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Introduction

1. The cholinergic system

The vegetative nervous system is subdivided into the sympathetic and parasympathetic
nervous system due to their different morphological and functional properties. Stimuli of both
systems are transferred by preganglionic and postganglionic neurons to nerve endings and
eventually to effector organs. Stimuli of the sympathetic nervous system are mediated by the
neurotransmitter noradrenaline (NA), whereas the parasympathetic nervous system is
effected by the neurotransmitter acetylcholine (ACh). Neurons released by acetylcholine are

referred to as cholinergic system (Figure 1).

Choline-Acetyltransferase
Acety Icholinesterase

Membran transport
mechanisms

AcCoA
%‘. ACh

Cholin

Figure 1. Schematic depiction of general cholinergic nerve junction. Biosynthesis, storage, release,
hydrolysis of acetylcholine and location of receptor sites (modified according to Aktories et al.?).

Acetylcholine is one of the most important neurotransmitter, regulating basic cell functions
such as energy-uptake and -storage, relevant e.g. for the regulation of heart rate and blood
pressure. Acetylcholine is biosynthesized by choline and acetyl coenzyme A, catalyzed by
the choline acetyltransferase in the presynaptic cell, followed by the storage in vesicles.
Opening of the voltage-dependent calcium channels and subsequent influx of Ca?* results in
the release of acetylcholine from the storage vesicles into the synaptic cleft. There,
acetylcholine can bind to e.g. cholinergic receptors on postsynaptic or presynaptic
membranes, mediating cell responses. These receptors are classified either as muscarinic
acetylcholinergic receptors (MAChR) or nicotinic acetylcholinergic receptors (nAChR),
depending on the naturally occurring bound alkaloids muscarine or nicotine, respectively.

MAChR are prototypical members of the G protein-coupled receptors, whereas nAChR
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function as ligand-gated ion channels. Free, non-bound acetylcholine is hydrolyzed by

acetylcholinesterase (AChE) to choline and acetate in the synaptic cleft.?

Chemical compounds are able to influence the regulation of the parasympathetic nervous
system. Agonists and antagonists can bind to muscarinic and nicotinic acetylcholine
receptors in order to stimulate or inhibit receptor function or ligands can act as inhibitors of
AChE.}

2. Muscarinic acetylcholine receptors

2.1 Classification

The superfamily of G protein-coupled receptors (GPCRs) comprises the largest family of
proteins in mammalian genomes.®** Nowadays, about 50% of all modern drugs are targeting
the G protein-coupled receptors, indicating the importance and the enormous potential of
drug discovery in this field.> GPCRs can be activated by various organic, inorganic and
physical stimuli, i.e. amines, odorants, proteins, peptides, lipids, nucleotides and photons to

mediate extracellular signals into intracellular responses.®

The superfamily of G protein-coupled receptors is subdivided in five main families according
to their amino acid sequences: rhodopsin (class A), secretin (class B), glutamate (class C),
adhesion and frizzled/taste 2.” Among them, rhodopsin represents the largest family
including the muscarinic acetylcholine receptors (mMAChRSs). The first high-resolution crystal
structure was solved of bovine rhodopsin (class A) as prototypical template for further
structural studies at GPCRs.? Since 2007, more crystal structures of class A GPCRs have
been determined, including the R-adrenergic receptors,®*? the adenosine Aa receptor,® the
chemokine CXCR4 receptor,** the dopamine D3 receptor’® and the muscarinic My, Mz, Ms,
and M, receptors.'®*® Numerous studies confirm the existence of homodimers, heterodimers
and oligomers of GPCRs. Nevertheless, it is well known that also monomers effectively
mediate signals. Therefore, the structures of the muscarinic acetylcholine receptors are in

the following considered as monomeric structures.®

2.2 Structure and function

The muscarinic acetylcholine receptor consists of an extracellular N-terminal domain, an
intracellular C-terminal domain, and seven transmembrane-spanning (TM) domains (TM1 —

TM7) forming a channel-like cavity in the middle of the receptor. The domains are connected
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by three extracellular and three intracellular loops. A guanine nucleotide binding protein (G-
protein), consisting of an a-, 3-, and y-subunit, is bound to the cytosolic site of the membrane

receptor.®

Receptor activation is induced by agonist binding to the receptor followed by conformational
changes of a-transmembranal helixes. The activated receptor interacts with the
heterotrimeric G-protein causing GDP dissociation und subsequent GTP binding and
activation. Consequently, the heterotrimeric G-protein dissociates into an a subunit and a By
dimeric subunit mediating different intracellular signaling responses through effector
molecules. GTP is hydrolyzed by regulator proteins resulting in the reassociation of the a, £,

and y trimeric subunit and finally in the self-regulation of the activation cycle (Figure 2).%
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Figure 2: GPCR activation cycle. (lllustration by Peter Jurek. MUTAGENETIX (TM), B. Beutler and
colleagues, Center for the Genetics of Host Defense, UT Southwestern, Dallas, TX.)

In 2012 the nobel prize in chemistry was awarded to Robert J. Lefkowitz and Brian K. Kobilka
for their structural and signaling studies on G protein-coupled receptors, indicating the

importance of this research field.

2.3 Subtpye differentiation

Five subtypes of muscarinic acetylcholine receptors M1 — Ms have been determined due to

their different appearance and physiological function.?*?®* The M; AChRs are predominantly
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expressed in the central nervous system especially in the forebrain, including cerebral cortex,

2426 and in the

striatum, and hippocampus.?** M, is located in the central nervous system
body periphery, above all in the heart and in smooth muscle tissues.?*??® The Ms mAChR
subtype is found in different regions of the brain*® and mediates smooth muscle

contraction.?#%2” M, is widely expressed in the central nervous system?*2°

and Ms receptors
could be detected in the midbrain and may conduce to cognition-enhancing effects of
acetylcholine.®®** Muscarinic subtypes expressed in the central nervous system are
important targets for the treatment of major diseases of the CNS such as Alzheimer's and
Parkinson's disease, schizophrenia, epilepsy, and depression.®*3* The actions mediated by
peripheral mMAChRs include the regulation of the heart rate, smooth muscle contraction, and
stimulation of glandular secretion.?? The five mAChR subtypes can be divided into two major
classes due to their ability to activate different classes of G-proteins. The even-numbered
subtypes M, and M, are preferentially coupled with Gije-proteins. The activation of the Gyo-
proteins results in the inhibition of adenylate cyclase (AC) followed by a decrease of cyclic
AMP (cAMP) and the blockage of voltage-gated calcium channels.®*® The odd-numbered
subtypes M1, M3, and Ms show selectivity for the Gg11-family.??2® Stimulation of Ggu1 proteins
results in phospholipase C (PLC) activation, followed by the mobilization of inositol-1,4,5-
triphosphate (IPs), and subsequent release of Ca?* ions.* Nevertheless, the coupling of a
muscarinic acetylcholine subtype is not exclusive for a preferred G-protein. For example the

M. receptor may also couple to Gs and Gg1.%°

2.4 Binding sites of muscarinic receptors

The binding site of the endogenous ligand acetylcholine as well as of agonists and
antagonists of muscarinic receptors is defined as “orthosteric site”.*” This binding site is
formed as a hydrophilic cavity within the transmembrane a-helixes in a depth of 15 A%
Binding and point-mutation studies identified the involved amino acids crucial for the binding
of acetylcholine within the orthosteric binding site (Figure 3). Herein, the negatively charged
aspartate in TM3 plays an important role, forming ionic interactions with the positively
charged amine of acetylcholine.®®* Furthermore, hydrogen bond interactions between the
ester function of acetylcholine and the amino acids Thr?3! and Thr®* (TM5), Thr!4® (TM3) and
Thr% (TM4) as well as cation T-interactions with the aromatic amino acids phenylalanine,

tyrosine, and tryptophan stabilize the ligand in the binding pocket.***
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E2

Figure 3: Model of ACh interaction with mAChRs. Circles represent seven transmembrane domains.

The existence of the orthosteric binding site was evidenced by the solved crystal structures
of the active and inactive states of the M» receptor. Kruse et al. characterized the crystal
structure of the M receptor bound to the high-affinity agonist iperoxo, showing that the
agonist is completely enclosed by the receptor (Figure 4, B). The closure of the orthosteric
binding pocket results in hydrogen bond interactions between Tyr 403551, Tyr 104333, and Tyr
42672, forming a tyrosine lid which might be important for agonist binding and activation of
the receptor.*? Haga et al. reported the structure of the M, receptor bound to the antagonist
qguinuclidinyl benzilate (QNB) (Figure 4, A). The formation of the tyrosine lid hinders the

ligand for dissociation of the orthosteric binding pocket.*’

QNB
(antagonist)

_N
Mo ="
/

N

Iperoxo
(synthetic agonist)

Inactive M, receptor Active M, receptor

Figure 4: A: Inactive state of the hMz-receptor bound to the antagonist QNB (green). B: Active state
of the receptor bound to the agonist iperoxo (yellow). Iperoxo is completely covered within the
receptor. C: Structures of the orthosteric ligands QNB and iperoxo used for crystallization.*?
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A huge advantage for drugs acting at the orthosteric binding site is the high ligand affinity
achieved at this binding pocket. Nevertheless, the amine acid sequences of the orthosteric
binding site is highly conserved among the subtypes M;-Ms.***° Consequently, drugs
targeting the orthosteric binding site typically lack of therapeutically relevant subtype
selectivity which may lead to unwanted side effects.

Next to the orthosteric binding site, there are one or two topographically distinct allosteric
binding sites.*®*” The allosteric binding site is located between the extracellular loop E2 and
E3 in TM7 and is less conserved throughout the muscarinic receptor subtypes.*®*° This
remarkable diversity of the extracellular surface makes the allosteric binding site to a
promising target region for the discovery of subtype-selective drugs with limited side effects.
The M; receptor was crystallized in its active state bound simultaneously to the agonist
iperoxo and to the positive allosteric modulator LY2119620 which resulted in conformational
changes in the extracellular surface, giving rise to the existence of an allosteric binding site.*?

2.5 Muscarinic agonists and antagonists

Historically, there are two kind of drugs, namely agonists and antagonists, interacting with
GPCRs. Agonists are ligands which bind with high affinity to the active receptor and induce a
physiological effect (= efficacy), whereas antagonists bind also to the receptor but do not
influence the level of receptor activity. Partial agonists only mediate submaximal activation at
a receptor. Inverse agonists bind to the receptor as an agonist, but mediate an opposite

physiological effect.>

Well known muscarinic agonists are listed in Figure 5. Acetylcholine
has no therapeutic relevance due to its unselectivity as well as muscarine which only has
toxicological significance. Iperoxo is known as superagonist at the M receptor, due to its
higher efficacy for receptor activation than mediated by the endogenous ligand
acetylcholine.®* Carbachol is a known drug for the treatment of glaucoma and bethanechol is

therapeutically used against bladder atonia.
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Figure 5: Structures of muscarinic agonists.

Therapeutic relevant antagonists are the alkaloids atropine and scopolamine (Figure 6) being
applicable in the field of ophthalmology and as antiemetic, respectively. Positively charged
antagonists mediate their effect only in the periphery because they are not able to pass the
blood-brain barrier which prevents central nervous side effects. These include tiotropium
bromide, a drug which is used in chronic obstructive pulmonary disease (COPD) and N-

butylscopolamine bromide, used as spasmolytic drug (Figure 6).*

- |
NF OH NF OH
0 o<V o
O @]
Atropine Scopolamine
CH,
Br Br ////
' B :
—N s - OH
!3 OH !3
o< 0
O%SQ (0]
o] = O
Tiotropium bromide N-Butylscopolamine bromide

Figure 6: Structures of muscarinic antagonists.
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2.6 Allosteric modulation of muscarinic receptors

Ligands bound to the allosteric binding site induces conformational changes to the receptor
and can either directly activate the receptor, acting as allosteric agonists,* or can have
influences on the ligand bound to the classical, orthosteric site. Ehlert established the ternary
complex model (TCM), describing how two distinct ligands, orthosteric and allosteric, may
influence the binding and function of each other (Figure 7).> In this model, an orthosteric
ligand (A) and an allosteric ligand (B) can bind independently to the free receptor, forming
the binary complexes AR and BR (Figure 7, Il and IIl), respectively. Orthoster A binds to the
orthosteric site with an affinity of K,, whereas alloster B binds to the allosteric site with an
affinity of K,. When both ligands are simultaneously bound to the receptor, a ternary complex
ARB is formed (Figure 7, 1V). The magnitude by which the affinity of one ligand is influenced
by the other ligand is described by the cooperativity factor a. It can result in a positive,
neutral or negative outcome concerning the efficacy. Positive allosteric modulators (PAMS)
induce positive cooperativity (a < 1) by enhancing the binding or the maximum effect of an
orthosteric ligand.>* Allosteric ligands which reduce the binding or the maximum effect of an
orthosteric ligand (a > 1) are named negative allosteric modulators (NAMs).>® Neutral (or
silent) allosteric ligands (NALs) have neutral cooperativity (a = 1) by mediating no effect on
the binding or maximum effect of an orthosteric ligand.*® Consequently, the use of allosteric

modulators makes it possible to control and fine-tune cellular signaling processes.

Ort_hosteric
ligand — Ka —
v B+R+A < ~ B+RA
Allosteric
ligand I Il
|
Ky ak,
|
' BR+A < > BRA v
ok,
n v

Figure 7: Ternary complex model (TCM) for the description of allosteric interactions (modified
according to Ehlert53).

The first allosteric interaction at the muscarinic acetylcholine receptor was reported by
Lullmann and coworkers in 1968.°” The mAChR antagonist atropine was used as an antidote
for acetylcholinesterase intoxication with diisopropyl fluorophosphate in mice experiments.

After the addition of the ganglion blocking alkane bis-ammonium compound W84 (Figure 8)
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an over-additive antidote effect was observable, indicating an allosteric receptor interaction.*®
These findings were later evidenced by radioligand-binding studies using [*H]-N-

* Nowadays, a range of

methylscopolamine ([BH]NMS) for dissociation experiments.
allosteric modulators exists, which differ in their subtype-selectivity and signaling outcome
(Figure 8). The benzyl quinolone carboxylic acid BQCA was found to be an allosteric
potentiator highly selective for M;*®® and tacrine is known for its blockage of M; muscarinic
receptors.®* Therefore, these compounds are useful for the treatment of schizophrenia and
Alzheimer's disease. Furthermore, tacrine acts as antagonist at the M, receptor subtype.®
The bis-phthalimidyl-substituted bis-ammoniumalkyl derivative W84 is a M. relatively
selective allosteric ligand, acting as negative allosteric modulator (NAM) with respect to
FHINMS equilibrium binding at mAChRs. Other bis-ammonium derivatives, such as
alcuronium and gallamine are antagonists at the nicotinic AChR. Alcuronium was found to be
a positive allosteric modulator (PAM), whereas gallamine acts as negative allosteric
modulator (NAM) with respect to [*H]NMS equilibrium binding at the M, AChR.®? The use of
allosteric modulators for GPCR signaling has several advantages in comparison to standard
orthosteric drugs. Firstly, if the allosteric site is completely occupied by allosteric modulators
a saturation effect occurs. Therefore, allosteric modulators can be given in high
concentrations to the receptor without fearing an overstimulation or overinhibition of the
system. Another advantage is that allosteric modulators, especially PAMs are only able to
mediate responses in the presence of the endogenous ligand. In contrast, orthosteric
agonists are able to mediate their effect as long as they are available. Therefore, allosteric
modulators are able to process temporal and special information in order to obtain an
optimum effect. An important benefit is that allosteric modulators binding to the allosteric site
of the receptor achieve subtype-selectivity due to the less conserved allosteric sites among
the five muscarinic receptors in contrast to the very conserved orthosteric site. These
properties make allosteric modulators to attractive tools for novel therapeutics, e.g. for

cognitive dysfunction, schizophrenia, pain or organophosphorus poisoning.®®

10
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Figure 8: Structures of allosteric modulators.

2.7 Development of dualsteric/bitopic ligands for muscarinergic receptors

The use of allosteric modulators as therapeutic agents is controversial due to the lack of
high-affinity to the receptor leading to side effects. Thus, no high-affinity allosteric modulators
have been reported to date. Therefore, the concept of dualsteric ligands was developed
which combines the advantages of high-affinity (orthosteric site) and subtype-selectivity
(allosteric site) within one molecule.’*®” Here, an orthosteric and an allosteric ligand are
connected through an appropriate linker resulting in pharmacological interesting compounds.
This approach was first described by Schwyzer in the late 1970s as “message-address
concept” (Figure 9).%8 The orthosteric moiety of the dualsteric ligand may serve as message
and transduces the signal from the receptor to the effector whereas the allosteric moiety acts
as address and provides additional ligand receptor interactions in the less conserved

allosteric binding site thus providing subtype-selectivity.

Spacer

I I

“message“ “address“

Figure 9: “Message-address concept” by Schwyzer.
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Dualsteric ligands can in principal bind to the receptor in two different orientations (Figure 10,
left).%® Either they bind purely allosteric in the presence (Figure 10, pose 3) or absence
(Figure 10, pose 2) of an orthosteric ligand or in a dualsteric binding mode (Figure 10, pose
1). Here, the orthosteric and allosteric binding site is simultaneously occupied within one
receptor. Only this bitopic binding mode can activate the receptor and mediates different
signaling pathways like Gs- or Gi-signaling in the case of M; receptor activation. The binding
of the orthosteric agonist iperoxo induces Gio, Gs, and also [-arrestin recruitment. By
contrast, binding of an dualsteric ligand results exclusively in the activation of one preferred
pathway (Figure 10, right).” This concept is termed bias signaling. Here, therapeutically
significant pathways can be selectively activated while signaling pathways mediating
undesirable side effects are almost excluded.”* Thus, the rational design of biased bitopic

ligands is desirable.

.7
AP, =
e 1. PG % M

©) - /

Signaling

\

Figure 10: Receptor binding poses of dualsteric probes (left) (modified according to Bock et al.5°).
Concept of bias signaling (right) (modified according to Bock et al.”9).

The first bitopic ligand was designed by Disingrini et al. through the connection of the high-
affinity orthosteric agonist iperoxo with a M. receptor-selective allosteric ligand, containing
either a W84 or a naphmethonium fragment, generating a M. receptor-selective agonist
(Figure 11).” Simultaneous allosteric/orthosteric binding was evidenced by binding and
functional assays and showed a preferred G; signaling pathway activation.” Further hybrid
molecules consisting of a benzyl quinolone carboxylic acid moiety (BQCA) and of the
superagonist iperoxo were designed, and found to act as partial hM; agonists (Figure 11).”
Schmitz et al. reported the concept of bivalent antagonism by the connection of an allosteric

antagonist (phthal- or naphthalimide moiety) with an orthosteric antagonist (atropine or

12




Introduction

scopolamine) resulting in hybrids with bitopic binding modes and pathway-specific signaling
(Figure 11).” Besides heterobivalent molecules, also homobivalent ligands were designed by
the linkage of two identical pharmacophores. Carbachol homodimers linked through a
methylene chain of variable length (Figure 11) showed antagonistic properties on hMi, hMz,
and hMs receptors. Docking simulations suggest a bitopic behavior of these homodimers as
investigated on hM; and hM. receptors.’®

- Br N-O Br N-Q
o Br r //;\) o o \/ /“\)
O
+/\/\/\/\N/\/\O F /\/\/\/N\/
NYN + ‘ N +
RR 7\ H
Ar o N
BQCA-Iper-Hybrid
Ar=Phthal; R =H: Phth-Cg-lper (Hybrid 1)
Ar = Naphthal; R = CH3: Naph-Cg-Iper (Hybrid 2)
o Br Br I~ I~
Ar
CIREY ” S 1k
NN ~E~"o N=(CH2)N e
0 X OH
n=3,5,6,7,9,11
Carbachol homodimers
e}
[0}
Ar=Phthal; R=H; X=-: Phth-Cg-Atr
Ar = Naphthal; R = CH3; X = - : Naph-Cg-Atr
Ar = Phthal; R=H; X =0: Phth-C¢-Scop

Ar = Naphthal; R = CH3; X = O: Naph-Cg-Scop

Figure 11: Structures of dualsteric compounds.

The development of bitopic ligands represents a new route towards the design of subtype-
selective and high-affinity GPCR-targeting ligands as well as pathway-biased signaling,

beside the tuning of the agonism.

3. The cholinesterases — AChE and BChE

3.1 Alzheimer's disease

Alzheimer's disease is a multifactorial, neurodegenerative disease which leads to the loss of
cognitive function. In the course of the disease short-term memory and progressive memory
impairments occur followed by mood changes, depression and the loss of reasoning ability.
About one hundred years ago, Alois Alzheimer has already reported on this disease.”
However, up to date there are still no effective drugs on the market or many of them are only

able to retard the progression of the disease rather than curing the disease.’”® Worldwide

13
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about 9% of the population aged over 65 are affected and most of the patients are older than
85.” Due to a democratic change of the society, the number of AD patients will increase
continuously, from 24.3 million in 2011 to 81.1 million by 2040.%° The rising number of
patients clarifies the urgent need of highly effective drugs against AD.

So far, several hypotheses for the pathogenesis of AD exists:

(1) Reactive oxygen species (ROS), generated by dysfunctional mitochondria, are
involved in the development of AD. A therapeutic approach is to improve

mitochondrial function as well as to protect the brain from oxidative stress.88

(2) The T1-protein hyperphosphorylation: the 1-protein, mainly located in the neurofibrillary
tangles, is responsible for the stability of microtubules in healthy people. However, in
AD patients the 1-protein is hyperphosphorylated resulting in destroyed microtubules
and impaired mitochondrial function.®® Therefore, the hyperphosphorylation has to be
reduced, for example by inhibition of GSK-3[3, a kinase mainly responsible for the

phosphorylation of 1-protein.

(3) Non-soluble amyloid plaques also contribute to the development of AD. Amyloid
plagues are built out of amyloid 3, which is generated in the pathogenic way starting
off with the amyloid precursor protein (APP). One therapeutic approach is to inhibit
the amyloid R assembly.?®

(4) Today's medication is above all based on the cholinergic hypothesis, describing that
AD goes along with a decreased concentration of ACh in the brain. Responsible for
the decomposition of ACh in the synaptic cleft are two cholinesterases, i.e. the
acetylcholinesterase (AChE) and the butyrylcholinesterase (BChE). In the course of
the disease the concentration of AChE decreases to 15%, whereas the concentration
of BChE increases.®® Therefore, BChE is also an important target in the treatment of
AD.2"8 Due to the structural similarities of BChE and AChE,® the structure and

function of AChE is exemplarily described in the following.

3.2 Acetylcholinesterase — structure and function

Sussman et al. described a deep, narrow gorge (depth of 20 A) in the AChE of torpedo
californica composed of aromatic amino acids which guide the substrate from the peripheral

anionic site (PAS), located at the entrance of the binding pocket, to the catalytic active site
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(CAS), located at the bottom of the gorge.®® The catalytic active site of AChE consists of an
“anionic-binding site” where the cationic nitrogen of ACh is bound and fixed through cation-1r
interactions with tryptophan as well as of a catalytic triade (esteratic site), at which the
hydrolysis of the ester takes place (Figure 12). The catalytic triade consists of the three
amino acids glutamate, histidine, and serine, whereas the serine hydroxyl group acts as
nucleophile, histidine serves as acid-base catalyst, and glutamate stabilizes the transition
state. Furthermore, the hydrogen bond interactions between the two glycine residues,
located next to the esteratic site, and the carbonyl oxygen contribute to the stabilization of
the transition state. The hydrolysis of ACh starts with the interaction of the serine oxygen with
the carbonyl group of ACh, resulting in an unstable state which collapses to choline and
acetylated AChE. Hydrolysis of the acetylated AChE releases one molecule of acetic acid
and regenerates the active form of AChE (Figure 12). However, if the enzyme is acetylated
e.g. by a carbamyl or phosphate group instead of a carboxylate ester, the intermediate state
is more stable and remains longer in the inactive state. This slow rate hydrolysis led to the
discovery and design of inhibitors of cholinesterases as therapeutic approach in the

treatment of AD.?
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Figure 12: Mechanism of ACh-hydrolysis.
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3.3 Acetylcholinesterase inhibitors

Acetylcholinesterase inhibitors can be subdivided into reversible (e.g. carbamate-derived) or
irreversible (e.g. phosphoester-derived) inhibitors. Reversible AChEIs can either bind to the
enzyme with a greater affinity than the endogenous ligand ACh but do not react with the
enzyme or are able to react with the enzyme, forming an acylated enzyme which is more
stable against hydrolysis and thus remains longer in the inactive state. Several reversible
inhibitors were found so far and were applied for clinical use (Figure 13):

Tacrine Galantamine
O
i | aAeve
N
I /
. A —0
Rivastigmine Donepezile

Figure 13: Structures of AChE-inhibitors.

Tacrine was the first drug approved for AD in 1993. This inhibitor binds to both
cholinesterases, AChE and BChE, respectively. Nevertheless, the use of tacrine is currently
limited due to its hepatotoxicity.”* Donepezil, a AChEI, is used in the therapy of mild-to-
moderate AD and dementia. It shows selectivity towards AChE and interacts with the
catalytic active site, the peripheral anionic site as well as the choline-binding anionic site.
Rivastigmine is a slowly reversible arylcarbamate inhibitor of AChE and BChE. In 2000,
Rivastigmine was approved as oral drug in the treatment of AD.*® Another AChE-selective
inhibitor is the plant alkaloid galantamine. Due to its tertiary structure, galantamine is able to
pass the blood-brain barrier and is therefore an interesting inhibitor for the treatment of mild-
to-moderate AD and dementia. Furthermore, galantamine is able to bind allosterically to
nAChRs but its clinical application still remains unclear.®® Nevertheless, the clinical
application of these drugs in the treatment of AD is still under debate,*® above all the use of
tacrine, which shows serious hepatotoxicity.®* Therefore, structural variations of tacrine were
applied in order to improve its potency and selectivity in combination with reduced side

effects. Thus, tacrine dimers (Figure 14) showed improved potency- and selectivity values
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towards AChE (up to 3000-fold) in comparison to the monomer. These dimers were proved
to bind simultaneously to the catalytic and peripheral site of the enzyme AChE.
Furthermore, tacrine has been used for the design and development of hybrid molecules.
Fang et al. synthesized hybrids consisting of the cholinesterase inhibitor tacrine and of the
orthosteric M1 muscarinic receptor agonist xanomeline (Figure 14). These hybrids showed
similar or higher acetylcholinesterase inhibition values than tacrine alone as well as
enhanced M; allosteric affinity.®” Elsinghorst et al. designed gallamine-tacrine hybrids
(Figure 14) which show cholinesterase inhibition values in the nanomolar range and their
allosteric potency at the M; receptor is increased in comparison to the monomers, gallamine
and tacrine.”®

o)
HN/Hm\/\NJ\H/nO\/\/O =N,
H

N N—(CH)—N— N <\’
N/ (CH2TNTN o =
N/
n=7,10 m=126 [\{
n=123,4
Tacrine dimers Xanomeline-Tacrine Hybrids

Gallamine-Tacrine Hybrid

Figure 14: Structures of tacrine dimers and tacrine-related hybrids.
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In the field of GPCR many agonists and antagonists are known to act as drugs on the
muscarinic acetylcholine receptor. Nevertheless, the use of many therapeutic agents is
limited due to the lack of subtype-selectivity to the receptor leading to side effects. The
development of dualsteric ligands through the connection of two pharmacophoric units linked
by an appropriate linker opens the way to high-affinity and subtype-selective compounds.

In order to get a better understanding of receptor activation and signaling, the design of new
bipharmacophoric ligands is urgently needed. Hence, the aim of this thesis was the synthesis
and pharmacological investigation of newly designed dualsteric compounds for the
muscarinic acetylcholine receptor which show subtype-selectivity as well as pathway-biased
signaling. Such tools can help to understand the activation process of the receptor or the
reason for partial agonism (Figure 1).
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Figure 1: Overview of the projects.

On this basis, hybrids, consisting of a quinolone derived moiety linked via an alkyl chain to
the agonist iperoxo and acetylcholine, respectively, were synthesized. Additionally, the
flexible alkyl chain linker should be exchanged by a rigidified linker. The Mi subtype
selectivity of these hybrids as well as their binding properties were studied by means of
FRET-experiments, performed in cooperation with Prof. Dr. Hoffmann by Michael Kauk

(Pharmacology and Toxicology, University of Wirzburg, Germany).
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Furthermore, hybrids were built out of two orthosteric ligands, agonist and antagonist, which
have different affinities to the orthosteric binding site. These designed iperoxo/isoxazole-
atropine/scopolamine-hybrids could specifically control the extend of bias agonism.

Moreover, homodimers consisting of iperoxo and acetylcholine, respectively, linked through
an alkyl chain of different length were synthesized as quaternary salts and tertiary
compounds, respectively. Tertiary ligands are of interest due to their ability of passing the
blood-brain-barrier. The quaternary dimers were investigated on radioligand binding assays
at the M receptor for their Gi- and Gs-signaling behavior and their extent concerning bias
agonism. The binding studies were performed in cooperation with PD Dr. Trénkle and Prof.
Dr. Mohr by Anna Kriiger (Pharmacology and Toxicology, Institute of Pharmacy, University of
Bonn, Germany).

Alzheimer's disease is the most prominent form of dementia leading to the loss of cognitive
function. One major therapeutic approach is the development of inhibitors for the
cholinesterases AChE and BChE in order to increase the concentration of ACh in the
synaptic cleft. In addition, agonists of the M: receptor are of interest. Hybrids should be
developed in which the pharmacological benefits of two ligands are combined within one
molecule which are able to address both the AChE/BChE and the M; receptor. The hybrids
phth-Cy-isox (Figure 2) were found to have good anticholinesterase activity. On that basis,
structural modifications of the pharmacophores as well as of the alkyl linker length should
lead to newly designed hybrid molecules with improved anticholinesterase activity for AChE
and BChE, respectively, whilst reduced side effects.

0 Br Br

I /T N No
N~ " N—(CH,)—N+

|+ / \ O_<7'

Phthalimide-C-Isoxazole

o

Figure 2: Structure of phthalimide-Cr-isoxazole.
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Abstract

Aiming to design partial agonists as well as allosteric modulators for the M: muscarinic
acetylcholine (M1AChR) receptor, two different series of bipharmacophoric ligands and their
structural analogues were designed and synthesized. The hybrids were composed of the
benzyl quinolone carboxylic acid (BQCA)-derived subtype selective allosteric modulator 3
and the orthosteric building block 4-((4,5-dihydroisoxazol-3-yl)oxy)-N,N-dimethylbut-2-yn-1-
amine (base of iperoxo) 1 or the endogenous ligand 2-(dimethylamino)ethyl acetate (base of
acetylcholine) 2, respectively. The two pharmacophores were linked via alkylene chains of
different lengths (C4, C6, C8, and C10). Furthermore, the corresponding structural
analogues of 1 and 2 and of modified BQCA 3 with varying alkyl chain length between C2
and C10 were investigated. Fluorescence resonance energy transfer (FRET) measurements
in a living single cell system were investigated in order to understand how these compounds
interact with a G protein-coupled receptor (GPCR) on a molecular level and how the single
moieties contribute to ligand receptor interaction. The characterization of the modified
orthosteric ligands indicated that a linker attached to an orthoster rapidly attenuates the
receptor response. Linker length elongation increases the receptor response of bitopic
ligands, until reaching a maximum, followed by a gradual decrease. The optimal linker length
was found to be six methylene groups at the M:AChR. A new conformational change is
described that is not of inverse agonistic origin for long linker bitopic ligands and was further

investigated by exceptional fragment based screening approaches.
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Abbreviations:

ACh, acetylcholine; BQCA, benzyl quinolone carboxylic acid; CFP, cyan fluorescent protein;
DAG, diacylglycerol; FIAsH, fluoresceine arsenical hairpin binder; FRET, fluorescence
resonance energy transfer; GPCR, G protein-coupled receptor; IL, intracellular loop; M,
muscarinic acetylcholine subtype 1; mAChR, muscarinic acetylcholine receptor; PAM,

positive allosteric modulator; YFP, yellow fluorescent protein.

1. Introduction

Muscarinic acetylcholine receptors (mAChRs) belong to class A of G protein-coupled
receptors (GPCRs) and are divided into five M receptor subtypes (M:-Ms). These subtypes
regulate the activity of many important functions of the peripheral and central nervous
system. They differ in their appearance and physiological function; e.g. the M1 muscarinic
acetylcholine receptor is mostly expressed in the central nervous system (cortex,
hippocampus and striatum) and is therefore an interesting therapeutic target for the
treatment of Alzheimer's disease and schizophrenia.*?

The orthosteric binding pocket appears to be homologues among the five receptor subtypes.?
This issue is challenging for developing subtype selective therapeutics. To our knowledge
Spalding et al.* described for the first time an alternative - allosteric binding region at M;
receptors. This region does not show a high sequence identity and is thus a promising target
for developing subtype selective allosteric modulators. Allosteric modulators can influence
the affinity of ligands bound to the topographically distinct orthosteric site, either in a positive,
neutral, or negative manner.® The benzyl quinolone carboxylic acid (BQCA) and its
analogues were among others reported by Kuduk et al. to be positive allosteric modulators
(PAMs) with respect to orthosteric agonist binding, including the endogenous
neurotransmitter acetylcholine, and function in M; receptors.®® To combine the advantages
of the two binding sites, the concept of bitopic ligands was developed.'® These ligands
engage the allosteric and orthosteric site simultaneously. Recently, bipharmacophoric
ligands consisting of the base of the superagonist iperoxo 12 and a benzyl quinolone

carboxylic acid moiety 3 were designed, and found to act as partial hM; receptor agonists.™

For the last two decades a series of different receptor sensors, based on fluorescence
resonance energy transfer (FRET), were generated for different GPCRs.***® Usually, such
sensors are tagged C-terminally with cyan fluorescent protein (CFP) and in the third
intracellular loop (IL) region with a yellow fluorescent protein (YFP) or a tetracysteine motif

capable of binding a small soluble fluorophore called fluoresceine arsenical hairpin binder
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(FIAsH). These receptor sensors proved to be valuable tools for pharmacological
characterizations in intact cells, especially for monitoring receptor activation in real time and
to investigate receptor ligand interaction on a molecular level.'”*® According to Chen et al.,
structure-activity relationships (SARs) showed that the BQCA analogue containing a benzyl
moiety at the nitrogen atom as well as a 6-fluoro substituted aromatic ring resulted in a partial
hM; receptor agonist.** Due to these findings, the same structural BQCA modification was
used for the herein newly designed compounds. Thus, analogues of the superagonist 1 and
orthosteric agonist 2 and of the BQCA-derived subtype selective allosteric modulator 3 were
designed, synthesized, and characterized, resulting in modified analogues with varying alkyl
chain length between C2 and C10 (1-Cn, 2-Cn, and 4-Cn, where n gives the length of the
linker, i.e., the number of C atoms, Scheme 1 and 2). The attachment point was chosen on
the tetramethyl moiety as this group points out of the orthosteric binding pocket as seen for
iperoxo.® Furthermore, the fluoro-substituted allosteric BQCA moieties were linked to the
base of orthosteric agonists iperoxo and to the base of acetylcholine, aiming to design
bipharmacophoric M; receptor agonists (5-C and 6-C, Scheme 2). The linker elongation on
the BQCA modified pharmacophore was attached on the carboxylic acid residue due to
molecular modeling studies suggesting that the carboxylic acid position points out toward the
extracellular site of the receptor.® Furthermore, the carboxylic moiety is a suitable
attachment point for improving allosteric modulation. For the pharmacological
characterization of these ligands, a novel M1 FRET sensor was used. This study provides an
insight into M; receptor activation, receptor conformational changes monitored by the

movement of fluorescent labeled domains, and signaling behavior.

2. Results and discussion
2.1 Chemistry

The reaction sequences of the iperoxo analogues 1-C2 to 1-C10 and of the acetylcholine
analogues 2-C4, 2-C6, 2-C8, and 2-C10 are illustrated in Scheme 1. 4-((4,5-dihydroisoxazol-
3-yloxy)-N,N-dimethylbut-2-yn-1-amine* (base of iperoxo) 1 and 2-(dimethylamino)ethyl
acetate (base of acetylcholine) 2 were reacted with the corresponding bromoalkane in
acetonitrile, affording the final monoquaternary ammonium salts 1-C2 to 1-C10 and 2-C4, 2-
C6, 2-C8, and 2-C10 in 48-91% yield. The synthesis of the acetylcholine analogues 2-C4, 2-

C6, and 2-C8 were described previously using a different synthetic pathway.*

32



FRET studies of quinolone-based bitopic ligands and their structural analogues

Scheme 1: Synthesis of orthosteric M1 agonist agents based on iperoxo — and acetylcholine
analogues.
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Reagents and conditions: (i) KI/K2COz, CH3CN/CHCIz, 70 °C (48-89%); (ii) KI/K2COs, CHz3CN, 70 °C
(microwave) (65-91%).

As already reported, the fluoro-4-oxo-quinolone skeleton of 8 was synthesized using the
Gould-Jacobs procedure, starting off with the condensation of 4-fluoroaniline with diethyl 2-
(ethoxymethylene)-malonate and subsequent cyclization in boiling diphenyl ether.?*?* Ester
hydrolysis led to compound 3.?° Conversion of the ester function (9) with the aminoalcohols
of the corresponding spacer length (C4, C6, C8, C10), substitution of the alcohol function
with a bromine atom using HBr/H.SO,, and subsequent reaction with trimethylamine in
acetonitrile at 40 °C led to the monoquaternary ammonium salts 4-C4, 4-C6, 4-C8, and 4-
C10 in 53-96% yield. For the preparation of the final BQCA/iperoxo hybrids 5-C4, 5-C6%, 5-
C8, and 5-C10 as well as the BQCA/ACh hybrids 6-C4, 6-C6, 6-C8, and 6-C10, the
intermediate bromides were connected to the base of iperoxo and to the base of

acetylcholine, respectively, in the presence of KI/K2COs3 in acetonitrile (Scheme 2).
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Scheme 2: Synthesis of quinolone analogues, BQCA/iperoxo hybrids and BQCA/ACh hybrids.
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Reagents and conditions: (i) benzyl chloride, K2COs, DMF, 80 °C (72%); (ii) 6 N HCI, MeOH, reflux
(77%); (i) H2N(CH2)nOH, 150 °C (28-33%); (iv) HBr (48%), H2SO0as, reflux (73-93%); (v)
trimethylamine, CHsCN, 40 °C (53-96%); (vi) 1, KI/K2COs, CH3CN, 80 °C (microwave) (37-66%); (Vii)
2, KI/K2COs, CH3CN, 80 °C (microwave) (19-73%).

2.2 Pharmacology/FRET measurements
2.2.1 Receptor sensor and ligand characterization

In comparison to the previously reported M-, Mz-, Ms-?® and M,-ACh receptor FRET-
sensors,?’ we created a novel full length FRET sensor of the human M;-ACh receptor which
was not truncated in the third intracellular loop (IL3). This novel sensor consists of the native
amino acid sequence fused at the receptor C-terminus to CFP by adding the amino acids
Ser/Arg encoding for an Xbal site. Additionally, a FIAsH binding motif CCPGCC was inserted
between Gly227 and Ser228 (Figure la) at the N-terminal part of IL3 shortly underneath
transmembrane domain 5 outside of the G protein-coupling region.?® The receptor construct
M1-1I3N-CFP expressed well at the cell surface as analyzed by confocal scanning laser
microscopy (Figure 2). Since the previously published truncated sensors were not different
from wild-type receptors in radioligand binding,'” we characterized only functional response
of the novel sensor. To evaluate the effect of the six amino acid insertion into the M1-CFP
receptor we used a dual fluorescence probe, which responds with an increase in red
fluorescence intensity upon increase in Ca?* and a decrease in green fluorescence upon

binding to diacylglycerol (DAG). Therefore, the probe can specifically report on the activation
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of Gg-signalling.?® The dual fluorescent probe was transfected in HEK293 cells either alone
or coexpressed with the M;-CFP or the novel M:-I3N-CFP sensor and analyzed by confocal
microscopy. The dual probe did not respond to carbachol if no receptor was co-transfected.
As shown in Figure 3, the carbachol stimulated response was indistinguishable for the M;-
CFP receptor or the M1-I3N-CFP sensor. In combination with previous binding experiments

7 it was concluded that this sensor is not disturbed in its

on a truncated sensor version,
signaling properties by insertion of the CCPGCC sequence. For further FRET experiments,
the M1-I3N-CFP was stably expressed in HEK293 cells, and single cells were used for further
analysis. To study dynamic conformational changes in real time, the M1-I3N-CFP sensor was
exposed to the endogenous agonist ACh and the synthetic full agonist iperoxo. To eliminate
potential artefacts from changes in flow rates, the cells were constantly superfused with
buffer. Under these conditions the receptor sensor shows a constant baseline. Upon ligand
addition, a sharp antiparallel movement of the CFP and FIAsH signal was observed
(Figure 4), resulting in a concentration dependent change in the FRET signal of 8-12% for
iperoxo (Figure 1b). When the superfusion solution was switched back from agonist to buffer,
the signal returned to the baseline. A slight reduction of the FRET signal over time was
detectable and could be due to photobleaching. To prevent artificial underestimation of ligand
efficacy, reference and ligand were measured in an alternating exposure regime. Thus, we
were able to generate concentration dependent response (Figure 1c) curves for the
endogenous agonist ACh (ECso=2.91 pM) and the synthetic full agonist iperoxo
(ECs0 = 0.57 uM). The observed ECso value for ACh is in very good agreements with
previously obtained value using the truncated receptor sensor.!” Due to a 5-fold higher
potency of iperoxo compared to ACh, the base of iperoxo 1 was chosen as the orthosteric
building block for the studied bitopic ligands to ensure high receptor activation via the
orthosteric binding site.

As allosteric building block a structural analogue of benzyl quinolone carboxylic acid (BQCA)
origin was chosen. In 2009, BQCA was reported to be a M; selective positive allosteric
modulator (PAM)° whose binding region was studied in detail.?° However, an essential
property of allosteric modulators is probe dependency. Thus, an experimental approach to
show this cooperative effect of BQCA analogue (3) combined with iperoxo (Figure 1d) was
designed. To study positive modulation, a concentration of iperoxo which results in
approximately 20% of the maximal observed signal (EC2) was chosen. This way, a clear
signal was observed, and still a large detection range to observe positive allosteric
modulation was available. As seen in Figure 1d by applying the allosteric modulator 3 alone,
a small conformational change was found. This small response was not clearly detectable for
all cells measured. This might be explained by the very small signal that could not always be

distinguished from noise. When applying saturating concentrations of iperoxo, a significant
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signal was monitored. Next, iperoxo at 0.1 pM concentration was applied, which results in
25% signal compared to saturating ligand concentrations. Now, the superfusion was
changed to a mix of iperoxo and 3 and again back to iperoxo alone. A clear enhanced
receptor response was observed by applying 3 and iperoxo at the same time, compared with
the appropriate iperoxo response. This enhanced response is higher than a theoretical
additive effect of the conformational changes induced by 3 and iperoxo alone and can be

described as positive allosteric modulation.
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Figure 1. Receptor sensor and ligand characterization. (a) Schematic representation of the Mi-I3N-
CFP receptor sensor with insertion of the CCGPCC FIAsH-binding site in intracellular loop 3 and
fusion of CFP at the C-terminus. Schematically, the allosteric and orthosteric regions for ligand binding
are highlighted as well. (b) An example of a single cell FRET-recording of the Mi-I3N-CFP stably
expressed in HEK293 cells is shown. One-hundred micromolar iperoxo was used as reference ligand
throughout the recording as indicated by black bars above the recorded signal. Different
concentrations of iperoxo were applied as indicated at the appropriate time points by black bars
underneath the recorded signal. The trace is representative of 30 cells measured at four different
experimental days. Changes in FRET ratio for 100 uM iperoxo varied between 9 and 11% at all cells.
(c) Concentration response curves of ACh (red, ECso = 2.91 + 0.07 pM) and iperoxo (blue, ECso = 0.57
+ 0.02 puM) as calculated form FRET experiments using the M1-I3N-CFP receptor sensor. Each ligand
concentration is represented by an average value of at least 10 cells. (d) One-hundred micromolar
iperoxo was used as reference throughout the recording as indicated by black bars above the
recorded signal. Different concentrations and combinations of iperoxo and/or 3 were applied as
indicated at the appropriate time points by black bars underneath the recorded signal. The trace is
representative of 15 cells measured at four different experimental days.
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Figure 2: Cell surface expression of the Mi-I3N-CFP receptor sensor in HEK 293 cells was
investigated using confocal scanning laser microscopy.
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Figure 3: Mi-I3N-CFP receptor sensor characterization was performed using a dual fluorescence
probe from Montana Molecular. With the help of this fluorescence tool it is possible to monitor DAG
formation and Ca?* release simultaneously. The stimulated response was indistinguishable for the M-
CFP receptor and the M1I3N-CFP receptor.
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Figure 4: Effect of agonist addition to the receptor sensor. Upon ligand exposure sharp concentration
dependent, antiparallel movements of the different FRET channels were detectable. Constant
superfusion of buffer results in a constant baseline.

2.2.2 Linker elongation attenuates orthosteric properties

Besides their orthosteric and allosteric moieties, bitopic ligands consist of a linker region that
is often not investigated in a systematic way, and hence, the linker is often inappropriately
treated. To date, the molecular effects of additional carbon atoms at an orthosteric ligand for
muscarinic receptors are still unknown. Therefore, nine different structural analogues of 1
with a linker attached to the amine group were synthesized (Scheme 1, 1-C2 to 1-C10).
These compounds were investigated via FRET for their ability to induce a conformational
change at the M; receptor. The results are summarized in Figure 5. Figure 5a shows a single
FRET experiment comparing the effect of iperoxo and different concentrations of 1-C2 and 1-
C3. Even saturating concentrations of 1-C2 exhibit a much reduced FRET signal compared
to the reference compound iperoxo. From these data, it can be concluded that additional
methylene units significantly reduce the efficacy to 65% compared to iperoxo. Nonetheless, it
was possible to generate a concentration response curve for 1-C2. Besides the reduced
efficacy, a 3-fold lower affinity (ECso (1-C2) = 1.65 uM) to the receptor sensor became
evident (Figure 5b). For 1-C3, a more than 80% reduced conformational change was found.
These signals were too small to establish a reliable concentration response curve. The
iperoxo analogues (1-C4 to 1-C10) did not induce any conformational change at the receptor
sensor (Figure 5c). In order to test whether the linker extended ligands were able to bind the

receptor sensor at the orthosteric binding site, competition experiment were performed
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shown in Figure 5d. To test for binding of 1-C6, first 10 uM of iperoxo as a concentration
which induces 80% of the maximal signal response (ECsgo) was applied. In the first case, a
single ligand to the receptor sensor was superfused (Figure 5d). Next, a 10 uM solution of
iperoxo with 100 uM of the linker analogue 1-C6 was added. As can be seen in Figure 5d,
the receptor response induced by the ligand mix was significantly reduced compared to the
signal induced by iperoxo alone, most likely indicating that the two ligands compete for the
orthosteric binding site and that the 1-C6 analogue shows affinity to the orthosteric binding
site but does not exhibit efficacy as shown by the lack of conformational changes in Figure
5c. In Figure 5e, the results for a corresponding set of ligands of ACh origin (Scheme 1) are
displayed. The given FRET trace proves that a distinct linker elongation at an orthosteric
ligand attenuates orthosteric efficacy. This phenomenon could be due to a steric hindrance
within the binding pocket or due to preventing an essential receptor movement like closing

the aromatic lid, which was proposed before to be essential for receptor activation.®
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Figure 5: Characterization of iperoxo-linker elongated derivatives using FRET. (a) An example of a
single cell FRET recording of the Mi-I3N-CFP stably expressed in HEK293 cells is shown. One-
hundred micromolar iperoxo was used as reference throughout the recording, as indicated by black
bars above the recorded signal. Different concentrations of 1-C2 or 1-C3 were applied as indicated at
the appropriate time points by black bars underneath the recorded signal. The trace is representative
of 20 cells measured at three different experimental days. (b) Calculated concentration response
curves of iperoxo (data from Figure 1c) and 1-C2 (ECso = 1.67 * 0.14 pM) are shown. Each ligand
concentration is represented by an average value of at least 10 cells. For 1-C3, an 80% reduced
conformational change was observed. (¢) Observed FRET response of linker elongated derivatives (1-
C2 to 1-C10) as percent of control (100 uM iperoxo). Each bar represents the average of at least 10
independent measurements. (d) Ligand competition observed at a single cell level. One-hundred
micromolar iperoxo was used as reference throughout the recording, as indicated by black bars above
the recorded signal. Application of 10 pM iperoxo alone or in combination with 100 uM 1-C6, as
indicated at the appropriate time points by black bars underneath the recorded signal, is indicative for
binding of 1-C6 by reducing the effect of iperoxo in comparison to 10 UM iperoxo when applied alone.
The trace is representative of 10 cells measured at three different experimental days. (e) Three-
hundred micromolar ACh was used as a reference throughout the recording as indicated by black bars
above the recorded signal. Maximal concentrations of 2-C4 to 2-C10 were applied as indicated at the
appropriate time points and indicated by black bars underneath the recorded signal. The trace is
representative of 15 cells measured at three different experimental days.

40



FRET studies of quinolone-based bitopic ligands and their structural analogues

2.2.3 Evaluation of bitopic ligands

Bitopic ligands are thought to interact with both orthosteric and the allosteric binding site at
the same time.'® They are also thought to interact with the receptor in a dynamic binding
mode, which consist at least of two different states.**** Abdul-Ridha et al.?® investigated both
binding sites in great detail by mutational analysis. Using this approach, it was possible to
restrict the relative position of both moieties to a certain area of the receptor.?’ In combination
with the crystal structure of iperoxo bound to the Ma-receptor subtype®® and the recently
published crystal structure of the M;-receptor subtype®, we focused on bitopic ligands with
different linker length consisting of either four, six, eight, or 10 carbon atoms. Thus, these
ligands cover a relative distance of 6 A to 15 A between both pharmacophore moieties and
hence representing the seven transmembrane helical core. A series of bitopic ligands
consisting of the base of iperoxo (1) and the BQCA analogue (3) were synthesized (Scheme
2). Correspondingly, these ligands are called 5-Cn, with n reflecting the linker length (4, 6, 8,
10; Scheme 2). As can be seen in Figure 6a, showing a representative FRET trace of 5-C6,
a clear concentration-dependent increase in conformational change has taken place. This is
the largest conformational change at this FRET sensor compared to all other structural
analogues in this series. All other ligands were also able to induce a conformational change
at the M; receptor sensor. Figure 6b shows the maximal ligand induced changes in
comparison to iperoxo. The dashed line indicates the maximal observed signal for the
allosteric moiety 3 when tested alone. Since all corresponding iperoxo linker analogues (1-
C4 to 1-C10) alone did not induce a conformational change (cf. Figure 5c), the difference in
conformational changes of the hybrids above the dashed line should either result from the
positive cooperativity between the orthosteric and allosteric moieties or from an alternative
binding pose. Moreover, for the M receptor, the optimal linker length for the combination of 1
and 3 is in the range of six methylene groups (see Figure 6b), whereas for the Mz-receptor
subtype, longer linker lengths are necessary to improve bitopic ligand efficacy.* Thus, the
optimal linker length as well as the nature of the linker chain are crucial for receptor
activation and are different for each receptor subtype, depending on their tertiary structure. A
first indication for receptor subtype selectivity among acetylcholine receptors is shown in
Figure 7. Compound 5-C6 was tested at a previously published Ms;-ACh receptor FRET
sensor?® and did not evoke a conformational change as observed for iperoxo. Furthermore,
after reaching an optimal linker length, the efficacy of bitopic ligands decline by further linker
elongation (Figure 6b). Surprisingly, when investigating compound 5-C10, a concentration
dependent signal with opposite signal direction compared to iperoxo was found (Figure 6c).
Since changes in FRET signals in general represent a relative distance change, this property
was used as a readout for conformational changes at GPCRs. The opposite FRET signal

induced by 5-C10 was not observed before for any bitopic ligand at M-receptors.
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Comparable inverse FRET signals were reported for inverse agonistic responses at
constitutively active mutants of the a.. adrenergic receptor*®> and the M; mutant®. At
constitutively active Mz receptors, atropine behaves as an inverse agonist. Hence, to
compare the effect found for 5-C10 at the M;-I3N-CFP with eventual constitutive activity, the
effect of atropine at this construct was studied. However, neither atropine nor tiotropium did
induce any conformational change (see Figure 6d or Figure 8), arguing against constitutive
activity as an explanation for the behavior of 5-C10. Of note, the high receptor affinity of
atropine becomes visible by the fact that it was almost impossible to induce a second signal
for iperoxo after the first application of 10 uM atropine. To further study the surprising effect
of 5-C10, a series of bitopic ligands based on acetylcholine as orthosteric building block 6-C4
to 6-C10 (Scheme 2) was investigated. Figure 6e displays a representative FRET trace of
acetylcholine based bitopic ligands, and the bar graph in Figure 6f summarizes the measured
FRET signals. Again, a linker-length-dependent receptor response was found. Moreover,
again, inverse FRET-signals for bitopic ligands of longer chain length were detected.
Interestingly, for this compound series, a FRET-signal with similar direction as observed for

ACh was never detected.
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Figure 6: Evaluation of bitopic ligands at the M1-I3N-CFP receptor sensor. (a) An example of a single
cell FRET recording of the M1-I3N-CFP stably expressed in HEK293 cells is shown. One-hundred
micromolar iperoxo was used as reference ligand throughout the recording as indicated by black bars
above the recorded signal. Different concentrations of 5-C6 were applied as indicated at the
appropriate time points by black bars underneath the recorded signal. The trace is representative of
20 cells measured at four different experimental days. The maximal detected signal for 5-C6 was
23.7% compared to the reference. (b) Quantified maximal ligand induced FRET response of
compounds 5-C4 to 5-C10 as percent of control (100 uM iperoxo). Each bar represents the average of
at least 10 independent measurements. (c) One-hundred micromolar iperoxo was used as a reference
ligand throughout the recording as indicated by black bars above the recorded signal. Different
concentrations of 5-C10 were applied as indicated at the appropriate time points by black bars
underneath the recorded signal. The trace is representative of 15 cells measured at three different
experimental days. Note, the concentration dependent responses of 5-C10 showed an inverse signal
direction compared to iperoxo. (d) The antagonist atropine did not induce a conformational change at
the M1-I3N-CFP receptor sensor. (e) Three-hundred micromolar ACh was used as a reference ligand
throughout the recording as indicated by black bars above the recorded signal. Different responses to
acetylcholine-based bitopic ligands were determined for 6-C4 to 6-C10. The trace is representative of
20 cells measured at four different experimental days. Acetylcholine-based bitopic ligands results in an
inverse FRET signal for derivatives with elongated chain length. (f) Quantified maximal ligand induced
FRET response of compounds 6-C4 to 6-C10 as percent of control (300 uM acetylcholine). Each bar
represents the average of at least 10 independent measurements.
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Figure 7: The hybrid 5-C6 was investigated at a Mz receptor sensor that was reported before?s,
Iperoxo was used as the reference ligand. The hybrid 5-C6 was unable to induce a conformational
change at the Ms receptor subtype.
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Figure 8: The antagonist tiotropium was investigated at the M1-I3N-CFP sensor. Iperoxo was used as
the reference ligand. Tiotropium was unable to induce a conformational change.
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2.2.4 Linker fusion at the allosteric building block

In order to find out why bitopic ligands with longer linkers produce an inverse FRET signal, it
was of interest to unravel the moiety of the ligands contributing to the observed signals.
Additionally, the question arose whether it would be possible to reconstruct the signal derived
by different bitopic ligands by combining the individual components in a fragment-based
screening approach in a single cell. Therefore, the ligands 5-C6 and 5-C10 who showed the
most extreme signals were studied. As shown in Figure 1d, the BQCA analogue (3) induces
a small conformational change but the corresponding linker extended iperoxo analogue (1-
C6) did not exhibit a detectable effect at our receptor sensor (Figure 5c¢). However, 1-C6
binds to the receptor (Figure 5d). Both effects are shown in Figure 9a, this time measured at
the same cell. By applying both compounds (3 and 1-C6) at the same time, a receptor
response was observed that was on the one hand significantly different to the BQCA
response but on the other hand similar in the maximal signal intensity as reported before for
the bitopic ligand 5-C6 (Figure 6a), indicating first that it is possible to reconstruct the effect
of a bitopic ligand interacting with a receptor by applying the fragments at the same time as
the receptor sensor and second that there is cooperativity between the allosteric modulator
BQCA (3) and the ligand 1-C6, which showed high affinity to the orthosteric binding site.

Comparable experiments were performed with the ligand 5-C10 and its respective building
blocks (Figure 9b). Interestingly in this case, it was impossible to reconstruct the signal of the
bitopic ligand by applying the single fragments, suggesting that the inverse signal is likely
mechanistically different to the agonistic signal. Interestingly at the M. mAChR,
iperoxo-based bitopic ligands have been shown to bind in at least two different binding
poses,** and one of them was shown to be purely allosteric. This has recently been further
investigated by molecular modeling.®* In an attempt to explain the inverse FRET signal
mechanistically, the set of compounds 4-C4 to 4-C10, consisting of the allosteric moiety, was
studied. Here, a linker moiety of different length and a tertiary amine are combined to imitate
the positively charged amine of the orthosteric ligand (Scheme 2) in the presence of the
allosteric moiety. Figure 9c displays a representative FRET trace recorded for a single cell
that was superfused with the indicated ligands. Increasing linker length led to the appearance
of an inverse signal for compound 4-C8 and 4-C10 even in the absence of the orthosteric
moiety similar to the signal observed for compound 5-C10 or 6-C10. This result supports the
notion of an alternative second binding pose for the linker extended bitopic ligands at the M,
receptor, as recently described for the M. receptor.®* Another hypothesis is the possible

binding of the ligands to two allosteric binding sites in a dimeric receptor.®
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Figure 9: Fragment-based screening approach for reconstruction the signal induced by the bitopic
ligand by combining the individual components in one assay. (a) An example of a single cell FRET
recording of the M1-I3N-CFP stably expressed in HEK293 cells is shown. One-hundred micromolar
iperoxo was used as reference ligand throughout the recording as indicated by black bars above the
recorded signal. Alternatively, 100 uM of 3 and 1-C6 were applied separately or in combination as
indicated at the appropriate time points by black bars underneath the recorded signal. Note that the
combination of individual fragments 1-C6 and 3 leads to a similar signal amplitude as induced by 5-C6
(Figure 6a). The trace is representative of 15 cells measured at three different experimental days. (b)
One-hundred micromolar iperoxo was used as a reference ligand throughout the recording as
indicated by black bars above the recorded signal. Alternatively, 100 uM of 3 and 1-C10 were applied
separately or in combination as indicated at the appropriate time points by black bars underneath the
recorded signal. Note that the combination of individual fragments 1-C10 and 3 was not able to
reproduce a similar signal amplitude as 5-C10. The trace is representative of 15 cells measured at
three different experimental days. (c) One-hundred micromolar iperoxo was used as reference
throughout the recording as indicated by black bars above the recorded signal. Maximal
concentrations of 4-C4 to 4-C10 were applied as indicated at the appropriate time points and indicated
by black bars underneath the recorded signal. The trace is representative of 15 cells measured at
three different experimental days.

2.3 Concluding remarks

Bitopic ligands are molecular entities, which bind to more than one pharmacologically
interesting region of membrane proteins, and are thought to have an impact on further drug
development. This study provides a molecular insight of the interactions between GPCRs
and bitopic ligands for a better understanding of ligand receptor interactions on a molecular
level. Here, linker dependent responses of bitopic ligands at a M: receptor FRET sensor
were investigated. The findings indicate an optimal linker length of the bitopic ligands for
conformational changes at the M; mAChR. This optimal linker length is probably different for

each receptor subtype and is likely dependent on the individual receptor architecture.
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Furthermore, a previously unknown conformational change for GPCRs induced by bitopic
ligands of long linker length was observed. Furthermore, an understanding of the origin of
different conformational changes of GPCRs is provided. The influences of the reported
movements on the downstream signaling of GPCRs are subjects of current studies. Bitopic
ligands were discussed critically in terms of whether the lipophilic linker can pass the
aromatic lid of muscarinic receptors. Here, it could be shown that an increased linker first
hampers the orthoster to induce a conformational change although there is a distinct affinity
to the orthosteric binding region. This phenomenon might be due to a steric clash with the
aromatic lid structure in muscarinic acetylcholine receptors. Moreover, the findings indicate
that this fact is no longer true for the bitopic analogues, indicating that here the linker is able

to interact with the aromatic lid without being sterically hindered.

3. Methods
3.1 Chemistry

Melting points were determined with a Stuart melting point apparatus SMP3 (Bibby Scientific)
and are uncorrected. *H (400.132 MHz) and **C (100.613 MHz) NMR spectra were recorded
on a Bruker AV 400 instrument (Bruker Biospin). As internal standard, the signals of the
deuterated solvents were used (DMSO-ds: *H 2.5 ppm, *C 39.52 ppm; CDCls: *H 7.26 ppm,
13C 77.16 ppm). Abbreviation for data quoted are: s, singlet; d, doublet; t, triplet; g, quartet;
m, multiplet; b, broad; dd, doublet of doublets; dt, doublet of triplets; tt, triplet of triplets; tq,
triplet of quartets. Coupling constants (J) are given in Hertz. TLC analyses were performed
on commercial precoated plates, silica gel 60 Fzsa (Macherey-Nagel); spots were further
evidenced by spraying with Dragendorff reagent®® for amines. ESI mass spectra of the
compounds were obtained on an Agilent LC/MSD Trap G2445D instrument. Data are
reported as mass-to-charge ratio (m/z) of the corresponding positively charged molecular
ions. Microwave assisted reactions were carried out on a MLS-rotaPREP instrument

(Milestone). Chemicals were of analytical grade and purchased from Aldrich and Merck.

The purities of the compounds (2-C4, 2-C6, 2-C8, and 2-C10) were determined using gNMR
and were found to be >95%.1,2,4,5-Tetrachloro-3-nitrobenzene (Sigma Aldrich) was chosen
as internal standard. qNMR data were acquired at 90° pulse tip angles with recovery delays
of 60s and acquisition time of 3.7s in a non-spinning mode at a calibrated probe
temperature of 300 K. Sixteen scans of 64 K data points for FID were acquired with a
spectral width of 8012 Hz (16 ppm). Manuel phase and baseline correction were performed
prior to integration. Preliminary data processing was carried out with Bruker software,
TOPSPIN 3.0. Purities of the compounds 1-C2, 1-C6, 1-C7, 1-C8, 1-C9, 1-C10, 5-C4, and 6-
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C6 were determined using capillary electrophoresis and were found to be >95%. The CE
measurements were performed by means of a Beckman Coulter P/ACE System MDQ
(Fullerton), equipped with a diode array detector measuring at wavelengths of 210 nm and
254 nm. A fused silica capillary (effective length 50.0 cm, total length 60.2 cm, inner diameter
50 um) was used for the separation. A new capillary was conditioned by rinsing for 30 min
with 0.1 mol Lt NaOH, 2 min with H,O, 10 min with 0.1 mol L* HCI and 2 min with H2O.
Before each run the capillary was rinsed for 2 min with H>O and 5 min with the running
buffer. All rinsing steps were performed with a pressure of 30.0 psi. The samples were
injected with a pressure of 0.5 psi for 5.0 s at the anodic side of the capillary. The capillary
was kept at 25 °C and a voltage of +25 kV was applied. A 50 mM aqueous sodium borate,
pH 10.5, was prepared as running buffer, using ultrapure Milli-Q water (Millipore). The
agueous solutions were filtered through a 0.22 um pore-size CME (cellulose mix ester) filter
(Carl Roth GmbH). Compounds 1-C4 and 6-C4 (confirming purity >95%) and compounds 5-
C8 and 5-C10 (confirming purity >90%) were measured on an HPLC system (Agilent 1100
series system with UV detector) using a C18 reversed-phase (Knauer) (150 x 4.6 mm)
column. The mobile phase (MeOH/phosphate buffer = 70/30) was used at a flow rate of 1.5
mL/min, detecting at 254 nm. The HPLC analyses of compounds 4-C4 (confirming purity
>90%) 4-C6, 4-C8, 4-C10, 6-C8, and 6-C10 (confirming purity >95%) were performed on a
LCMS 2020 Shimadzu. The LCMS system from Shimadzu Products contained a DGU-
20A3R degassing unit, a LC20AB liquid chromatograph, and a SPD-20A UV/vis detector.
Mass spectra were obtained by a LCMS 2020. As stationary phase, a Synergi 4U fusion-RP
(150 * 4.6 mm) column and, as mobile phase, a gradient of MeOH/water was used.
Parameters for the method: solvent A, water with 0.1% formic acid; solvent B, MeOH with
0.1% formic acid. Solvent B from 0% to 90% in 13 min, then at 90% for 5 min, from 90% to
5% in 1 min, and then 5% for 4 min. The method was performed with a flow rate of 1.0

mL/min. UV detection was measured at 254 nm.

The compounds 1-C3, 1-C5,*? and 3% as well as 9, 10-C6, 11-C6, and 5-C6'* were prepared
according to previously reported procedures. The synthesis of the 4-oxo-quinoline skeleton
8% was performed in analogy to the Gould-Jacobs procedure, using diethyl 2-
(ethoxymethylene)-malonate for the condensation with 4-fluoroaniline followed by microwave

assisted cyclization in diphenyl ether.?>2*
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Scheme 3: Synthesis of quinolone analogues, BQCA/iperoxo hybrids and BQCA/ACh hybrids.
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Reagents and conditions: (i) benzyl chloride, K2COs, DMF, 80 °C (72%); (ii) 6 N HCI, MeOH, reflux
(77%); (i) H2N(CH2)nOH, 150°C (28-33%); (iv) HBr (48%), H2SOa, reflux (73-93%); (v)
trimethylamine, CH3CN, 40 °C (53-96%); (vi) 1, KI/K2COs, CH3sCN, 80 °C (microwave) (37-66%); (vii)
2, KI/K2COs, CH3CN, 80 °C (microwave) (19-73%).

3.1.1 General procedure for the synthesis of the iperoxo analogues 1-C2, 1-C4, 1-

Ce6, 1-C7, 1-C8, 1-C9, and 1-C10
To a solution of 4-((4,5-dihydroisoxazol-3-yl)oxy)-N,N-dimethylbut-2-yn-1-amine!! 0.45 g
(2.47 mmol) in 10 mL of acetonitrile or chloroform, 5 - 10 equiv of the corresponding 1-
bromoalkane 7-C2to 7-C10 and a catalytic amount of KI/K.COs (1:1) were added. The
mixture was stirred in a sealed container at a temperature between 55 and 70 °C. The
precipitate obtained was filtered, and Et,O was added to complete the precipitation. The solid

was washed several times with Et,O and dried over P»Os in vacuo.

4-((4,5-Dihydroisoxazol-3-yl)oxy)-N-ethyl-N,N-dimethylbut-2-yn-1-aminium bromide 1-C2

Beige powder; 89% yield; mp 108-110 °C; *H NMR (DMSO): 1.26 (t, 3H, CH,-CHj3, J = 7.2),
3.02 (t, 2H, H-42.s0x, J = 9.6), 3.08 (s, 6H, *N(CHz3)2), 3.45 (m, 2H, N*-CH>-CHj3), 4.32 (t, 2H,
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H-5250 J = 9.6), 4.50 (s, 2H, =C-CH,-N*), 4.93 (s, 2H, O-CH,-C=). 3C NMR (DMSO): 7.8,
32.1, 49.1, 52.8, 57.1, 58.7, 69.5, 76.1, 85.7, 166.6. MS (ESI) m/z [M]* Calcd for
C11H20BrN,0,* 211.3. Found: 221.2. CE purity 99.1%.

N-Butyl-4-((4,5-Dihydroisoxazol-3-yl)oxy)-N,N-dimethylbut-2-yn-1-aminium bromide 1-C4

White solid; 65% vyield; mp 110-112 °C; 'H NMR (DMSO): 0.93 (t, 3H, CH»-CH3 J = 7.5),
1.27-1.36 (m, 2H, CH2-CH,-CH»>-CHj3), 1.62-1.70 (m, 2H, CH>-CH,-CH»>-CHs), 3.02 (t, 2H, H-
43.sox, J = 9.5), 3.09 (s, 6H, *N(CHa)2), 3.36-3.39 (m, 2H, N*-CH»>-CH>), 4.32 (t, 2H, H-52.s0x, J
= 9.47), 4.49 (s, 2H, =C-CHz-N"), 4.93 (s, 2H, O-CH,-C=). 3C NMR (DMSO): 13.4, 19.1,
23.8, 32.2, 49.8, 53.3, 57.2, 63.0, 69.6, 76.2, 86.0, 166.7. MS (ESI) m/z [M]* Calcd for
Ci3H23N20,*: 239.2. Found: 239.2. HPLC purity 96.1%.

N-(4-((4,5-Dihydroisoxazol-3-yl)oxy)but-2-yn-1-yl)-N,N-dimethylhexan-1-aminium bromide 1-
C6

White solid, 85% vyield; mp 121-122 °C; *H NMR (DMSO): 0.88 (t, 3H, CH,-CHs, J = 6.6),
1.30 (br, 6H, CH2-CH2-CH,-CH,-CH»-CHs), 1.62-1.73 (m, 2H, CH2-CH2-CH2-CH2-CH2-CHs),
3.01 (t, 2H, H-42is0x, J = 9.6), 3.09 (s, 6H, *N(CHa)2), 3.33-3.38 (m, 2H, N*-CH.-CH,), 4.32 (t,
2H, H-52is0x, J = 9.6), 4.48 (s, 2H, =C-CH>-N*), 4.93 (s, 2H, O-CH,-C=). 3C NMR (DMSO):
13.7, 21.6, 21.7, 25.2, 30.5, 32.1, 49.7, 53.1, 57.1, 63.1, 69.5, 76.1, 85.8, 166.6. MS (ESI)
m/z [M]* Calcd for C15H27N202*: 267.2. Found: 267.3. CE purity 99.5%.

N-(4-((4,5-Dihydroisoxazol-3-yl)oxy)but-2-yn-1-yl)-N,N-dimethylheptan-1-aminium bromide 1-
C7

White solid; 74% yield; mp 121-122 °C; *H NMR (DMSO): 0.87 (t, 3H, CH>-CHs, J = 6.8),
1.25-1.33 (br, 8H, CH2-CH2-CH2-CH2-CH,-CH2-CHs), 1.63-1.72 (m, 2H, CH2-CH2-CH2-CH-
CH2-CH»>-CHg), 3.01 (t, 2H, H-42.s0x, J = 9.6), 3.07 (s, 6H, *N(CHa)2), 3.34-3.37 (m, 2H, N*-
CH»-CHy), 4.32 (t, 2H, H-52.s0x, J = 9.6), 4.45 (s, 2H, =C-CH>-N*), 4.93 (s, 2H, O-CH»-C=).
13C NMR (DMSO0): 13.8, 20.8, 21.7, 21.9, 25.5, 28.0, 32.2, 49.7, 53.2, 57.1, 63.1, 69.5, 76.1,
85.9, 166.6. MS (ESI) m/z [M]* Calcd for C16H29N20,": 281.2. Found: 281.3. CE purity 99.5%.
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N-(4-((4,5-Dihydroisoxazol-3-yl)oxy)but-2-yn-1-yl)-N,N-dimethyloctan-1-aminium bromide 1-
C8

White solid; 48% yield; mp 130-133 °C; 'H NMR (DMSO): 0.87 (t, 3H, CH>-CHs, J = 6.9),
1.23-1.33 (br, 10H, CH2-CH2-CH2-CH2-CH2-CH2-CH2-CHs), 1.63-1.71 (m, 2H, CH2-CH2-CH>-
CH>-CH2-CH2-CH>-CHg), 3.01 (t, 2H, H-42is0x, J = 9.6), 3.07 (s, 6H, "N(CHz)2), 3.33-3.37 (m,
2H, N*-CH.-CH), 4.32 (t, 2H, H-52.is0x, J = 9.6), 4.45 (s, 2H, =C-CH>-N"), 4.93 (s, 2H, O-CH>-
C=). 3C NMR (DMSO): 13.8, 21.7, 21.9, 25.6, 28.3, 31.0, 32.1, 49.7, 53.2, 57.1, 63.1, 69.5,
76.1, 85.9, 166.6. MS (ESI) m/z [M]* Calcd for C17H31N202*: 295,2. Found: 295.3. CE purity
99.1%.

N-(4-((4,5-Dihydroisoxazol-3-yl)oxy)but-2-yn-1-yl)-N,N-dimethylnonan-1-aminium bromide 1-
C9

White solid; 80% yield; mp 130-132 °C; 'H NMR (DMSO): 0.86 (t, 3H, CH>-CH3, J = 6.7),
1.26 (br, 12H, CH>-CH2-CH,-CH>-CH>-CH,-CH>-CH2-CHs3), 1.62-1.71 (m, 2H, CH>-CH>-CH>-
CH2-CH2-CH2-CH2-CH2-CHg), 3.01 (t, 2H, H-42.is0x, J = 9.6), 3.08 (s, 6H, "N(CHa)2), 3.33-3.37
(m, 2H, N*-CH2-CH), 4.32 (t, 2H, H-52is0x, J = 9.6), 4.48 (s, 2H, =C-CH>-N"), 4.93 (s, 2H, O-
CH,-C=). C NMR (DMSO): 13.8, 21.7, 22.0, 25.6, 28.3, 28.6, 31.1, 32.1, 49.7, 53.2, 57.1,
63.1, 69.5, 76.1, 85.8, 166.6. MS (ESI) m/z [M]* Calcd for C1sH33sN-O,": 309.3. Found: 309.4.
CE purity 98.8%.

N-(4-((4,5-Dihydroisoxazol-3-yl)oxy)but-2-yn-1-yl)-N,N-dimethyldecan-1-aminium bromide 1-
C10

White solid; 83% yield; mp 135-137 °C; *H NMR (DMSO): 0.86 (t, 3H, CH>-CHs, J = 6.9),
1.26 (br, 14H, CH2>-CH>-CH2-CH>-CH2-CH,-CH2-CH»-CH2-CH3), 1.67 (br, 2H, CH>-CH>-CH>-
CH2-CH,-CH2-CH,-CH2-CH2-CHg), 3.01 (t, 2H, H-42.is0x, J = 9.6), 3.08 (s, 6H, *N(CHz3),), 3.33-
3.37(m, 2H, N*-CH2-CH), 4.32 (t, 2H, H-52.s0x, J = 9.6), 4.47 (s, 2H, =C-CH2-N"), 4.93 (s, 2H,
O-CH,-C=). 3C NMR (DMSO0): 13.8, 21.7, 22.0, 25.6, 28.3, 28.5, 28.6, 28.7, 31.2, 32.1, 49.7,
53.1, 57.1, 63.1, 69.5, 76.1, 85.8, 166.6. MS (ESI) m/z [M]* Calcd for CigH3sN-O,*: 323.3.
Found: 323.3 CE purity 99.8%.

3.1.2 General procedure for the synthesis of the acetylcholine analogues 2-C4, 2-
C6, 2-C8, and 2-C10

To a solution of 2-(dimethylamino)ethyl acetate, 0.50 g (3.81 mmol) in acetonitrile (10 mL);
2 equiv of the corresponding 1-bromoalkane 7-C4, 7-C6, 7-C8, and 7-C10 and a catalytic
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amount of KI/K,COs3 (1:1) were added. The reaction mixture was heated in the microwave
(500 W, 70 °C) for 4 h. After cooling to RT, the surplus of KI/K>CO3; was filtered, and the
filtrate was evaporated to the half of the volume. After the addition of Et>O, a viscous oil was
formed. The solvent was decanted, and the product obtained was dried in vacuo.

N-(2-Acetoxyethyl)-N,N-dimethylbutan-1-aminium bromide 2-C4

White, viscose oil; yield 71%; *H NMR (DMSO): 0.93 (t, 3H, CH,-CHs, J = 7.2), 1.26-1.35 (m,
2H, CH>-CH2-CH2-CHs), 1.62-1.70 (m, 2H, CH2-CH2-CH.-CHzs), 2.06 (s, 3H, CO-CHz), 3.08
(s, 6H, *N(CHjs),), 3.33-3.37 (m, 2H, *N-CH2-CHy), 3.63-3.65 (m, 2H, CH>-N*), 4.42 (t, 2H, O-
CHz, J = 4.4). 3C NMR (DMSO): 13.4, 19.1, 20.6, 23.6, 50.5, 57.4, 61.2, 63.6, 169.7. MS
(ESI) m/z [M]* Calcd for C10H22NO>": 188.2. Found: 188.2. gNMR purity 98.0%.

N-(2-Acetoxyethyl)-N,N-dimethylhexan-1-aminium bromide 2-C6

Transparent, viscose oil; yield 65%; 'H NMR (DMSO): 0.88 (t, 3H, CH,-CH3, J = 6.8), 1.25-
1.32 (m, 6H, CH2-CH2-CH2-CH2-CH2-CHj3), 1.63-1.70 (m, 2H, CH2-CH2-CH2-CH2-CH»-CHs),
2.06 (s, 3H, CO-CHzs), 3.07 (s, 6H, "N(CHa)2), 3.34-3.39 (m, 2H, *N-CH2>-CHy), 3.62-3.65 (m,
2H, CH,-N"), 4.41 (t, 2H, O-CHy, J = 4,6). 3C NMR (DMSO): 13.7, 20.6, 21.6, 21.7, 25.3,
30.6, 50.5, 57.4, 61.2, 63.8, 169.7. MS (ESI) m/z [M]* Calcd for C12H26NO2": 216.2. Found:
216.2. gNMR purity 96.0%.

N-(2-Acetoxyethyl)-N,N-dimethyloctan-1-aminium bromide 2-C8

White, viscose oil; yield 91%; *H NMR (DMSO): 0.86 (t, 3H, CH,-CHs, J = 6.8), 1.26-1.29 (m,
10H, CH2-CH2-CH»-CH2-CH3-CH3-CH»2-CHs3), 1.63-1.70 (m, 2H, CH,-CH2-CH2-CH2-CH2-CHo-
CH»-CHs), 2.05 (s, 3H, CO-CHs), 3.08 (s, 6H, *N(CHs).), 3.33-3.37 (m, 2H, *N-CH,-CH>),
3.63-3.66 (m, 2H, CHx-N*), 4.41 (t, 2H, O-CH,, J = 4,6 Hz). 3C NMR (DMSO): 13.8, 20.6,
21.6, 21.9, 25.6, 28.3, 31.0, 50.5, 57.4, 61.2, 63.8, 169.7. MS (ESI) m/z [M]* Calcd for
C14H30NO2*: 244.2. Found: 244.3. gNMR purity 96.0%.

N-(2-Acetoxyethyl)-N,N-dimethyldecan-1-aminium bromide 2-C10

White, viscose oil; yield 88%; 'H NMR (DMSO): 0.86 (t, 3H, CH,-CH3, J = 6.8), 1.26-1.28 (m,
14H, CH3-CH3-CH>-CH,-CH,-CH,-CH2-CH2-CH2-CHs), 1.63-1.70 (m, 2H, CH>-CH>-CH,-CH,-
CHz-CH2-CH2-CH2-CH»2-CHjs), 2.05 (s, 3H, CO-CHs), 3.07 (s, 6H, *N(CHs),), 3.32-3.35 (m,
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2H, *N-CH>-CHy), 3.62-3.64 (m, 2H, CH>-N"*), 4.41 (t, 2H, O-CH,, J = 4.6). *C NMR (DMSO):
13.8, 20.5, 21.6, 22.0, 25.6, 28.4, 28.5, 28.7, 28.8, 31.2, 50.5, 57.4, 61.2, 63.8, 169.7. MS
(ESI) m/z [M]* Calcd for C16H3sNO,*": 272.3. Found: 272.3. gNMR purity 96.0%.

3.1.3 General procedure for the amidation of 10-C4, 10-C8, and 10-C10

1 equiv of ethyl 1-benzyl-6-fluoro-4-oxo-1,4-dihydroquinoline-3-carboxylate 9** was reacted
with 3 equiv of 4-aminobutanol, 8-aminooctanol, and 10-aminodecanol, respectively, and
heated to 150 °C to melt the ester. The reaction was followed up by TLC (CH2Clx/MeOH =
20:1, Rs = 0.35 — 0.54). After completion of the reaction (1.0 — 3.5 h), the mixture was cooled

to RT. The so obtained solid was crystallized in ethanol and recrystallized from methanol.

1-Benzyl-6-fluoro-N-(4-hydroxybutyl)-4-oxo-1,4-dihydroquinoline-3-carboxamide 10-C4

White solid; yield 28%; mp 163-165 °C; Rt = 0.35 (CH2Cl,/MeOH = 20:1); 'H NMR (DMSO):
1.47-1.61 (m, 4H, NH-CH,-CH>-CH>), 3.34-3.46 (m, 4H, NH-CH2/CH»-OH), 4.42 (t, 1H, OH, J
= 5.2), 5.80 (s, 2H, CHabenzyt), 7.21-7.24 (m, 2H, CHpheny), 7.27-7.37 (m, 3H, CHpheny), 7.67
(ddd, 1H, H-7, 3 = 3.1, Jur = 8.0, J = 9.4), 7.84 (dd, 1H, H-8, Jue = 4.3, J = 9.4), 7.99 (dd, 1H,
H-5, J = 3.1, Jur = 9.1), 9.08 (s, 1H, H-2), 9.88 (t, 1H, NH, J = 5.7). 3C NMR (DMSO): 25.9,
29.9, 38.2, 56.0, 60.3, 110.5 (d, Jcr = 22.7), 110.7, 120.9 (d, Jcr = 8.4), 121.3 (d, Jcr = 25.0),
126.4, 127.9, 128.9, 128.9 (d, Jcr = 6.9), 135.7, 135.9, 148.7, 159.1 (d, Jcr = 245.3), 163.6,
174.7 (d, Jcr = 2.6).

1-Benzyl-6-fluoro-N-(8-hydroxyoctyl)-4-oxo-1,4-dihydroquinoline-3-carboxamide 10-C8

White solid: yield 28%; mp 154-156 °C; Ry = 0.54 (CH2Cl/MeOH = 20:1); *H NMR (DMSO):
1.28-1.37 (M, 8H, NH-CHz-CHz-CHz-CHo-CHo-CHy), 1.39-1.42 (m, 2H, NH-CH2-CH,), 1.50-
1.57 (m, 2H, CH,-CH,-OH), 3.33-3.39 (m, 4H, NH-CH2/CH,-OH), 4.30 (t, 1H, OH, J = 5.0),
5.80 (s, 2H, CHabensyl), 7.21-7.23 (M, 2H, CHonenyl), 7.27-7.37 (M, 3H, CHpneny), 7.67 (ddd, 1H,
H-7, 3= 3.1, Jur = 8.0, J = 9.4), 7.84 (dd, 1H, H-8, Jur = 4.4, J = 9.4), 7.99 (dd, 1H, H-5, J =
3.1, Jur = 9.05), 9.08 (s, 1H, H-2), 9.87 (t, 1H, NH, 3J = 5.6). 3C NMR (DMSO): 25.4, 26.4,
28.7, 28.8, 29.2, 32.4, 38.3, 56.0, 60.6, 110.5 (d, Jcr = 22.4), 110.7, 120.9 (d, Jer = 8.4),
121.3 (d, Jor = 24.8), 126.4, 127.8, 128.9, 128.9 (d, Jcr = 7.2), 135.7, 135.8, 148.7, 159.1 (d,
Jce = 245.0), 163.6, 174.7 (d, Jcr = 2.5).
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1-Benzyl-6-fluoro-N-(10-hydroxydecyl)-4-oxo-1,4-dihydroquinoline-3-carboxamide 10-C10

White solid; yield 31%; mp 152-154 °C; Rt = 0.37 (CH:Cl./MeOH = 20:1); 'H NMR (DMSO):
1.25-1.40 (m, 14H, NH-CH2-CH,-CH>-CH,-CH2-CH2-CH>-CHy), 1.50-1.55 (m, 2H, CH>-CH>-
OH), 3.35-3.38 (m, 4H, NH-CH,/CH»-OH), 4.30 (t, 1H, OH, J = 5.0), 5.80 (s, 2H, CHoabenzyi),
7.21-7.23 (m, 2H, CHpheny), 7.27-7.37 (m, 3H, CHpnheny), 7.66 (ddd, 1H, H-7, J = 3.1, Jur = 8.0,
J=9.4), 7.84 (dd, 1H, H-8, Jur = 4.4, J = 9.4), 7.99 (dd, 1H, H-5, J = 3.1, Jur = 9.05), 9.08 (s,
1H, H-2), 9.87 (t, 1H, NH, J = 5.6). 3C NMR (DMSO): 25.4, 26.4, 28.6, 28.8, 28.9, 29.0, 29.1,
32.4, 38.3, 56.0, 60.6, 110.5 (d, Jcr = 22.9), 110.7, 120.9 (d, Jcr = 8.0), 121.3 (d, Jcr = 25.3),
126.4, 127.8, 128.9, 128.9 (d, Jcr = 6.8), 135.7, 135.8, 148.7, 159.1 (d, Jcr = 245.1), 163.6,
174.7 (d, Jcr = 2.6).

3.1.4 General procedure for the substitution of the alcohol group with a bromine
group, compounds 11-C4, 11-C8, and 11-C10

1 equiv of hydroxyalkyl fluoro substituted 4-oxo-quinolinecarboxamides 10-C4, 10-C8, and
10-C10, respectively, were dissolved in 10 equiv of aqueous HBr (48%). Then, 4.2 equiv of
conc. sulfuric acid was carefully added, and the reaction mixture was heated to reflux. The
reaction was followed up by TLC (CH.Cl./MeOH = 20:1, Rt = 0.81 — 0.95). After completion
of the reaction (3.0 — 6.0 h), the solution was poured into water and extracted several times
with chloroform. The combined organic phases were neutralized with K.CO3; and the solvent

was evaporated to obtain the desired products.

1-Benzyl-N-(4-bromobutyl)-6-fluoro-4-oxo-1,4-dihydroquinoline-3-carboxamide 11-C4

White solid; yield 93%; mp 165-167 °C; Rt = 0.84 (CH.Cl,/MeOH = 20:1); 'H NMR (DMSO):
1.64-1.71 (m, 2H, NH-CH,-CH>), 1.85-1.92 (m, 2H, NH-CH,-CH»-CH,), 3.39 (dd, 2H, NH-
CHa, J=6.9,J = 12.9), 3.59 (t, 2H, CH2-Br, J = 6.7), 5.80 (S, 2H, CHabenzyl), 7.21-7.37 (m, 5H,
CHphenyl), 7.67 (ddd, 1H, H-7,J=3.1, Jue = 7.9, J = 9.4), 7.84 (dd, 1H, H-8, Jur = 4.4, J =9.4),
7.99 (dd, 1H, H-5, J = 3.1, Jue = 9.1), 9.08 (s, 1H, H-2), 9.90 (t, 1H, NH, J = 5.8). 3C NMR
(DMSO0): 28.0, 29.8, 34.7, 37.4, 56.0, 110.5 (d, Jcr = 22.7), 110.7, 120.9 (d, Jcr = 7.6), 121.3
(d, Jcr = 24.5), 126.4, 127.9, 128.9, 128.9 (d, Jcr = 7.0), 135.7, 135.9, 148.8, 159.1 (d, Jcr =
245.2), 163.8, 174.7 (d, Jcr = 2.5 Hz).

1-Benzyl-N-(8-bromooctyl)-6-fluoro-4-oxo-1,4-dihydroquinoline-3-carboxamide 11-C8

White solid; yield 88%; mp 168-171 °C; Rt = 0.81 (CH.Cl./MeOH = 20:1); 'H NMR (DMSO):
1.28-1.41 (m, 8H, NH-CH2-CH2-CH,-CH>-CH,-CH>), 1.51-1.57 (m, 2H, NH-CH,-CH,), 1.75-

54



FRET studies of quinolone-based bitopic ligands and their structural analogues

1.82 (m, 2H, CHo-CH,-Br), 3.33-3.37 (m, 2H, NH-CH_), 3.51 (t, 2H, CH»-Br, J = 6.8), 5.80 (s,
2H, CHabenzy), 7.21-7.37 (M, 5H, CHpreny)), 7.66 (ddd, 1H, H-7, J = 3.1, Jur = 8.0, J = 9.4),
7.84 (dd, 1H, H-8, Jur = 4.4, J = 9.4), 7.99 (dd, 1H, H-5, J = 3.1, Jue = 9.1), 9.08 (s, 1H, H-2),
9.87 (t, 1H, NH, J = 5.6 Hz). 3C NMR (DMSO): 26.3, 27.4, 27.9, 28.4, 29.1, 33.1, 35.1, 38.2,
56.0, 110.4 (d, Jcr = 22.6), 110.7, 120.9 (d, Jcr = 8.4), 121.3 (d, Jcr = 24.9), 126.4, 127.8,
128.8, 128.9 (d, Jor = 7.0), 135.7, 135.8, 148.7, 159.1 (d, Jcr = 245.2), 163.6, 174.7 (d, Jor =
2.6).

1-Benzyl-N-(10-bromodecyl)-6-fluoro-4-oxo-1,4-dihydroquinoline-3-carboxamide 11-C10
White solid; yield 73%; mp 147-150 °C; R = 0.95 (CH,Clo/MeOH = 20:1); *H NMR (DMSO):
1.26-1.35 (m, 12H, NH-CH,-CH>-CH,-CH»>-CH,-CH,-CH»-CH»), 1.50-1.57 (m, 2H, NH-CH,-
CHy), 1.73-1.80 (m, 2H, CH2-CH,-Br), 3.35-3.37 (m, 2H, NH-CH,), 3.49 (t, 2H, CH»-Br, J =
6.8), 5.80 (s, 2H, CHabenzyl), 7.21-7.37 (M, 5H, CHpheny), 7.66 (ddd, 1H, H-7, J = 3.1, Ju = 8.0,
J=9.4), 7.84 (dd, 1H, H-8, Jur = 4.4, J = 9.4), 7.99 (dd, 1H, H-5, J = 3.1, Jur = 9.1), 9.08 (s,
1H, H-2), 9.87 (t, 1H, NH, J = 5.6). 3C NMR (DMSO): 26.4, 27.4, 28.0, 28.5, 28.7, 28.7, 29.1,
32.1, 35.0, 38.3, 56.0, 110.5 (d, Jcr = 22.8), 110.7, 120.9 (d, Jcr = 8.4), 121.3 (d, Jcr = 25.2),
126.4, 127.8, 128.8, 128.9 (d, Jcr = 6.9), 135.7, 135.8, 148.7, 159.1 (d, Jcr = 244.9), 163.6,
174.7 (d, Jcr = 2.7).

3.1.5 General procedure for the synthesis of the quinolone analogues 4-C4, 4-C6,

4-C8, and 4-C10
To a solution of bromoalkyl 4-oxo-quinoline-3-carboxamides 11-C4, 11-C6, 11-C8, and 11-
C10 (0.11 mmol) in acetonitrile (5 mL), trimethylamine (45% in H,O, 0.22 mmol) was added.
The reaction was heated at 40 °C. After completion of the reaction (5 h) controlled by TLC
(CH2CIx/MeOH = 85:15, Rf=0.10 — 0.45), the mixture was cooled to RT. The solvent was
distilled off. The so obtained solid was crystallized from acetonitrile, filtered and dried in

vacuo.

4-(1-Benzyl-6-fluoro-4-oxo-1,4-dihydroquinoline-3-carboxamido)-N,N,N-trimethylbutan-1-
aminium bromide 4-C4

White solid; 53% vyield; mp 176-179 °C; R¢= 0.18 (CH.Cl./MeOH = 85:15); *H NMR (DMSO):
1.58-1.60 (m, 2H, NH-CH2-CH), 1.74-1.78 (m, 2H, NH-CH2-CH:-CH;), 3.06 (s, 9H,
*N(CHsa)3), 3.33-3.45 (m, 4H, NH-CH2/CH2-N"), 5.81 (S, 2H, CHabenzy), 7.23-7.21 (m, 2H,
CHopheny), 7.28-7.37 (m, 3H, CHpheny), 7.69 (ddd, 1H, H-7,J = 3.1, Jur = 8.0, J = 9.4), 7.86 (dd,
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1H, H-8, Jur = 4.3, J = 9.4), 7.99 (dd, 1H, H-5, J = 3.1, Jur = 9.0), 9.08 (s, 1H, H-2), 9.93 (t,
1H, NH, J = 5.8). 13C NMR: (DMSO) 19.7, 26.2, 37.7, 52.1, 56.0, 64.8, 110.5, 110.6 (d, Jcr =
22.7), 121.0 (d, Jcr = 8.9), 121.5 (d, Jer = 25.5), 126.4, 127.9, 128.9, 128.9, 135.6, 135.8,
148.7, 163.9, 169.7, 174.7 (d, Jor = 2.5). MS (ESI) m/z [M]* Calcd for CasHaFNsO,*: 410.2.
Found: 410.1. LC purity 92.2%.

6-(1-Benzyl-6-fluoro-4-oxo-1,4-dihydroquinoline-3-carboxamido)-N,N,N-trimethylhexan-1-
aminium bromide 4-C6

Ochre solid; 96% yield; mp 179-182 °C; Rs= 0.26 (CH:Cl,/MeOH = 85:15); *H NMR (CDCls):
1.48-1.49 (m, 4H, NH-CH2-CH,-CHy), 1.64-1.68 (m, 2H, NH-CH»>-CH,-CH»>-CHy), 1.80-1.82
(m, 2H, CH2-CH2-N*), 3.45 (s, 9H, *N(CHa)3), 3.47-3.49 (m, 2H, NH-CH), 3.56-3.60 (m, 2H,
CH2-N*), 5.51 (s, 2H, CHabenzy1), 7.14 (dd, 2H, CHpheny, J = 1.6, J = 7.7), 7.31-7.36 (m, 4H,
CHphenyl, H-8), 7.43 (dd, 1H, H-7, J = 4.2, Jur = 9.4), 8.12 (dd, 1H, H-5, J = 3.0, Jur = 8.8),
8.92 (s, 1H, H-2), 9.95 (t, 1H, NH, J = 5.7).13C NMR: (CDCls) 22.9, 25.6, 26.3, 29.7, 38.7,
53.5,58.1, 67.0, 111.9, 112.2 (d, Jcr= 22.8), 119.3 (d, Jcr=7.9), 121.6 (d, Jcr = 25.4), 126.1,
128.8, 129.4, 134.0, 135.9, 148.4, 164.8, 167.2, 176.0 (d, Jce= 2.7). MS (ESI) m/z [M]* Calcd
for C2sH33FN3O,2*: 438.3. Found: 438.1. LC purity 95.5%.

8-(1-Benzyl-6-fluoro-4-oxo-1,4-dihydroquinoline-3-carboxamido)-N,N,N-trimethyloctan-1-
aminium bromide 4-C8

White solid; 53% vyield; mp 185-187 °C; Ri= 0.10 (CH.Cl,/MeOH = 85:15); *H NMR (DMSO):
1.29-1.39 (m, 8H, NH-CH;-CH>-CH2-CH2-CH>-CH2), 1.55-1.58 (m, 2H, NH-CH>-CH>), 1.66-
1.69 (m, 2H, CH2-CH:-N*), 3.03 (s, 9H, N*(CHa)3), 3.25-3.27 (m, 2H, NH-CH), 3.40-3.45 (m,
2H, CH2>-N*), 5.81 (s, 2H, CHabenzy), 7.20-7.24 (m, 2H, CHpneny), 7.30-7.38 (m, 3H, CHphenyi),
7.69 (ddd, 1H, H-7,J=3.1, J4+=8.0, J = 9.4), 7.86 (dd, 1H, H-8, Jue,= 4.4, J = 9.4), 7.99 (dd,
1H, H-5, J = 3.1, Jur = 9.0), 9.07 (s, 1H, H-2), 9.89 (t, 1H, NH, J = 5.7). 3C NMR (DMSO):
21.3, 25.0, 25.7, 27.7, 27.7, 28.5, 37.7, 51.5, 55.4, 64.6, 109.9, 110.1 (d, Jcr = 23.0), 120.4
(d, Jcr =8.1), 120.9 (d, Jcr = 24.8), 125.8, 127.3, 128.3, 128.3, 135.0, 135.2, 148.1, 163.1,
170.4, 174.2 (d, Jce = 2.5). MS (ESI) m/z [M]* Calcd for CzsH37FN3O2": 466.3. Found: 466.1.
LC purity 95.5%.
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10-(1-Benzyl-6-fluoro-4-oxo-1,4-dihydroquinoline-3-carboxamido)-N,N,N-trimethyldecan-1-
aminium bromide 4-C10

White solid; 64% yield; mp 178-180 °C; Rs = 0.45 (CH:Cl/MeOH = 8:2); 'H NMR (CDCls)
1.31-1.42 (m, 12H, NH-CH2-CH2-CH2-CH2-CH2-CH2-CH»-CH), 1.63-1.65 (m, 2H, NH-CH>-
CHy), 1.73-1.76 (m, 2H, CH>-CH>-N"), 3.46 (s, 9H, *N(CHs3)3), 3.47-3.55 (m, 4H, NH-CH»/CH>-
N¥), 5.49 (s, 2H, CHabenzy), 7.13-7.15 (dd, 2H, CHphenyi, J = 1.7, J = 7.7), 7.31-7.35 (m, 4H,
CHpheny/H-8), 7.40-7.44 (dd, 1H, H-7,J = 4.2, Jur = 9.3), 8.15 (dd, 1H, H-5,J = 2.9, Jur = 8.9),
8.93 (s, 1H, H-2), 9.92 (t, 1H, NH, J = 4.5). 13C NMR (CDCls): 23.4, 26.4, 27.3, 29.3, 29.4,
29.5, 29.9, 30.0, 39.6, 53.8, 58.4, 67.6, 112.1, 112.5 (d, Jcr = 23.1), 119.5 (d, Jcr = 8.0),
121.8 (d, Jcr = 24.8), 126.4, 129.1, 129.7, 134.3, 136.1, 148.7, 164.9, 169.6, 176.3 (d, Jcr =
2.8). MS (ESI) m/z [M]* Calcd for C3oH41FN3O-": 494.3. Found: 494.2. LC purity 97.8%.

3.1.6 General procedure for the synthesis of the quinolone-iperoxo hybrids 5-C4, 5-
C8, and 5-C10

To a solution of 1 equiv of the bromoalkyl 4-oxo-quinoline-3-carboxamides 11-C4, 11-C8,
and 11-C10 in 20 mL acetonitrile, 2 equiv. 4-((4,5-dihydroisoxazol-3-yl)oxy)-N,N-dimethylbut-
2-yn-1-amine' and a catalytic amount of KI/K.COs (1:1) were added. The reaction mixture
was heated in the microwave (500 W, 80 °C) for 4 h. The reaction was monitored by TLC
(MeOH/NH4NO; (0.2 M) = 3:2, Rf = 0.54 — 0.68). After cooling to RT, the surplus of KI/K,CO3
was filtered. Et,O was added to the filtrate to obtain a precipitation. The solid was filtered,

washed with Et,O, and dried in vacuo.

N-(4-(1-Benzyl-6-fluoro-4-oxo-1,4-dihydroquinoline-3-carboxamido)butyl)-4-((4,5-
dihydroisoxazol-3-yl)oxy)-N,N-dimethylbut-2-yn-1-aminium bromide 5-C4

Beige solid; yield 37%; mp 94-101 °C; R = 0.54 (MeOH/NH4NO; (0.2 M) = 3:2); 'H NMR
(DMSO0): 1.57-1.63 (m, 2H, NH-CH>-CHy), 1.74-1.82 (m, 2H, NH-CH,-CH,-CH>), 3.01 (t, 2H,
H-42.s0x, J = 9.6), 3.09 (s, 6H, *N(CHz3)2), 3.36-3.45 (m, 4H, NH-CH2/CH>-N"), 4.31 (t, 2H,
H-52.s0x, J = 9.6), 4.45 (s, 2H, *N-CH.-C=), 4.94 (s, 2H, =C-CH,-0), 5.81 (s, 2H, CHabenzyl),
7.21-7.23 (m, 2H, CHpheny)), 7.28-7.38 (m, 3H, CHgneny), 7.69 (ddd, 1H, H-7, J = 9.3, Jue = 8.0,
J=3.1), 7.86 (dd, 1H, H-8, Jur = 4.3, J = 9.5), 7.99 (dd, 1H, H-5, J = 3.0, Jur = 9.0), 9.07 (s,
1H, H-2), 9.93 (t, 1H, NH, J = 5.7). 3C NMR (DMSO): 19.5, 26.1, 32.1, 37.6, 49.8, 53.3, 56.0,
57.1, 62.8, 69.5, 76.0, 86.0, 110.4 (d, Jcr = 22.6), 110.6, 121.1 (d, Jce = 8.4), 121.5 (d, Jcr =
24.8), 126.4, 127.9, 128.8, 128.9, 135.6, 135.9, 148.7, 159.1 (d, Jcr = 244.8), 163.9, 166.6,
175.4. MS (ESI) m/z [M]* Calcd for CzoH34FN4O4*: 533.3. Found: 533.4. CE purity 95.0%.
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8-(1-Benzyl-6-fluoro-4-oxo-1,4-dihydroquinoline-3-carboxamido)-N-(4-((4,5-dihydroisoxazol-
3-yl)oxy)but-2-yn-1-yl)-N,N-dimethyloctan-1-aminium bromide 5-C8

Beige solid; yield 60%; mp 112-118 °C; Rt = 0.56 (MeOH/NHsNO; (0.2 M) = 3:2); '*H NMR
(DMSO): 1.28-1.39 (m, 8H, NH-CH2-CH2-CH>-CH2-CH2-CH), 1.52-1.59 (m, 2H, NH-CH.-
CHy), 1.67-1.73 (m, 2H, CH>-CH»>-N*), 3.00 (t, 2H, H-42.is0x, J = 9.6), 3.08 (s, 6H, "N(CHs3)>),
3.35-3.37 (m, 4H, NH-CH2/CH2-N"), 4.31 (t, 2H, H-52.s0x, J = 9.6), 4.45 (s, 2H, *N-CH»-C=),
4.93 (s, 2H, =C-CH-0), 5.81 (s, 2H, CHabenzy1), 7.21-7.38 (m, 5H, CHpheny), 7.68 (ddd, 1H, H-
7,3=9.3,Jw=8.0,3=3.1), 7.85 (dd, 1H, H-8, Jur = 4.0, J = 9.4), 7.98 (dd, 1H, H-5, J = 3.1,
Jue = 9.0), 9.07 (s, 1H, H-2), 9.88 (t, 1H, NH, J = 5.6). 1*C NMR (DMSO): 21.7, 25.5, 26.3,
28.2, 29.1, 32.2, 38.3, 49.7, 53.2, 56.0, 57.1, 64.8, 69.5, 76.0, 85.9, 110.4 (d, Jcr = 22.8),
110.7, 121.0, 121.5, 126.4, 127.9, 128.9, 128.9, 135.8, 148.7, 159.1 (d, Jcr = 245.3), 163.6,
166.6, 174.7. MS (ESI) m/z [M]* Calcd for CssHs2FN4O4*: 589.7. Found: 589.6. HPLC purity
91.1%.

10-(1-Benzyl-6-fluoro-4-oxo-1,4-dihydroquinoline-3-carboxamido)-N-(4-((4,5-dihydroisoxazol-
3-yl)oxy)but-2-yn-1-yl)-N,N-dimethyldecan-1-aminium bromide 5-C10

Beige solid; yield 44%; mp 107-109 °C; Rs = 0.68 (MeOH/NH4NO, (0.2 M) = 3:2); *H NMR
(DMSO): 1.22-1.39 (m, 12H, NH-CH,-CH,-CH,-CH2-CH2-CH2-CH>-CHy), 1.53-1.56 (m, 2H,
NH-CH2-CHy), 1.65-1.67 (m, 2H, CH>-CH>-N* ), 3.00 (t, 2H, H-42.is0x, J = 9.6), 3.07 (s, 6H,
*N(CHa)2), 3.35-3.37 (m, 4H, NH-CH2/CH2>-N*), 4.31 (t, 2H, H-52.s0x, J = 9.6), 4.44 (s, 2H, *N-
CH»-C=), 4.93 (s, 2H, =C-CH»-0), 5.81 (s, 2H, CHavenzy), 7.21-7.37 (m, 5H, CHgheny), 7.68
(ddd, 1H, H-7,J =9.3, Jur = 8.0, J = 3.1), 7.85 (dd, 1H, H-8, Jur = 4.0, J = 9.4), 7.98 (dd, 1H,
H-5, J = 3.1, Jur = 9.0), 9.07 (s, 1H, H-2), 9.87 (t, 1H, NH, J = 5.6). 3C NMR (DMSO): 21.7,
25.5, 26.5, 28.3, 28.6, 28.7, 29.1, 32.2, 38.3, 49.7, 53.2, 56.0, 57.1, 63.1, 69.5, 76.0, 85.9,
110.7, 110.8, 121.0, 121.2, 126.4, 127.9, 128.9, 128.9, 135.7, 135.8, 148.7, 160.3, 163.6,
166.6, 174.7. MS (ESI) m/z [M]* Calcd for CssHasFN4O4*: 617.8. Found: 617.7. HPLC purity
93.1%.

3.1.7 General procedure for the synthesis of the quinolone-acetylcholine hybrids 6-

C4, 6-C6, 6-C8, and 6-C10
To a solution of 1 equiv of the bromoalkyl 4-oxo-quinoline-3-carboxamides 11-C4, 11-C8,
and 11-C10 in 15 mL acetonitrile, 2 equiv 2-(dimethylamino)ethyl acetate and a catalytic
amount of KI/K,COs3 (1:1) were added. The reaction mixture was heated in the microwave
(500 W, 80 °C) for 4.0 — 6.5 h. After cooling to RT, the surplus of KI/K.CO3 was filtered, and

58



FRET studies of quinolone-based bitopic ligands and their structural analogues

Et,O was added to the filtrate. The solid obtained was filtered, washed with Et,O, and dried in

vacuo.

N-(2-Acetoxyethyl)-4-(1-benzyl-6-fluoro-4-oxo-1,4-dihydroquinoline-3-carboxamido)-N,N-
dimethylbutan-1-aminium bromide 6-C4

White solid; yield 73%; mp 153-156 °C; *H NMR (DMSO): 1.56-1.63 (m, 2H, NH-CH,-CH>),
1.73-1.81 (m, 2H, NH-CH2-CH»>-CH,), 2.06 (s, 3H, CHs), 3.09 (s, 6H, *N(CHs),), 3.40-3.44 (m,
4H, NH-CH./CH2-N"), 3.63-3.66 (m, 2H, CH>-CH2-O), 4.43 (t, 2H, CH2-O, J = 4.6), 5.81 (s,
2H, CHabenzy), 7.21-7.38 (m, 5H, CHpnheny), 7.69 (ddd, 1H, H-7,J=3.1,J =8.0, J = 9.4), 7.86
(dd, 1H, H-8, J = 4.3, J = 9.4), 7.98 (dd, 1H, H-5, J = 3.0, J = 9.0), 9.08 (s, 1H, H-2), 9.93 (t,
1H, NH, J = 5.8). 3C NMR (DMSO): 19.4, 20.5, 26.2, 37.7, 50.6, 56.0, 57.4, 61.4, 63.4,
110.4 (d, Jcr = 22.6), 110.6, 121.0 (d, Jcr = 8.2), 121.5, 126.4, 127.9, 128.9, 128.9, 135.6,
135.8, 148.7, 159.1 (d, Jcr = 245.6), 163.9, 169.7, 174.7 (d, Jce = 2.3). MS (ESI) m/z [M]*
Calcd for C7H33FN3O4*: 482.2. Found: 482.2. HPLC purity 95.0%.

N-(2-Acetoxyethyl)-6-(1-benzyl-6-fluoro-4-oxo-1,4-dihydroquinoline-3-carboxamido)-N,N-
dimethylhexan-1-aminium bromide 6-C6

White solid; yield 19%; mp 184-188 °C; 'H NMR (DMSO): 1.34-1.46 (m, 4H, NH-CH.-CH-
CH.-CH), 1.55-1.62 (m, 2H, NH-CH:-CH), 1.67-1.75 (m, 2H, CH2-CH>-N*), 2.05 (s, 3H,
CHs), 3.08 (s, 6H, *N(CHz)2), 3.33-3.39 (m, 4H, NH-CH,/CH»>-N*), 3.64 (t, 2H, CH>-CH»-O, J =
4.8), 4.42 (t, 2H, CH2-O, J = 4.4), 5.81 (s, 2H, CHabenzy), 7.22-7.37 (m, 5H, CHpheny), 7.68
(ddd, 1H, H-7,J=3.1,J=28.0,J =9.3), 7.86 (dd, 1H, H-8,J = 4.3, J = 9.4), 7.98 (dd, 1H, H-
5,J=3.0,J=9.0), 9.07 (s, 1H, H-2), 9.89 (t, 1H, NH, J = 5.6). *C NMR (DMSO): 20.6, 21.6,
25.4, 25.9, 28.9, 38.1, 50.5, 56.0, 57.4, 61.3, 63.8, 110.4 (d, Jcr = 22.8), 110.7, 121.0 (d, Jcr
=8.1), 121.4 (d, Jcr = 24.8), 126.4, 127.9, 128.9, 128.9, 135.6, 135.8, 148.7, 159.1 (d, Jcr =
245.0), 163.7, 169.7, 174.7 (d, Jcr = 2.3). MS (ESI) m/z [M]* Calcd for C29H37FN3O4*: 510.3.
Found: 510.4. CE purity 95.3%.

N-(2-Acetoxyethyl)-8-(1-benzyl-6-fluoro-4-oxo-1,4-dihydroquinoline-3-carboxamido)-N,N-
dimethyloctan-1-aminium bromide 6-C8

White solid; yield 39%; mp 163-166 °C; *H NMR (DMSO): 1.29-1.35 (m, 8H, NH-CH,-CH-
CH2-CH2-CH2-CHy), 1.54-1.55 (m, 2H, NH-CH2-CH), 1.65-1.72 (m, 2H, CH2-CH>-N"), 2.05
(s, 3H, CHs), 3.08 (s, 6H, *N(CHa)2), 3.34-3.37 (m, 4H, NH-CH2/CH>-N"), 3.64 (t, 2H, CH>-
CH,-O, J = 4.8), 4.42 (t, 2H, CH»>-O, J = 4.6), 5.81 (s, 2H, CHabenzy), 7.22-7.37 (m, 5H,
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CHpheny), 7.67 (ddd, 1H, H-7,J =3.1,J =8.0, J = 9.4), 7.86 (dd, 1H, H-8, J = 4.4, J = 9.4),
7.98 (dd, 1H, H-5, J = 3.1, J = 9.0), 9.07 (s, 1H, H-2), 9.88 (t, 1H, NH, J = 5.6). 3C NMR
(DMSO): 20.6, 21.6, 25.6, 26.3, 28.3, 28.4, 29.1, 38.2, 50.5, 56.0, 57.4, 61.3, 63.8, 110.4 (d,
Jcr = 22.8), 110.7, 121.0 (d, Jcr = 7.8), 121.3 (d, Jcr = 25.1), 126.4, 127.9, 128.8, 128.9,
135.6, 135.8, 148.7, 159.1 (d, Jcr = 245.2), 163.6, 169.7, 174.7 (d, Jcr = 2.4). MS (ESI) m/z
[M]* Calcd for Cs1Ha1FN3O4*: 538.3. Found: 538.5. LC purity 97.6%.

N-(2-Acetoxyethyl)-10-(1-benzyl-6-fluoro-4-oxo-1,4-dihydroquinoline-3-carboxamido)-N,N-
dimethyldecan-1-aminium bromide 6-C10

White solid; yield 63%; mp 122-126 °C; 'H NMR (DMSO): 1.27-1.33 (m, 12H, NH-CH,-CH-
CHz-CH2-CH2-CH2-CH2-CHy), 1.51-1.58 (m, 2H, NH-CH>-CH), 1.63-1.71 (m, 2H, CH,-CH--
N*), 2.05 (s, 3H, CHsa), 3.06 (s, 6H, "N(CHa)2), 3.31-3.37 (m, 4H, NH-CH2/CH,-N"), 3.60-3.63
(m, 2H, CH,-CH,-0), 4.41 (t, 2H, CH»-O, J = 4.6), 5.81 (s, 2H, CHapenzy), 7.21-7.38 (m, 5H,
CHophenyt), 7.68 (ddd, 1H, H-7,J =3.1,J=7.9,J = 9.4), 7.85 (dd, 1H, H-8, J = 4.4, J = 9.4),
7.98 (dd, 1H, H-5, J = 3.1, J = 9.0), 9.07 (s, 1H, H-2), 9.87 (t, 1H, NH, J = 5.6). 3C NMR
(DMSO0): 20.5, 21.6, 25.6, 26.5, 28.4, 28.6, 28.6, 28.7, 29.1, 38.3, 50.5, 56.0, 57.4, 61.2,
63.8, 110.3, 110.5 (d, Jcr = 23.0), 110.7, 120.9 (d, Jcr = 6.9), 121.3 (d, Jcr = 24.4), 126.4,
127.9, 128.9, 128.9, 135.6, 135.8, 148.7, 157.9 (d, Jcr = 243.8), 163.7, 169.7, 174.7 (d, Jcr =
2.4). MS (ESI) m/z [M]* Calcd for Cs3HasFN3O4*: 566.3. Found: 566.5. LC purity 100.0%.

3.2 Pharmacology
3.2.1 Construction of the hM; receptor FRET sensor

A muscarinic ACh receptor construct was C-terminally fused to the enhanced variants of
cyan fluorescent protein (eCFP; BD Bioscience Clontech) by standard PCR extension
overlap technique.®*® The amino acid sequence SR, coding for an Xba | restriction site, was
inserted as a linker sequence between receptor and fluorescent protein. In the third
intracellular loop (IL3), an amino acid motif was introduced; thus the novel sequence reads
QG227CCPGCCSGS228E. It specifically binds the fluorescein arsenical hairpin binder
(FIAsH) and codes for a restriction site. The construct was cloned into pcDNAS3 (Invitrogen)

and verified by sequencing, done by Eurofins Genomics.
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3.2.2 Stable cell line generation

Cells were seeded into a culture dish with a confluency of 30% 3 h before transfecting the
cells with the Effectene reagent ordered from Quiagene. Reagent concentration and
incubation times were applied in accordance with the manufacturer’s instructions. Twenty-
four hours after transfecting, the normal culture medium was replaced by culture medium
supplemented with 400 ug mL! G-418. After that, the medium was refreshed every day until
all untransfected cells died. Now the cells were counted, diluted, and applied to 48-well
plates, resulting in a one cell to well distribution. This homogenous cell population were
characterized with fluorescence microscopy and were investigated concerning their cDNA

content.

3.2.3 Cell culture

HEK293 cells stably expressing the hM; receptor FRET sensor were maintained in DMEM
with 4.5 g I 10% (v/v) FCS, 100 U mL? penicillin, 100 pg mL* streptomycin sulfate and 2
mM L-glutamine, and 200 pg mL?* G-418. The cells were kept at 37 °C in a humidified 7%
CO; atmosphere and were routinely passaged every 2 to 3 days. Untransfected HEK cells

were maintained in cell culture medium without G-418.

3.2.4 FlAsH labeling

A labeling protocol was applied as described previously.*®4%4! In brief, cells were grown to
near confluency on poly-D-lysine coated glass coverslips. Initially, cells were washed with
labeling buffer (150 mM NaCl, 10 mM HEPES, 2.5 mM KCI, 4 mM CacCl;, 2mM MgCl,
supplemented with 10 mM glucose (pH 7.3)). After that, cells were incubated with labeling
buffer containing 500 nM FIAsH and 12.5 pM 1,2-ethanedithiol (EDT) for 1 h at 37 °C
followed by flushing with labeling buffer. To reduce nonspecific FIAsH binding, the cells were
incubated for 10 min with labeling buffer containing 250 uM EDT. After flushing with labeling

buffer, the cells were held in cell culture medium.

3.2.5 Description of calcium/DAG determination using confocal microscopy

To evaluate the effect of the six amino acid insertion into the M1-CFP receptor we used a
dual fluorescence probe from Montana Molecular (downward DAG2/R Geco)?. This

fluorescence probe is composed of two sensors, fused in frame on both sides of a 2A
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peptide sequence: first, a DAG sensor, which consist of a cpGFP fused to the C1 domain of
a PKC; second, the red calcium sensor R-GECO. This dual sensor responds with an
increase in red fluorescence intensity upon increase in Ca?" and a decrease in green
fluorescence upon binding to diacylglycerol (DAG). Therefore, the probe can specifically
report on the activation of the Gqg-signalling pathway. The dual fluorescent probe was used in
HEK293 cells either alone or co-expressed with the M:-CFP or the novel M:-I3N-CFP sensor.
In brief, round 24 mm cover slips were placed in six-well plates and coated for 20 min using
200ul of poly-d-lysine (1 mg/ml). After washing with sterile PBS, HEK293 cells stably
expressing the calcium sensor were seeded onto these cover slips. Cells were transfected 3-
4 hours later using Effectene (Quiagen), according to the manufacturer’s instructions. For
transfection, 500 ng DNA per well of each receptor construct were used, and cell culture

medium was exchanged 16—18 h later. Analysis of the cells was done 48 h after transfection.

3.2.6 Confocal microscopy analysis and quantification of cell responses

48 h after transfection cells were placed in an Attofluor holder (Molecular probes), maintained
in imaging buffer and analyzed using LeicaSP8 microscope equipped with four detection
channels. CFP was excited using 440 nm line and emission was detected from 470-530nm;
GFP was excited using the 488 nm line and detected from 510-560 nm; R-GECO was
excited at 562 nm and detected from 610-660 nm. Time series were taken using 512*512
resolution and sequential scan mode, leading to total image acquisition times of 1.290 sec.
Cells were monitored for 200 frames. After 15 seconds cells were stimulated by addition of
100 uM carbachol and analyzed for their agonist response. The dual probe did not respond
to carbachol if no receptor was co-transfected. Fluorescence data were acquired using the
Leica software. Only cell expressing CFP tagged receptors were used for analysis. Off line
analysis was performed using Origin software. To account for none homogenous cell
response due to bath application of carbachol, individual cell responses were manually

aligned to the first time frame showing an increase in R-GECO and averaged after alignment.

3.2.7 Ligand application

The reference ligands were prepared from 1 mM stock solutions that were stored at -20 °C,
taking into consideration that at least acetylcholine remains unstable in solution.*? Used stock
solutions have not been older than a couple of weeks. Bitopic ligands or analogues were

stored at 4 °C and were weighed out directly before the experiment. Then, the ligands were
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solubilized in measuring buffer (140 mM NaCl, 10 mM HEPES, 5.4 mM KCI, 2 mM CacCly,
1 mM MgCl; (pH 7.3)) to a final concentration of 100 uM.

3.2.8 Single cell FRET experiments

FRET measurements were performed using a Zeiss Axiovert 200 inverted microscope
endued with a PLAN-Neoflar oil immersion 100 objective, a dual emission photometric
system, and a Polychrome IV light source (Till Photonica) as described previously.'>**
Experiments were conducted at 25 °C using live HEK293 cells stably expressing the hM;
receptor FRET sensor or the previously published hM; receptor FRET sensor? that was
maintained in an assay buffer. Single cells were excited at 436 nm (dichroic 460 nm) with a
frequency of 10 Hz. Emitted light was recorded using 535/30 nm and 480/40 nm emission
fiters and a DCLP 505 nm beam splitter for FIAsH and CFP, respectively. FRET was
observed as the ratio of FIAsH/CFP, which was corrected offline for bleed-through, direct
FIAsH excitation, and photo-bleaching using the 2015 version of the Origin software as
described recently. To investigate changes in FRET on ligand addition, cells were
continuously super fused with FRET buffer complemented with various ligands in saturating
concentrations as indicated. Superfusion was done using the ALA-VM8 (ALA Scientific

Instruments).

3.2.9 Data processing

Data are shown as means = SD for n independent observations. Fluorescence intensities
were acquired using Clampex (Axon Instruments). Statistical analysis and curve fitting were

performed using Origin (OriginLab).
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2. Synthesis and FRET studies of the quinolone-rigid-iper hybrid

1. Introduction

G protein-coupled receptors (GPCRs) belong to the largest class of membrane proteins in
mammals.® Among them, one major subfamily is the muscarinic acetylcholine receptor
(mAChR) which is divided into five classes M1 — Ms due to their different appearance and
physiological response. The M; muscarinic acetylcholine receptor is typically located in the
central nervous system (cortex, hippocampus, and striatum) and is therefore an interesting

target for the treatment of neurodegenerative diseases such as Alzheimer.??

Agonist binding leads to receptor activation followed by downstream signaling. One of the
most prominent agonists is the synthetic iperoxo* which is known as superagonist at the
muscarinic receptors due to its higher efficiency to the orthosteric binding site in comparison
to the endogenous ligand acetylcholine.® The crystal structure of the M. receptor bound to
the high-affinity orthosteric agonist iperoxo showed that iperoxo is completely enclosed in the
orthosteric binding site due to aromatic lid formation (i.e. a tyr) between the allosteric and
orthosteric binding site which leads to full receptor activation.®

Besides the orthosteric binding site there is a topographically distinct allosteric binding site
located in the extracellular vestibule.” Allosteric modulators can bind and influence the ligand
bound to the orthosteric site in different manners, resulting in positive, neutral or negative
cooperativity.®. The benzyl quinolone carboxylic acid (BQCA) 2 is known as M;-subtype

selective positive allosteric modulator (PAM) (Figure 1).%3

In order to combine the advantages of high-affinity (orthosteric binding site) and subtype-
selectivity (allosteric binding site) the concept of dualsteric ligands was developed.** Such
bipharmacophoric ligands are able to bind simultaneously to the orthosteric and allosteric
binding site within one molecule named as bitopic binding. Chen et al. reported about the
synthesis of quinolone-Ce-iper 3, consisting of a benzyl quinolone carboxylic acid moiety and
of the base of iperoxo 1 linked through an hexamethylene chain and was found to be a M-
subtype selective partial agonist (Figure 1).** Furthermore, hybrids were designed where the
two pharmacophores, a naphmethonium moiety and the base of iperoxo 1 were connected
through a rigidified linker resulting in the compound naph-rigid-iper 4 which was investigated
on the M>AChR on the basis of dynamic ligand binding (Figure 1).*® This concept describes
the possibility of dualsteric ligands to bind either dualsteric (i.e. active states) or purely
allosteric (i.e. inactive states) to the receptor. Depending on the ratio of active versus inactive
states, such dualsteric ligands act as partial agonists.!’ Interestingly, binding studies of the

hybrid naph-rigid-iper 4 showed that a purely allosteric binding mode is not observed. The
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dualsteric ligand is forced to bind in a purely dualsteric binding mode resulting in full receptor
activation and therefore full agonism due to the rigidified linker.®

On this basis, the hybrid naph-rigid-iper 4 was modified by replacing the naphmethonium
group with a modified quinolone moiety in order to address the M;-subtype only. The so

obtained quinolone-rigid-iper 5 hybrid was further investigated in FRET studies.
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Figure 1: Structures of the base of iperoxo 1, BQCA 2, and of the hybrids quinolone-Ce-iper 3, naph-
rigid-iper 4, and quinolone-rigid-iper 5.

2. Results and discussion
2.1 Chemistry

The hybrid 5 was built up out of fluoro-4-oxo-quinolone skeleton 15 connected to the rigid
spacer 8 (Scheme 1) and further connection to the base of iperoxo 1 (Scheme 2).

For the synthesis of the rigid spacer 8 different synthetic approaches were tested
(Scheme 1). Firstly, 1-bromo-4-iodobenzene 6 was coupled to propargyl alcohol in the
presence of Pd(PPhs).Cl, and Cul in a Sonogashira-like reaction to yield 32% of 7.'® Further
Sonogashira-like reaction using propargyl amine proved 8 as unreactive. Another attempt for
the synthesis of the rigid linker 8 was the coupling of 1,4-dibromobenzene 9 and propargyl
alcohol in a Sonogashira-like reaction yielding 10 in 95%.'%% The Appel reaction was applied
to replace one OH-group by a bromine atom. Gabriel synthesis was used for the substitution
of the bromine atom to the primary NHx-group. The reaction with potassium phthalimide

followed by hydrazine monohydrate resulted in the rigid spacer linker 8 in 77% yield.*
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Scheme 1: Synthetic approaches for the synthesis of the rigid linker 8.
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Reagents and conditions: a) propargyl alcohol (80% in toluene), Pd(PPhs3).Cl2, Cul, piperidine,
toluene, 35 °C; b) propargyl amine, Pd(PPhs)2Clz, Cul, piperidine, toluene, 35 °C; c) propargyl alcohol,
Pd(PPhs)s, propylamine, 60 °C; d) CBr4, PPhs, CH2Cl2, 0 °C, rt.; e) potassium phthalimide, CHsCN,
90 °C, rt.; f) hydrazine monohydrate, EtOH, 90 °C, rt.

The fluoro-4-oxo-quinolone core of BQCA 132223

was synthesized in two steps making use of
the Gould-Jacobs synthetic pathway. Firstly, 4-fluoroaniline reacted with diethyl 2-
(ethoxymethylene)-malonate followed by a microwave assisted cyclization reaction with
diphenyl ether to afford the compound 13.2#%° N-Alkylation of 13 was achieved by using
benzyl chloride in the presence of K,CO3z in DMF.?” Hydrolysis of the ester function of 14 led
to the M;-selective allosteric moiety 15. The amidation reaction between the Ms-selective
allosteric moiety 15 and the linker 8 was accomplished in the presence of ethyl chloroformate
and trimethylamine in DMF to build the intermediate compound 16.>® The Appel reaction
converted the OH-group to a bromine group. The intermediate 17 was connected to the base
of iperoxo 1 in the presence of KI/K>COs in acetonitrile to obtain the final hybrid compound 5

in 60% yield (Scheme 2).
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Scheme 2: Synthetic pathway of the rigid quinolone-iperoxo hybrid 5.
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Reagents and conditions: a) benzyl chloride, K2COs, DMF, 80 °C; b) 6 N HCI, MeOH, reflux; c) ethyl
chlorofomate, NMes, DMF, 0 °C, rt.; d) CBrs, PPhs, CH2Cl2, 0 °C, rt.; e) base of iperoxo 1, KI/K2COs,
CHsCN, 80 °C (microwave).

2.2 Pharmacology

The hybrid compound 5 was further investigated in FRET studies. The experiments were
performed in the working group of Prof. Dr. Hoffmann by Michael Kauk (Pharmacology and
Toxicology, University of Wirzburg, Germany). Figure 2 shows the FRET signal induced by
5, displaying a time-delayed signal and therefore delayed kinetics. In comparison, FRET
studies of hybrid 3, consisting of the same pharmacophoric units but linked via a flexible
hexamethylene chain, afforded a sharper FRET signal indicating that the delayed signal of 5
must result from the rigidified linker (Figure 2). Presumably, the rigidified linker is able to

interact with the so-called tyrosine lid, formed by cation-Tr-interactions between three tyrosine
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amino acids Y104333 Y403%5!, and Y426"°, separating the orthosteric from the allosteric
binding site.® These interactions may contribute to the observed time-delayed FRET signal.
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Figure 2: FRET measurements of rigidified hybrid 5 (A) and flexible hybrid 3 (B).

3. Methods
3.1 Chemistry

Reagents were obtained from commercial sources (Aldrich, Steinheim, Germany; Merck,
Darmstadt, Germany) and used without any further purification. Microwave assisted
reactions were carried out on a MLS-rotaPREP instrument (Milestone, Leutkirch, Germany).
Thin-layer chromatography was performed on silica gel 60 Fass plates (Macherey-Nagel,
Duren, Germany). Merck silica gel 60 (Merck, Darmstadt, Germany) was used for
chromatography (230-400 mesh) columns. Column chromatography was also performed on
an Interchim Puri Flash 430 (Ultra Performance Flash Purification) instrument (Montlugon,
France) connected to an Interchim Flash ELSD. Used columns are: Silica 25 g — 30 pum,
Alox-B 40 g — 32/63 pm, Alox-B 25 g — 32/63 pm (Interchim, Montlugon, France). Melting
points were determined on a Stuart melting point apparatus SMP3 (Bibby Scientific, UK) and
are uncorrected. *H (400.132 MHz) and *C (100.613 MHz) NMR spectra were recorded on a
Bruker AV 400 instrument (Bruker Biospin, Ettlingen, Germany). As internal standard, the
signals of the deuterated solvents were used (DMSO-ds: 'H 2.50 ppm, C 39.52 ppm;
CDCls: *H 7.26 ppm, 3C 77.16 ppm; (CD3).CO: H 2.05 ppm, 3C 39.52 ppm; MeOD-d4: H
3.31 ppm, 3C 49.0 ppm). Abbreviation for data quoted are: s, singlet; d, doublet; t, triplet; q,
guartet; m, multiplet; br, broad; dd, doublet of doublets; dt, doublet of triplets; tt, triplet of
triplets; tq, triplet of quartets. Coupling constants (J) are given in Hz. FT-IR spectra were
recorded on a Jasco FT-IR-6100 spectrometer (Gross-Umstadt, Germany) equipped with an

ATR unit. ESI mass spectra of the compounds were obtained on an Agilent LC/MSD Trap

72



Synthesis and FRET studies of the quinolone-rigid-iper hybrid

G2445D instrument (Waldbronn, Germany). Data are reported as mass-to-charge ratio (m/z)
of the corresponding positively charged molecular ions. The purity of the new compound 5
was determined using HPLC analyses and was found to be 295%. The measurement was
performed on a LCMS 2020 Shimadzu (Duisburg, Germany). The LCMS-system from
Shimadzu Products, contained a DGU-20A3R degassing unit, a LC20AB liquid
chromatograph and a SPD-20A UV/Vis detector. UV detection was measured at 254 nm. As
stationary phase a Synergi 4U fusion-RP (150 * 4.6 mm) column and as mobile phase a
gradient of MeOH/water was used. Parameters for method: Solvent A: water with 0.1%
formic acid, solvent B: MeOH with 0.1% formic acid. Solvent B from 5% to 90% in 8 min, then
90% for 5 min, from 90% to 5% in 1 min, then 5% for 4 min. The method was performed with
a flow rate of 1.0 mL/min. Mass spectra were also obtained by a LCMS 2020 as described

above.

The compounds iperoxo base 1% 7%, 10 % 14'° and 15% were prepared according to
previously reported procedures. The synthesis of the 4-oxo-quinoline skeleton 13%2% was
performed according to the Gould-Jacobs procedure, describing the condensation reaction of
4-fluoroaniline with diethyl 2-(ethoxymethylene)-malonate followed by microwave assisted

cyclization in diphenyl ether.?+2¢

3.1.1 Synthesis of 3,3'-(1,4-Phenylene)bis(prop-2-yn-1-ol) 10

1,4-Dibromobenzene 9 (2.00g, 8.47 mmol) and Pd(PPhs3)s (255 mg, 0.22 mmol) were
dissolved in 40 mL of propylamine. After addition of 2-propyn-1-ol (2.80 g, 50.9 mmol), the
reaction mixture was heated at 60 °C under nitrogen. The reaction was monitored through
silica gel TLC (cyclohexane/ethyl acetate = 4:6, Ry = 0.50). After completion of the reaction
(2.5 days), the mixture was quenched with 20 mL HCI. The aqueous layer was extracted
with diethyl ether. The combined organic layers were dried over Na,SO4 and the solvent was
removed under reduced pressure. The product was purified via column chromatography
(silica gel flushed with cyclohexane/ethyl acetate = 7:3 to 4:6). The product was obtained as
yellow solid. 95% yield; *H NMR (CDCls): 4.50 (s, 4H, CH,-OH), 7.36 (s, 4H, CHarom.).

3.1.2 Synthesis of 3-(4-(3-Bromoprop-1-yn-1-yl)phenyl)prop-2-yn-1-ol 11

10 (0.63 g, 3.40 mmol) and tetrabromomethane (1.13 g, 3.40 mmol) were dissolved in 20 mL
dichloromethane dry under argon. Triphenylphosphine (0.89 g, 3.40 mmol) was added at
0 °C. The reaction mixture was then allowed to warm up to room temperature, stirred

overnight and monitored with silica gel TLC (cyclohexane/ethyl acetate = 4:6, Ry = 0.72). The
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solvent was removed under reduced pressure and the product was purified via column
chromatography (cyclohexane/ethyl acetate = 4:6) to yield a yellow solid. 17% yield; mp 81-
89 °C; IR (ATR): 3330, 2999, 2912, 2859, 2250, 1507, 1200, 1031, 832 cm?; *H NMR
(CDCls): 4.16 (s, 2H, CH2-Br), 4.50 (s, 2H, CH,-OH), 7.38 (s, 4H, CHarom). *C NMR (CDCls):
15.0, 51.7, 85.2, 86.0, 86.1, 89.3, 122.3, 123.1, 131.6, 131.8.

3.1.3 Synthesis of 2-(3-(4-(3-Hydroxyprop-1-yn-1-yl)phenyl)prop-2-yn-1-
yl)isoindoline-1,3-dione 12

11 (364 mg, 1.46 mmol) was dissolved in dry acetonitrile (10 mL) and potassium phthalimide
(811 mg, 4.38 mmol) was added. The reaction mixture was stirred at 90 °C for 7.5 h and at
room temperature overnight. The reaction was monitored by TLC (cyclohexane/ethyl acetate
= 4:6, Ri = 0.72). The obtained solid was filtered off and the solvent was removed in vacuo to
yield a beige solid. 100% vyield; mp 142-145 °C; IR (ATR): 3439, 2950, 2300, 1706, 1028
cm?; 'H NMR (CDCls): 4.48 (s, 2H, CH2-OH), 4.68 (s, 2H, CH2-Npnth), 7.31-7.37 (m, 4H,
CHarom.), 7.74 (dd, 2H, CHpnn,, J = 3.0, J = 5.5), 7.90 (dd, 2H, CHpmn, J = 3.0, J = 5.5). 13C
NMR (CDCls): 27.9, 51.6, 82.5, 84.5, 85.2, 89.0, 122.5, 122.7, 123.6, 131.5, 131.8, 132.1,
134.2, 167.1.

3.1.4 Synthesis of 3-(4-(3-Aminoprop-1-yn-1-yl)phenyl)prop-2-yn-1-ol 8

12 (782 mg, 2.48 mmol) was suspended in 10 mL of ethanol. After addition of hydrazine
monohydrate (0.48 mL, 9.92 mmol) a clear solution was obtained. While the reaction mixture
was heated at 90 °C a solid was precipitated. Another 3 mL of ethanol were added. The
reaction was monitored by TLC (CH.Cl./MeOH = 8:2, R; = 0.44). The suspension was stirred
at 90 °C for 7.0 h and at room temperature overnight. For work-up the precipitate was filtered
off and washed with ethanol. The filtrate was evaporated off and the crude product was
purified by column chromatography (CH2Clx/MeOH = 9:1 to 7:3) to yield a yellow solid. 77%
yield; mp 148-151 °C; IR (ATR): 3346, 3282, 2742, 1600, 1497, 1341, 1038, 839 cm?; H
NMR (MeOD): 3.60 (s, 2H, CH2-NH>), 4.39 (s, 2H, CH>-OH), 7.36 (s, 4H, CHawom). 13C NMR
(MeOD): 32.1, 51.2, 83.0, 85.0, 90.7, 92.1, 124.2, 124.7, 132.6.

3.1.5 Synthesis of 1-Benzyl-6-fluoro-N-(3-(4-(3-hydroxyprop-1-yn-1-yl)phenyl)prop-
2-yn-1-yl)-4-oxo-1,4-dihydroquinoline-3-carboxamide 16

15 (257 mg, 0.87 mmol) and trimethylamine (0.25 mL, 1.83 mmol) were dissolved in dry DMF
(12 mL). Ethyl chloroformate (0.17 mL, 1.78 mmol) was slowly added under stirring at 0 °C
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for 1.5 h. After addition of 8 (258 mg, 1.39 mmol), the reaction mixture was stirred at 0 °C for
2.5 h and subsequently at room temperature for 64 h. The reaction mixture was poured into
ice-water and the solid was filtered off washed with water and petrol ether. The white solid
was dried in vacuo. 91% yield; mp 205-207 °C; IR (ATR): 3058, 2990, 2260, 1655, 1611,
1494, 1230, 814, 735 cm; *H NMR (CDCls): 4.42-4.52 (m, 4H, NH-CH,/CH,-OH), 5.47 (s,
2H, CHazaom.), 7.13-7.44 (m, 11H, CHarom/H-7/H-8), 8.17 (dd, 1H, H-5, J = 2.7, J = 8.7), 8.93
(s, 1H, H-2), 10.22 (br, 1H, NH). **C NMR (CDCls): 29.6, 51.6, 58.1, 82.3, 85.3, 87.4, 88.8,
111.3, 112.3, 119.1, 121.5, 122.3, 123.2, 126.0, 128.8, 129.5, 131.5, 131.7, 133.8, 135.8,
148.5, 159.9, 164.5, 175.9.

3.1.6 Synthesis of 1-Benzyl-N-(3-(4-(3-bromoprop-1-yn-1-yl)phenyl)prop-2-yn-1-yl)-
6-fluoro-4-oxo-1,4-dihydroquinoline-3-carboxamide 17

16 (300 mg, 0.65 mmol) and tetrabromomethane (0.43 g, 1.29 mmol) were dissolved in dry
dichloromethane (15 mL) under argon. Triphenylphosphine (0.34 g, 1.29 mmol) was added
at 0 °C. The reaction mixture was then allowed to warm to room temperature and stirred for
further 2.0 d. The solvent was evaporated and the residue was crystallized in ethanol and
recrystallized in methanol to afford a beige solid. 54% yield; mp 197-200 °C; IR (ATR): 3041,
2901, 2190, 1657, 1609, 1492, 1230, 814, 732 cm™; *H NMR ((CDs).CO): 4.39 (s, 2H, CH.-
Br), 4.50 (d, 2H, NH-CH., J = 5.6), 5.85 (s, 2H, CHzaom), 7.33-7.57 (m, 10H, CHaom/H-8),
7.86 (dd, 1H, H-7, J = 4.3, J = 9.4), 8.06 (dd, 1H, H-5, J = 3.1, J = 9.1), 9.03 (s, 1H, H-2),
10.22 (dt, 1H, NH, J = 1.2, J = 5.0). *C NMR ((CD3).CO): 16.9, 31.1, 59.0, 83.1, 87.3, 88.5,
90.8, 112.9, 112.9, 122.6, 123.0, 123.9, 128.5, 130.1, 131.0, 133.6, 137.5, 138.0, 138.3,
150.9, 161.7, 165.9, 177.2. MS (ESI) m/z [M*] Calcd for CaoHxBrFN.O>*: 527.1. Found:
527.2.

3.1.7 Synthesis  of  N-(3-(4-(3-(1-Benzyl-6-fluoro-4-oxo-1,4-dihydroquinoline-3-
carboxamido)prop-1-yn-1-yl)phenyl)prop-2-yn-1-yl)-4-((4,5-dihydroisoxazol-3-
yhoxy)-N,N-dimethylbut-2-yn-1-aminium bromide 5

To a solution of iperoxo base* 1 (104 mg, 0.57 mmol) in 10 mL acetonitrile, 17 (150 mg,
0.28 mmol) and a catalytic amount of KI/K>COs (1:1) were added. The reaction mixture was
heated in the microwave (500 W, 80 °C) for 6 h. After cooling to room temperature the
surplus of KI/K>CO3 was filtered off and the solvent was evaporated to half volume. Diethyl
ether was added and the solution was kept in the fridge overnight. The precipitate obtained
was filtered, washed with Et.O and dried in vacuo to yield a beige solid. 60% yield; mp 148-
149 °C; IR (ATR): 3182, 2990, 2362, 1650, 1610, 1495, 1340, 1231, 814, 739 cm™; *H NMR
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(DMSO): 3.01 (t, 2H, H-42is0x, J = 9.6), 3.22 (s, 6H, *N(CHa)2), 4.32 (t, 2H, H-52.is0x, J = 9.6)
4.47 (d, 2H, NH-CH, J = 5.5), 4.59 (s, 2H, =C-CH»-0), 4.68 (s, 2H, CH>-N*), 4.95 (s, 2H, *N-
CH,-C=), 5.83 (s, 2H, CHazarom.), 7.23-7.53 (M, 9H, Haom), 7.69 (ddd, 1H, H-8, J =3.1, J =
8.0, J = 9.4), 7.86 (dd, 1H, H-7, J = 4.3, J = 9.4), 8.00 (dd, 1H, H-5,J = 3.1, J = 9.0), 9.13 (s,
1H, H-2), 10.19 (t, 1H, NH, J = 5.6). 3C NMR (DMSO): 28.6, 32.1, 49.8, 53.4, 53.4, 53.9,
56.1, 57.2, 69.5, 75.7, 78.9, 80.9, 86.5, 89.8, 90.0, 110.2, 110.5 (d, Jcr = 23.3), 120.1, 121.1
(d, Jcr = 7.6), 121.5 (d, Jcr = 25.3), 123.5, 126.4, 127.9, 128.9, 128.9, 129.0, 131.6, 132.1,
135.6, 149.0, 159.2 (d, Jcr = 245.4), 163.7, 166.6, 174.6 (d, J = 1.6). MS (ESI) m/z [M*]
Calcd for CagHs4FN4O4™: 629.3. Found: 629.1.
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Abstract

We present a new concept of partial agonism at G protein-coupled receptors. We
demonstrate the coexistence of two functionally distinct populations of the muscarinic M-
receptor stabilized by one dynamic ligand, which binds in two opposite orientations. The ratio
of orientations determines the cellular response. Our concept allows predicting and virtually
titrating ligand efficacy which opens unprecedented opportunities for the design of drugs with

graded activation of the biological system.

1. Introduction

G protein-coupled receptors (GPCRs) induce intracellular biological responses upon binding
agonist ligands2. The term ‘efficacy’ at a GPCR is defined as the capacity of a ligand to
exert a change in receptor behavior towards the cell when the ligand is bound to the
receptor®#. According to their efficacy, agonists are subclassified as full and partial agonists
depending on whether they trigger a maximal biological response or induce a submaximal
effect even at saturating concentrations, respectively®. Mechanistic explanations for different
agonist efficacies include an impaired engagement of receptor epitopes used by full
agonists®, a weaker stabilization of the contracted agonist-binding cavity®, and a partial
disruption of microswitches necessary for full receptor activation”®. Taken together, a partial
agonist shares the general binding topography of full agonists but most likely stabilizes
distinct receptor conformations with diminished efficacy on cell signaling®*2. This includes
that an agonist is bound to the receptor exclusively in one orientation and stabilizes
somewhat fluffy receptor states able to couple to multiple intracellular effector proteins®3.

Here, we demonstrate a new concept of graded ligand efficacy at GPCRs. We show that
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partial agonism can emerge from a stochastic switch of ligand binding between two
functionally distinct orientations.

2. Results and discussion

First, we delineated a model to quantify binding affinity and efficacy of such dynamic ligands
(mathematical derivation is in Note 1). Let an agonist molecule consist of two
pharmacophores: one may activate the receptor protein (active moiety; Fig. 1a) and the
other may stabilize an inactive receptor conformation (inactive moiety; Fig. 1a). Then let this
bipharmacophoric ligand be able to dynamically bind in two orientations: an active signaling-
competent pose and an inactive binding pose. The ligand stochastically distributes over the
receptor population with the fraction of the respective subpopulation determined by the
affinity ratio between the active signaling-competent and the inactive orientation (equilibrium
and K

inactive ?

dissociation constants K respectively). Assuming that only the ligand-

active
receptor complex in the active pose canonically couples to intracellular G proteins and
induces downstream signaling, the measured biological effect is a function of the ratio of

orientations, R, (Fig. 1a,b). To simulate and predict the role of R . for receptor activation
and subsequent cellular response, we extended the operational model of agonism* to
incorporate dynamic switching of a ligand between an active and an inactive binding pose

(derivation is in Note 1). Simulations predicted that the level of receptor activation (Fig. 1b)

as well as the downstream biological response (Fig.2) were highly sensitive to the

active/inactive orientation ratio R

pose *
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Figure 1: Dynamic ligand binding dictates partial agonism: model, predictions and chemical
tools. (a) A bipharmacophoric ligand consisting of an active moiety (green triangle) and an inactive
moiety (blue triangle) will bind in two distinct binding poses, that is, the active signaling-competent
pose (left) and the inactive nonsignaling pose (right). The orientation ratio Rpoese is determined by the
affinity in the active pose (represented by the equilibrium dissociation constant Kacive) versus the
inactive pose (represented by the equilibrium dissociation constant Kinactive). The overall cell response
(Emax) is a function of the orientation ratio Kactive/Kinactive. (b) Predicted concentration-effect curves
(receptor activation as a function of dynamic ligand concentration) depending on the orientation ratio
Rpose, as simulated by the operational model of agonism for dynamic ligands (Online Methods and
Note 1). Receptor activation is plotted on the y-axis as the percentage of the maximum receptor
activation. Parameters used for simulation are ¢ = 10; log Kb = -6; R1/Ke = 1; log Kactive Was varied to
yield the indicated orientation ratio Rpose. (C) Structures of the orthosteric agonists isox and iperoxo
and the bipharmacophoric tools thereof, isox-6-naph and iper-6-naph, which were used for validation

of the model. Orthosteric agonists isox and iperoxo are shown in orange and green, respectively. The
allosteric inactive moiety 6-naph is shown in blue.
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Figure 2: The orientation ratio fine-tunes receptor activation and downstream signaling of
ligands with various intrinsic efficacies. (a,c) Shown are simulated concentration-effect-curves of
dynamic ligands computed with the operational model for dynamic ligands. Fixed parameters for

simulation are as follows: Effectuax = 100;log K =-6; logK,, .was varied to yield the

inactive active

indi i i i Kactive ; RT
indicated orientation ratios Rpose =—log| —™= |(see color code in b); — was set to 1 (a,b) and

inactive E

10 (c). (a) Low-efficacy dynamic ligands (&, =1) are not able to fully activate the receptor even at
full occupancy ( Rpose > 2) in the active pose. The y-axis directly reflects receptor activation. (b) High-
efficacy dynamic ligands (&,,,, =10) are able to fully activate the receptor at high orientation ratios
(Rpose > 2). For these ligands the orientation ratio covers the whole range of efficacy, i.e. from weak

partial to almost maximum receptor activation. The y-axis directly reflects receptor activation. (c) In a

. . R, . . .
system with high receptor reserve (— =10,7,,, =100), high-efficacy dynamic ligands
E

(&uax =10) are able to fully activate the receptor even at low orientation ratios (e.g. R ., = 0). The y-

pose
axis displays the downstream response.

The phenomenon of dynamic ligand binding was initially discovered in estrogen receptors?*®.
We here expand this concept to the therapeutically highly relevant class of GPCRs. To
directly demonstrate the coexistence of two distinct receptor populations, we established an
experimental test system characterized by two essential features: (i) an assay providing
unidirectional signaling and (ii) bipharmacophoric test compounds encompassing two
fragments that target two distinct binding sites on the receptor protein. To attain this goal, we
used the muscarinic M, receptor as a paradigm for class A GPCRs and applied the recently
developed Gi-biased ligands iper-6-naph (1) and iper-6-phth (2) (the structures of all of the
compounds are in Fig. 3) as well as the Gi-biased ligands isox-6-naph (3) and isox-6-phth (4)
(Fig. 4). These ligands allow restricting pleiotropic receptor signaling to the physiologically
most relevant G; signaling pathway'’8. The applied bipharmacophoric probes iper-6-naph
and isox-6-naph (Fig. 1c) are composed of orthosteric active moieties iperoxo (5) and isox
(6) covalently linked to the inactive allosteric moiety ‘6-naph’ (7) (Fig. 1c). The active binding

pose of such bipharmacophoric ligands is characterized by dualsteric binding, that is,
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simultaneous bitopic orthosteric/allosteric binding, and the inactive pose reflects purely
allosteric binding (Fig. 1a). Most importantly, iperoxo and isox showed equal efficacy for
receptor activation, as reflected by [**S]GTPyS binding, and additionally displayed equal
operational efficacies in downstream signaling, as reflected by dynamic mass redistribution
(DMR) measurements (Fig. 5). Moreover, the negative cooperativity of efficacy between
iperoxo and 6-naph as well as isox and 6-naph was in the same range (Fig. 6). This implied
that differences in receptor activation by iper-6-naph and isox-6-naph are mainly due to a
different orientation ratio of the respective ligands. The applied inactive 6-naph moiety is
known to interact with an allosteric site of the receptor protein and to enhance orthosteric
radioligand binding (Fig. 6) which is unequivocal evidence for purely allosteric binding of the

bipharmacophoric probe in the inactive pose.
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Figure 3: Structures of dynamic ligands and their building blocks.
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Figure 4: Isox-derived dynamic ligands exclusively signal via G; proteins. Shown are baseline-
corrected DMR responses measured as wavelength shifts (A pm) and recorded over time after
addition of maximal concentrations of (a) isox, (b) isox-6-naph, (c) isox-6-phth, and (d) isox-8-naph to
live CHO-hM: cells. DMR responses under control conditions and after PTX-pretreatment (100 ng/ml,
overnight) are indicated as black and red traces, respectively. Data are means and s.e.m. of one out
of 3 independent experiments conducted in quadruplicate.
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Figure 5: Isox is an unbiased orthosteric agonist with iperoxo-like efficacy and acetylcholine-
like affinity. (a) Equilibrium binding of indicated orthosteric agonists to M2 receptors stably expressed
in live CHO-hM: cells using [BHJNMS as the radioactive probe. Total binding in the absence of test
compounds was set to 100 %. Data points were fitted by a four-parameter logistic function and affinity
values were calculated using subsequent Cheng-Prusoff correction. Data are means + s.e.m. of 3-4
independent experiments conducted in triplicate. (b) [?*S]GTPyS binding to membranes of CHO-hM:
cells represents M2 receptor-mediated Gi activation induced by the indicated orthosteric agonists.
Total [3*S]GTPyS binding in the absence of test compounds was set to 0 %; maximum ACh-induced
[3°S]GTPyS binding was set to 100 %. Data are means * s.e.m. from 4-6 independent experiments
conducted in triplicate. (c,d) Shown are baseline-corrected DMR responses measured as wavelength
shifts (A pm) and recorded over time after addition of indicated concentrations of isox to live CHO-hM:2
cells under control conditions (c) and after PTX -pre-treatment (100 ng/ml, overnight) (d). Data are
means and s.e.m. of one representative out of 4 independent experiments. (e,f) Concentration-effect
curves of maximum positive peak DMR (reflecting Gi activation) (e) and negative peak DMR (reflecting
Gs activation) (f) induced by ACh, isox and iperoxo are shown in black, orange and green,
respectively. The operational model of agonism was fitted to the data points in (e) and (f). DMR of
solvent controls was set to 0 %. The maximum positive and negative DMR responses of all orthosteric
agonists were set to 100 %. The slope was constrained to 1. Data are means + s.e.m. from 3-7
independent experiments conducted in triplicate. (g) Operational efficacies (log t) for both Gi and Gs
activation as derived from the fits to the data in (e) and (f). Isox and iperoxo are superagonists with
respect to both Gi and Gs activation (*,**: P < 0.05, P < 0.01, according to One-way ANOVA and
Bonferroni’s multiple comparison test). (h) AAlog(1/Ka) values display true ligand bias relative to ACh
which is taken as balanced agonist. Data are means with 95% confidence intervals (CIs). Isox and
iperoxo are unbiased relative to ACh as their 95% Cls include zero.
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Figure 6: The allosteric moieties do not activate M2 receptors. (a) Equilibrium binding of 6-naph
and 6-phth to membranes of CHO-hM: cells using [*HINMS as an orthosteric probe. Total binding in
the absence of test compounds was set to 100 %. Curve fitting was based on the allosteric ternary
complex model. Data are means + s.e.m. from 4 independent experiments conducted in triplicate. (b)
6-phth and 6-naph by themselves reduce basal [3°*S]GTPyS binding to membranes of CHO-hM: cells
in a concentration-dependent manner. Total [3*S]JGTPyS binding in the absence of test compounds
was set to 0 %; maximum iperoxo-induced [**S]GTPyS binding was set to 100 %. The red dotted line
indicates the inverse agonistic effect of 10 uM atropine. Data are means + s.e.m. from 3-4
independent experiments conducted in triplicate. (c,d) 6-phth and 6-naph antagonize iperoxo (c¢) and
isox (d)-induced [3S]GTPyS binding. Concentrations used approximately account for a half-maximal
reduction of basal [3°S]GTPyS binding. (e) 6-phth (open squares) and 6-naph (filled squares)
allosterically inhibit iperoxo-induced activation of an N-FLAG-tagged hMz FIAsH—eCFP fusion protein
stably expressed in HEK293 cells. Maximum agonist-induced FRET in the absence of allosteric
moieties was set to 100 %. Data are means * s.e.m. from at least 12 independent experiments.

Radioligand competition binding experiments uncovered two dynamic orientations for each of
the ligands iper-6-naph and isox-6-naph which differed in their orientation ratio (Fig. 7a).
Iper-6-naph and its active moiety iperoxo both displaced the orthosteric radioligand [*H]N-
methylscopolamine ([BHJNMS), which indicated preferential binding of iper-6-naph in the
active pose. However, [*H]INMS displacement by iper-6-naph was incomplete, thus revealing
that a small population of [P H]NMS-bound receptors was additionally occupied by iper-6-naph
in the purely allosteric inactive orientation. Quantification of the fractional receptor occupancy
showed a pronounced preference of iper-6-naph for the active pose (79% versus 21%, Fig. 8
and Table 1). Replacement of the active ‘iper’ moiety in iper-6-naph by the less affine ‘isox’
moiety shifted binding towards the purely allosteric inactive orientation: isox-6-naph, unlike its
active building block isox, enhanced rather than displaced [*H]INMS binding by ternary
complex formation (Fig. 7a), thus demonstrating a pronounced preference for the allosteric,
inactive pose (7% versus 93%; Fig. 8 and Table 1). Yet, isox-6-naph was still able to induce
some [**S]GTPyS binding (Fig. 7b) confirming the existence and functionality of a small
receptor population bound by isox-6-naph in the active orientation (Fig. 7b). Of note, the
allosteric inactive fragment 6-naph by itself reduced ligand-independent, spontaneous
[**S]GTPyS binding of the receptor and antagonized [*S]GTPyS binding induced by iperoxo
and isox (Fig. 6). Regarding receptor structure, fluorescence resonance energy transfer
(FRET) experiments using a recently established M, fluorescein arsenical hairpin binder-
enhanced CFP sensor (FIAsH-eCFP) sensor!® indicated a 6-naph-mediated allosteric

reversal of the active receptor conformation induced by orthosteric iperoxo (Fig.6 and
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Table 1). This implied that binding of iper-6-naph and isox-6-naph in the inactive, 6-naph-like
orientation stabilizes receptor conformations structurally and functionally opposite to that
induced by iperoxo.

In line with its higher binding preference for the active orientation, iper-6-naph induced a
significantly (P < 0.0001) higher biological response than isox-6-naph (Fig. 7b and Table 1).
This was mainly caused by their deviating orientation ratios; iperoxo had a more than tenfold
higher affinity than the inactive moiety 6-naph, whereas the affinities of isox and 6-naph were
in the same range (Fig. 7a and Table 1). This favored the active orientation in case of iper-6-

naph and, in contrast, led to an increased fraction of inactive receptors in case of iSox-6-

b < I 6-phth .
O lper-6-phth
- 1254 25
n :snx 6-n. m)h ; = = |per-6-naph 1=
I yer-6-na 3 (
150 | [per-6-napl ‘, 100 100 Isox-6-phth 100 o lper-8-naph

- = Isox-6-naph

ACh)
~

100 [

50 u 2
| Iperoxo \/ < \’/ ~" 0 p—
O Isox 0
v ©

e ~ T

- S ———
- <10 -9 -8 -7 -6 -5 -4 < -12 10 -8 -6 -4 - -12-10 -8 -6 -4 -2 w -3-2-10123

75 Isox-8-naph O Iper-6-phth

<
\Y%
<

PyS binding

(% of ACh)

Iper-6-naph

(% of

Isox-6-phth

[PHINMS specific binding (%) ™
[**SIGTPYS binding

Ligand (log M) Ligand (log M) Ligand (log M) .‘{v "

Figure 7: The orientation ratio determines graded ligand efficacy. (a) Influence on [BH]NMS
equilibrium binding of indicated test compounds to membranes of CHO-hM: cells reveals two co-
existing receptor populations. Symbols show the receptor’s binding cavity and its occupancy by either
the bipharmacophoric ligand (green-blue diamond) alone, bound together with [BHINMS (gray triangle)
or by the active moieties iperoxo or isox (green triangle). (b) [?*S]JGTPyS binding to membranes of
CHO-hM:2 cells represents M2 receptor-mediated Gi activation. Total [3*S]GTPyS binding in the
absence of test compounds was set to 0% (dashed line), and maximum ACh-induced [®*S]GTPyS
binding was set to 100%. Compounds are the same as in a. The ‘G” enclosed in the green circle
symbolizes G-protein activation. (c) [3S]GTPyS binding induced by iper-6-phth and isox-6-phth
compared with the respective X-6-naph congeners (where X is ‘iper’, ‘isox’; represented by dashed
lines in green and orange, respectively). Fitted parameter values from b and ¢ are compiled in Tables
1 and 3 (d) Maximum [3*S]GTPyS binding (gray squares) is plotted against the orientation ratios Rpose
of indicated hexamethylene-type test compounds, yielding a sigmoidal orientation-efficacy relationship
(filled squares, gray curve). Octamethylene-linker compounds isox-8-naph and iper-8-naph (open
squares) reveal the role of the linker and are not included into the curve fit. Effects were normalized to
the maximum effect of ACh, which was set to 100%. Where not visible, error bars did not exceed the
symbols. Data in a-d represent mean = s.e.m. from 4-8 independent experiments, conducted in
triplicate.
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Supplementary Figure 8: Fractional binding of hexamethylene-type dynamic ligands.
Computation of the concentration-dependent fractional receptor occupancy of (a) iper-6-naph, (b)
isox-6-naph, (c) iper-6-phth, and (d) isox-6-phth. Concentration-dependent total binding and fractional
receptor occupancies in both the active and inactive poses are illustrated as black, green and blue
lines, respectively. Computation was based on the following equations:

Total binding: Yy, :&th Koy = Ka-Kg ;
[AB] + KObS KA + KB
fractional occupancy of the active pose: Y 5 = Mwith fons = Kg _and
[AB] + Kobs KA + KB
f.er -[AB]-R K
fractional occupancy of the inactive pose: YABR = M with fABR _ A .
[AB]+ K, K, +Kyg

R; represents the total number of receptors, [AB] denotes the concentration of the dynamic ligand,

K, is the observed equilibrium dissociation constant of the dynamic ligand, K, and K;; denote the

equilibrium dissociation constants of the dynamic ligand for the active and inactive pose, respectively,
and represent the affinities for the respective poses, and f,;and f,;; are the maximal fractional

occupancies at receptor saturation of the active and inactive pose, respectively. For delineation of the
equations see Note 1. Parameter values used for the computation were determined in equilibrium
binding assays and are compiled in Table 1.
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CHO-M2 3 P 35 indi
membranes [BHINMS binding [3**S]GTPYS binding
Dissociation Equilibrium bindin 4-PL function
binding q g
% E ECso
. PECso,diss £ pKactive PKinactive (G) pK £s.em.i 0 =max P >0
Ligand (mean % s.e.m.
s.e.m. +s.e.m. +s.e.m. (n £s.em.)
s.e.m.) (n £s.e.m.)
. 7.27 £0.06
Acetylcholine n.d. n.a. n.a. n.d. 100+ 2 (0.64 + 0.03)
Iberoxo nd na na 8.35+0.12 97 +2 9.69+£0.11
P o 2 2 (-0.55 + 0.05) * (0.80 + 0.06)
6.78 £ 0.16 8.06 £ 0.03
I .d. a. a. +
Sox nd na na 072008) °*1 (0.84+004)
7.00£0.12
6-naph 75+0. .a. .a. 52 + .04 £0.
nap 6.75 £ 0.09 n.a (1.36 + 0.03) n.a 52+3 6.04 + 0.04
7.002
Iper-6-naph 6.76 £ 0.07 7.57 £0.06 (1.36) n.a. 662 8.08 £ 0.04
Isox-6-naph 7.46 £ 0.05 6.28 + 0.44 7:43° n.a 131 8.51+0.18
P Aol oD (1.92 +0.22) a * DL ED
4.93 £ 0.02
6-phth .d. .a. .a. -38+2 .37 £0.02
p n.d n.a (0.09 + 0.01) n.a 38 537 0.0
Iper-6-phth n.d 6.06 £ 0.04 4.93° n.a 72+2 7.72 £0.07
.d. .06 £ 0. (0.09) .a. * 72 +0.
Isox-6-phth n.d 5.06 +0.05 4.93° n.a 37+1 6.97 £0.11
p .d. .06 £ 0. (0.09) .a. * 97 0.
7.41 +£0.33
-naph .84 +0. .a. .a. .d. .d.
8-nap 6.84 + 0.04 n.a (1.30 + 0.05) n.a nd n.d
Iper-8-naph n.d. n.d. n.d. n.d. 103 +2 9.15+0.07
Isox-8-naph n.d. n.d. n.d. n.d. 74 +2 8.63 + 0.06

Table 1: Pharmacological parameters of ligand binding to and activation of the M, receptor in
membranes of CHO-hM: cells. pECsodiss: negative logarithm of the ligand concentration which half-
maximally inhibits [*H]NMS dissociation. pKactive, PKinaciive: Negative logarithm of the equilibrium
dissociation constants for the active binding pose and the purely allosteric inactive binding pose,
respectively. a: cooperativity between [*H]JNMS and the respective ligand. pK: negative logarithm of
the equilibrium dissociation constant calculated after curve fitting based on a four-parameter logistic
function (4-PL function) and subsequent Cheng-Prusoff correction. Emax; maximal effect is reflected as
the upper plateau of the corresponding concentration-effect curve relative to the upper plateau of the
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acetylcholine concentration-effect curve. pECso: negative logarithm of the ligand concentration which
elicits the half-maximal effect. n: slope. n.d.: not determined. n.a.: not applicable.

a:values were constrained to those obtained with the respective allosteric fragment.
b: value was constrained to that obtained after curve fitting based on the allosteric ternary complex
model.
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Figure 9: Allosteric loss-of-affinity receptor mutation promotes orthosteric [*H]NMS
displacement and receptor activation. (a,c,e) Equilibrium binding of indicated ligands to M2 W422A
mutant receptors stably expressed in live CHO-hM2-W422A cells using [BHJNMS as the radioactive
probe. Total binding in the absence of test compounds was set to 100 %. Data points were fitted by a
four-parameter logistic function and affinity values were calculated using subsequent Cheng-Prusoff
correction (pKi: isox = 5.28 £ 0.05; isox-6-naph = 6.06 + 0.15; isox-6-phth = 5.32 £ 0.16). Data are
means + s.e.m. of 4 independent experiments conducted in triplicate. Binding curves of indicated
ligands derived from equilibrium binding assays at the M2 wildtype receptor are shown for comparison
as dashed lines (for parameter values see Table 2). (b,d,f) [¥®S]JGTPyS binding to membranes of
CHO-hM2-W422A cells represents receptor-mediated Gi activation induced by the indicated ligands.
Total [3°S]GTPyS binding in the absence of test compounds was set to 0 %; maximum ACh-induced
[3°S]GTPyS binding was set to 100 % (pECso: isox = 6.77 + 0.04; isox-6-naph = 6.38 + 0.09; isox-6-
phth = 6.02 + 0.11; Emax(%): isox = 100 £ 1; isox-6-naph = 66 * 4; isox-6-phth = 58 + 1). Data are
means + s.e.m. from 3-4 independent experiments conducted in triplicate. Concentration-effect curves
of [¥®S]GTPyS binding elicited by activation of M2 wildtype receptors are shown for comparison as
dashed lines (for parameter values see Table 1). Expression of Mz wildtype and M2 W422A mutant
receptors was not significantly different (Bmax-W422A = 78% of Bmax-wildtype, P = 0.19, unpaired t-
test).

Isox-6-naph’s efficacy was rescued in the loss-of-affinity mutant M,"V4%?A, recently identified
as an allosteric key epitope®®®. At this mutant, isox-6-naph almost completely displaced
[PHINMS, indicating a preference for the active pose and, in line with this, more efficaciously
induced receptor activation than at the wild-type receptor (Fig. 9). The dependence of ligand
efficacy on the orientation ratio was also confirmed in live Chinese hamster ovary (CHO)-hM;

cells by assaying biological activity using DMR measurements!®292! (Fig. 10 and Table 2).

90



Dynamic ligand binding dictates partial agonism at a G protein-coupled receptor

This demonstrated that the role of the orientation ratio for ligand efficacy is independent of
the system.
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Figure 10: Ligand binding to and signaling of live CHO-hM cells. Equilibrium binding of indicated
ligands to M2 receptors stably expressed in live CHO-hM: cells using [(HJNMS as the radioactive
probe. Total binding in the absence of test compounds was set to 100 %. Data points are fitted in the
case of (a) by the allosteric ternary complex model and in the case of (b-d) by a model of bivalent
ligand binding. Data are means + s.e.m. of 3-11 independent experiments conducted in triplicate. (e)
Shown are baseline-corrected DMR responses measured as wavelength shifts (A pm) and recorded
over time after addition of indicated test compounds to CHO-hMz cells. Concentrations of ligands: isox
100 pM; isox-8-naph, isox-6-phth and isox-6-naph: 10 uM. Data are means and s.e.m. of one
representative out of at least 4 independent experiments.
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CHO-M. [*H]NMS binding DMR
cells
D'isir‘]’g:ﬁgon Equilibrium binding
% Emax
; PECso0,diss + pKactive pKinactive (a) pK £s.em,
Ligand s.e.m. +s.e.m. +s.e.m. (n £s.e.m.) (mean
s.e.m.)
Acetylcholine n.d. n.a. n.a. 6.24 + 0.11 100+ 3
7.95+ 0.05
Iperoxo n.d. n.a. n.a. (-0.67 + 0.04) 100 £ 3
6.51+0.04
Isox n.d. n.a. n.a. (-0.82 + 0.05) 103+ 3
6.04 + 0.04
6-naph 6.09 £ 0.08 n.a. (1.08 + 0.09) n.a. n.d.
Iper-6-naph 6.54 £ 0.11 6.64 £ 0.04 (61%‘; n.a. 58 + 3¢
7.12P
Isox-6-naph 7.16 £ 0.05 n.c. (112 + 0.09) n.a. 10+2
5.84 £+ 0.04
6-phth 4,51 +£0.09 n.a. (<0.01) n.a. n.d.
5.842
Iper-6-phth 4.83 £ 0.07 6.37 £ 0.05 (< 0.01) n.a. 89 + 3¢
5.842
Isox-6-phth 5.15+0.05 5.62 £ 0.08 (< 0.01) n.a. 22+2
6.84 £ 0.11
8-naph 6.69 + 0.08 n.a. (0.71  0.25) n.a. n.d.
a
Iper-8-naph  7.08+0.08  7.85+0.02 (60'87‘;) n.a. 105 + 4¢
lsox-8-naph  7.34+0.03  6.40+0.11 (60'87‘5 n.a. 57+6

Table 2: Pharmacological parameters of ligand binding to and activation of the M, receptor in
live CHO-hM: cells. pECsodiss: negative logarithm of the ligand concentration which half-maximally
inhibits [PBHINMS dissociation. pKacive, pKinactive: Negative logarithm of the equilibrium dissociation
constants for the active binding mode and the purely allosteric inactive binding mode, respectively. a:
cooperativity between [3H]NMS and the respective ligand. pK: negative logarithm of the equilibrium
dissociation constant calculated after curve fitting based on a four-parameter logistic function and
subsequent Cheng-Prusoff correction. n: slope. Emax: maximal effect induced by ligand concentrations
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of ligands sufficient to induce full receptor occupancy. Data were normalized to the maximal effect of
100 uM acetylcholine. n.d.: not determined. n.a.: not applicable. n.c.: fit did not converge.

a: values were constrained to those obtained with the respective allosteric fragment.

b: value was constrained to that obtained after curve fitting based on the allosteric ternary complex
model.

¢ data were taken from ref.18.

To probe the predictive power of the model of dynamic ligand binding, we replaced the
allosteric 6-naph moiety with the 100-fold lower affinity inactive 6-phth (8) moiety (Fig. 6 and
Table 1), yielding the ligands iper-6-phth and isox-6-phth (Fig. 3). As expected, iper-6-phth
and isox-6-phth had a lower receptor affinity (~1.5 log units) compared with their ‘6-naph’
counterparts (Fig. 11 and Table 1). As a consequence, the lower affinity of ‘6-phth’ promoted
binding of iper-6-phth and isox-6-phth in the active pose (Fig. 8). In line with this, isox-6-phth
was more efficacious in stimulating a biological response than isox-6-naph (Fig. 7c¢). Iper-6-
phth was only slightly more efficacious than iper-6-naph (Fig. 7c¢), indicating that the highly
potent ‘iper’ moiety mediated optimal positioning of the bivalent ligand in the active pose,
irrespective of the nature of the allosteric building block. The difference remaining between
the maximum effects of the iper-6-x compounds and the 100% level of G; activation (Fig. 7d)
was due to the negative cooperativity of efficacy between the building blocks and,
biologically, has been suggested to result from a reduced conformational freedom in the
allosteric vestibule caused by the allosteric building block®. Thus, the degree of receptor
activation was submaximal even at full occupancy in the active orientation (Fig. 7d and Fig.
2). In line with this, the group of bipharmacophoric probes containing a hexamethylene linker
defined a sigmoidal orientation-effect relationship with a submaximal upper plateau (Fig. 7d).
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Figure 11: Binding topography of bi-pharmacophoric ligands consisting of the less-affine
antagonistic moiety 6-phth. (a-b) Equilibrium binding of isox-6-phth (a) and iper-6-phth (b) to
membranes of CHO-hM: cells using [*H]NMS as an orthosteric probe. Total [*(HINMS binding in the
absence of test compounds was set to 100 %. Curve fitting was based on a model of bivalent ligand
binding in case of isox-6-phth and iper-6-phth. Data are means = s.e.m. from 4 independent
experiments conducted in triplicate. Binding curves of isox-6-naph and iper-6-naph are shown again
for comparison.
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Ligands of an octamethylene linker type have a higher efficacy at M. receptors compared
with ligands of the hexamethylene type!®. Mechanistically, this is attributed to a less
pronounced steric hindrance of activation-related conformational rearrangement®, In the
present study, the octamethylene linker increased efficacy relative to the hexamethylene
counterparts. However, as predicted by the difference in the orientation ratio, iper-8-naph (9)
still displayed a higher level of receptor activation than isox-8-naph (10) (details on binding
and functional experiments including the inactive fragment 8-naph (11) are in Fig. 10 and 12
and Tables 1 and 2). This is in line with the concept of dynamic ligand binding and expands

the range of achievable biological activity to full agonism (Fig. 7d and Fig. 2).
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Figure 12: Binding of the allosteric inactive moiety 8-naph and receptor activation by bi-
pharmacophoric ligands thereof. (a) Effect of 8-naph in membranes of CHO-hM: cells on orthosteric
[BH]NMS binding. Specific [BH]NMS binding in the absence of test compound was set to 100 %. Curve
fitting was based on the allosteric ternary complex model. Data are means + s.e.m. from 4
independent experiments conducted in triplicate. The binding curve of 6-naph is shown for
comparison. Both allosteric fragments did not differ neither in their affinity nor in their cooperativity with
the orthosteric radioligand. (b) [*®*S]GTPyS binding to membranes of CHO-hM: cells represents M2
receptor-mediated Gi activation induced by the indicated bi-pharmacophoric ligands. Total [3¥S]GTPyS
binding in the absence of test compounds was set to 0 %; maximum ACh-induced [3°S]GTPyS binding
was set to 100 %. Data are means + s.e.m. from 7-9 independent experiments conducted in triplicate.
Curve fitting was based on the operational model of agonism for dynamic ligands.
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o [SHINMS binding [**SIGTPyS binding
Equilibrium binding Operational model
L A A
Iper-6-naph 7.39+0.07  7.67+0.13" 7.672 0.24 +0.03 -0.88+0.04
Isox-6-naph  7.54+0.17°  7.46  0.46™ 7.462 -1.30+£0.09  -2.42+0.10
Iper-6-phth 6.11+0.04  6.09 % 0.04" 6.092 1.04 + 0.05 -0.08 + 0.06
Isox-6-phth 5.32+0.04  5.300.05" 5.302 -0.09+0.06  -1.21+0.07

Table 3: Binding parameters, dynamic transduction coefficients and relative dynamic intrinsic
efficacies of bi-pharmacophoric ligands. plCso: negative logarithm of the ligand concentration which
half-maximally inhibits [BHJNMS binding. Values were obtained by fitting the equilibrium binding curves
with a four-parameter logistic function. pKobs: negative logarithm of the observed equilibrium
dissociation constant of dynamic ligands. Values were calculated according to equation 5 (main text)
using the values compiled in Table 1. Note: the plCso and pKobs are not significantly different from
each other according to an unpaired t-test. pKp: negative logarithm of the equilibrium dissociation
constant of dynamic ligand-bound receptor complexes. pKp represents the functional affinity of
dynamic ligand and is shown in the Note 1 to equal the pKobs values. Therefore, for fitting the
[3°S]GTPyS binding curves with equation 6 (main text) pKo was constrained to the respective pKobs
values. log tayn represents the dynamic transduction coefficient of dynamic ligands and was obtained
by fitting the [3S]GTPyS binding curves with equation 6 (main text). Alog edyn represents the relative
dynamic intrinsic efficacy of the dynamic ligands and is system-independent. Alog edyn Was calculated
according to the following equation:

Ewax " fras Rr

Taun K - f Sayn
Iog[ i leog — " zlog[%—mjﬂog[ = ):Aloggdyn
Tach Ench "1 €ach Each
Ke

log tach (1.12 + 0.03) was determined by fitting the [3*S]GTPyS binding curves with the standard
operational model of agonism!*. ns: not significantly different. a: value was constrained to the
respective pKobs value. b: value represents the pECso as the equilibrium binding curve is upward-
deflected and represents enhancement of [*H]NMS binding.

3. Conclusion

Our findings revise the concept of partial agonism at GPCRs. We show that
bipharmacophoric ligands dynamically switch between two distinct binding orientations,
resulting in both active and inactive populations of receptors bound by a given ligand. This

makes ligand efficacy at GPCRs predictable for what is to our knowledge the first time. It
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allows generating libraries of agonists with various efficacies ranging from almost zero to full
agonism. Using partial agonists with varying efficacies, the most efficient and safest level of
receptor activation can be systematically elucidated. Thus, dynamic ligand binding in multiple
orientations represents a new avenue of general and immediate applicability for the rational
design of agonists with predictable efficacy at any GPCR.

Methods

Materials and buffers. Tissue culture media and assay reagents were purchased from
Sigma-Aldrich (Taufkirchen, Germany) and Life Technologies (Darmstadt, Germany) and all
laboratory reagents were from Sigma-Aldrich (Taufkirchen, Germany), unless specified
otherwise. All of the purchased compounds were >99% purity. HEPES was purchased from
AppliChem (Darmstadt, Germany) and Pertussis toxin (PTX) was purchased from Biotrend
(Cologne, Germany). [*HJNMS and [**S]GTPyS were from PerkinElmer (Rodgau, Germany).
Buffer A: 10 mM HEPES, 10 mM MgClz, 100 mM NacCl, pH 7.4; buffer B: Hank's balanced
salt solution (HBSS; Life technologies, Darmstadt, Germany), 20 mM HEPES, pH 7.0; buffer
C: 150 mM NacCl, 10 mM HEPES, 2.5 mM KCI, 4 mM CaCl,, 2 mM MgCl,, 10 mM glucose,
pH 7.3; buffer D: 144 mM NaCl, 10 mM HEPES, 5.4 mM KCI, 2 mM CacCl;, 1 mM MgCl, pH
7.3.

Chemical synthesis of probes. Melting points were determined on a model B 540 Biichi or
a Sanyo Gallenkamp melting point apparatus and are uncorrected. TLC analyses were
performed on commercial silica gel 60 F254 aluminum sheets. *H NMR and *C NMR were
recorded with a Varian Mercury 300 (*H, 300.063 MHz; 3C, 75.451 MHz) or a Bruker AV 400
(*H, 400.132 MHz; 3C, 100.613 MHz) spectrometer. The specific NMR assignments were
unambiguously determined by using typical techniques including polarization transfer
experiments (DEPT) and two-dimensional experiments, such as H-'H correlation (COSY)
and H-13C-proton-carbon heteronuclear correlation (HMQC, HMBC). Chemical shifts (d) are
expressed in p.p.m., and coupling constants (J) in are expressed in Hertz. Abbreviations for
data quoted are: s, singlet; t, triplet; m, multiplet; br, broad; br s, broad singlet. ESI mass
spectra of the tested salts were recorded on a Varian 320 LC-MS/MS instrument. Data are

reported as m/z of the corresponding positively charged molecular ions.

Iperoxo??, Isox?, 6-naph'’, 6-phth'’, iper-6-naph!’ and iper-6-phth'’, iper-8-naph?é, isox-6-
naph?, isox-6-phth?*, and 1,8-naphthalimidopropylamine (12)?4, have been resynthesized

exactly as described previously.
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The NMR spectroscopic features and the purity requirements of these known compounds
matched those found in the literature. A schematic presentation of the synthetic route leading
to compounds 8-naph and isox-8-naph is in Figure 13. Detailed information about the
chemical syntheses and characterization of 8-bromo-N-(3-(1,3-dioxo-1H-
benzo[de]isoquinolin-2(3H)-yl)-2,2-dimethylpropyl)-N,N-dimethyloctan-1-aminium bromide
(13), 8-naph and isox-8-naph is provided in the Note 2.

(0]
b 8-naph
Q N/>l/\N/ a /\/l/\ l /\/\/\/\/Br -
—_—
W, | ~
0]
12

Isox-8-naph
13

Figure 13: Reaction scheme for compounds 8-naph and isox-8-naph. (a) Br(CH2)sBr (excess); (b)
N,N-dimethylethylamine; (c) refluxing CHsCN/base, 4-(isoxazol-3-yloxy)-N,N-dimethylbut-2-yn-1-
amine.

Cell culture. Flp-In-Chinese hamster ovary cells (Flp-In-CHO) stably expressing the hM;
receptor (CHO-hM; cells) or the hM;"42?A mutant receptor (CHO-hM,"42?A cells)!® were
cultured in Ham’s nutrient mixture F-12 (HAM-F12) supplemented with 10% (v/v) FCS (FCS),
100 U/ml penicillin, 100 pg/ml streptomycin and 2 mM L-glutamine at 37 °C in a 5% CO-
humidified atmosphere. HEK293 cells stably expressing the hM. receptor FRET-sensor were
maintained in DMEM supplemented with 10% (v/v) FCS, 100 U/ml penicillin, 100 pg/ml
streptomycin and 200 pug/ml G418 and cultured at 37 °C in a 7% CO, humidified atmosphere.

Radioligand binding experiments. Binding experiments using membranes of CHO-hM:
cells were carried out in 96-well microtiter plates (ABgene, Germany) essentially as
described previously®2®, Experiments were conducted in buffer A (supplemented with 100
UM GDP in case of equilibrium binding) at 30 °C using [*H]NMS as the radioactive probe (2
nM for two-point kinetic dissociation and 0.2 nM for equilibrium binding experiments).

Incubation time for equilibrium binding was 18 h and calculated as published elsewhere'®.

Binding experiments (dissociation and equilibrium) in live CHO-hM; cells and CHO-hM,"422A

cells were conducted in buffer B exactly as described previously*2.

GTPyS binding experiments. Experiments were carried out in buffer A supplemented with
10 pM GDP using membranes of CHO-hM. cells and CHO-hM V4222 cells exactly as

described previously?®.

DMR assay. A general protocol has been published recently?!. DMR assays using live CHO-

hM; cells were carried out in buffer B exactly as outlined elsewhere®,
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FIAsH labeling and single-cell FRET measurements. FIAsH-labeling was performed in
buffer C as described previously*® 26, FRET measurements were essentially carried out in
buffer D as recently outlined in detail'®. HEK 293 cells stably expressing the hM, receptor
FRET sensor were prestimulated with 10 uM iperoxo to induce a conformational change of
the receptor protein. To determine the effects of the allosteric moieties 6-naph and 6-phth on
receptor structure, prestimulated HEK293-hM; receptor FRET sensor cells were superfused
with buffer D containing both 10 uM iperoxo and increasing concentrations of the respective
allosteric fragment.

Calculations and data analysis. Data analysis in general was performed using Prism 5.01
(GraphPad Software, San Diego, CA).

Equilibrium binding data from ACh, iperoxo and isox were analyzed by a four-parameter
logistic function vyielding 1Cso values, which were subsequently converted into apparent
equilibrium dissociation constants, Ki, using the Cheng-Prusoff correction as described
previously. In case of the allosteric fragments 6-naph, 6-phth and 8-naph, the allosteric
ternary complex model was applied, yielding parameters of affinity and cooperativity with the

radioligand’:27-28,

To analyze the equilibrium binding curves of the bipharmacophoric ligands to yield
parameters for the affinities for the active as well as in the inactive pose, the following

equation was used!” 1829 (derivation is in Note 1):

(1)

where: Ky =Ky -

()

Y represents the binding of the radioligand X (Note 1). [X] and [AB] denote the
concentrations of the radioligand [*H]JNMS and the dynamic ligand AB, respectively. K, is

the equilibrium dissociation constant of the radioligand-receptor complex and reflects affinity
of the radioligand ([*H]JNMS, K, was set to 0.53 and 0.26 nM for CHO-hM, membranes and

live cells, respectively). K, and K, are the equilibrium dissociation constants of the active

and inactive dynamic ligand-receptor complexes, respectively, and are taken to reflect the
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affinities of the dynamic ligand in the active and inactive pose, respectively. ' denotes the

cooperativity between X and AB. R, is the total number of receptors.

The orientation ratio R, was calculated as follows:

K K.
R =—log| =2 |[=—1lo active 3
Pese g[KB] g[K j 3

inactive

Equilibrium binding curves of the bipharmacophoric ligands were additionally fitted by a four-

parameter logistic function to yield values for the half-maximal inhibitory concentration (1C,,)
of [*HINMS binding. The IC,, value is given by the following equation (derivation is in
Note 1):

KaKg ([X]+K)
Ky (K +Kg)+a'K, [X]

IC,, = (4)

In the presence of a very low concentration of X , the IC,, value approaches the observed

dissociation constant of the dynamic ligand (derivation is in Note 1):

KA'KB _

IC,, =—A B —
50 KA+ KB obs

(5)

[**S]GTPyS binding data of all compounds were generally fitted by a four-parameter logistic
function vyielding parameter values for potency (pECso) and maximum effect (Ewmax).
[**S]GTPyS binding data of all bipharmacophoric compounds were additionally analyzed by

the operational model of agonism for dynamic ligands (derivation is in Note 1):

E — EMAX (6)
([AB]+K, )"

1+ —
[AB] ' z-dyn

_ KA'KB _

in which = =
D KA + KB obs

(7)

gmax : RT KB

K, K,+K,

(8)

and Tdyn = Tmax ) fRAB =
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Ewmax is the maximal response of the system reflected by the maximal effect of a full agonist,

Kyis the affinity of the dynamic ligand from functional data and equals the observed
dissociation constant K, obtained from binding data. K, denotes the affinity of the ligand
AB for the active pose; K, denotes the affinity of the ligand AB for the inactive pose, 7,
represents the dynamic transduction coefficient of the ligand which is composed of 7,

multiplied by the fraction of the ligand-receptor complexes in the active pose ( foug). Tpe IS
the maximum transduction coefficient of the dynamic ligand at 100% occupancy of receptors
in the active pose and is composed of the system-independent maximal intrinsic efficacy of

the dynamic ligand ¢,,,, and a system-dependent part R, /K_. K. denotes the level of
stimulus which elicits the half-maximal system response. n is the transducer slope. For

fitting, K, was constrained to the observed dissociation constant K, to yield dynamic

transduction coefficients 7, .

DMR recordings were solvent corrected. Quantification of probe-induced DMR signals was
based on the signal’s peak value (upward or downward deflected) between 500 s and 1,200
s and normalized on the peak value elicited by ACh, which was set 100%. Concentration-
DMR curves of ACh, iperoxo and isox were fitted by the operational model of agonism**,
yielding parameter values Ka and t to reflect affinity and efficacy of the respective agonist.
Subsequent quantification of ligand bias was based on the use of a product of affinity and
efficacy as described by Ehlert and co-workers®3!, Quantification was performed exactly as

described previously*®.

Statistical analysis. Data are shown as mean = s.e.m for n observations. Comparisons of
groups were performed using one-way analysis of variance with Bonferroni’'s multiple

comparison test.

Note 1
The binding model for dynamic ligands

Let AB be a bivalent ligand with two pharmacophores A and B . AB dynamically binds to

a G protein-coupled receptor R to either stabilize the ligand receptor complexes [RAB] or

and K.

inactive ?

[ABR] with the equilibrium dissociation constants K respectively. In the

active
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following theses constants are termed K, and K;, respectively. The equations are based

on the following model which describes the aforementioned scenario.

K K
[ABR] =2~ AB+R —2

[RAB]

According to the law of mass action the concentrations of the ligand receptor complexes

[RAB] and [ ABR] are given as follows:

[RAB]= AB-R (Equation 1)
A

[ABR]= AB-R (Equation 2)
B

[ABR]:M (Equation 3)

B

The total concentration of receptors R; is defined as follows:

R; =R+[RAB]+[ABR] (Equation 4)

Total binding of a dynamic ligand

The total binding of AB is given by:

[AB]-[R] , [AB][R]
[RAB]+[ABR] _ K, Ko
R, (] [ABI TR [ABIR]
I<A K B

(Equation 5)

1
Multiplying with ————— yields:
[AB]-[R]

+
[RAB]+[ABR] K, K,
R; 1

1 (Equation 6)

1y
[AB] K, K,
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Rearranging yields the total binding Y,,, =[RAB]+[ABR] of AB:

ot :[i\gi’% (Equation 7)
obs

with the observed dissociation constant:

(Equation 8)

Fractional occupancies in the two binding modes

To determine the concentration-dependent fractional occupancy of a dynamic ligand AB in
the binding mode [RAB], one begins with:

[AB]-[R]
[RAB] Ka :
_ (Equation 9)
R, [R]+[AE:<] -[R]+[Ai]~[R]

1 :
m y|EIdS

1
[RAB] _ Ky (Equation 10)

R, 1 1 1

[AB] K, K,
Rearranging yields:
[R:B] = K[ABL (Equation 11)
T [AB].[AJ“B] +K,

KB
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K,+K
Dividing by % gives the concentration-dependent fractional occupancy Yg,; of AB in
B

the binding mode [RAB]:

_ fRAB '[AB]' RT

= Equation 12
RAB [AB]+ K. (Eq )

KB

with —_ B
KL +K,

(Equation 13)
where fg,; represents the maximal fractional occupancy of AB in the binding mode [RAB]

at receptor satu ration.

It can be shown that the concentration-dependent fractional occupancy Y g, of a dynamic

ligand AB in the binding mode [ABR] is given by:

Yoer = Lo ‘[AB—]. R (Equation 14)
[AB]+ Kobs

K, .

= A Equation 15

ABR K, +K, (Eq )

with f,;; representing the maximal fractional occupancy of AB in the binding mode [ABR]

at receptor saturation.

Note that both binding modes [RAB] and [ABR] have the same observed dissociation

K, Kg

constant K . = ————.
Ki+Kg

Analysis of competition binding curves

The binding model described hereafter is analogous to the binding model for bivalent ligands
which has been published recently?®. Yet, to the best of our knowledge, a mathematical
delineation of this model has not been reported until now.

Let AB be a bi-pharmacophoric ligand with pharmacophores A and B and X be an
orthosteric radioligand. Let AB display a dynamic binding behavior: AB binds in orientation

1 with its pharmacophore A to the orthosteric site of a GPCR R to form active ligand-
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receptor complexes [RAB]; alternatively AB binds in orientation 2 with its pharmacophore
B either to the allosteric site of the X -unoccupied GPCR R to form inactive ligand-receptor

complexes [ABR] or to the allosteric site of the X -occupied GPCR R to form inactive

ternary complexes [ ABRX|. The figure illustrates the aforementioned scenario whereby K,
, Kz and K, denote the equilibrium dissociation constants of the ligand-receptor species

[RAB], [ABR] and [RX], respectively and & denotes the cooperativity between AB and
X.

Figure 14: A model of dynamic ligand binding for bi-pharmacophoric, dualsteric ligands. Green:
orthosteric moiety, blue: allosteric moiety. Grey triangle: orthosteric radioligand. The nomenclature of
ligand/receptor-complexes and ligand orientations are indicated. Modified from ref 17.

According to the law of mass action the concentrations of the ligand-receptor species are

given as follows:

[RX]:[RLﬂ (Equation 16)

[RAB]:[R]kﬂ (Equation 17)
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(Equation 18)

[RX]-[AB] [ABR]-[X]
a-Kg - a-Ky

[ABRX | = (Equation 19)

The total concentration of receptors R; is defined as follows:
R; :[R]+[RX]+[RAB]+[ABR]+[ABRX] (Equation 20)

The binding of the orthosteric radioligand X in the presence of AB is given by the following

equation:

[RX]+[ABRX] [RX]+[ABRX]

R; - [R]+[RX]+[RAB]+[ ABR]+[ ABRX ] (Equation 21)

Multiplying the numerator and denominator by yields:

X ]-[R]

[RX]  [ABRX]

[RX]+[ABRX] _ [XI-[R]” [X]R]

R, ~ [R] [RX] _ [RAB] [ABR] [ABRX]

(XJ{R] [XJR] T [XJR] T [XDR]T [XT[R]

Making the appropriate substitutions using Equation 16:

(Equation 22)

1 [ABRX]
[RX ]+[ ABRX] K, [X][R]
R, 1 [RAB]  [ABR] _ [ABRX]

1
X1 ke TIXR] T IXTIR] T [XR]

Making the following substitutions:

(Equation 23)

[RX]-[AB] [RX]= [R][X];[R]:[RAB]Jg\_[R]:[ABRLKB

[ABRX | = oK. <, (A] (AB] yields:
1 [AB]
[RX ]+[ABRX | Ky a-Ky Ky .
R = . . [AB] [AB] [AB] (Equation 24)
(X]7 Ky T[XT Ky [X] K @Ky K
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The equation simplifies to:

Y = [E:E]ET . (Equation 25)
+ X
[1+[AB].[KA+KBD
K, Kg
where: Ky '=Ky -

Here, Y denotes [RX]+[ABRX]. The transformation oz':i is made to ensure that positive
a

cooperativity is reflected by «'>1. Equation 25 has previously been successfully applied to

fit binding data of bi-pharmacophoric, dualsteric ligands?’.

Estimation of the ICso of the dynamic ligand

In equilibrium binding experiments a fixed concentration of an orthosteric radioligand X and
various concentrations of a dynamic competitor AB are applied. According to Ehlert?® the
fractional binding of X at a fixed concentration in the presence of increasing concentrations

of a purely allosteric ligand A is:

Y _[XR]+[XRA]

(Equation A11, taken from ref. 28)
Y, [XR]

This equation can be transformed into Equation 26 to display the fractional binding of X at
a fixed concentration in the presence of increasing concentrations of a dynamic ligand AB

is:

Y _[RX]+[ABRX]
Y,  [RX]

(Equation 26)

In this equation Y denotes the binding of X in the presence of AB while Y, denotes the

binding of X in the absence of AB . Using Equation 25, Equation 26 reduces to:

Y _IXT+Ky

= Equation 27
Y, [X]+K' (Fa :
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Substituting for K, ' using Equation 25, the fractional binding of X in the presence of AB

is given by:
y [X]+6¥[>E<][A\B]+ KX +0.’|<'2[1AB]
B B .
v - ' (Equation 28)
Yo [x]+m+ K, + Kx[AB](K, +Ks)
KB KAKB

When [AB] approaches infinity, the maximal fractional binding Y,,,, is represented by the

following equation:

Y [X]+K .
Y., = lim —= X Equation 29
MAX ™ Ag] e Y [X]+KX(KA+KB) (Eq )
a'K,

According to Ehlert?® the concentration of an allosteric ligand [A] which causes the half
maximum effect on the binding of X (i.e.IC,,=AB,,) is represented by the following

equation:

i _ (1_YMAX )
Y, 2

1- (Equation 30)

Equation 30 can also be applied to estimate the concentration of a dynamic ligand [AB]

. . o _— Y
which causes the half maximum effect on the binding of X . Substituting for v and Y,y
0

using Equations 28 and 29, respectively, and then solving for AB yields the IC,, of the
dynamic ligand AB :

KaKg ([X]+Ky)

IC., = AB,, =
” » Ky (Ky+Kg) +a'K,[X]

(Equation 31)

In the presence of a very low concentration of X, the IC,, value approaches the

observed/apparent dissociation constant of the dynamic ligand (see above):

lim IC,, = KaKe.

Equation 32
om, K, 1K, (Eq )
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The operational model of agonism for dynamic ligands

Let [RAB] be active ligand-receptor complexes which elicit a cell response via signal

transduction proteins. Further, let the stimulus (S ) generated by a dynamic ligand AB be

equivalent to the product of the fractional receptor occupancy in the active pose (Yg,;) and

the maximal intrinsic efficacy (&, ) of the ligand®.
S = &yax *Yras (Equation 33)

Substituting Yg,; using Equations 12 and 8 yields:

fons [AB] R,

[AB]+ KaKe.
Ka+Kg

(Equation 34)

S =é&yax -

A stimulus-response function according to Ehlert and colleagues® and similar to the
operational model delineated by Black & Leff'4 is given by

£ - Bwnc'S (Equation 35)
K +S
where E is the measured response, E,,, is the maximal response of the system and K.

denotes the level of stimulus which elicits the half maximal system response.

Substitution of Equation 34 into Equation 35 yields:

fRAB '[AB]' RT

[AB]"‘w
K, +Kg
fRAB '[AB]'RT

[AB]+ faKs.
Ka+Kg

Evax < Emax °

E-= (Equation 36)

Ke + €uax -

fRAB '[AB]' RT

Divided by &, - , Equation 36 reduces to:

[AB]+ & Ke.
Ky +Kg
EMAX i
E= (Equation 37)
K - [AB]JF%
K, +Kg

Evnx * Tras \[AB]-R;
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, , . - Eunx " R
Formation of the maximum transduction coefficient 7., (7 :%) at full occupancy

max
E

of the ligand-receptor-complex in the active pose (RAB) yields an operational model of

agonism for dynamic ligands:

E
E= MAX (Equation 38)
L, ([ABI+K, )
[AB]'Tdyn
in which b= Kake _ obs (Equation 39)
K, +K;
Evny ' R K
and Ty =T fop =X T, B Equation 40
dyn max RAB KE KA 4 KB ( q )

Note that the affinity K, of the dynamic ligand from functional data equals the observed

dissociation constant K. obtained from binding data.

T 1S the maximum transduction coefficient of the dynamic ligand at 100 % occupancy of

max

receptors in the active pose (RAB) and is composed of the system-independent maximal

intrinsic efficacy of the dynamic ligand &,,,, and a system-dependent part E—T :
E

T4n represents the dynamic transduction coefficient of the ligand which is composed of 7,

multiplied by the fraction of the ligand-receptor complexes in the active pose ( fr.g)-

A general logistic version of the operational model comprising a slope factor N can be

applied in case of experimental curves that are steeper or flatter than 1:

E= By - (Equation 41)
N ([AB] + KD)

[AB]n ’ z-(;]yn
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Note 2
Chemical syntheses and characterization

Synthesis of 8-Bromo-N-(3-(1,3-dioxo-1H-benzo[delisoquinolin-2(3H)-yl)-2,2-dimethylpropyl)-
N,N-dimethyloctan-1-aminium bromide (13)

B

23 mmol of 1.8-naphthalimidopropylamine 12 and 228 mmol of 1.8-dibromooctane were
heated in a microwave apparatus for 4 h (100 °C, 400 W, 4 h). After cooling the solid was
filtered off, washed with petroleum ether and dried in vacuo to give 13 as a white salt in 9%
yield. mp 138 — 142 °C. 'H NMR (DMSO-ds): 1.25 (s, 6H, C(CHs),), 1.37 (m, 8H,
*N(CH2)2CH2CH2CH2CH?>), 1.71 (m, 2H, "NCH2CH>), 1.79 (m, 2 H, *"N(CH2)sCH>), 3.16 (s, 6H,
*N(CHs)2), 3.38 (m, 2H, CH:Br), 3.45 (s, 2H, *NCHy(CH2)2Nnapn), 3.53 (t, 2H,
*NCH(CH,);Br, J = 6.6), 4.13 (s, 2H, *N(CH2).CH2Nnapn), 7.89 (dd, 2H, arom., J = 7.6), 8.51
(m, 4H, arom.). C NMR (DMSO-de): 21.9 (*NCH.CHy), 25.5 (C(CHz3)2), 25.6 (C(CHs).), 27.4
(*N(CH2)4CH2CH>), 27.7 (*N(CH.)2CH2), 28.3 (*N(CH2)sCH2), 32.1 (*N(CH2)sCH2), 35.2
(*NCHy>), 49.1 (*N(CH2)2CH2Nnaphth), 51.9 (N(CHs)2), 67.6 (CH2Br), 71.4 (*NCH2(CH2)2Nnaphth),
122.3 (Cnaphth), 127.3 (CnaphtnH), 127.4 (Cnaphn), 130.9 (CnapntnH), 131.3 (Cwaphtn), 134.3
(CnaphtnH), 164.6 (C=0). MS (ESI) m/z [M]?** Calcd for C,7H3sBrN,O": 501.2. Found: 500.8.

Synthesis of N*-(3-(1,3-Dioxo-1H-benzo[de]isoquinolin-2(3H)-yl)-2,2-dimethylpropyl)-Né&-
ethyl-N*,N* N8 N&-tetramethyloctane-1,8-diaminium (8-naph) (11)

|
/\/\/\/\/
i

2 mmol of 13 and 4 mmol of N,N-dimethylethylamine were dissolved in acetonitrile (20 ml).
To this solution a catalytic amount of KI/K,COs (1:1) was added and the reaction mixture was
heated in a microwave apparatus for 3.4 h (80 °C, 500 W, 3.4 h). After cooling the solid was
filtered off, washed with acetonitrile and dried in vacuo to give 8-naph as a yellow salt in 41%
yield. mp 170 — 175 °C. 'H NMR (DMSO-ds): 1.24 (s, 9H, CHs/C(CHs).), 1.30 (m, 8H,
*N(CH2).CH,CH,CH>CH,), 1.69 (m, 4H, *N(CH.CH>(CH2)sCH2), 3.02 (s, 6H,
*N(CH3)2CH2CHs, 3.19 (s, 6H, *N(CHs)2), 3.29 (m, 2H, *N(CH2);CHz), 3.36 (m, 2H,
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*NCH2CHs), 3.47 (m, 4H, Nnaphin(CH2)2CH>*NCHy), 4.12 (s, 2H, NnapnnCH2), 7.89 (t, 2H,
arom., J = 7.6), 8.49 (m, 4H, arom.). 3C NMR (DMSO-dg): 7.8 (*NCH,CHs), 21.5 (C(CHj3)2),
21.9 (*NCH2CH2(CH2)4CHz), 25.4 (C(CHs)2), 25.5 (*N(CH2)sCH2), 25.6 (*N(CH2).CHs), 28.1
(*N(CH2)sCHz), 28.2 (*N(CH2)4CHa), 48.8 (NwapninCH2), 49.3 (*N(CHs).CH.CHs), 51.9
(N(CH3)), 58.3 (*NCH2CHs), 62.2 (*N(CH2)/CHy), 67.2 (*NCH,), 71.3 (Nnapnn(CH2)2CHy),
122.1 (Cnaphin), 127.2 (CnapninH), 127.3 (Cnapnin), 130.8 (CnapninH), 131.2 (Cnaphn), 134.2
(CnaprinH), 164.5 (C=0). MS (ESI) m/z [M]?* Calcd for CaiHasNsO2%": 495.38. Found: 247.3.

Synthesis of N*-(3-(1,3-dioxo-1H-benzo[deisoquinolin-2(3H)-yl)-2,2-dimethylpropyl)-Né-(4-
(isoxazol-3-yloxy)but-2-ynyl)-N*,N*, N8 N&-tetramethyloctane-1,8-diaminium bromide (Isox-8-
naph) (10)

O{j\ 2Br 0
§ 0/\/\§/\/\/\/\/\ﬁ N

/\

1 mmol of 13 and 1 mmol of 4-(isoxazol-3-yloxy)-N,N-dimethylbut-2-yn-1-amine were
dissolved in acetonitrile (30 ml) and refluxed for 2-3 days in the presence of a catalytic
amount of KI/K.COs (1:1). After the reaction was completed (TLC monitoring, eluent: 0.2 M
agqueous NH4NOs/CH3OH 2:3), a small amount of the solvent was evaporated. The obtained
precipitate was filtered and recrystallized from acetonitrile and ethanol. The precipitate was
filtered, washed with diethylether, and dried in vacuo to give the product Isox-8-naph as light
brown powder in 68% yield. mp 166 °C. *H NMR (DMSO-ds): 1.24 (s, 6H, C(CHs),), 1.31 (br
S, 8H, *N(CH>).CH2 / *N(CH2)3CH), 1.66 (br, 2H, *NCH>CH,), 1.72 (br, 2H, *NCH>CH>), 3.10
(s, 6H, "N(CHa)2), 3.18 (s, 6H, *N(CHs3).), 3.40 (br, 4H, "NCH>), 3.48 (s, 2H, *NCH.), 4.13 (s,
2H, NimigeCH2), 4.54 (s, 2H, *NCH.C=C), 5.10 (s, 2H, C=CCH0), 6.43 (d, 1H, CHaisox, J =
1.8), 7.89 (m, 2H, arom.), 8.49 (m, 4H, arom.), 8.75 (d, 1H, CHsisox, J = 2.0). *C NMR
(DMSO-de): 21.9 / 22.2 (*NCH2CH; 2x), 25.7 (C(CHs)2 / C(CHs)2), 25.8 (*N(CH2)sCH: 2x),
28.3 (*N(CH2)2CHy), 28.4 (*N(CH>).CH2), 49.1 (NimieeCH2), 49.9 (*N(CHs)2), 52.1 (*N(CHs).),
53.4 (*NCH.C=C), 57.7 (C=CCH,), 63.2 (*NCH,), 67.5 (*NCHz), 71.7 (CH:N*), 76.6
(C=CCH:0), 86.2 (*NCH:C=C), 96.2 (CHuaisox), 122.4 (Cnapntn), 127.4 (CHnaphtn), 127.6
(Cnapnth), 131.1 (CHnaphtn), 134.5 (Cnapnth), 134.5 (CHnaphtn), 162.2 (Cisox), 164.8 (C=0), 170.5
(CHsisox). MS (ESI) m/z [M]?* Calcd for CssHsoN4O4%*: 600.4. Found: 300.4.
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4. Synthesis of orthosteric/orthosteric hybrids to control partial

agonism

1. Introduction

The G-protein coupled receptors (GPCRS) belong to one of the largest protein superfamily
within most mammals and are organized in five main families, termed Glutamate, Rhodopsin,
Adhesion, Fizzled/Taste2, and Secretin (GRAFS). All GPCRs share a common seven-
transmembrane (7TM) topology.}? They mediate cellular responses to a variety of
extracellular signals like neurotransmitter, hormones and physical stimuli such as light.®
Downstream signaling mediated by GPCRs is fundamental for most physiological processes,
such as neurological, cardiovascular, endocrine or reproductive functions, making this
superfamily an interesting target for therapeutic intervention.® Therefore, a detailed
understanding of GPCR structures and function is unalterable. Recently, the muscarinic
acetylcholine receptors (MAChR) were crystallized and their structure solved.*” mAChRs are
divided in five subtypes (M1 — Ms) due to the diversity of their amino acid sequence. Iperoxo 1
(Figure 1, A), known as superagonist at the muscarinic receptors®, was crystallized at the M
receptor. The x-ray structure indicates an interaction of iperoxo 1 at the orthosteric binding

site and provides important insights into the activation mechanism.®

Agonists, binding to the orthosteric site, can be subdivided as full or partial agonists,
depending on the degree of receptor activation. In contrast to classical full agonists, partial
agonists are interesting drug candidates due to less mediated side effects. Well known
partial agonists are salbutamol, a B,-sympathomimetic drug, or buprenorphine, acting in the

treatment of bronchial asthma?® and pain®, respectively.

Beside agonists, also antagonists such as atropine 3 (isolated from belladonna plants) and
scopolamine 4 (Figure 1, A) are known as drugs acting at the muscarinic orthosteric binding
site. The orientation of the epoxide group in scopolamine forces another orientation of the
tropane ring system in the orthosteric binding pocket in comparison to atropine.'* Moreover,
besides the orthosteric binding site many GPCRs also contain a topographically distinct
12,13

allosteric binding site. Therefore, not only classical orthosteric drugs but also allosteric

and dualsteric***® ligands can influence receptor function.

It is presumed that the design of dualsteric compounds can lead to drugs, addressing and
stabilizing distinct receptor conformations in a predictable way. This concept is known as
“dynamic ligand binding” describing the degree of GPCR activation (partial agonism) as well

as biased agonism.'” The M, selective bipharmacophoric ligand iper-6-naph 5 (Figure 1, A),
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comprising of an orthosteric agonistic moiety (iper) and an allosteric inverse agonist (naph)
linked via a hexamethylene chain was found to act as partial agonist. This
orthosteric/allosteric hybrid is able to stabilize active receptor states in a dualsteric binding
pose (i.e. bitopic orthosteric/allosteric) or can stabilize inactive receptor states in a purely
allosteric binding pose. The degree of partial agonism depends on the level of binding and is
defined as the relationship of active versus inactive receptor populations.!” Due to dynamic
ligand binding it is not compulsory to design orthosteric/allosteric bipharmacophoric ligands
in order to generate partial agonism. This principle should also work with bipharmacophoric
ligands consisting of orthosteric/orthosteric ligands providing that the two ligands differ in
their intrinsic efficacy (agonist/antagonist) for receptor activation (Figure 1, B).

In this context, othosteric/orthosteric bipharmacophoric ligands were synthesized consisting
of the orthosteric superagonist iperoxo®® 1, which activates all subtypes of the muscarinic

1920 or isoxazole® 2 and of an orthosteric antagonist, atropine 3 and scopolamine 4,

receptor
respectively. Both pharmacophores were linked by different alkyl chain length.
Pharmacological investigations should provide information about the extent of partial

agonism of the newly designed orthosteric/orthosteric hybrids.

2. Results and discussion
2.1 Chemistry

To obtain orthosteric/orthosteric hybrid compounds, the orthosteric agonist iperoxo or
isoxazole was connected to an orthosteric antagonist, atropine and scopolamine,
respectively. Commercially available atropine 3 was reacted with the corresponding
dibromoalkane in acetonitrile at room temperature (C4, C6, and C8) or at 68 °C (C10) to yield
the intermediates 6-C4 to 6-C10 in 43-89% yield. The reaction using 1,4-dibromobutane was
carried out according to known procedure.?? In analogy, for the synthesis of the scopolamine
intermediates 7-C4 to 7-C10, free scopolamine base 4 reacted with the corresponding
dibromoalkane in acetonitrile at room temperature yielding 7-C4 to 7-C10 in 35-87%. These
reactions last days to weeks and cannot be speeded up by heating up to 95 °C or using
microwave assisted reactions. For the preparation of the final iperoxo/atropine hybrids 8-C4
to 8-C10, isoxazole/atropine hybrids 10-C4 to 10-C10, iperoxo/scopolamine hybrids 9-C4 to
9-C10, and isoxazole/scopolamine hybrids 11-C4 to 11-C10, the intermediates 6-Cn and 7-
Cn were connected to the base of iperoxo 1'® and to the base of isoxazole 2%,

respectively, in the presence of KI/K,COs3 in acetonitrile (Scheme 1).
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(A)

”
N
_N o) = N N O\/\N/ X OH
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X

: 3 (Atropine)
O: 4 (Scopolamine)

- Br O O
B
: W N T
/\/\/\/
o /\/ N\ +
(@]
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o 5 (Iper-6-Naph)
(B)
Dynamic bipharmacophoric ligands
- Encodes antagonism A
A 4 Encodes agonism v
Ortho/allo = dual Ortho/ortho
[
v
K, Kg
A
| -
Active poses A\ — Inactive poses
G

|

Partial agonism

Figure 1. Concept of dynamic ligand binding. (A) Structures of orthosteric agonists’ base of iperoxo 1
and base of isoxazole 2, orthosteric antagonists’ atropine 3, scopolamine 4, and dualsteric ligand iper-
6-naph 5. (B) Bipharmacophoric ligand binding to the receptor. Compounds consist either of ortho/allo
ligands (green triangle and red rectangle) or ortho/ortho ligands (green and red triangle), linked to one
agonistic (green) and one antagonistic (red) moiety. The dualsteric ligands can bind in two different
binding poses: either in the active, stabilizing pose (activation of the G-protein) or in the inactive pose
(no activation of the G-protein).?® Abbreviations: allo, allosteric; dual, dualsteric; G, G-protein; ortho,

orthosteric.
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Scheme 1: Reaction scheme of the iperoxo/isoxazole-atropine/scopolamine hybrids 8-Cn, 9-Cn, 10-

Cn, and 11-Cn.
[
N
g—:s OH
X———
o + Br—(CHz)n—Br
o n=4,6,8,10
X=-:3
X=0:4
a/b
Br
/
Br—(CH,);—N¥,
OH
X/
(0]
X=-:6-Cn
X=0:7-Cn ©
/ x
Br Br_ : -
/

¥
O/N\ \ 5 OH
X=#¥, 43
6

(o}

Br Br
I!l (CHy) N/+
Pz T(CH) NIy »
O/\ -
__ = 43
6 7 0

-:10-Cn

0O:11-Cn ©

X
X

| Cn = C4: Butyl; C6: Hexyl; C8: Octyl; C10: Decyl |

Reagents and conditions: a) CHsCN, rt., 68 °C; b) CH3CN, rt.; c) base of iperoxo 1, KI/K2COs, CH3CN,
80 °C (microwave); d) base of isoxazole 2, KI/K2COz, CH3CN, 80 °C (microwave).

Using only a 1:1 ratio of base of scopolamine 4 to 1,4-dibromobutane instead of an excess of

the connecting chain led to the homodimeric side product 12 in 27% yield (Scheme 2).

118



Synthesis of orthosteric/orthosteric hybrids to control partial agonism

Scheme 2: Reaction procedure of the scopolamine/scopolamine dimer 12.

| ’\/\_
N
oﬁ OH . g8 2

o]
o )6
Reagents and conditions: a) CHsCN, rt.

2.2 Stereochemistry

Tropine, a building block of atropine and scopolamine, respectively, are known to epimerize
via inversion at the nitrogen atom in solution, resulting in either a syn or anti position of the
methyl group.?* By means of NMR spectroscopy, it was found out, that the tropine free base
has a 20 time higher preference of the anti position of the methyl group which is in line with
tropine-derivatives such as atropine.”®> However, in scopolamine an axial position of the

methyl group is favored due to the repulsive interactions with the epoxy group (Figure 2).2°

For docking and binding experiments the position of the methyl group as well as the position
of the linker at the nitrogen atom is pivotal to know. Therefore, the herein synthesized final
compounds were investigated in *H NMR and NOESY experiments. The latter utilizes the
nuclear Overhauser effect NOE between the N-methyl and the tropine protons. The NOESY
spectra confirm interactions between N-methyl hydrogens and the exo tropine protons at C-2
and C-4, concluding that the methyl group of the hybrid compounds are predominantly in syn
and the alkyl chain linker moiety in anti position (Figure 2). This is in line with the results for

dualsteric atropine and scopolamine related compounds found earlier by Schmitz et al.**
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Atropine Scopolamine
axial
attack
l C‘:H3
HaC o™ equatorial
NG 2 attack > INNL_2
5 OH \5% OH
413 0L 413
6 ' O 6 O
O O
antilequatorial position favored syn/axial position favored

Hybrid compounds

Br  Br NOE
| CHay
— —N +
N o F NN
o > 5 OH
Xz, 43
6 (0]
(0]
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Figure 2: Depiction of the favored methyl group position (syn or anti) in atropine, scopolamine, and in
the hybrid compounds, including nuclear Overhauser effect NOE interactions.

2.3 Pharmacology

The iperoxo/atropine hybrids 8-C4 to 8-C10 were investigated for their extent of partial
agonism at the M. receptor in the working group of PD Dr. Trankle and Prof. Dr. Mohr by
Paul Bannenberg (Pharmacology and Toxicology, Institute of Pharmacy, University of Bonn,
Germany). [**S]GTPyS experiments as well as [*H]NMS and [*H]iperoxo radioligand binding
experiments were performed on cell homogenates of CHO cells stably expressing M-
MAChRs (CHO-hM).

2.3.1 [®*S]GTPyS binding measurements on the hM. receptor

[**S]GTPyS experiments of iperoxo-Cy-atropine (8-C4 to 8-C10) (Figure 3, A) showed a
linker chain length dependent degree of receptor activation. In general, the shorter the linker
chain length, the higher the cell response. The short linked hybrids bind more probably with
their agonistic moiety (iperoxo) to the receptor, whereas the long linked hybrids prefer

binding with their inverse agonistic moiety (atropine), resulting in a lower upper plateau.
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2.3.2 [*HINMS and [*H]iperoxo binding experiments on the hM; receptor

Using [*H]NMS in radioligand binding experiments of iperoxo-Cy-atropine (8-C4 to 8-C10), no
influence on the binding affinity was observed, indicating that the agonistic and inverse
agonistic part bind in the same ratio to the receptor. Using the radioligand [*H]iperoxo, the
binding of the agonistic moiety (iperoxo) is favoured, resulting in increased binding affinities
(left shift of the binding curve) (Figure 3, B).

Taken together, the iperoxo-Cy-atropine hybrids show two different binding modes at the M

receptor depending on their linker chain length.

Further pharmacological investigations with respect to isoxazole/atropine hybrids,

iperoxo/scopolamine hybrids, and isoxazole/scopolamine hybrids at the M, receptor are still

in process.
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.
o 1004 B A,
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Figure 3: Radioligand binding studies. (A) M2 receptor-mediated G protein activation reflected by
[¥3S]GTPyS binding in CHO-hM:2 cell homogenates. Maximum Gi protein activation by iperoxo was set
to 100%. (B) [BHJNMS and [3H]iperoxo binding experiments in CHO-hM2 homogenates. Upper plateau
was set to 100%.
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3. Material and methods
3.1 Chemistry

Chemicals were of analytical grade and purchased from Aldrich (Steinheim, Germany) and
Merck (Darmstadt, Germany). Microwave provided reactions were accomplished on a MLS-
rotaPREP instrument (Milestone, Leutkirch, Germany). Melting points were determined on a
Stuart melting point apparatus SMP3 (Bibby Scientific, UK) and are uncorrected. FT-IR
spectra were recorded on a Jasco FT-IR-6100 spectrometer (Gross-Umstadt, Germany)
equipped with a diamond-ATR-unit. *H (400.132 MHz) and **C (100.613 MHz) NMR spectra
were recorded on a Bruker AV 400 instrument (Bruker Biospin, Ettlingen, Germany). As
internal standard, the signals of the deuterated solvent were used (DMSO-ds: *H 2.50 ppm,
13C 39.52 ppm). Abbreviation for data quoted are: s, singlet; d, doublet; t, triplet; g, quartet;
m, multiplet; b, broad; dd, doublet of doublets; dt, doublet of triplets; tt, triplet of triplets; tq,
triplet of quartets. Coupling constants (J) are given in Hz. NOESY experiments were
acquired using the noesytp program on a Bruker Avance lll 400 MHz spectrometer, with a
mixing time of 1 s. The number of scans as well as the number of dummy scans was 16. The
relaxation delay was 3 s, time domain size 2048, acquisition time 0.331776 s, the transmitter
frequency offset 4.28 ppm, spectral width 7.71 ppm. ESI mass spectra of the novel
compounds were measured on an Agilent LC/MSD Trap G2445D instrument (Waldbronn,
Germany). Data are reported as mass-to-charge ratio (m/z) of the corresponding positively
charged molecular ions. The purities of the new compounds 8-C4, 10-C4, 10-C8, 10-C10, 9-
C10, 11-C8 (confirming purity 290%) and 8-C6, 8-C8, 8-C10, 10-C6, 9-C4, 9-C6, 9-C8, 11-
C4, 11-C6, 11-C10, 12 (confirming purity 295%) were measured on an Agilent 1100 series
system with UV detector, using a C18 reversed-phase (Knauer, Germany) (150 x 4.6 mm)
column. The mobile phase (MeOH/phosphate buffer = 70:30) was used at a flow rate of 1.5
mL/min, detecting at 210.0 nm. The synthesis of the base of iperoxo 1'**° and the base of

219,21

isoxazole were prepared according to literature known procedures.

3.1.1 General procedure for the synthesis of the atropine derivatives 6-C4, 6-C6, 6-

C8, and 6-C10
Atropine 3 (1.50 g, 5.18 mmol) was dissolved with heating (60 °C) in 15 mL acetonitrile and
treated with 1,4-dibromobutane (3.69 mL, 30.8 mmol), 1,6-dibromohexane (4.74 mL,
30.8 mmol), 1,8-dibromooctane (5.67 mL, 30.8 mmol), and 1,10-dibromodecane (13.8 mL,
61.6 mmol), respectively. The solution was held at room temperature for 3 d (C4), 7 d (C6

and C8) and at 68 °C for 3 d (C10). The crude products were purified as follows:
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a) After addition of hexane (45 mL), a thick solid precipitated at the bottom of the flask.
The solvent was decanted and the residue was dissolved in acetonitrile with heating.
The solution was kept in the fridge overnight. The precipitate obtained was filtered
and washed with acetonitrile to afford 6-C4 and 6-C8.

b) The solution was added dropwise to heated tert-butylmethylether (50 °C). A white
solid was obtained on the bottom of the flask. The solvent was decanted and the

residue was dried in vacuo to obtain 6-C6.

c) After addition of diethyl ether, a thick solid was built on the bottom of the flask. The
solvent was decanted and the crude product was recrystallized several times in

diethyl ether. The obtained white solid was dried in vacuo to afford 6-C10.

(1R,3r,5S,8s)-8-(4-Bromobutyl)-3-((3-hydroxy-2-phenylpropanoyl)oxy)-8-methyl-8-
azabicyclo[3.2.1]octan-8-ium bromide 6-C4

White, hygroscopic solid; yield 43%; mp 159.7-162.6 °C; IR (ATR): 3264, 2953, 2876, 1714,
1469, 1455, 1431 cm™; 'H NMR (DMSO): 1.66-1,70 (m, 2H, H-2,4¢q), 1.79-1.88 (m, 5H, Br-
CHa,-CH2/CH2-CH,-*NCHa/H-6,7), 2.09-2.22 (m, 3H, H-6,7), 2.54-2.58 (m, 2H, H-2,44), 3.04
(s, 3H, *NCHs), 3.21 (t, 2H, CH2-*NCHs, J = 7.8), 3.58 (t, 2H, Br-CHy, J = 6.4), 3.66-3.71 (m,
1H, CH,-OH), 3.79-3.87 (m, 3H, CHpheny/H-1,5), 3.95-4.01 (m, 1H, CH>-OH), 5.00 (t, 1H, H-3,
J =5.4),5.08 (t, 1H, OH, J = 5.2), 7.27-7.37 (M, 5H, CHpheny)). **C NMR (DMSO): 20.5, 24.0,
24.3, 29.0, 31.5, 31.6, 34.0, 40.1, 54.1, 59.3, 62.9, 63.4, 64.8, 65.0, 127.4, 128.1, 128.6,
136.1,171.2.

(1R,3r,5S,8s)-8-(6-Bromohexyl)-3-((3-hydroxy-2-phenylpropanoyl)oxy)-8-methyl-8-
azabicyclo[3.2.1]octan-8-ium bromide 6-C6

White, hygroscopic solid; yield 89%; mp 61.5-65.7 °C; IR (ATR): 3297, 2938, 2864, 1724,
1454, 1433 cm?; 'H NMR (DMSO): 1.26-1.46 (m, 4H, Br-CH,-CH,-CH2/CH,-CH,-CH,-
*NCHs), 1.61-1,69 (m, 3H, H-2,4¢q/Br-CH,-CHy), 1.78-1.87 (m, 4H, Br-CH,-CH2/CH,-CH»-
*NCHs/H-6,7), 2.06-2.26 (m, 3H, H-6,7), 2.54-2.59 (m, 2H, H-2,44), 3.03 (s, 3H, *NCHy),
3.15 (t, 2H, CH>-*NCHs, J = 8.4), 3.54 (t, 2H, Br-CH;, J = 6.4), 3.66-3.71 (m, 1H, CH>-OH),
3.79-3.82 (m, 2H, H-1,5), 3.85-3.89 (m, 1H, CHpheny)), 3.95-4.01 (m, 1H, CH2-OH), 5.00 (t, 1H,
H-3, J = 5.6), 5.08 (t, 1H, OH, J = 5.6), 7.27-7.37 (M, 5H, CHpheny). 3C NMR (DMSO): 21.3,
24.0, 24.2, 24.8, 27.0, 31.5, 31.5, 31.8, 34.9, 54.1, 60.2, 62.8, 63.4, 64.5, 64.8, 127.3, 128.0,
128.5, 136.0, 171.1.
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(1R,3r,5S,8s)-8-(8-Bromooctyl)-3-((3-hydroxy-2-phenylpropanoyl)oxy)-8-methyl-8-
azabicyclo[3.2.1]octan-8-ium 6-C8

White, hygroscopic solid; yield 89%; IR (ATR): 3287, 2928, 2856, 1724, 1454, 1433 cm™; 1H
NMR (DMSO): 1.24-1.41 (m, 8H, Br-CHz-CH2-CHz-CH2/CH,-CH>-CH2-CH»-*NCHs), 1.60-1,69
(m, 3H, H-2,4¢q/Br-CH,-CHy), 1.76-1.87 (m, 4H, Br-CH>-CH2/CH>-CH,-*NCHas/H-6,7), 2.09-
2.26 (m, 3H, H-6,7), 2.54-2.58 (m, 2H, H-2,44), 3.03 (s, 3H, *NCHs), 3.15 (t, 2H, CH2-*NCHs,
J =8.2), 3.53 (t, 2H, Br-CHz, J = 6.6), 3.66-3.71 (m, 1H, CH,-OH), 3.79-3.82 (m, 2H, H-1,5),
3.80-3.87 (M, 1H, CHghenyl), 3.95-4.01 (m, 1H, CH»-OH), 5.00 (t, 1H, H-3, J = 5.4), 5.08 (t, 1H,
OH, J = 5.0), 7.26-7.37 (m, 5H, CHpheny). *C NMR (DMSO): 21.4, 24.0, 24.2, 25.6, 27.3,
27.7, 28.3, 31.5, 31.5, 32.0, 35.1, 40.0, 54.1, 60.3, 62.8, 63.4, 64.5, 64.8, 127.3, 128.0,
128.5, 136.0, 171.1.

(1R,3r,5S,8s)-8-(10-Bromodecyl)-3-((3-hydroxy-2-phenylpropanoyl)oxy)-8-methyl-8-
azabicyclo[3.2.1]octan-8-ium bromide 6-C10

White, hygroscopic solid; yield 73%; IR (ATR): 3291, 2926, 2854, 1725, 1454, 1433 cm™; 1H
NMR (DMSO): 1.23-1.39 (m, 12H, Br-CH>-CH,-CH2-CH,-CH2/CH>-CH,-CH>-CH2-CHo-
*NCHa), 1.58-1,69 (m, 3H, H-2,4¢q/Br-CH>-CH), 1.75-1.87 (m, 4H, Br-CH>-CH,/CH,-CHa-
*NCH3/H-6,7), 2.06-2.25 (m, 3H, H-6,7), 2.52-2.59 (m, 2H, H-2,44), 3.03 (s, 3H, *NCHs),
3.13-3.17 (m, 2H, CH2-*NCHs), 3.52 (t, 2H, Br-CH,, J = 6.8), 3.66-3.70 (m, 1H, CH.>-OH),
3.78-3.89 (m, 3H, H-1,5/CHgneny), 3.96-4.00 (m, 1H, CH,-OH), 5.00 (t, 1H, H-3 J = 5.6), 7.26-
7.37 (M, 5H, CHpheny). *C NMR (DMSO): 21.5, 24.0, 24.2, 25.7, 27.4, 27.9, 28.4, 28.6, 28.6,
31.5, 31.5, 32.1, 35.1, 40.0, 54.1, 60.3, 62.8, 63.4, 64.5, 64.8, 127.3, 128.0, 128.5, 136.0,
171.1.

3.1.2 General procedure for the synthesis of the scopolamine derivatives 7-C4, 7-

C6, 7-C8, and 7-C10
The free base of scopolamine 4 was achieved by solving scopolamine hydrobromide
trinydrate in water and addition of 1 M aqueous sodium hydroxide solution to adjust a pH
value of 11. This solution was extracted with dichloromethane. The combined organic phases
were dried over Na SO.. The solvent was evaporated in vacuo to obtain the free base of

scopolamine as a white viscous oil.

The base of scopolamine 4 (1.76 g, 5.79 mmol) was dissolved with heating (60 °C) in 20 mL
acetonitrile and treated with 1,4-dibromobutane (4.69 mL, 39.1 mmol), 1,6-dibromohexane
(3.79 mL, 24.6 mmol), 1,8-dibromooctane (7.25 mL, 39.4 mmol), and 1,10-dibromodecane
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(8.85 mL, 39.4 mmol), respectively. The solution was stirred at room temperature for 34 d in
a sealed pressure tube. A fine white precipitate was obtained. This suspension was dropwise
added to cold diethylether and the suspension was kept in the fridge overnight. A white
precipitate is obtained at the bottom of the flask. The solvent was decanted and the residue
was dried in vacuo to obtain the desired compounds.

(1R,2R,4S,5S,7s,9S)-9-(4-Bromobutyl)-7-(((S)-3-hydroxy-2-phenylpropanoyl)oxy)-9-methyl-
3-oxa-9-azatricyclo[3.3.1.0>4Jnonan-9-ium bromide 7-C4

White, hygroscopic solid; yield 87%; IR (ATR): 3330, 3057, 2958, 2878, 1724, 1466, 1453,
1435 cm?; *H NMR (DMSO): 1.73-1.82 (m, 4H, Br-CH,-CH2/CH,-CH2-*NCHg), 1.91-1.95 (m,
2H, H-2,4.q), 2.57-2.68 (m, 2H, H-2,4.), 3.04 (s, 3H, *NCHs), 3.53-3.59 (m, 4H, CH>-
*NCHa/Br-CH), 3.66-3.79 (m, 3H, H-6,7/CH2-OH), 3.94-4.01 (m, 2H, CHpheny/CH2-OH), 4.17
(d, 1H, H-1,5, J = 2.4), 4.21 (d, 1H, H-1,5, J = 2.4), 5.02 (t, 1H, H-3, J = 6.0), 5.11 (t, 1H, OH,
J = 5.2), 7.26-7.35 (M, 5H, CHghenyt). °C NMR (DMSO): 20.7, 28.1, 28.8, 33.8, 44.4, 53.4,
53.6, 54.0, 62.0, 62.8, 62.8, 63.0, 66.8, 127.3, 128.1, 128.4, 136.0, 170.8.

(1R,2R,4S,5S,7s,95)-9-(6-Bromohexyl)-7-(((S)-3-hydroxy-2-phenylpropanoyl)oxy)-9-methyl-
3-oxa-9-azatricyclo[3.3.1.0**Jnonan-9-ium bromide 7-C6

White, hygroscopic solid; yield 73%; IR (ATR): 3330, 3058, 2936, 2863, 1725, 1467, 1454,
1436 cm?; *H NMR (DMSO): 1.19-1.27 (m, 2H, Br-CH,-CH,-CH;), 1.37-1.44 (m, 2H, CHy-
CH,-CH2-*NCHpgs), 1.63-1.94 (m, 6H, H-2,4¢q/Br-CH>-CH2/CH,-CH,-*NCHg), 2.55-2.66 (m, 2H,
H-2,44), 3.02 (s, 3H, *"NCHj3), 3.49-3.55 (m, 4H, Br-CH,/CH>-*"NCHjs), 3.66-3.80 (m, 3H, H-
6,7/CH2-OH), 3.94-4.00 (m, 2H, CHgpheny/CH2-OH), 4.16 (d, 1H, H-1,5, J = 2.4), 4.20 (d, 1H,
H-1,5, J = 2.4), 5.02 (t, 1H, H-3, J = 6.0), 5.11 (t, 1H, OH, J = 5.2), 7.27-7.36 (m, 5H,
CHphenyt). *°C NMR (DMSO): 21.6, 24.6, 26.9, 28.1, 31.7, 34.9, 44.3, 53.5, 53.6, 54.0, 62.1,
62.7,62.9, 62.8, 67.7, 127.4, 128.1, 128.5, 136.0, 170.8.

(1R,2R,4S,5S,7s,9S)-9-(8-Bromooctyl)-7-(((S)-3-hydroxy-2-phenylpropanoyl)oxy)-9-methyl-
3-oxa-9-azatricyclo[3.3.1.04lnonan-9-ium bromide 7-C8

White, hygroscopic solid; yield 56%; IR (ATR): 3304, 2928, 2856, 1725, 1454, 1436 cm™; 1H
NMR (DMSO): 1.20-1.22 (m, 2H, Br-CHz-CHz-CHy), 1.27-1.30 (m, 4H, Br-CHz-CHz-CHo-
CH2/CH2-CH2-CH2-CH2-*NCHs), 1.34-1.39 (m, 2H, CH-CH-*NCHs), 1.63-1.94 (m, 6H, H-
2,4¢q/Br-CH,-CHo/CH,-CH2-CHo-*NCH3), 2.57-2.67 (m, 2H, H-2,44), 3.04 (s, 3H, *NCHs),
3.50-3.54 (m, 4H, Br-CH,/CH,-*NCHj3), 3.66-3.80 (m, 3H, H-6,7/CH,-OH), 3.94-3.99 (m, 2H,
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CHpneny/CH2-OH), 4.18 (d, 1H, H-1,5, J = 2.4), 4.22 (d, 1H, H-1,5 J = 2.4), 5.03 (t, 1H, H-3, J
= 6.0), 5.11 (t, 1H, OH, J = 5.4), 7.26-7.34 (M, 5H, CHoneny). °C NMR (DMSO): 21.6, 25.4,
27.2,27.6, 28.1, 28.1, 32.0, 35.1, 44.3, 53.4, 53.6, 54.0, 62.0, 62.7, 62.8, 67.7, 127.3, 128.1,
128.4, 136.0, 170.8.

(1R,2R,4S,5S,7s,9S)-9-(10-Bromodecyl)-7-(((S)-3-hydroxy-2-phenylpropanoyl)oxy)-9-methyl-
3-oxa-9-azatricyclo[3.3.1.04lnonan-9-ium bromide 7-C10

Transparent, hygroscopic solid; yield 35%; IR (ATR): 3337, 2925, 2854, 1726, 1467, 1454,
1436 cm?; *H NMR (DMSO): 1.16-1.22 (m, 2H, Br-CH,-CH,-CH>), 1.23-1.30 (m, 8H, Br-CH,-
CH2-CH,-CH2-CH2/CH,-CH2-CH2-CH2-CH2-"NCH3), 1.34-1.39 (m, 2H, CH2-CH>-"NCHa3),
1.62-1.94 (m, 6H, H-2,4¢q/Br-CH2-CH,/CH>-CH2-CH>-*NCH3), 2.57-2.67 (m, 2H, H-2,4a),
3.04 (s, 3H, *NCHgs), 3.50-3.55 (m, 4H, Br-CH,/CH,-*NCHj3), 3.66-3.81 (m, 3H, H-6,7/CH-
OH), 3.94-3.99 (m, 2H, CHpheny/CH2>-OH), 4.19 (d, 1H, H-1,5, J = 2.5), 4.23 (d, 1H, H-1,5, J =
2.4), 5.03 (t, 1H, H-3, J =5.8), 5.11 (dd, 1H, OH, J = 4.7 Hz, J = 5.8 Hz), 7.26-7.34 (m, 5H,
CHpheny)). *C NMR (DMSO): 21.6, 25.5, 27.4, 27.9, 28.1, 28.3, 28.6, 28.5, 32.1, 35.1, 44.3,
53.4, 53.6, 54.0, 62.0, 62.7, 62.8, 67.7, 127.3, 128.1, 128.4, 136.0, 170.8.

3.1.3 General procedure for the synthesis of the atropine/iperoxo hybrids 8-C4, 8-

C6, 8-C8, and 8-C10, atropinef/isoxazole hybrids 10-C4, 10-C6, 10-C8, and

10-C10, scopolamine/iperoxo hybrids 9-C4, 9-C6, 9-C8, and 9-C10, and
scopolamine/isoxazole hybrids 11-C4, 11-C6, 11-C8, and 11-C10

To a solution of 1 equiv of 6-C4, 6-C6, 6-C8, 6-C10, 7-C4, 7-C6, 7-C8, and 7-C10 in 10-

15 mL acetonitrile, 2 equiv of the base of iperoxo 1*° and of the base of isoxazole 2,'°

respectively, and a catalytic amount of KI/K.CO3 (1:1) were added. The reaction mixture was

heated in the microwave (500 W, 80 °C) for 8 h. After cooling to room temperature the

surplus of KI/K.COs; was filtered and the solvent was evaporated to half volume. After

addition of diethyl ether the solution was kept in the fridge overnight. An oily precipitate was

built at the bottom of the flask. The solvent was decanted and the residue was dried in

vacuo. If the product was still not pure, the residue was dissolved in acetonitrile and

recrystallized in diethyl ether.

(1R,3r,5S,8s)-8-(4-((4-((4,5-Dihydroisoxazol-3-yl)oxy)but-2-yn-1-yl)dimethylammonio)butyl)-
3-((3-hydroxy-2-phenylpropanoyl)oxy)-8-methyl-8-azabicyclo[3.2.1]octan-8-ium bromide 8-C4

Yellow, hygroscopic solid; yield 14%; IR (ATR): 3386, 2956, 1723, 1625, 1468, 1434,
140 cm?; H NMR (DMSO): 1.67-1.89 (m, 7H, H-2,4eq/H-6,7/"N(CHa)2-CHa-CH2/CHo-CH,-
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*NCHs), 2.10-2.29 (m, 3H, H-6,7), 2.55-2.60 (m, 2H, H-2,4a), 2.97-3.14 (m, 11H,
*N(CHa)2/*NCHa/H-421504), 3.22-3.26 (m, 2H, CHo-"NCHs), 3.44 (t, 2H, *N(CHs)2-CHz, J = 7.6),
3.67-3.72 (m, 1H, CH,OH), 3.79-3.83 (m, 2H, H-1,5), 3.89-3.90 (M, 1H, CHpneny), 3.96-4.02
(M, 1H, CHOH), 4.33 (t, 2H, H-52i50x, J = 9.6), 4.53 (s, 2H, *N-CH,-C=), 4.95 (s, 2H, =C-CHo-
0), 5.01 (t, 1H, H-3, J = 5.4), 5.08 (t, 1H, OH, J = 5.2), 7.27-7.37 (M, 5H, CHpheny). *C NMR
(DMSO): 18.8, 19.1, 23.9, 24.2, 31.4, 31.5, 32.2, 40.1, 49.7, 53.6, 54.0, 57.2, 59.4, 62.3,
62.8, 63.3, 64.8, 65.0, 69.5, 76.0, 86.0, 127.3, 128.0, 128.5, 136.0, 166.7, 171.1. MS (ESI)
m/z [M+H]?*" Calcd for CzoHasN3Os?": 262.7. Found: 263.5. HPLC purity 91.1%. Impurity:

traces of the base of iperoxo 1.

(1R,3r,5S,8s)-8-(6-((4-((4,5-Dihydroisoxazol-3-yl)oxy)but-2-yn-1-yl)dimethylammonio)hexyl)-

3-((3-hydroxy-2-phenylpropanoyl)oxy)-8-methyl-8-azabicyclo[3.2.1]octan-8-ium bromide 8-C6
Yellow, hygroscopic solid; yield 37%; IR (ATR): 3385, 2940, 1723, 1625, 1468, 1434,
1400 cm?; HNMR (DMSO): 1.29-1.37 (m, 4H, *N(CHs;)2-CH2-CH>-CH2/CH2-CH,-CH,-
*NCHgs), 1.67-1,88 (m, 7H, H-2,4¢q/H-6,7/*"N(CH3)2-CH2-CH2/CH,-CH»-*NCH3s), 2.07-2.23 (m,
3H, H-6,7), 2.53-2.60 (m, 2H, H-2,4a), 2.95-3.05 (M, 11H, *N(CHa)2/*NCHas/H-42.is0x), 3.13-
3.20 (m, 2H, CH2-*NCHs), 3.34-3.39 (m, 2H, *N(CHs).-CH,), 3.67-3.72 (m, 1H, CH>-OH),
3.79-3.82 (m, 2H, H-1,5), 3.87-3.88 (m, 1H, CHpheny)), 3.96-4.02 (m, 1H, CH2-OH), 4.32 (t, 2H,
H-52.s0x, J = 9.6), 4.49 (s, 2H, *N-CH2-C=), 4.94 (s, 2H, =C-CH»-0), 5.01 (t, 1H, H-3 J = 5.4),
5.08 (t, 1H, OH, J = 5.2), 7.27-7.37 (m, 5H, CHpneny). *C NMR (DMSO): 21.3, 21.5, 25.1,
25.1, 31.5, 31.5, 32.2, 40.1, 49.7, 53.2, 54.1, 57.1, 59.5, 62.9, 62.9, 63.4, 64.6, 64.8, 69.5,
76.1, 85.9, 127.3, 128.0, 128.5, 136.0, 166.6, 171.1. MS (ESI) m/z [M]* Calcd for
C32H19N30s2*: 277.7. Found: 277.7. HPLC purity 95.9%.

(1R,3r,5S,85s)-8-(8-((4-((4,5-Dihydroisoxazol-3-yl)oxy)but-2-yn-1-yl)dimethylammonio)octyl)-

3-((3-hydroxy-2-phenylpropanoyl)oxy)-8-methyl-8-azabicyclo[3.2.1]octan-8-ium bromide 8-C8
Yellow, hygroscopic solid; yield 6%; IR (ATR): 3394, 2929, 2858, 1724, 1625, 1466,
1434 cm?; *H NMR (DMSO): 1.22-1.42 (m, 8H, *N(CHz3)2-CH2-CH,-CH2-CH2/CH2-CH,-CHo-
CH,-*NCHg), 1.59-1,88 (m, 7H, H-2,4¢q/H-6,7/*"N(CHs)2-CH2-CH2/CH2-CH2-*NCH3s), 2.08-2.22
(m, 3H, H-6,7), 2.54-2.60 (M, 2H, H-2,44), 2.93-3.09 (m, 11H, *N(CHs3s)2/*"NCHas/H-42.is0x),
3.12-3.15 (m, 2H, CH>-*NCHs), 3.33-3.36 (m, 2H, *N(CHs)2-CHy), 3.67-3.72 (m, 1H, CHa-
OH), 3.78-3.82 (m, 2H, H-1,5), 3.84-3.86 (m, 1H, CHpneny), 3.95-4.02 (m, 1H, CH>-OH), 4.32
(t, 2H, H-52.s0x, J = 9.6), 4.44 (s, 2H, *N-CH,-C=), 4.94 (s, 2H, =C-CH»-0), 5.00 (t, 1H, H-3, J
= 5.4), 5.08 (t, 1H, OH, J = 5.2), 7.27-7.37 (m, 5H, CHpneny)). *C NMR (DMSO): 21.5, 21.7,
24.0, 24.2, 25.5, 25.6, 28.2, 28.3, 31.5, 31.5, 32.2, 40.0, 49.7, 53.2, 54.1, 57.1, 60.3, 62.9,
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63.0, 63.4, 64.6, 64.8, 69.5, 76.1, 85.9, 127.3, 128.0, 128.5, 136.0, 166.6, 171.1. MS (ESI)
m/z [M+H]?* Calcd for CssHs3sN3Os2*: 291.7. Found: 291.7. HPLC purity 99.3%.

(1R,3r,5S,8s)-8-(10-((4-((4,5-Dihydroisoxazol-3-yl)oxy)but-2-yn-1-
yldimethylammonio)decyl)-3-((3-hydroxy-2-phenylpropanoyl)oxy)-8-methyl-8-
azabicyclo[3.2.1]octan-8-ium bromide 8-C10

Yellow, hygroscopic solid; yield 17%; IR (ATR): 3289, 2926, 2856, 1724, 1625, 1466,
1434 cm?; *H NMR (DMSO): 1.23-1.34 (m, 12H, *N(CHj3)2-CH2-CH-CH2-CH2-CH2/CH,-CH,-
CH2-CH2-*NCHj3), 1.65-1,87 (m, 7H, H-2,4¢q/H-6,7/*N(CHs)2-CH2-CH2/CH2-CH2-*NCH3), 2.07-
2.21 (m, 3H, H-6,7), 2.52-2.58 (m, 2H, H-2,44), 2.94-3.09 (m, 11H, *N(CHj3)2/*NCH3s/H-4,.
isox), 3.14-3.18 (m, 2H, CH,-*NCH3), 3.35-3.39 (m, 2H, *N(CHs)2-CH>), 3.66-3.71 (m, 1H, CH.-
OH), 3.79-3.82 (m, 2H, H-1,5), 3.87-3.89 (m, 1H, CHpheny), 3.95-4.01 (m, 1H, CH>-OH), 4.32
(t, 2H, H-52.s0x, J = 9.6), 4.50 (s, 2H, *N-CH,-C=), 4.94 (s, 2H, =C-CH,»-0), 5.01 (t, 1H, H-3, J
= 5.6), 5.08 (t, 1H, OH, J = 5.2), 7.27-7.37 (M, 5H, CHpheny). *C NMR (DMSO): 21.5, 21.7,
24.0, 24.2, 25.6, 25.8, 28.3, 28.5, 28.6, 28.6, 31.5, 31.5, 32.2, 40.0, 49.7, 53.2, 54.1, 57.1,
60.3, 62.9, 63.0, 63.4, 64.5, 64.8, 69.5, 76.1, 85.8, 127.3, 128.0, 128.5, 136.0, 166.6, 171.1.
MS (ESI) m/z [M+H]?* Calcd for C3sHs7N3Os2*: 305.7. Found: 305.9. HPLC purity 100.0%.

(1R,3r,5S,8s)-3-((3-Hydroxy-2-phenylpropanoyl)oxy)-8-(4-((4-(isoxazol-3-yloxy)but-2-yn-1-
yl)dimethylammonio)butyl)-8-methyl-8-azabicyclo[3.2.1]octan-8-ium bromide 10-C4

Brown, hygroscopic solid; yield 60%; IR (ATR): 3312, 2955, 1721, 1578, 1482, 1429 cm™,;
'H NMR (DMSO): 1.67-1.88 (m, 7H, H-2,4¢q/H-6,7/*"N(CH3s)2-CH,-CH2/CH,-CH2-*NCH3),
2.09-2.26 (m, 3H, H-6,7), 2.50-2.60 (m, 2H, H-2,44), 3.08-3.15 (m, 9H, *N(CHz)2/*NCHs3),
3.26-3.28 (m, 2H, CH2-*NCHs), 3.44-3.48 (m, 2H, *N(CHs)2-CHy), 3.67-3.71 (m, 1H, CH--
OH), 3.79-3.83 (m, 2H, H-1,5), 3.90-3.91(m, 1H, CHpheny), 3.96-4.01 (m, 1H, CH»-OH), 4.56
(s, 2H, *N-CH»-C=), 5.01 (t, 1H, H-3, J = 5.2), 5.12 (br, 2H, OH/=C-CH>-0), 6.45 (d, 1H, H-
4isox, J = 1.6), 7.27-7.37 (M, 5H, CHpheny), 8.75 (d, 1H, H-5is0x, J = 1.6). 13C NMR (DMSO):
18.8, 19.1, 23.9, 24.2, 31.5, 31.5, 40.1, 49.7, 53.6, 54.0, 57.6, 59.4, 62.3, 62.8, 63.3, 64.8,
65.0, 76.3, 86.1, 96.0, 127.3, 128.0, 128.5, 136.1, 162.0, 170.3, 171.1. MS (ESI) m/z [M-2Br
]?* Calcd for C3oHasN3zOs?*: 262.7. Found: 263.5. HPLC purity 91.7%. Impurity: traces of the

base of isoxazole 2.

128



Synthesis of orthosteric/orthosteric hybrids to control partial agonism

(1R,3r,5S,85s)-3-((3-Hydroxy-2-phenylpropanoyl)oxy)-8-(6-((4-(isoxazol-3-yloxy)but-2-yn-1-
yl)dimethylammonio)hexyl)-8-methyl-8-azabicyclo[3.2.1]octan-8-ium bromide 10-C6

Brown, hygroscopic solid; yield 50%; IR (ATR): 3319, 2924, 1723, 1577, 1482, 1428 cmY,;
'H NMR (DMSO): 1.30 (br, 4H, *N(CHz3)2-CH2-CH2-CH2/CH,-CH2-CH2-*NCHa), 1.66-1.87 (m,
7H, H-2,4¢q/H-6,7/*"N(CHs)2-CH2-CH2/CH2-CH2-*NCH3), 2.12-2.24 (m, 3H, H-6,7), 2.55-2.60
(m, 2H, H-2,44), 3.07-3.11 (m, 9H, *N(CHs)2/*"NCHj3), 3.17-3.21 (m, 2H, CH,-*NCHs), 3.37-
3.41 (m, 2H, "N(CHzs).-CHy), 3.66-3.70 (m, 1H, CH»-OH), 3.79-3.86 (m, 2H, H-1,5), 3.91-3.92
(m, 1H, CHpheny), 3.95-4.00 (m, 1H, CH>-OH), 4.55 (s, 2H, *N-CH>-C=), 5.01 (t, 1H, H-3,J =
5.5), 5.11 (br, 2H, OH/=C-CH,-0), 6.45 (d, 1H, H-4isox, J = 1.8), 7.26-7.36 (m, 5H, CHpneny),
8.76 (d, 1H, H-5is0x, J = 1.8). 1*C NMR (DMSO): 21.2, 21.5, 24.0, 24.2, 25.0, 25.0, 31.5, 31.5,
40.1, 49.7, 53.2, 54.0, 57.5, 60.1, 62.8, 63.4, 64.6, 64.8, 76.3, 85.9, 96.0, 127.3, 128.0,
128.5, 136.0, 162.0, 170.3, 171.1. MS (ESI) m/z [M-2Br]?* Calcd for CsHs7N3Os%*: 276.7.
Found: 277.2. HPLC purity 95.9%.

(1R,3r,5S,85s)-3-((3-Hydroxy-2-phenylpropanoyl)oxy)-8-(8-((4-(isoxazol-3-yloxy)but-2-yn-1-
yl)dimethylammonio)octyl)-8-methyl-8-azabicyclo[3.2.1]octan-8-ium bromide 10-C8

Brown, hygroscopic solid; yield 63%; IR (ATR): 3294, 2925, 2858, 1724, 1577, 1482,
1428 cm*; *H NMR (DMSO): 1.23-1.30 (m, 8H, *N(CHs),-CH,-CH,-CH2-CH/CH2-CH,-CH,-
CH2-*NCHgs), 1.65-1.90 (m, 7H, H-2,4¢q/H-6,7/*"N(CHs)2-CH2-CH2/CH2-CH2-*NCHgs), 2.08-2.25
(m, 3H, H-6,7), 2.54-2.59 (m, 2H, H-2,44), 2.96-3.10 (m, 9H, "N(CHa)2/*NCH3), 3.16-3.20 (m,
2H, CH2-"NCHzs), 3.34-3.40 (m, 2H, *N(CHzs)2-CH2), 3.66-3.71 (m, 1H, CH»-OH), 3.79-3.82
(m, 2H, H-1,5), 3.88-3.90 (m, 1H, CHpheny), 3.95-4.01 (m, 1H, CH>-OH), 4.52 (s, 2H, *N-CH>-
C=), 5.01 (t, 1H, H-3, J = 5.5), 5.07-5.10 (m, 2H, OH/=C-CH>-0), 6.44 (d, 1H, H-4isox, J =
1.8), 7.26-7.37 (m, 5H, CHpheny), 8.75 (d, 1H, H-5is0x, J = 1.8). *C NMR (DMSO): 21.5, 21.7,
24.0, 24.2, 25.4, 25.6, 28.1, 28.2, 31.5, 31.5, 40.1, 49.7, 53.1, 54.1, 57.4, 60.2, 62.8, 62.9,
63.4, 64.5, 64.8, 76.3, 85.9, 95.9, 127.3, 128.0, 128.5, 136.0, 162.0, 170.3, 171.1. MS (ESI)
m/z [M-2Br]?* Calcd for CssHs1N3Os?*: 290.9. Found: 290.9. HPLC purity 93.6%. Impurity:

traces of the base of iperoxo 1.

(1R,3r,5S,85s)-3-((3-Hydroxy-2-phenylpropanoyl)oxy)-8-(10-((4-(isoxazol-3-yloxy)but-2-yn-1-
yl)dimethylammonio)decyl)-8-methyl-8-azabicyclo[3.2.1]octan-8-ium bromide 10-C10

Brown, hygroscopic solid; yield 52%; IR (ATR): 3274, 2925, 2854, 1725, 1577, 1482 cm™;
'H NMR (DMSO): 1.23-1.27 (m, 12H, *N(CHs)2-CH2-CH2-CH>-CH.-CH2/CH>-CH,-CHa-CHo-
CH,-*NCHg), 1.65-1.87 (m, 7H, H-2,4¢q/H-6,7/N(CHz3)2-CH2-CH2/CH2-CH>-*NCHs3), 2.06-2.26
(m, 3H, H-6,7), 2.52-2.59 (m, 2H, H-2,44), 2.95-3.09 (m, 9H, *N(CHa)2/*NCH3), 3.15-3.19 (m,
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2H, CH2-*NCHs), 3.33-3.38 (m, 2H, "N(CHs),-CH,), 3.66-3.71 (m, 1H, CH,-OH), 3.79-3.82
(M, 2H, H-1,5), 3.88-3.89 (M, 1H, CHpheny), 3.95-4.01 (M, 1H, CH,-OH), 4.52 (s, 2H, *N-CHo-
C=), 5.01 (t, 1H, H-3, J = 5.5), 5.07-5.10 (m, 2H, OH/=C-CH»-0), 6.43 (d, 1H, H-4isox, J =
1.8), 7.26-7.37 (M, 5H, CHoneny), 8.75 (d, 1H, H-50x J = 1.8). 3C NMR (DMSO): 21.5, 21.7,
24.0, 24.2, 25.5, 25.7, 28.3, 28.5, 28.6, 28.6, 31.5, 31.5, 40.0, 49.7, 53.1, 54.1, 57.4, 60.3,
62.8, 63.0, 63.4, 64.5, 64.7, 76.3, 85.9, 95.9, 127.3, 128.0, 128.5, 136.0, 162.0, 170.3, 171.1.
MS (ESI) m/z [M-2Br]?* Calcd for CssHssNsOs2*: 304.7. Found: 304.9. HPLC purity 93.3%.

Impurity: traces of the base of isoxazole 2.

(1R,2R,4S,5S,7s,9S)-9-(4-((4-((4,5-Dihydroisoxazol-3-yl)oxy)but-2-yn-1-
yl)dimethylammonio)butyl)-7-(((S)-3-hydroxy-2-phenylpropanoyl)oxy)-9-methyl-3-oxa-9-
azatricyclo[3.3.1.0>*nonan-9-ium bromide 9-C4

Brown, hygroscopic solid; yield 55%; IR (ATR): 3371, 2951, 1723, 1625, 1436, 1401 cmY,;
'H NMR (DMSO): 1.68-1.97 (m, 6H, H-2,4¢q/*N(CHs)2-CH2-CH2/CH2-CH2-*NCHs), 2.59-2.70
(m, 2H, H-2,4a), 3.01-3.16 (M, 11H, *N(CHs)2/*"NCH3/H-42is0x), 3.40-3.51 (m, 2H, *N(CHa)2-
CH,), 3.59-3.61 (m, 2H, CH2-*NCHjs), 3.69-3.81 (m, 3H, H-6,7/CH>-OH), 3.95-4.03 (m, 2H,
CHpheny/ CH2-OH), 4.22 (d, 1H, H-1,5, J = 2.4), 4.27 (d, 1H, H-1,5, J = 2.0), 4.33 (t, 2H, H-52
isox, J = 9.6), 4.55 (br, 2H, *N-CH>-C=), 4.95 (s, 2H, =C-CH-0), 5.04 (t, 1H, H-3, J = 5.8),
5.11 (br, 1H, OH), 7.26-7.34 (m, 5H, CHpheny). *C NMR (DMSO): 19.0, 19.1, 28.1, 32.2, 44.5,
49.7, 53.4, 53.6, 53.6, 54.0, 57.2, 62.0, 62.2, 62.8, 62.9, 63.0, 63.1, 66.8, 69.5, 76.1, 86.0,
127.3, 128.1, 128.4, 136.0, 166.7, 170.8. MS (ESI) m/z [M]* Calcd for C3oHasN3Oe?*: 270.7.
Found: 270.6. HPLC purity 98.6%.

(1R,2R,4S,5S,7s,9S)-9-(6-((4-((4,5-Dihydroisoxazol-3-yl)oxy)but-2-yn-1-
yl)dimethylammonio)hexyl)-7-(((S)-3-hydroxy-2-phenylpropanoyl)oxy)-9-methyl-3-oxa-9-
azatricyclo[3.3.1.0>*]nonan-9-ium bromide 9-C6

Brown, hygroscopic solid; yield 52%; IR (ATR): 3357, 2940, 2875, 1724, 1625, 1436,
1400 cm?; 'HNMR (DMSO): 1.23-1.28 (m, 4H, *N(CHs)2-CH2-CH,-CH2/CH,-CH,-CH,-
*NCHs), 1.70-1.95 (m, 6H, H-2,4¢4/*"N(CHs3)2-CH2-CH2/CH2-CH2-*NCHj3), 2.59-2.68 (m, 2H, H-
2,4a), 3.00-3.18 (m, 11H, *N(CHs)2/*"NCHs/H-42.s0x), 3.36-3.40 (m, 2H, *N(CHz3)2-CH>), 3.51-
3.55 (m, 2H, CH2-*NCHj3), 3.67-3.81 (m, 3H, H-6,7/CH>-OH), 3.95-4.04 (m, 2H, CHpheny/CH>-
OH), 4.20 (d, 1H, H-1,5, J = 2.4), 4.24 (d, 1H, H-1,5, J = 2.0), 4.33 (t, 2H, H-52.is0x, J = 9.6),
4.51 (br, 2H, *N-CH2-C=), 4.94 (s, 2H, =C-CH>-0), 5.04 (t, 1H, H-3, J = 5.9), 5.12 (br, 1H,
OH), 7.26-7.36 (M, 5H, CHpheny). *C NMR (DMSO): 21.5, 21.5, 25.0, 25.1, 28.1, 32.2, 44.3,
49.7, 53.4, 53.6, 54.0, 57.2, 62.0, 62.7, 62.8, 62.9, 67.5, 69.5, 76.1, 85.9, 127.3, 128.1,
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128.4, 136.0, 166.6, 170.8. MS (ESI) m/z [M-2Br]?* Calcd for Cs,Ha7N3Oe2*: 284.7. Found:
284.8. HPLC purity 96.4%.

(1R,2R,4S,5S,7s,9S)-9-(8-((4-((4,5-Dihydroisoxazol-3-yl)oxy)but-2-yn-1-
yhdimethylammonio)octyl)-7-(((S)-3-hydroxy-2-phenylpropanoyl)oxy)-9-methyl-3-oxa-9-
azatricyclo[3.3.1.0%4lnonan-9-ium bromide 9-C8

Brown, hygroscopic solid; yield 43%; IR (ATR): 3373, 2929, 2858, 1725, 1625, 1436,
1399 cm?; *H NMR (DMSO): 1.21-1.31 (m, 8H, *N(CHzs)2-CH2-CH,-CH2-CH2/CH2-CH,-CHo-
CH>-*NCHgs), 1.68-1.94 (m, 6H, H-2,4¢q/*N(CHj3)2-CH,-CH2/CH2-CH2-*NCHs3), 2.57-2.67 (m,
2H, H-2,44), 2.99-3.21 (m, 11H, *N(CHs3)2/*"NCH3/H-42.is0x), 3.36-3.41 (m, 2H, *N(CHj3),-CH>),
3.51-3.55 (m, 2H, CH>-*NCHgs), 3.67-3.80 (m, 3H, H-6,7/CH,-OH), 3.94-4.03 (m, 2H,
CHpheny/CH2-OH), 4.22 (d, 2H, H-1,5, J = 17.4), 4.32 (d, 1H, H-52.s0x, J = 9.6), 4.51 (br, 2H,
*N-CH2-C=), 4.94 (s, 2H, =C-CH-0), 5.03 (t, 1H, H-3, J = 5.9), 5.11 (br, 1H, OH), 7.26-7.36
(m, 5H, CHpheny). *C NMR (DMSO): 21.6, 21.7, 25.4, 25.4, 25.4, 28.0, 28.1, 32.2, 44.4, 49.7,
53.2, 53.4, 53.6, 54.0, 57.2, 62.1, 62.7, 62.8, 62.8, 63.0, 67.7, 69.5, 76.1, 85.8, 127.3, 128.1,
128.4, 136.0, 166.6, 170.8. MS (ESI) m/z [M-2Br]?* Calcd for CssHsiN3Os?*: 298.7. Found:
298.8. HPLC purity 97.8%.

(1R,2R,4S,5S,7s,9S)-9-(10-((4-((4,5-Dihydroisoxazol-3-yl)oxy)but-2-yn-1-
yldimethylammonio)decyl)-7-(((S)-3-hydroxy-2-phenylpropanoyl)oxy)-9-methyl-3-oxa-9-
azatricyclo[3.3.1.0**nonan-9-ium bromide 9-C10

Brown, hygroscopic solid; yield 32%; IR (ATR): 3343, 2925, 2856, 1725, 1625, 1436,
1400 cm?; *H NMR (DMSO): 1.20-1.28 (m, 12H, *N(CHz)2-CHz-CHa-CH2-CH2-CH2/CH,-CH,-
CH2-CH,-CH2-*"NCH3), 1.66-1.94 (m, 6H, H-2,4¢q/"N(CH3)2>-CH2-CH2, CH2-CH2-"NCH3), 2.57-
2.70 (m, 2H, H-2,44), 2.99-3.15 (m, 11H, *N(CHs)2/*"NCH3s/H-42.s0x), 3.35-3.39 (m, 2H,
*N(CHz3)2-CHy), 3.49-3.55 (m, 2H, CH2-"NCHz3), 3.66-3.82 (m, 3H, H-6,7/CH,-OH), 3.94-4.00
(m, 2H, CHpheny/CH2-OH), 4.18 (d, 1H, H-1,5, J = 2.3), 4.22 (d, 1H, H-1,5, J = 2.3), 4.32 (t,
2H, H-521s0x, J = 9.6), 4.50 (br, 2H, *N-CH>-C=), 4.94 (s, 2H, =C-CH-0), 5.03 (t, 1H, H-3, J =
5.9), 5.11 (t, 1H, OH, J = 5.0), 7.26-7.34 (m, 5H, CHpheny). °C NMR (DMSO): 21.7, 25.5,
25.6, 28.1, 28.3, 28.4, 28.6, 32.2, 44.3, 49.7, 53.2, 53.4, 53.6, 54.0, 57.1, 62.1, 62.7, 62.8,
63.0, 67.7, 69.5, 76.1, 85.8, 127.3, 128.1, 128.4, 136.0, 166.6, 170.8. MS (ESI) m/z [M-2Br
]** Calcd for CssHssN3Os?*: 312.7. Found: 312.8. HPLC purity 93.7%. Impurity: traces of the

base of iperoxo 1.
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(1R,2R,4S,5S,7s,9S)-7-(((S)-3-Hydroxy-2-phenylpropanoyl)oxy)-9-(4-((4-(isoxazol-3-
yloxy)but-2-yn-1-yl)dimethylammonio)butyl)-9-methyl-3-oxa-9-azatricyclo[3.3.1.0>*|nonan-9-
ium bromide 11-C4

White, hygroscopic solid; yield 55%; IR (ATR): 3329, 2932, 1723, 1578, 1481 cm™?; 'H NMR
(DMSO): 1.67-1.97 (m, 6H, H-2,4¢q/*"N(CHs3)2-CH2-CH2/CH2-CH2-*NCHg), 2.59-2.69 (m, 2H,
H-2,44), 3.06-3.11 (m, 9H, *N(CHs)2/*"NCHs3), 3.35-3.41 (m, 2H, *N(CHs).-CH>), 3.56-3.59 (m,
2H, CH2-"NCHa), 3.67-3.81 (m, 3H, H-6,7/CH,-OH), 3.94-4.03 (m, 2H, CHpheny/CH2-OH), 4.19
(d, 1H, H-1,5,J = 2.0), 4.24 (d, 1H, H-1,5, J = 2.4), 4.50 (br, 2H, *N-CH>-C=), 5.04 (t, 1H, H-
3,J=6.0), 5.10-5.12 (m, 3H, OH/=C-CH2-0), 6.44 (d, 1H, H-4isox, J = 2.0), 7.27-7.35 (m, 5H,
CHphenyt), 8.75 (d, 1H, H-5is0x, J = 2.0). 13C NMR (DMSO): 19.0, 19.1, 28.1, 44.4, 49.7, 53.4,
53.6, 53.6, 54.0, 57.4, 62.0, 62.3, 62.8, 62.9, 63.1, 66.8, 76.2, 86.1, 96.0, 127.3, 128.1,
128.4, 136.0, 162.0, 170.3, 170.8. MS (ESI) m/z [M]?>* Calcd for C3oHa1N3O6%*: 269.7. Found:
269.6. HPLC purity 95.0%.

(1R,2R,4S,5S,7s,9S)-7-(((S)-3-Hydroxy-2-phenylpropanoyl)oxy)-9-(6-((4-(isoxazol-3-
yloxy)but-2-yn-1-yl)dimethylammonio)hexyl)-9-methyl-3-oxa-9-azatricyclo[3.3.1.0>“|nonan-9-
ium bromide 11-C6

Brown, hygroscopic solid; yield 22%; IR (ATR): 3338, 2931, 2869, 1724, 1578, 1481 cmY,;
'H NMR (DMSO): 1.24-1.25 (m, 4H, *N(CHas)2-CH2-CH,-CH2/CH,-CH,-CH,-*NCHa), 1.67-1.96
(m, 6H, H-2,4eq/*"N(CHa)2-CH2-CH2/CH2-CH2-*NCH3), 2.58-2.68 (m, 2H, H-2,44), 3.05-3.07
(m, 9H, *N(CHs)2/*NCHa), 3.34-3.41 (m, 2H, *N(CHs),-CHz), 3.51-3.55 (m, 2H, CH,-*NCH),
3.67-3.80 (M, 3H, H-6,7/CH,-OH), 3.94-4.01 (M, 2H, CHpheny/CH2-OH), 4.18 (d, 1H, H-1,5, J
=2.0), 4.22 (d, 1H, H-1,5, J = 2.4), 4.47 (br, 2H, *N-CH»-C=), 5.03 (t, 1H, H-3, J = 5.8), 5.10
(br, 2H, =C-CH>-0), 6.44 (d, 1H, H-4isox, J = 1.6 Hz), 7.27-7.34 (m, 5H, CHgneny), 8.75 (d, 1H,
H-5isox, J = 1.6). 3C NMR (DMSO): 21.5, 25.0, 25.1, 28.1, 44.3, 49.7, 53.2, 53.5, 53.6, 54.0,
57.4, 62.0, 62.7, 62.8, 62.9, 62.8, 67.5, 76.2, 86.0, 96.0, 127.3, 128.1 128.4, 136.0, 162.0,
170.3, 170.8. MS (ESI) m/z [M]* Calcd for Cs;HasN3O62*: 283.7. Found: 283.7. HPLC purity
97.9%.

(1R,2R,4S,5S,7s,9S)-7-(((S)-3-Hydroxy-2-phenylpropanoyl)oxy)-9-(8-((4-(isoxazol-3-
yloxy)but-2-yn-1-yl)dimethylammonio)octyl)-9-methyl-3-oxa-9-azatricyclo[3.3.1.0**]nonan-9-
ium bromide 11-C8

Brown, hygroscopic solid; yield 62%; IR (ATR): 3321, 2925, 2858, 1725, 1578, 1482 cmY,;
'H NMR (DMSO): 1.21-1.29 (m, 8H, *N(CHs)2-CH2-CH;-CH2-CH2/CH2-CH2-CH2-CH2-*NCH3),
1.65-1.95 (m, 6H, H-2,4¢q/*N(CHj3)2-CH2-CH2/CH2>-CH2-*NCH3), 2.57-2.67 (m, 2H, H-2,44),
3.04-3.08 (m, 9H, *N(CHs3)2/*NCHs), 3.34-3.37 (m, 2H, *N(CHj3).-CHy), 3.51-3.55 (m, 2H, CHa-
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*NCHs3), 3.66-3.80 (m, 3H, H-6,7/CH>-OH), 3.94-4.00 (m, 2H, CHgheny/CH2-OH), 4.18 (d, 1H,
H-1,5, J = 2.0), 4.22 (d, 1H, H-1,5, J = 2.1), 4.49 (br, 2H, *N-CH.-C=), 5.03 (t, 1H, H-3,J =
5.9), 5.10 (br, 3H, =C-CH»-O/CH»>-OH), 6.43 (d, 1H, H-4isox, J = 1.8), 7.27-7.34 (m, 5H,
CHphenyt), 8.74 (d, 1H, H-5is0x, J = 1.8). 13C NMR (DMSO): 21.6, 21.7, 25.4, 28.1, 28.1, 44.3,
49.7, 53.1, 53.4, 53.6, 54.0, 57.4, 62.0, 62.7, 62.8, 63.0, 67.7, 76.3, 85.9, 96.0, 127.3, 128.1,
128.4, 136.0, 162.0, 170.3, 170.8. MS (ESI) m/z [M]* Calcd for Cs4H49N306?*: 297.7. Found:
297.7. HPLC purity 94.1%. Impurity: traces of the base of isoxazole 2.

(1R,2R,4S,5S,7s,9S)-7-(((S)-3-Hydroxy-2-phenylpropanoyl)oxy)-9-(10-((4-(isoxazol-3-
yloxy)but-2-yn-1-yl)dimethylammonio)decyl)-9-methyl-3-oxa-9-azatricyclo[3.3.1.0*|nonan-9-
ium bromide 11-C10

Beige, hygroscopic solid; yield 39%; IR (ATR): 3341, 2925, 2854, 1725, 1578, 1482 cmY;
'H NMR (DMSO): 1.20-1.27 (m, 12H, *N(CHa)2-CH2-CH2-CH2-CH.-CH2/CH2-CH2-CH2-CHa-
CH2-*NCHa), 1.62-1.94 (m, 6H, H-2,4¢q/*N(CHj3)2-CH2-CH2/CH2-CH2-"NCH3), 2.56-2.67 (m,
2H, H-2,44), 3.03-3.07 (m, 9H, *N(CHzs)2/*"NCHs3), 3.34-3.41 (m, 4H, *"N(CHzs).-CH>), 3.50-3.54
(m, 2H, CH2-*NCHg), 3.67-3.80 (m, 3H, H-6,7/CH,-OH), 3.94-4.00 (m, 2H, CHpheny/CH2-OH),
4.17 (d, 1H, H-1,5, J = 2.4), 4.21 (d, 1H, H-1,5, J = 2.4), 4.47 (br, 2H, *N-CH>-C=), 5.03 (t,
1H, H-3, J = 6.0), 5.10 (br, 3H, =C-CH2-O/CH.-OH), 6.43 (d, 1H, H-4isox, J = 2.0), 7.27-7.34
(m, 5H, CHpheny1), 8.74 (d, 1H, H-5is0x, J = 2.0). *C NMR (DMSO): 21.7, 25.5, 28.1, 28.3, 28.4,
28.6, 44.3, 49.7, 53.1, 53.6, 53.6, 54.0, 57.4, 62.0, 62.7, 62.8, 63.0, 67.7, 76.3, 85.9, 95.9,
127.3, 128.1, 128.4, 136.0, 162.0, 170.3, 170.8. MS (ESI) m/z [M]* Calcd for CssHs3sN3O6?":
311.7. Found: 311.7. HPLC purity 96.0%.

3.1.4 Procedure for the Synthesis of the Scopolamine dimer (1R,2R,4S,5S,7S,9S)-
7-(((S)-3-Hydroxy-2-phenylpropanoyl)oxy)-9-(4-((1R,2R,4S,5S,7R,9R)-7-(((S)-
3-hydroxy-2-phenylpropanoyl)oxy)-9-methyl-3-oxa-9-
azatricyclo[3.3.1.0%4nonan-9-ium-9-yl)butyl)-9-methyl-3-oxa-9-
azatricyclo[3.3.1.024nonan-9-ium bromide 12

The free base of scopolamine 4 (3.11 g, 10.3 mmol) was dissolved with heating to 60 °C in
20 mL acetonitrile and treated with 1,4-dibromobutane (1.23 mL, 10.3 mmol). The solution
was stirred at room temperature for 29 d in a sealed pressure tube. A fine white precipitate
was obtained. The solid was filtered, washed with acetonitrile and dried in vacuo to obtain
12.

White powder; yield 27%; mp 207-209 °C; IR (ATR): 3263, 3057, 2972, 2931, 1718, 1468,
1448, 1431 cm®; 'H NMR (DMSO): 1.62-1,68 (m, 4H, CH>-CH,-*NCHj3), 1.76-1.83 (m, 2H, H-

133



Results

2,4¢q), 1.91-1.95 (M, 2H, H-2,4¢q), 2.58-2.68 (M, 4H, H-2,44), 3.07 (s, 6H, "NCH3), 3.54-3.57
(m, 4H, CH2-"NCHs), 3.67-3.71 (dd, 2H, CHpheny, J = 5.6, J = 10), 3.76-3.81 (m, 4H, CHz-
OH/H-6,7), 3.95-4.05 (m, 4H, CH>-OH/H-6,7), 4.21 (d, 2H, H-1,5, J = 2.0), 4.26 (d, 2H, H-
1,5, J = 2.0), 5.03 (t, 2H, H-3, J = 6.0), 5.11 (br, 2H, OH), 7.26-7.34 (m, 10H, CHgneny). *C
NMR (DMSO): 19.6, 28.7, 45.0, 54.0, 54.2, 54.7, 62.6, 63.4, 63.6, 67.4, 127.9, 128.7, 129.0,
136.6, 171.4. MS(ESI): m/z [M-2Br]** Calcd for CssHsoN2Og**: 331.2. Found: 331.7. HPLC
purity 95.1%.
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5. Synthesis and signaling studies of quaternary iperoxo- and
acetylcholine related homodimers on the M: muscarinic

receptor

1. Introduction

The muscarinic acetylcholine receptor (mMAChR), belonging to rhodopsin-like (Family A) G
protein-coupled receptors (GPCR), is subdivided in five subtypes (M1 - Ms) and plays a key
role in regulating the activity of many peripheral and central nervous system functions. These
subtypes differ in their location and physiological function. The M, muscarinic acetylcholine
receptor is widely expressed in the central nervous system and in the body periphery, but
particularly in the heart and in smooth muscle tissues. Therefore, the M, receptor is an
interesting target for the reduction of heart rate and smooth muscle contraction.! M
receptors preferentially activate the Gy, family of G-proteins, resulting in the inhibition of
adenylate cyclase (AC), followed by the reduction of cyclic AMP (CAMP) concentration and a
decrease in neurotransmitter release via the blockage of voltage-gated calcium channels.?
Nevertheless, using high agonist concentrations, Gs-protein activation is also possible
besides the Gio-protein activation.®> The endogenous ligand acetylcholine binds to the
designated “orthosteric site”. Iperoxo® is known as a very potent orthosteric ligand for the M,
receptor, having higher efficacy for receptor activation than the endogenous ligand
acetylcholine (Figure 1).” However, the high homology found in the M; - Ms orthosteric
binding site is challenging for the development of subtype-selective muscarinic agonists and
antagonists. Besides an orthosteric binding site there is a topographically distinct less
conserved allosteric binding site which is far less conserved throughout the muscarinic
receptors and, thus, a promising target for developing subtype-selective allosteric
modulators.? To combine the advantages of high receptor activation and subtype-selectivity,
the concept of hybrid molecules was developed. Here, two distinct pharmacological active
moieties, orthoster and alloster, are connected by different linker length, which exhibit novel
and improved pharmacological properties.®* These bivalent ligands can simultaneously bind
to the orthosteric and the allosteric binding site of G protein-coupled muscarinic acetylcholine
receptors.>*? Several examples of dualsteric ligands have been reported in literature such
as for hybrid 1 (Figure 1), consisting of the superagonist iperoxo® binding to the orthosteric
and a phthalimid moiety related to W84'3* addressing the allosteric site. This dualsteric
molecule shows subtype selectivity and affinity concerning the M, receptor as well as biased

signaling for the G; pathway.'*>1®
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In earlier studies, several muscarinic homobivalent ligands, carrying two identical
pharmacophoric units have been investigated such as the dimers of the agonist xanomeline®’
or carbachol'® as well as of the M, selective antagonist methoctramine®®. Depending on the
pharmacophoric structure and the linker these compounds showed different potencies,
affinities and intrinsic activities, as the homodimerization resulted not always in increased
affinity or potency. Furthermore, Bock et al. described the concept of dynamic
bipharmacophoric ligands, consisting of two pharmacophores (e.g. orthoster/orthoster) linked
via alkyl chains of variable lengths, to control and fine-tune partial agonism at the muscarinic
M, receptor.?°

The question arises, if dualsteric compounds such as hybrid 1 (Figure 1) must necessarily
consist of an allosteric and an orthosteric moiety or if also the connection of two orthosteric
units are sufficient for receptor activation. Gaussian accelerated molecular dynamics (GaMD)
simulations of the superagonist iperoxo bound to the orthosteric binding site of the
muscarinic M. receptor confirmed that iperoxo is able to dissociate from the orthosteric
binding site and visits the ECL2/ECL3 of the allosteric binding site.?* On this basis, it was of
interest to see the effect of homodimerization of the M, superagonist iperoxo’ and of the
endogenous ligand acetylcholine. The idea was that these homodimers could possibly bind
to the two distinct binding sites, orthosteric and allosteric, in the same receptor or to two
orthosteric sites of dimeric receptors. Therefore, a set of quaternary homodimers consisting
either of the agonist iperoxo or acetylcholine linked by alkyl chains of variable length were
synthesized. The iperoxo related compound as well as the acetylcholine related compounds
were tested for their M affinity in binding studies. The iperoxo-dimer with a Cs linker was
compared to iper-6-phth (hybrid 1) in order to proof the relevance of the allosteric and
antagonistic building block phthalimide in hybrid 1 for selective signaling. Furthermore, the
mediated effect of the iperoxo related compounds and of the acetylcholine related
compounds, including special focus on the influence of alkyl chain elongation, will be

compared.
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Figure 1. Structures of iperoxo, acetylcholine, and the dualsteric (orthosteric/allosteric) agonist
hybrid 1.

2. Results and discussion
2.1 Chemistry

The syntheses of the quaternary iperoxo- and acetylcholine dimers (3-C4 to 3-C10 and 5-C4
to 5-C10) were accomplished by the reaction of iperxo-base 1° and 2-dimethylaminoethyl
acetate 4, respectively, with the corresponding dibromoalkanes 2-C4 to 2-C10 (Scheme 1).
The syntheses were carried out in a microwave assisted reaction by addition of a catalytic
amount of KI/K>COs in refluxing acetonitrile to afford the compounds 3-C4 to 3-C10 and 5-C4
to 5-C10 in 15-96% and 53-87% vyield, respectively.

Scheme 1: Synthesis of the quaternary iperoxo- and acetylcholine-dimers.

Br B N-G
I

- | r /w
N O/N + Br—(CHp)—Br —2— =" "N—(CH )—N\/\O
2 07 %Y ! n N O ZZ: 2h /s
1 2-Cn O\j/ 3-Cn

| Cn = C4: Butyl; C6: Hexyl; C8: Octyl; C10: Decyl |

Br Br
(@] | (e}
_ _ b | | 0
2 )J\O/\/N\ *  Br—(CHz)—Br —_— )J\O/\//’\L_(CHZ)F/'\L/\/ \ﬂ/

(0]
4 2-Cn 5-Cn

Reagents and conditions: a) KI/K2COsz, CHsCN, 70 °C (microwave); b) KI/K2COs, CH3CN, 100 °C
(microwave).
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2.2 Pharmacology

The compounds were investigated for their ligand-receptor interactions in living chinese
hamster CHO-hM. ovary cells and in membrane homogenates fo