experiments
measuring the interactions between 1 and 3 were fitted to the operational model of allosterism

(2) to derive functional estimates of modulator affinity, cooperativity, and efficacy.

F= Emax(talAl(Kp+aB[B])+tp[BIK )" )
([AlKp+K aKp+[B]K g+a[A][B))"+(ta[A] (Kg+aB[B])+Tp[BIK A)"

where Emax 1s the maximum attainable system response for the pathway under investigation;
[A] and [B] are the concentrations of orthosteric and allosteric ligands, respectively; Ka and

K are the equilibrium dissociation constants of the orthosteric and allosteric ligands,
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respectively; 7a and g 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; a is the binding cooperativity parameter between
the orthosteric and allosteric ligand; f denotes the magnitude of the allosteric effect of the
modulator on the efficacy of the orthosteric agonist. The equilibrium dissociation constant of

BQCA-derivative was fixed to that determined from the competition binding experiments.

M; mAChR M, mAChR
5 >
a @oo a (>é.00
£ £
2050 éoso
w X w X
Q_go» Q_OQO’
(I) 1l0 2'0 3'0 - 6 1'0 zlo 3‘0
Time (min) Time (min)
M;mAChHR M, mAChR

o
o

pERK 1/2
(% IXOm max.)
PERK 1/2
(% IX(?n max.)

PR Zoi S Em—— — 0
0 10 20 30 0 10 20 30
Time (min) Time (min)
- X0 1 ¥ IX0-C2 10a
M 5 m A C h R -k BQCA-deritvative 3 4~ 1XO-C3 10b
—~ -~ 1X0-C4 10c
o B hybrid-C4 8a IX0-C5 10d
: @ oo ~&= hybrid-C5 8b IXO-C6 10e
v S ¥~ hybrid-C6 8¢ IXO -C7 10f
v 050 hybrid-C 7 8d IX0-C8 10g
w x -®- hybrid-C8 8e 4 IXO0-C9 10h
o < 0 - hybrid-C9 8f IXO-C10 10i
)
0 10 20 30 4 IXO-C6-phen 12a
Tlm e (m In) IXO-C8-phen 12b

IXO-C10-phen 12c

Supplementary figure 1. Time-course assays measuring the change in pERK 1/2 response
in the presence of compounds 1,3 8a-f, 10a-i and 12a-c at the M;-Ms mAChRs.
Experiments were performed on Flp-In-CHO cells stably expressing the M1, 4.s mAChRs or
CHO-K1 expressing the M3 mAChR. Functional response to each ligand was compared to the
maximum induced ERK 1/2 phosphorylation in the presence of iperoxo 1 at 1 uM. Each data
point represents the mean + S. E. of 2 independent experiments, performed in duplicate.
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Supplementary figure 2. Functional interaction assays measuring the change in iperoxo
binding (Left) and function (Right) in the presence of 3 at the M1 mAChR. Experiments
were performed on Flp-In-CHO cells stably expressing the M; mAChR. (Left) Whole-cell
[’H]NMS inhibition binding curves were measured for iperoxo with increasing concentrations
of 3. Functional response of iperoxo with increasing concentrations of 3 was estimated by
measuring the induced ERK 1/2 phosphorylation as a percentage of the maximum inducible
phosphorylation by the full agonist (iperoxo), at the time of peak phosphorylation, as
determined previously by time-course assays (Supplementary Information). The curve of the
graphs were generated by fitting an allosteric ternary complex model to the data, and
constraining the models parameters based on experimental measurements of the properties of
3. Each data point represents the mean + S. E. of 3 independent experiments, performed in
duplicate.
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Supplementary Figure 1 — Peak ERK 1/2 phosphorylation time course assays for McN-A-
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Supplementary Figure 2 — Peak ERK 1/2 phosphorylation time course assays for piperazinyl-
linker hybrid ligands (17a-c) at the M3/ M4 mAChRs

Supplementary Figure 3 — Peak ERK 1/2 phosphorylation time course assays for NH and OH
substituted linker hybrid ligands (18a-c, 19a-d) at the M3/ M4 mAChRs

Supplementary Figure 4 — Peak ERK 1/2 phosphorylation time course assays for phenyl ring
substituted hybrid ligands (20a-r) at the M3/ Ms mAChRs

Supplementary Figure 5 — Peak ERK 1/2 phosphorylation time course assays for the most

interesting phenyl ring substituted hybrid ligands (19a,l,m,0,r) at the M1/ Mo/ Ms mAChRs
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B EXPERIMENTAL SECTION

Chemistry.

General procedure for the synthesis of n-bromoalkanamides 21a-h. Amine (10.0
mmol, 1.0 eq.), HCTU (11.0 mmol, 1.1 eq.) and the appropriate terminal-bromoalkanoic acid
(10.0 mmol, 1.0 eq.) were dissolved in DMF (15 mL) and stirred under N at room temperature.
N,N-Diisopropylethylamine (DIPEA) (30.0 mmol, 3.0 eq.) in DCM (15 mL) was added
dropwise over 30 min, and stirring continued for 16 h. The DCM was removed under vacuum
and the reaction mixture was then diluted with distilled water (20 mL). The precipitate was
filtered was then suspended in a 1:1 solution of sat. NaHCO3 (aq) and distilled water (30 mL)
and stirred vigorously for 30 min, before being vacuum filtered again. The resulting solid was
then re-dissolved in DCM (10 mL) and washed with sat. NaHCO3 solution (5 mL), dH,O (5
mL) and brine (5 mL) before being dried over anhydrous MgSO4 and the solvent removed in
vacuo to afford the target compound.

11-Bromo-N-methylundecanamide (21a). Off-white solid; 103 mg, 67%. 'H NMR
(CDCl3) 6 5.46 (br s, 1H), 3.40 (t, J= 6.9 Hz, 2H), 2.80 (d, /= 4.8 Hz, 3H), 2.15 (t, /= 8.0 Hz,
2H), 1.88-1.79 (m, 2H), 1.71-1.55 (m, 2H), 1.46-1.21 (m, 12H). 3C NMR (CDCl) J 173.9,
36.9,34.2,33.0,29.5,29.4,29.3,29.2,28.9, 28.3, 26.4, 25.9. m/z MS (TOF ES") C12H24BrNO

[M+H]" calcd; 278.1; found, 278.2. LC-MS tr: 3.81 min.

11-Bromo-N-(3-fluorophenyl)undecanamide (21b). Off-white solid; 250 mg, 81%. 'H
NMR (CDClz) 6 7.97 (s, 1H), 7.50 (dt, J=11.0, 2.2 Hz, 1H), 7.25-7.14 (m, 2H), 6.76 (tdd, J =
8.2,2.5, 1.5 Hz, 1H), 3.38 (t, /= 6.9 Hz, 2H), 2.34 (t, J=7.6 Hz, 2H), 1.82 (p, /= 8.7 Hz, 2H),
1.69 (p, J= 7.4 Hz, 2H), 1.46-1.20 (m, 12H). '3C NMR (CDCl3) 6 172.0, 163.0 (d, Jcr = 244.4
Hz), 139.9 (d, Jcr = 10.8 Hz) 130.0 (d, Jcr = 9.4 Hz), 115.1, 110.7 (d, Jcr = 21.2 Hz), 107.4 (d,
Jcr = 26.2 Hz), 38.8, 34.2, 32.9, 29.5, 29.4, 29.3, 29.2, 28.8, 28.2, 25.6. m/z MS (TOF ES")
C17H2sBrFNO [M+H]" caled; 358.1; found, 357.9. LC-MS fr: 4.78 min.
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11-Bromo-N-(4-fluorophenyl)undecanamide (21¢). Off-white solid; 181 mg, 76%. 'H
NMR (CDCl3) 6 7.60 (br's, 1H), 7.51-7.44 (m, 2H), 7.01-6.91 (m, 2H), 3.39 (t, /= 6.9 Hz, 2H),
2.33 (t,J=7.5 Hz, 2H), 1.88-1.78 (m, 2H), 1.75-1.64 (m, 2H), 1.44-1.22 (m, 12H). *C NMR
(CDClL) 0 171.8, 160.5, 134.2 (d, Jcr = 2.8 Hz), 121.8 (d, Jcr = 7.8 Hz), 115.6 (d, Jcr = 22.4
Hz), 37.6,34.2,32.9,29.5,29.4,29.3,29.2, 28.8, 28.2, 25.7. m/z MS (TOF ES") C17H2sBrFNO

[M+H]" calcd; 358.1; found, 357.9. LC-MS fr: 4.77 min.

11-Bromo-N-(2-methoxyphenyl)undecanamide (21d). Off-white solid; 84.7 mg, 77%.
"H NMR (CDCls) 6 8.38 (dd, J = 8.0, 1.7 Hz, 1H), 7.75 (br s, 1H), 7.03 (td, J = 7.8, 1.7 Hz,
1H), 6.95 (td, J=7.7, 1.5 Hz, 1H), 6.87 (dd, J = 8.0, 1.5 Hz, 1H)), 3.88 (s, 3H), 3.40 (t, J =
6.8 Hz, 2H), 2.38 (t, J=7.6 Hz, 2H), 1.84 (dp, J = 8.6, 6.9 Hz, 2H), 1.73 (p, /= 7.5 Hz, 2H),
1.47-1.22 (m, 12H). ®*C NMR (CDCl) § 171.4, 156.7, 127.9, 123.6, 121.3, 119.9, 110.0, 55.8,
38.2, 34.2, 33.0, 29.5, 29.4, 29.3, 29.2, 28.9, 28.3, 25.7. m/z MS (TOF ES") CisH23BrNO;

[M+H]" calcd; 370.1; found, 369.9. LC-MS fr: 4.01 min.

11-Bromo-/N-(3-methoxyphenyl)undecanamide (21e). Off-white solid; 148 mg, 71%.
'"H NMR (CDCL) 6§ 7.26 (, J= 1.5 Hz, 1H), 7.22 (br s, 1H), 7.12 (t, J= 7.5 Hz, 1H), 6.88 (dt,
J=1.5,1.5Hz, 1H), 6.58 (dt, J=7.3, 1.5 Hz, 1H), 3.78 (s, 3H), 3.40 (t, /= 6.8 Hz, 2H), 2.32
(t,J=7.6 Hz, 2H), 1.89-1.80 (m, 2H), 1.72 (q, J = 7.4 Hz, 2H), 1.47-1.24 (m, 12H). *C NMR
(CDCh) 0 171.4, 160.3, 139.4, 129.7, 111.9, 110.2, 105.5, 55.4, 38.8, 34.2, 32.9, 29.5, 29.4,
29.3,29.2, 28.9, 28.3, 25.7. m/z MS (TOF ES") CisH2sBrNO> [M+H]" calcd; 370.1; found,

369.9. LC-MS fr: 3.90 min.

11-Bromo-/N-(4-methoxyphenyl)undecanamide (21f). Off-white solid; 123 mg, 86%.
'"H NMR (CDCl3) 6 7.43-7.37 (m, 2H), 7.09 (br s, 1H), 6.88-6.82 (m, 2H), 3.78 (s, 3H), 3.40
(t, J=6.8 Hz, 2H), 2.32 (t, J= 7.6 Hz, 2H), 1.89-1.80 (m, 2H), 1.72 (q, J = 7.4 Hz, 2H), 1.47-

1.24 (m, 12H)."*C NMR (CDCl) J 171.3, 156.5, 131.2, 121.8, 114.3, 55.6, 37.8, 34.2, 33.0,
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29.5,29.4,29.3,29.2,28.9,28.3,25.8. m/z MS (TOF ES") Ci13H2sBrNO, [M+H]" calcd; 370.1;

found, 369.9. LC-MS #r: 3.83 min.

11-Bromo-N-(3-(trifluoromethyl)phenyl)undecanamide (21g). Off-white solid; 148
mg, 77%. '"H NMR (CDCls) 6 7.83 (s, 1H), 7.73 (d, J = 8.0 Hz, 1H), 7.63 (s, 1H), 7.41 (t, J =
7.9 Hz, 1H), 7.35-7.31 (m, 1H), 3.40 (t, J = 6.9 Hz, 2H), 2.38 (t, /= 7.6 Hz, 2H), 1.84 (p, J =
8.7 Hz, 2H), 1.71 (p, J = 7.5 Hz, 2H), 1.48-1.23 (m, 12H). 3C NMR (CDCl;) 6 172.0, 138.7,
131.4 (q, Jcr = 32.3 Hz), 129.6, 122.7, 124.0 (q, Jcr = 272.4 Hz), 120.8, 116.6, 37.8, 34.2,32.9,
29.5, 29.4, 29.3, 29.2, 28.8, 28.3, 25.6. m/z MS (TOF ES") CigH2sBrF;NO [M+H]" calced;

408.1; found, 407.9. LC-MS #r: 4.91 min.

11-Bromo-N-(4-(trifluoromethyl)phenyl)undecanamide (21h). Off-white solid; 202
mg, 58%. '"H NMR (CDCl) 6 7.96 (s, 1H), 7.71-7.63 (m, 2H), 7.57-7.49 (m, 2H), 3.39 (t, J =
6.9 Hz, 2H), 2.38 (t, J= 7.6 Hz, 2H), 1.83 (p, /= 8.7 Hz, 2H), 1.70 (p, J = 7.5 Hz, 2H), 1.47-
1.20 (m, 12H). *C NMR (CDCls) 6 172.3, 141.4, 128.2 (app d, Jcr = 18.0 Hz), 126.2 (q, Jcr =
3.8 Hz), 124.2 (q, Jcr = 272.0 Hz), 119.5, 124.0, 37.8, 34.2, 32.9, 29.5, 29.4, 29.3, 29.2, 28.8,
28.2,25.6. m/z MS (TOF ES") CisHasBrFsNO [M+H]" calcd; 408.1; found, 407.8. LC-MS fr:

4.91 min.

Pharmacology.

Time-course assays. Cells were plated in 180 pL media per well. Stock solutions of
iperoxo 1 and the test ligands were made up in DMSO (10 M). Dilutions of all ligands were
made up in FBS-free media at ten times (10%) the required concentration and added to stock
plates. Cells were incubated at 37 °C with 20 uL of iperoxo (10 M) or test ligand solution (10
3> M) at the time points: 30, 20, 15, 12, 10, 8, 5, 3 and 1 min, before terminating the assay. 10%

(v/v) FBS and vehicle were added at 6 min as positive and negative controls.
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Data analysis. All data analysis was managed using Prism 6 software (GraphPad

Software, San Diego, CA).
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Supplementary Figure 1. Time-course assays measuring the change in pERK 1/2 response
for McN-A-343-based hybrid ligands (14a-c) at the M{-Ms mAChRs. Experiments were
performed on Flp-In-CHO cells stably expressing the Mi/ M, or Ms mAChRs or CHO-K1
expressing the M3 mAChR. Functional response to each ligand was compared to the maximum
induced ERK 1/2 phosphorylation in the presence of iperoxo 1 at 1 uM. Each data point
represents the mean = S. E. of 2 independent experiments, performed in duplicate.
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Supplementary figure 2. Time-course assays measuring the change in pERK 1/2 response
for piperazinyl-linker hybrid ligands (17a-c) at the M3/ M4 mAChRs. Experiments were
performed on CHO-K1 cells stably expressing the M3 mAChR or Flp-In-CHO cells expressing
the M4 mAChR. Functional response to each ligand was compared to the maximum induced
ERK 1/2 phosphorylation in the presence of iperoxo 1 at 1 uM. Each data point represents the
mean + S. E. of 2 independent experiments, performed in duplicate.
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Supplementary figure 3. Time-course assays measuring the change in pERK 1/2 response
for NH and OH substituted linker hybrid ligands (18a-c, 19a-d) at the M3/ M4 mAChRs.
Experiments were performed on CHO-K1 cells stably expressing the M3 mAChR or Flp-In-
CHO cells expressing the M4 mAChR. Functional response to each ligand was compared to
the maximum induced ERK 1/2 phosphorylation in the presence of iperoxo 1 at 1 uM. Each
data point represents the mean + S. E. of 2 independent experiments, performed in duplicate.
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Supplementary figure 4. Time-course assays measuring the change in pERK 1/2 response
for phenyl ring substituted hybrid ligands (20a-r) at the M3/ M4 mAChRs. Experiments
were performed on CHO-K1 cells stably expressing the M3z mAChR or Flp-In-CHO cells
expressing the My mAChR. Functional response to each ligand was compared to the maximum
induced ERK 1/2 phosphorylation in the presence of iperoxo 1 at 1 uM. Each data point
represents the mean = S. E. of 2 independent experiments, performed in duplicate.
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Supplementary figure 5. Time-course assays measuring the change in pERK 1/2 response
for the most interesting phenyl ring substituted hybrid ligands (20a,l,m,p,r) at the M/
M,/ Ms mAChRs Experiments were performed on Flp-In-CHO cells stably expressing the M/
M,/ or Ms mAChRs. Functional response to each ligand was compared to the maximum
induced ERK 1/2 phosphorylation in the presence of iperoxo 1 at 1 uM. Each data point
represents the mean £ S. E. of 2 independent experiments, performed in duplicate.
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B EXPERIMENTAL

Pharmacology.

Time-course assays. Cells were plated in 180 puLL media per well. Stock solutions of
iperoxo (IXO) and the test ligands were made up in DMSO (102 M). 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 of iperoxo (10® M) or test ligand
solution (10° M) at the time points: 30, 20, 15, 12, 10, 8, 5, 3 and 1 min, before terminating
the assay. 10% (v/v) FBS and vehicle were added at 6 min as positive and negative controls.

Data analysis. All data analysis was managed using Prism 7 software (GraphPad

Software, San Diego, CA).
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Supplementary figure 1. Time-course assays measuring the change in pERK 1/2 response
in the presence of compounds IXO, IXO-C6, IXO-C8, IXO-C10, IXO-C6-phen, IXO-C8-
phen, 1XO-C10-phen and 1XO-C10-(4-CFs3)phen at the M2 Y426F, M2 Y177A, M4 3xHA
and M4 F186A mutant mAChRs. Experiments were performed on Flp-In-CHO cells stably
expressing the My Y426F, M, Y177A, M4 3xHA and M4 F186A mutant mAChRs. Functional
response to each ligand was compared to the maximum induced ERK 1/2 phosphorylation in
the presence of iperoxo (1XO) at 1 uM. Each data point represents the mean = S. E. of 2
independent experiments, performed in duplicate.
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