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1. Introduction

1.1. G Protein-Coupled Receptors

The superfamily of G protein-coupled receptors (GPCRs), also called seven-transmembrane (7-
TM) receptors represents the largest family of signaling proteins encoded in the mammalian
genome.'? Apart from being responsible for sensory perception (olfaction, vision and taste),
GPCRs mediate intracellular signals across the membrane for a great variety of extracellular
stimuli, such as neurotransmitters, lipids, hormones and even photons.? The high therapeutic
relevance of GPCRs becomes evident considering that approximately one third of all
pharmaceutical drugs approved by drug regulatory authorities target this class of receptors, even
though they are not completely elucidated structurally and regarding their mode of action*®
Depending on their structural features and topology, GPCRs are classified into five main
subfamilies: rhodopsin (class A), secretin (class B), glutamate (class C), adhesion and
frizzle/taste.”® However, in direct relation to their conserved sequence motifs, all members were
found to share similar mechanisms of action involving the activation of multiple heterotrimeric
guanine nucleotide binding proteins (G proteins) and complex regulatory processes. All class

A GPCRs are characterized by a transmembrane domain with a common structural

organization, which is composed of seven a-helices (TM1-7) that are connected by alternating

a b
N EL2

EL1 EL3

extracellular

e
OO

intracellular

k.J I3

C

Fig. 1. a) Schematic structure of a G protein-coupled receptor showing seven transmembrane
domains (7-TM), three extracellular (ECL1-3), intracellular loops (ICL1-3) and N- and C-termini. b)
Crystal structure of the human muscarinic receptor M highlighting the a-helical transmembrane
domain.




extracellular (ECL1-3) and intracellular loops (ICL1-3, Fig.1). The extracellular N-terminus is
responsible for ligand recognition and protein access while the C-terminus and the ICLs interact
with the cytosolic proteins involved in the signal’s transduction pathways.>’

Starting from the successful crystallization of the rhodopsin and the 32 adrenergic receptors, the
breakthroughs in structural biology and crystallography significantly contributed to the
understanding of the molecular basis of GPCR physiology, pharmacology and function. In
addition, protein NMR spectroscopy experiments and computer-aided simulations are used to
determine GPCR dynamics — i.e. the ability of the protein to change conformation over time.'”
Despite the challenges, the combination of these powerful cutting-edge methodologies helps to
provide deeper understanding of GPCR function and promotes drug discovery towards the
achievement of therapeutics based on rational, structural-based drug design.!'!!? This approach
has already revolutionized the field of GPCR research.!® Currently, approximately 65 new drugs
are under investigation in clinical trials for this receptor family, highlighting the great potential
as therapeutic targets for a broad spectrum of diseases, such as diabetes, obesity and

neurological disorders.'*

1.2. Muscarinic Acetylcholine Receptors

1.2.1. Classification

Muscarinic acetylcholine receptors (mAChRs or M receptors) are members of the rhodopsin
(class A) GPCR family and are widely expressed throughout the central (CNS) and peripheral
nervous system (PNS).” Together with the nicotinic ACh receptors, they mediate many of the
diverse effects of the endogenous agonist acetylcholine (ACh). As such, they control a variety
of neuronal, cardiac, and digestive functions, which endows them with a highly relevant role as
therapeutic drug targets. !

The M receptor family consists of five distinct receptor subtypes (Mi-Ms), sharing the
rhodopsin characteristic barrel-like organization and the strong sequence homology among
each other. Depending on their primary coupling efficiency to different Goa proteins, they can
further be sub-divided into two main groups. Upon activation with an agonist, the M1, M3 and
M:s receptors preferentially couple with the Go11 protein, while the M2 and M4 receptors bind

to Gatij, leading to different signaling cascades.'®!”.




1.2.2. Function

Binding of an agonist forces the M receptors to undergo a conformational change in their three-
dimensional structure, which allows the G protein to bind to the receptor. The following
exchange of guanosine diphosphate (GDP) with guanosine triphosphate (GTP) induces a
physical dissociation of the Gow from the Gf/y-subunit mediating the intracellular response.
According to the respective G protein, two different signal transduction pathways are
determined: the phosphatidylinositol-4,5-bisphosphate (PIP2) pathway for the Gog/11 and cyclic

adenosine monophosphate (cAMP) pathway for Gouyo protein.'!°

agonist

agonist

CQOOOOCC
\.\ f
\ %

GDP

M,, M,

Fig. 2. a) Signaling specificity of the five M receptors. a) Gog-pathway leading mainly to cytosolic
calcium efflux specific for odd-numbered receptors and b) even-numbered receptor specific Gouo-
pathway leading mainly to a reduction of cAMP and related cellular responses.




The Gogi1-pathway is characteristic for the M, M3 and Ms receptors and involves the
activation of the membrane-bound phospholipase C3 (PLCp), which in turns initiates the PIP»
hydrolysis to inositol-1,4,5-triphosphate (IP3) and diacylglycerol (DAG) as second messengers.
DAG mediates protein kinase C (PKC) activation, while IP3 activates the IP3-receptors located
in the membrane of the smooth endoplasmic reticulum (ER), promoting an increase in
intracellular calcium ions (Ca*). This leads to cellular responses, such as muscle contraction,
fusion and exocytosis of enzyme carrying vesicles and glycogen metabolism. As part of the
self-regulating system, IP3 is gradually hydrolyzed to myo-inositol.

M; and My receptors activate the Gai,o pathway, mediating the inhibition of adenylyl cyclase
(AC), responsible for the formation of cAMP from adenosine triphosphate (ATP).
Consequently, the cAMP level in the cytosol is reduced, determining the activity of various ion
channels as well as members of the protein kinase A (PKA).?

The range of GP/y-signaling after dissociation from the Ga-subunit has not yet been elucidated
completely, but it was found that this subunit performs its action as a dimer and interacts,
depending on the location, with various effectors, such as G protein-gated inward rectifying
potassium channels (GIRK), calcium channels and also ACs in an inhibitory or excitatory
manner.

Although the metabotropic action of the M receptors induced by an agonist is coupled to the G
protein, in many cases G protein-independent signaling pathways concomitantly occur, mainly
as a result of a self-regulating or desensitization mechanism. This includes, for example,
activation of G protein-coupled receptor kinases (GRKs) and B-arrestin recruitment for the
internalization of activated GPCRs, eventually leading to secondary signaling responses.>'*?
Which downstream signaling is preferred is highly dependent on the conformation in which the
receptor is stabilized and is dictated by the ligand-protein interaction. Biased signaling
describes the ability of a receptor to differentiate between the different signaling pathways upon
binding of a biased agonist. This well-established paradigm holds great potential for rational
drug design of biased agonists as smart drugs, which could specifically target pathogenic

signaling pathways and avoid pathways, which lead to undesired off-target effects.>>**

1.2.3. Physiology

The physiological role of muscarinic receptors is highly complex. All five subtypes assume

defined functions in both the CNS and PNS. Being diffusely expressed throughout the body,




the physiological effects are based on the location and the specific identity of the distinct
receptor.”

Among the five subtypes, the M receptor is considered to be the most abundant subtype in the
brain (50-60%), expressed both pre— and post-synaptically in neurons of the brain,
predominantly in the cerebral cortex, striatum and hippocampus.?® Therefore, the M; subtype
has been identified as a key receptor for physiological brain functions such as neuronal
excitability, synaptic plasticity, learning and memory and thus holds immense therapeutic
relevance for cognitive and neurodegenerative diseases such as schizophrenia, Parkinson’s
Disease and Alzheimer’s Disease (AD)>7-

M: receptors are expressed abundantly in both the CNS and PNS but are mainly found in the
heart and are proven to regulate heart rate. Together with M3 receptors, M> receptors are
involved in muscle contraction due to their presence in smooth muscle and skin tissues. In the
CNS, these receptors are associated with body temperature regulation, pain perception (M2) and
salivation (M3).!%17 The M4 receptor, the second most frequent muscarinic receptor in the brain,
especially in the striatum and cortex, is involved in the control of dopamine release. Therefore,
it has been identified as a potential target for the therapeutic treatment of schizophrenia and
Parkinson’s disease.?! The Ms receptor is expressed in neurons of the brain and is also related
to dopamine release. It has also been found in blood vessels, where it could be involved in
vasoconstriction. However, the lack of differentiation methods between the other muscarinic

receptors hampers a clear determination of the physiological profile of the Ms receptor.>?

1.2.4. Ligand Binding Sites

The crystal structures of the muscarinic receptors have been resolved by means of X-ray
crystallography for the M» in 2012,% for M3 in 2012% and for Mi/M4 in 2016.% Efforts to
crystallize the Ms receptor have not been successful to this date. Radioligand binding
experiments, mutagenesis and sequence analysis complemented this methodology, gaining
fundamental insight into the molecular structure in their active as well as in their inactive
conformation.

The crystal structures of the muscarinic receptors confirmed the high similarity in the tertiary
structure and is demonstrated by a direct comparison of the respective transmembrane
domains.* Within this domain, the muscarinic receptors show a cavity, presenting amino acids
characteristic for agonist binding (Fig. 3a). In particular, the conserved aspartate residue in TM3

forms a charge interaction with the positive quaternary ammonium moiety, serving as a counter-
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Fig. 3. a) Crystal structures of the muscarinic receptors M to My seen from above. All four receptors
share a hydrophobic cavity (highlighted in red), which is able to bind ligands. Picture was adapted from
Thal et al.*® b) Topology of the orthosteric binding site compared to the allosteric binding site. The

orthosteric site is located more towards the inner core of the receptor, while the allosteric site is oriented
outside being part of the extracellular vestibule. In the active conformation, the orthosteric binding site
is separated from the allosteric binding site by the tyrosine lid. Picture was adapted from Burger et al.*

ion for the endogenous ligand ACh. Further hydrogen bond interactions with threonine residues

stabilize the ester function of the physiological agonist.*®

This amino acid sequence is highly
conserved throughout the five subtypes and is reported as orthosteric binding site.’” As a
consequence, drugs that exclusively target the orthosteric site typically lead to unwanted side-
effects due to their lack of subtype-selectivity. This orthosteric binding pocket is separated from
extracellular vestibule (ECV) by a so-called tyrosine lid (Fig. 3b), consisting of three tyrosine
residues, which form cation-7 interactions with the ligand’s ammonium group and a hydrogen
bond network among themselves. Upon binding of an agonist, the tyrosine residues create an
aromatic floor over the orthosteric site, hindering the ligand to dissociate from the receptor.>>
This is regarded as the cause for the high affinity observed for orthosteric ligands.

Above the tyrosine lid, the relatively large ECV is also accessible for small molecules, which
represents a unique feature among the GPCRs (Fig. 3b). Importantly, the degree of amino acid
sequence conservation in the ECV drops significantly within the subtypes compared to the
orthosteric site, which makes this location suitable for differentiation between the subtypes by
targeting the ECV, commonly labeled as allosteric site.>*** Targeting the allosteric binding site

holds great potential for the discovery subtype-selective drugs, avoiding unwanted side-

effects.’®




1.2.5. Muscarinic Receptor Ligands

The ability of a GPCR to change its shape is crucial for the mediation of a distinct cellular
response. Ligands, such as neurotransmitters, small molecules, hormones, and proteins are able
to favor such a structural change by binding to the receptor.

To fully understand the structural basis that underlies receptor activation, one has to consider,
that these GPCRs are highly dynamic structures rather than rigid entities.'® They pass through
several three-dimensional arrangements, potentially inducing a different cellular response.
Even in absence of an external stimulus, GPCRs are constantly in motion, including different
active and inactive states and produce a constitutive activity, which manifests in a basal level
response. However, these conformational states can be characterized according to the signal
they transmit and the ligand responsible for its stabilization. Shifting the receptor into its active
conformation, agonists bind with high affinity and induce a cellular response. Partial agonists
also favor the active state but mediate only a submaximal activation at the receptor. In contrast,
inverse agonists bind to the inactive state reducing the constitutive basal response. Antagonists
bind to the receptor but are not able to differentiate between an active or inactive conformation.
Consequently, they do not change the basal level (Fig. 4).44?

Despite the therapeutic relevance of muscarinic receptors, relatively few drugs target this
receptor family typically due to their poor subtype selectivity as mentioned above, and hence
leading to on- and off-target side effects?®. For this reason, the agonist ACh, which plays a

pivotal role as endogenous neurotransmitter is not administered therapeutically, (apart from

100 7] full agonist
50 (maximal response)
partial agonist
(submaximal response)
cellular
response [%] 20" antagonist
(constitutive activity)
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Fig. 4. Functional diversity of cellular response of a GPCR reflected by concentration-response-curves
(CRCs). Upon increasing concentrations, full agonists induce a maximal response while partial agonists
are only able to activate the receptor in a submaximal manner. Antagonists bind to the receptor but do
not differentiate between active or inactive state leaving the basal level unchanged. Inverse agonists
reduce the constitutive activity at the receptor.




being quickly degraded by cholinesterases). Same holds true for iperoxo, a synthetic high-
affinity agonist, which is also known to perform super-agonistic efficacy at the Mz receptor, i.e.
higher than the maximal response of a full agonist.** Tiotropium bromide and ipratropium
bromide are the most prominent drugs targeting muscarinic receptors and are used for chronic
obstructive pulmonary disease (COPD),* but still show severe side effect, such as dry mouth,

blurred vision, and incontinence, due to the deficiency in subtype selectivity.
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Fig. 5. A selection of the most important natural and synthetic agonists and antagonists of the
muscarinic receptors and their main therapeutic relevance.




1.2.6. Allosteric Ligands

Extensive efforts have been undertaken to overcome the drawback of poor subtype-selectivity
by investigating the less conserved allosteric binding sites, which are conformationally linked
to the orthosteric binding site but are structurally different.>**> Allosteric modulation was firstly
described and initially characterized for the M> receptor by Liillmann and co-workers.*® The
bis-phthalimidyl-substituted bis-ammoniumalkyl derivative W84 (Fig. 7) was found to
potentiate the antidote action of the antagonist atropine in an over-additive fashion.

A unique feature of allosterism is probe-dependency, meaning that allosteric ligands affect the
binding affinity of concomitantly bound orthosteric ligands and vice versa. Making use of this
cooperativity (oo = cooperativity factor), allosteric modulators are able to influence the
orthosteric ligand activity either by potentiating (positive allosteric modulator, PAM, a > 1),
diminish (negative allosteric modulator, NAM, a < 1) or not affecting (neutral allosteric
ligands, NAL) its affinity.*’ Particularly, these modulators perform their effect only in the
presence of the orthoster. Exclusive binding of the allosteric modulators blocks the receptor
without producing a signal, which is only transmitted when both the orthoster and the alloster
are bound to the receptor forming a ternary complex. Therefore, the overall activity of the
receptor is not only determined by the ternary complex, but also by the receptor bound solely

to the allosteric modulator or orthosteric ligand, respectively (Fig. 6).**%° Thus, they provide
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Fig. 6. a) Ternary complex model used to describe the interactions of GPCRs (R) with an orthosteric
ligand (A) and allosteric modulator (B). Allosteric modulation results in a modified response compared
to the response evoked only from the orthoster. b) Shifting of concentration-response-curves upon
variation of the concentration of the allosteric modulator. Arrows indicate concentration increase or
decrease. Positive cooperativity (oo > 1) results in left-shift, while negative cooperativity (a0 < 1) is
displayed by a right-shift of CRC (adapted from May et al.*’)




spatial and temporal specificity and are able to confine the activity to the location and time,
where a physiological stimulus is set. Another hallmark of allosterism is the intrinsic ceiling
effect of allosteric modulators. Contrary to orthosteric agonists, which often mediate a
persisting “all-or-nothing” response causing side-effects, desensitization and overdose risks,
the effect of allosteric ligands is dictated by the degree of cooperativity. Consequently, response
intensity is limited. once all allosteric binding sites are occupied.>

Numerous allosteric modulators, either PAMs or NAMs, have been found, that exhibit
pronounced selectivity upon a distinct subtype.’* To name a few examples, benzyl quinolone
carboxylic acid (BQCA) discovered by Merck shows absolute subtype selectivity and performs

a high degree of cooperativity stabilizing the active receptor conformation favored by the

o e @Q
e ouo 2

BQCA Lu AE51090 TBPB
(Ms PAM) (M1 allosteric agonist) (M allosteric agonist)
@|
\/\0 /\/
\L CE%{\/\»/_(CHZ)—M@/\/ ;:@
NP
I@
gallamine W4
(My NAM) (My NAM)
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Fig. 7. Selection of allosteric modulators and allosteric agonists acting on muscarinic receptors.
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orthosteric ligand at the M; receptor (PAM). At the M, receptor, negative allosteric modulation
was found for alcuronium, gallamine and the archetypal phthalimido- and naphthalimido-
derived ligands as examples (Fig. 7).

However, some allosteric ligands show an intrinsic activity on its own, regardless of whether
an orthoster is bound to the receptor or not. This is true for Lu AE51090, which is described as
a Mi-preferring allosteric partial agonist.”> Showing selectivity for the M; receptor even on a
functional level, [1-(1'-(2-tolyl)-1,4"-bipiperidin-4-yl)-1H benzo[d]imidazol-2(3H)-one]
(TBPB) was found to be an allosteric agonist. Both ligands show procognitive potential.>*
Importantly, extending the knowledge on the mechanism underlying allosterism at the

muscarinic receptors may lead to significant breakthroughs regarding subtype-selective and

hence therapeutically relevant candidates, which can also be applied to other GPCRs.*

1.2.7. Dualsteric and Bivalent Ligands

A promising way for taking advantage of allosteric binding to achieve subtype selectivity while
preserving high affinity at the receptor are dualsteric or bitopic ligands. As known as the
address-message concept,” this class of ligands combines high affinity orthosteric moieties
(message) with high selective allosteric building blocks (address) connected through
appropriate linkers.’®>%! Dualsteric ligands, which have been investigated mostly for the M;
and M> receptors,®? show a notable preference for the receptor subtype respectively, while
preserving (partial) agonistic activity. It was also shown that the length and nature of the linker
must be taken under consideration, as these properties substantially contribute to the receptors
binding mode.®® For a complete list of allosteric modulators and dualsteric ligands, see Bock
and co-workers.*°

The binding mode of dualsteric ligands accounts for a unique pharmacology, which is
characterized by multiple binding modes involving the orthosteric and the allosteric sites. It is,
therefore, responsible for the overall functional activity of the receptor.

On the one hand, the ligand can bind concomitantly to both the orthosteric and allosteric site,
referred to as dualsteric binding mode, and mediates receptor activation on G protein level. On
the other hand, the dualsteric ligand can bind in a purely allosteric interaction stabilizing the
receptor in the inactive state and, hence, blocking its activity.63 Here, not only the allosteric
pharmacophore but the whole dualsteric ligand resides in the allosteric vestibule, similar to the
binding modes of the allosteric modulators W84 and gallamine. This ensemble of ligand

binding poses, and its equilibrium which is achieved in-between, determines the efficacy at the
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receptor and was extensively investigated for iperoxo-derived ligands iper-6/8-naph,
iper-6/8-phthal and BQCAd hybrids (Fig. 9).°*% In addition to the improved subtype-
selectivity, these ligands show additional interesting properties. Iper-6-phthal significantly
prefers Gi activation over Gs recruitment, which is reported as biased signaling or functional
selectivity.

All these ligands show, that by carefully designing dualsteric ligands, unique receptor
conformations can be accessed, resulting in subtype-selective and functional-selective
compounds.®®

Another approach for allosteric modulation was suggested by Fronik and co-workers.®” Based
on in silico investigations, they postulated that homobivalent ligands composed of two identical

orthosteric binding blocks connecting through a linker could be used to specifically target the

orthosteric allosteric modulation dualsteric
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Fig. 8. a) Characteristic properties associated to the respective receptor targeting mode.
Adapted from Kruse et al.!> b) Concept of dynamic ligand binding can explain the partial
agonism with graded efficacy at the M, receptor. Adapted from Chen et al.%
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receptor in a dualsteric manner. This is due to another less conserved binding site at the

extracellular vestibule of the receptor called metastable binding site, which is postulated by

extensive molecular dynamics simulations. Such binding site holds great potential for

investigations into receptor activation and may open possibilities for new dualsteric binding

modes with homobivalent compounds. To date, no experimental data has been published,

although there is considerable knowledge for the existence of a metastable binding site.

Until now, only few examples have confirmed the relevant therapeutic potential of dualsteric

ligands for a therapeutic treatment. However, they are regarded as valuable pharmacological

tool compounds for the investigation of receptor function and elucidation of receptor activation-

induced dynamics.>
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Fig. 9. Dualsteric ligands based on the “address/message” model with iperoxo as orthosteric
and BQCAdJ, phthalimide and naphmethonium as allosteric building blocks for the selective

targeting of the M1 and Ma, respectively.

13



1.3. Photopharmacology

Light is a fascinating phenomenon that determines life on earth and is responsible for
environmental interactions through photochemical reactions such as in vision, photosynthesis,
and plant growth. Its bioorthogonality, unmatched spatiotemporal resolution, speed and
easiness of modulation are only few of the advantages that render light a suitable external and
non-invasive stimulus. Drugs that are designed in a way to respond to light have shown great
impact for light-controlled regulation of biological processes related to a large number of
diseases. In the last two decades, this emerging field, often called photopharmacology, attracted

the attention of the research community and is still in its infancy.®®

1.3.1. Photoresponsive Hybrid Compounds

Molecular photoswitches, such as azobenzenes, dithienylethenes, and spyropyrans, are the key
elements, as they reversibly change their structures upon irradiation resulting in a change of the
physicochemical properties (polarity, geometry). Hence, molecular hybridization of
photoswitches with pharmacophores provides photochromic ligands (PCL) that can toggle
between two distinct states depending on the wavelength of light. This photo-induced
isomerization may be translated into a change in efficacy and/or activity of drugs, enabling
remote control of the respective biological function (Fig 10).%

However, photopharmacology is still confined by significant factors. To date, with a few
exceptions, high-energy UV light is required for isomerization, which can cause severe damage
to tissue and penetrate only partially through most media, which limits its therapeutic
applications as well.”% Preferably molecular photoswitches are needed that may exhibit
photoisomerization in a visible region of the electromagnetic spectrum and that increase the
thermal stability of the less stable photoisomer. Obviously, photoisomerization should not be
associated with toxicity. Another major concern is light delivery. Therapeutic targets, such as
ion channels, receptors, and enzymes, can only be addressed with photoswitchable ligands if
they are accessible by light. In contrast to exposed regions, i.e., skin and eyes, deeper organs
are only accessible through more or less invasive incisions and operations.”!

The design and development of novel light-sensitive compounds depends on the ability to
render them photoresponsive, which is also called photodruggability. Based on a rational
approach two main strategies have been developed. The “azologization approach” employs
bioisosteres of the azobenzene chromophore (“azosteres”) and enables rational replacement of

sterically and electronically similar moieties. On the other hand, azobenzenes can be attached
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to certain substituents of the drug, i.e., phenyl rings and other aromatic systems without
abrogating the pharmacological activity giving rise to the “azo-extension approach.”®

Currently, this field is rapidly expanding and is already featuring valuable breakthroughs
especially in CNS research. With successes in cancer chemotherapy, diabetes, antimicrobial
agents, and vision restoration in the first step, other applications will likely follow in the near
future. It has to be kept in mind that in vitro studies in suitable assays can easily provide a proof-
of-concept, but high affinity and selectivity plus easy switching with high spatiotemporal
resolution in an in vivo setting is far more difficult to achieve.”” Now as the foundations have
been laid, researchers will need persistence in the evaluation of the right targets and the design

of novel PCLs, but in the end photoswitchable hybrid compounds might find their way in

clinical application. (For full review of the field see Agnetta and Decker’® or appendix I)
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Fig. 10. Basic mechanisms of action of photopharmacology including irreversible a) (photo-)
caged ligands (CL) b) photodynamic therapy (PDT). Reversible photoactivation or inactivation
using c¢) photoswitchable tethered ligands (PTL) and photoswitchable orthogonal remotely
tethered ligands (PORTL) or d) photochromic ligands (PCL).
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1.3.2. Functional Assays for Photopharmacological Characterization

The development and implementation of reliable GPCR functional assays is a crucial aspect for
the evaluation of the pharmacological profile and therapeutic potential of newly synthesized
drug candidates. This is true not only for early stage drug-discovery processes but also for the
characterization of target compounds on receptor level, which makes it possible, to a certain
extent, to elucidate receptor dynamic mechanisms.

Typically, an ideal cell-based functional assay for GPCR should be easy in handling and
preferentially be carried out in therapeutically relevant living cells. This excludes the use of
radioactivity, which significantly complicates the testing conditions and requires high safety
precautions. Furthermore, the readout should show a high signal-to-noise ratio, be homogenous
and be amenable to microtiter formats. The expression pattern of the assessed GPCR and the
multiplicity of signaling pathway also have to be considered. Their neglection can falsify the
readout and cause incorrect interpretations. Importantly, signaling events proximal and hence,
clear related to receptor activation should be observed preferentially.”*

As mentioned earlier, GPCR signaling is provoked mainly by the movement of the receptor and
its transition of conformations. Accordingly, novel fluorescence- and bioluminescence-based
techniques have been developed, which are able to sensitively monitor these changes with
spatiotemporal resolution by labeling suitable positions of the receptor. Depending on the
location of fluorophore-labeling, these techniques can visualize a great span of processes,
starting from the ligation of a small molecules up to further downstream signaling pathways.”
However, photopharmacology adds a new dimension to the already stringent requirements that
have to be met by a biological assay. It is of prime importance that excitation of the fluorophores
and photoisomerization reaction are independent of each other (orthogonal) and distinguishable
in their operational wavelength.® This technical demand is a major concern in
photopharmacology and limits the use of generally precise fluorescence imaging assays. That
is why researchers, usually, find it more convenient to interface patch-clamp or
electrophysiology techniques with the photoisomerization process. However, these
methodologies measure signaling events distal from the receptor activation, which often
produces false positives and makes it difficult to relate a signal to the exclusive activation of

the given receptor.”®
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1.3.2.1. Resonance Energy Transfer Assays

Based on resonance energy transfer (RET), a variety of receptor sensors have been developed
for GPCR recently, which have demonstrated to be highly suitable to determine the effect of
ligands on a functional level in living cells.”>’” These sensors consist of two chromophores,
whereby the donor is able to transfer the energy to the acceptor through a non-radiative dipole-
dipole-coupling, if they are in close proximity to each other. Depending on whether the acceptor
is a fluorophore or a bioluminescencent probe, one can differentiate between fluorescence
(FRET) and bioluminescence (BRET) resonance energy transfer. These sensors are reported as
“molecular ruler” measuring the distance between the probe pairs by recording the change of
FRET and BRET ratio, respectively. Advantages of these techniques include high efficiency
due to the detection of very small changes in distance and the possibility of monitoring proximal
signaling event, such as G protein or B-arrestin recruitment. However, the excitation and
emission peaks of the respective biosensors dictate the wavelength for the optimal performance
of the assay, which have to be matched for an orthogonal interface with photoisomerization

processes.

1.3.2.2. Luciferase Complementation Assay

Most cellular responses on an external stimulus are mediated over protein-protein interactions
into the cell, as visualized in Fig. 2. In living cells, the interaction between two proteins of
interest can be examined with spatiotemporal resolution using protein complementation assays
(PCA).”® PCA is based on the reconstitution of a dissected reporter protein, in this case
luciferase, which is responsible for the oxidation of luciferin with concomitant emission of
light. For the investigation of the functional activity at the muscarinic receptor, the two
catalytically inactive fragments of luciferase are fused to the Gag-subunit and the PLC-3,
respectively.” Upon activation of the receptor, the modified Gog-subunit interacts with the
modified PLC-B3 bringing the biosensor fragments into close proximity and promoting its
reconstitution, which results in emission of bioluminescence (Fig. 11). This strictly correlates
with receptor activation and therefore, can be read out in a ligand concentration-dependent
manner. Some major advantages characterize this assay: Firstly, receptors remain un-
engineered contrary to RET-techniques, where often large constructs at the ILs may
intrinsically effect receptor conformations. Secondly, it is amenable to microtiter formats
enabling for high-throughput screening of target compounds. Lastly, this assay shows a high

degree of robustness and reliability of data due to the monitoring of the Go/PLC-33 interaction
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proximal to receptor activation reducing the incidence of false positives.”* Importantly, no
excitation with light, which potentially could interfere with the operational wavelengths of
photoswitching is needed for the performance of this technique, which makes it highly suitable
for photopharmacological investigations on GPCRs. However, this method is still in his
childhood despite its strengths and was only developed for the human M1, M3 and M5 receptors,
the human histamine H; receptor and the human neurotensin NTS; receptor so far.”’ Currently,
Littmann and co-workers are expanding split luciferase complementation (SLC) technique for
other protein-protein interactions, such as in B-arrestin recruitment®® and in the cAMP pathway,

which may dramatically enhance the number of GPCRs exploitable with this method.

agonist

Fig. 11. Basic principle of the Go,,/PLCB3 complementation assay. Upon binding of an agonist, both
fragments are brought in close proximity leading to a reconstitution of the functional luciferase protein
and emission of bioluminescence, in the presence of the substrate luciferin.
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2. Scope and Objective

Muscarinic receptors represent one of the most interesting G protein-coupled receptor families
with high therapeutic relevance and potential especially related to the field of neurodegenerative
diseases, such as Parkinson’s Disease, Alzheimer’s Disease and schizophrenia. In the past,
researchers have mainly focused on overcoming the poor subtype-selectivity of muscarinic
receptors by addressing allosteric binding sites and making use of the cooperativity between
the binding sites. This gave birth to several ligands that are promising in terms of clinical
application and are currently in different phases of clinical trials.'* In contrast, dualsteric ligands
have emerged as useful tools for the investigation of receptor function and signaling due to their
unprecedented subtype-selectivity and specificity for signaling pathways, which can be
beneficial for rational structure-based drug design. This includes the detailed examination of
their binding sites, activation processes and mechanism of action dictated by the different
receptor conformations and their transition dynamics.

However, spacial and temporal patterns of receptor activation and signaling are considered to
be crucial factors for the determination of receptor function.®! Making use of the unmatched
properties of light, photopharmacology can add this additional dimension and provide the

required spatiotemporal resolution with high precision.

The main scope of this study was the design and synthesis of ligands for the muscarinic
acetylcholine receptors, which combine the benefits of the dualsteric approach with light-
switchable configurational properties for the investigation of spatiotemporal receptor activation
processes. The resulting bipharmacophoric and photoswitchable ligands were characterized
regarding their pharmacological activity using FRET and split luciferase complementation
techniques.

1. For this purpose, putatively dualsteric ligands consisting of different orthosteric and
allosteric moieties were rationalized, into which the molecular photoswitch azobenzene
was synthetically incorporated to introduce light-sensitivity. For subtype-selective
interactions with the M receptor, benzyl quinolone carboxylic acid (BQCA) was
employed as the alloster, while iperoxo represented the orthosteric part. The resulting
ligands named BQCAAI and BQCAAI-2 were characterized regarding to their
photophysical properties. Furthermore, the ligands’ applicability as a pharmacological
research tool was investigated at the M; receptor using a set of FRET techniques.

Following the same principle, two ligands containing phthalimido- (PAI) and
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M,

naphthalimido (NAI) moieties as allosteric building block were synthesized to address

the M> receptor.
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2. Despite this remarkable progress in the development of photopharmacological tool

compounds, unsubstituted azobenzene-based systems often lack thermal stability and
tissue compatibility. However, apart from overcoming these drawbacks, it is unclear
how the replacement with red-shifted molecular photoswitches affects the ligands on a
pharmacological level. In this context, a set of mono- (photoiperoxo and
F4 photoiperoxo) and bivalent photoswitchable compounds (iper-azo-iper and
Fs-iper-azo-iper) based on the highly potent muscarinic acetylcholine receptor agonist
iperoxo with both, an unsubstituted azobenzene core and redshifted tetra-ortho-
fluorinated analogs were investigated in terms of photophysical properties binding and

receptor activation.
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3. Furthermore, two sets of putatively dualsteric ligands containing either derivatives of
BQCA or TBPB connected to the orthosteric agonist carbachol with varying linker-
lengths were developed and evaluated biologically using a luciferase complementation
assay. Ligands were synthesized by Dr. Simon Schramm (Decker group, Julius-

Maximilian-University of Wiirzburg).
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3. Published Artiles

3.1. A Photoswitchable Dualsteric Ligand Controlling Receptor Efficacy

QDCh Communications Angeandte .

International Edition: DOI: 10.1002/anie.201701524
Photopharmacology German Edition:  DOI: 10.1002/ange 201701524
A Photoswitchable Dualsteric Ligand Controlling Receptor Efficacy

Luca Agnetta’, Michael Kauk', Maria Consuelo Alonso Canizal, Regina Messerer,
Ulrike Holzgrabe,* Carsten Hoffmann,* and Michael Decker*

Copyright (2019) John Wiley & Sons, Inc. Reproduced with permission.
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photostationary states using HPLC-methods.
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Dr. Michael Kauk and Maria Consuelo Alonso Canizal, under supervision of Prof. Dr. Carsten

Hoffmann, performed FRET-measurement for biological in vitro evaluation of target and

reference compounds.

Dr. Regina Messerer, under supervision of Prof. Dr. Ulrike Holzgrabe, performed the design

and synthesis of BQCA-rigid-iper reference compound.

Summary

The compound design was based on the findings that modification of the spacer length between
the orthosteric and allosteric moieties of the iperoxo (orthosteric agonist)/BQCAd-type
(positive allosteric modulator) hybrids controls its efficacy and leads to different degrees of
partial agonism.®*®? Synthetically incorporating a molecular photoswitchable azobenzene
moiety as a linker between the agonist and the positive allosteric modulator has given rise to a
BQCA-azobenzene-iperoxo (BQCAAI) hybrid compound (Fig. 12). Its photochromic behavior
was investigated with UV/Vis-spectroscopical methods, showing that this ligand is truly

responsive to light (Fig. 13).
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Fluorescence-based studies, including FRET (Fig. 14 and 15), show that BQCAAI allows the
change between an inactive purely allosteric and an active orthosteric/allosteric binding pose in
a light-controlled fashion and offers the possibility to study the process of receptor activation
at a molecular level. As such, BQCAAI provides not only spatiotemporal resolution, but also

the ability to control the receptor efficacy remotely. (For full article see Agnetta et al.”® or

appendix II)
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Fig. 13. a) Change of absorption spectrum upon irradiation with light proving photochromic behavior
of BQCAAIL b) Isomerization process can be repeated over many cycles providing robust and
reversible photoswitching ability. c) Thermal stability: Once switched to the cis-isomer, the achieved
PSS is stable in the dark for more than 2.5 h. Upon irradiation with white light a PSS in favor of the
trans-isomer is regained. This excellent thermal stability allows the investigation of BQCAAI on an
hour’s timescale, clearly distinguishing between the two PSSs.
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Fig. 14. a) FRET experiment for both conformations of BQCAAI and photoiperoxo at the M; receptor
showing significantly reduced receptor response for the cis-conformer (14%) compared to the trans-
conformer (25%) of BQCAAI while photoiperoxo is not able to induce any receptor response. b) FRET
investigations of Gq protein activation for both BQCAAI isomers at the M receptor. The cis-form

induces a less pronounced effect also on Gq protein activation (40%) compared to the trans-form (58%).
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Fig. 15. Investigations of downstream signaling using a dual Ca2+/DAG sensor, which is excited at 488
nm (DAG) and 562 nm (Ca®") respectively. a) The trans-conformer induces a significant cellular
response after 25 seconds. b) Using individual Ca?* monitoring, the cis-conformer is not able to induce

a cellular response.
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3.2. Fluorination of Photoswitchable Muscarinic Agonists Tunes Receptor

Pharmacology and Photochromic Properties
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Summary

To expand the application of photopharmacological tool compounds to therapeutic applications,
the need of redshifted azobenzenes for the design of light-responsive systems is frequently
emphasized.®* This is due to the tissue damaging and cell toxic properties of UV light, necessary
to achieve the photoisomerization in unsubstituted azobenzenes.”” In addition, low
photostationary states (PSSs), poor thermal stability and potential interference with the
commonly used optical readout methods, especially in GPCR research, are serious
restrictions.®* Generally, azobenzenes that can be switched with visible light are preferred over
their blue shifted counterparts, as they overcome the above-mentioned drawbacks. We
synthesized (Fig. 16 and 17) and investigated a set of mono- and bivalent photoswitchable
compounds based on the highly potent M receptor agonist iperoxo with both, the unsubstituted
azobenzene core and redshifted tetra-ortho-fluorinated analogs in a novel split luciferase assay
in order to reflect Gq activation. Remarkably, tetra-ortho-fluorination does not only positively
affect the photochromic behavior (Fig. 18), but also enhances efficacy and activity at the M
receptor: Uni- and bivalent iperoxo ligands act as “efficacy”-switches, whereas the tetra-ortho-
fluorinated analogs act as potent “affinity”’-switches (Fig. 20) with the desired PSS
improvement and advantageous photophysical properties (redshift). These findings also
demonstrate, that substituted azobenzenes in photopharmacological compounds not just
represent analogs with other photophysical properties but can exhibit a considerably different
biological profile that has to be investigated carefully. (For full article see Agnetta et al.% or

appendix III)
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Fig. 18. 3 a) Absorption spectrum of 9b upon irradiation with blue (400 nm) and green (500 nm) light
showing good separation of n-m* transition bond b) Absorption at Amax for determination of stability of

the cis isomer c) Isomerization process can be repeated over many cycles providing robust and reversible
photoswitching ability.
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Fig. 19. a) Introduction of the tetra-ortho-fluoro scaffold causes a significant change in the
pharmacological profile. While 9a activates the receptor only weakly, 9b shows full agonistic activity
with remarkable gain of potency. b) Both iperoxo homodimers 15a and 15b are full agonists with
significant potency enhancement for the tetra-ortho-fluorinated dimer and considerable difference in
biological activity for the two photoforms.

Fig. 20. Molecular docking: Pharmacological properties are mainly driven by binding of trans isomer.
Due to the fluorination of azobenzene core, the aromatic ring adopts an optimal geometry for m-n
interaction with the tyrosine lid. Additional charge interactions of the ammonium group of the dimers
15a and 15b in the extracellular receptor domain are responsible for the higher potencies, which were
not observed with 9a and 9b.
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4. Additional Research Work

4.1. Novel BQCA and TBPB Derived M; Receptor Hybrid-Ligands:
Orthosteric Carbachol Differentially Regulates Partial Agonism

Simon Schramm, Luca Agnetta, Hubert Gerwe, Marcel Bermudez, Matthias Irmen, Janine
Holze, Timo Littmann, Gerhard Wolber, Christian Triankle, Michael Decker*
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Summary

In this work, we compare and discuss two sets of putatively dualsteric ligands, which were
designed to connect the orthosteric ligand carbachol to different types of allosteric ligands. This
is based on recent investigations of the complex mechanisms of allostery, providing a deeper
understanding of GPCR activation and signaling processes. In this context, M receptors are
highly relevant according to their exemplary role for the study of allosteric modulation. We
chose a benzyl quinolone carboxylic acid derivative (BQCAd) as an Mi-selective positive
allosteric modulator and derivatives of TBPB [1-(1°-(2-tolyl)-1,4¢-bipiperidin-4-yl)-1H-
benzo[d]imidazol-2(3H)-one] as an M;-selective bitopic, i.e. orthosteric/allosteric agonist, i.e.
TBPBds, varying the distance between the allosteric and orthosteric building blocks (Fig. 21).
The pharmacological profile of these compounds, which was investigated using luciferase
protein complementation techniques in both the agonist and antagonist mode. We could
demonstrate that both alloster and linker length must be carefully chosen to obtain agonist or
antagonist behavior, respectively. While BQCAd-carbachol derivatives show partial agonism,
TBPBd-carbachol-derived compounds exhibit a formally competitive antagonism at the M;
receptor (Fig. 22). These findings may provide detailed information about the relation between
orthosteric and allosteric binding site and may help to design biased signaling and/or subtype

selectivity in future studies. (For full manuscript and supporting information see appendix IV).
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Fig. 21. Design strategy of putatively dualsteric compounds. The orthosteric moiety carbachol
was connected to a) a derivative of BQCA and b) a TBPB derivative using aliphatic linker of

different lengths (C3, C5, C8).
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Fig. 22. Pharmacological characterization of BQCAd- and TBPB-derivatives by means of
luciferase complementation assay in a) the agonist, showing the partial agonist nature of
BQCAd-derivatives, and b) the antagonist mode, identifying the TBPBd-C8-CCh derivative as

competitive antagonist.
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4.2. Synthesis and Pharmacological Investigation of Photoswitchable and

Dualsteric BQCA-based ligands

4.2.1. Design

It has been shown in previous studies that the length of the spacer connecting the orthosteric
building block to the allosteric moiety can be crucial when designing dualsteric ligands with
graded efficacy and partial agonism.** As shown for iperoxo/BQCAd hybrids, the aliphatic
spacer length influenced the probability of a purely allosteric and a dualsteric binding mode.
Following the previous design strategy for subtype-selective hybrid molecules preferring the
M; receptor (cf. 3.1.), a photoswitchable iperoxo/BQCAd hybrid compound was investigated,
which is one C-atom shorter than BQCAAI’® and has been named BQCAAI-2.

4.2.2. Results

BQCAAI-2 was obtained according to the synthetic procedures mentioned before (cf. 3.1.) and
included Gould-Jacobs and Mills reaction, followed by the substitution with the orthosteric

moiety (Fig. 23.).
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Fig. 23. Synthesis of photoswitchable hybrid BQCAAI-2 employing Gould-Jacobs reaction followed by
benzylation, saponification and amidation reactions and entailing a Mills reaction, bromination and
attachment of iperoxo base




To detect to which extent BQCAAI-2 responds to light, UV/Vis measurements were performed,
evaluating for the ligands’ robustness and sensitivity (Fig. 24). BQCAAI-2 clearly responds to
the illumination with various wavelengths of the UV and visible regions of the spectrum.
Moreover, it shows a great degree of stability and a good ability for multiple and reversible

photoswitching. On a closer look, the absorption spectrum of BQCAAI shows a major
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Fig. 24. a) Absorption spectrum of BQCAAI-2 upon irradiation with different wavelengths. b)
Absorption at Amx for determination of thermal stability of the cis isomer. c¢) [somerization process can
be repeated over many cycles providing robust and reversible photoswitching ability.

difference compared to BQCAALI. Usually, one strong n-n* and a weaker n-n* transition band
is detected for azobenzene-based molecular photoswitches, which both change their absorption
intensity upon irradiation. This is not the case for BQCAAI-2, which shows only the stronger
transition w-w* transition band. This phenomenon is based on the attachment of the shorter
azobenzene linker in BQCAAI-2 and therefore, represents a conjugated system. This causes the
n-mt* transition band to vanish and is in good accordance with literature. However, conjugation
of the free electron pairs does not affect the photoswitching performance.

For the preliminary pharmacological characterization, a luciferase complementation assay was
applied. The synthetic agonist carbachol was herein used as reference. BQCAAI-2 was tested
on its functional activity in both the trans and cis photoforms and compared to the
photopharmacological profile of BQCAAI. Both tool compounds are found to be “efficacy
switches” (change of maximal effect upon irradiation) and only weak “potency switches”
(change in ECso value upon irradiation). The trans isomer in the dark-adapted state of both
compounds shows a maximal efficacy of 57% for BQCAAI and 72% for BQCAAI-2 compared
to 100% of CCh, evidencing a partial agonistic behavior at the M; receptor. The cis isomer
decreases the efficacy further to 43% for BQCAAI and 50 % for BQCAAI-2 (Fig. 25). This is
in accordance with our previous study, where BQCAAI was characterized as a partial agonist

using FRET techniques. The shorter length of the photoswitchable linker seems to be beneficial
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for a stabilization of the active conformation. BQCAAI-2 may fit slightly better to the receptor
adopting a conformation, which makes it possible to interact with both the lipophilic core and
the extracellular vestibule of the receptor to a higher degree. For a clear characterization of this
compound, further experiments including selectivity studies using suitable fluorescent-based
and molecular modeling techniques should complement the functional assay, which will
identify the potential of BQCAAI-2 as suitable molecular tool for in-depth investigation of the

molecular basis of M receptor activation processes.
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Fig. 25. Ga/PLC-B3 split-luciferase interaction assay in HEK 293T cells for the preliminary
photopharmacological characterization of light-sensitive iperoxo/BQCAd hybrid molecules a) BQCAAI
and b) BQCAALI-2 in both the cis and trans photoforms. Data represent means + SEM of 3-4 experiments
conducted at least in triplicate observations.

4.2.3. Experimental Section

General Information. Common reagents and solvents were obtained from commercial
suppliers (Aldrich, Steinheim, Germany; Merck, Darmstadt, Germany) and were used without
any further purification. Tetrahydrofuran (THF) was distilled from sodium/benzophenone under
an argon atmosphere. Microwave assisted reactions were carried out on a MLS-rotaPREP
instrument (Milestone, Leutkirch, Germany) using 8-10 weflon disks. Thin-layer
chromatography (TLC) was performed on silica gel 60 F254 plates (Macherey-Nagel, Diiren,
Germany) and spots were detected under UV light (4=254 nm) or by staining with iodine.
Merck silica gel 60 (Merck, Darmstadt, Germany) was used for chromatography (230-400
mesh) columns or performed on an Interchim Puri Flash 430 (Ultra Performance Flash
Purification) instrument (Montlugon, France). Used columns are: Silica 25 g — 30 um, Alox-B

40 g —32/63 pum, Alox-B 25 g — 32/63 pm (Interchim, Montlugon, France). Nuclear magnetic
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resonance spectra were performed with a Bruker AV-400 NMR instrument (Bruker, Karlsruhe,
Germany) in [d¢]-DMSO, CDCl3, (CD3)2CO. 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, '*C
77.16 ppm; (CD3)CO: 'H 2.05 ppm, *C 39.52 ppm). Abbreviation for data quoted are: s,
singlet; d, doublet; t, triplet; q, quartet; 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. For purity and reaction monitoring, analytical HPLC analysis was performed with a
system from Shimadzu equipped with a DGU-20A3R controller, LC20AB liquid
chromatograph, and a SPD-20A UV/Vis detector. Stationary phase was a Synergi 4 um fusion-
RP (150%4.6 mm) column (Phenomenex, Aschaffenburg, Germany). As mobile phase a
gradient of MeOH/water with 0.1% formic acid was used. Parameters: A = water, B = methanol,
V(B)/(V(A) + V(B)) = from 5% to 90% over 10 min, V(B)/(V(A) + V(B)) = 90% for 5 min,
V(B)/(V(A) + V(B)) = from 90% to 5% over 3 min. The method was performed with a flow
rate of 1.0 mL/min. Compounds were only used for biological evaluation if the purity was >
95%. ESI mass spectral data were acquired with a Shimadzu LCMS-2020. Data are reported as
mass-to-charge ratio (m/z) of the corresponding positively charged molecular ions.
N-(4-Aminophenyl)-1-benzyl-8-fluoro-4-0xo-1,4-dihydroquinoline-3-carboxamide. N-
Benzyl-8-fluoro-4-oxo-1,4-dihydroquinoline-3-carboxylic acid (0.79 g, 2.66 mmol) and
triethylamine was dissolved in DMF and triethylamine (0.57 g, 0.77 mL, 5.59 mmol) and ethyl
chloroformate (0.59 g, 0.52 mL, 5.45 mmol) were added at 0°C. The mixture was stirred for
1.5 h. After addition of p-phenyl diamine (0.69 g, 6.38 mmol) the mixture was stirred at 0°C
and subsequently at room temperature overnight. The reaction mixture was poured into ice
water and the precipitate was filtered off and washed with petroleum ether and water. After the
drying under reduced pressure the product was obtained as a green solid (1.03 g, 2.66 mmol,
99%). 'H-NMR (400 MHz, DMSO-de): & [ppm] = 5.04 (s, 2 H), 5.86 (d, J = 2,7 Hz, 2 H), 6.58
(d,J=8.7Hz,2H),7.13 (d,J =7.3 Hz, 2 H), 7.33 (m, 5 H), 7.53 (m, 1 H), 7.65 (m, 1 H), 8.27
(d,J=7.1Hz, 1 H),9.06 (s, 1 H), 11.80 (s, 1 H, NH) ppm. *C-NMR (101 MHz, DMSO-ds): &
[ppm] =54.8,112.1,114.8,115.0, 121.6, 126.2, 126.5, 128.2, 128.4, 129.3, 130.3, 151.6, 153.7,
154.8 ppm. ESI: m/z calcd. for C23H1sFN3O2 [M+H]*: 388.15; found: 388.05.
1-Benzyl-8-fluoro-N-(4-((4-(hydroxymethyl)phenyl)diazenyl)phenyl)-4-oxo-1,4-di-
hydroquinoline-3-carboxamide. N-(4-aminophenyl)-1-benzyl-8-fluoro-4-oxo-1,4-dihydro-
quinoline-3-carboxamide (1.04 g, 2.66 mmol) was dissolved in acetic acid and nitrosobenzyl
alcohol was added in portions. The reaction mixture was stirred at room temperature overnight.

The mixture was poured into ice water and ethanol was added. The precipitate was filtered and
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after drying under reduced pressure, the product was obtained as an olive coloured solid (1.00
g, 1.98 mmol, 75%). "H-NMR (400 MHz, DMSO-ds): & [ppm] = 4.60 (d, ] = 5.6 Hz, 2 H), 5.38
(t, J=5.7Hz, 1 H, OH), 5.89 (s, 2 H), 7.16 (d, J = 7.3 Hz, 2 H), 7.25 — 7.40 (m, 3 H), 7.49 —
7.61 (m, 3 H), 7.68 (dd, J =7.6, 15.1 Hz, 1 H), 7.85 (d,J =8.3 Hz, 2 H), 7.96 (q, J = 9.1 Hz, 4
H), 830 (d, J = 7.8 Hz, 1 H), 9.15 (s, 1 H), 12.53 (s, 1 H, NH) ppm. ESI: m/z calcd. for
C30H23FN4O3 [M+H]*: 507.18 ; found: 507.20 .
1-Benzyl-N-(4-((4-(bromomethyl)phenyl)diazenyl)phenyl)-8-fluoro-4-oxo-1,4-
dihydroquinoline-3-carboxamide. 1-benzyl-8-fluoro-N-(4-((4-(hydroxymethyl)phenyl)
diazenyl)phenyl)-4-oxo0-1,4-dihydroquinoline-3-carboxamide (1.00 g, 1.98 mmol) and tetra
bromo methane (1.97 g, 594 mmol) were dissolved in dry dichloromethane.
Triphenylphosphine (1.56 g, 5.94 mmol) was added at 0°C and the mixture was stirred at room
temperature overnight. After the solvent was evaporated, ethanol was added. The precipitate
was filtered off and dried under reduced pressure. The product was obtained as a orange solid
(0.61 g, 1.07 mmol, 54%)."H-NMR (400 MHz, DMSO-ds): & [ppm] = 4.56 (s, 2 H), 5.69 (s, 2
H),7.17 (d,J =6.5 Hz, 2 H), 7.40 (m, 6 H), 7.53 (d, J =8.4 Hz, 2 H), 7.88 (d, J = 8.4 Hz, 2 H),
7.93 — 8.04 (s, 3 H), 8.40 (m, 1 H), 8.95 (s, 1 H), 12.41 (s, 1 H). ¥C-NMR (101 MHz,
DMSO-de): 6 [ppm] =33.1, 61.7, 112.3, 120.5, 123.1, 124.2, 126.0, 126.2, 128.6, 129.1, 129.2,
129.9, 129.9, 135.3, 150.8, 178.7, 188.4. ESI-MS: m/z calc. for C30H22BrFN4+O, [M+H]":
591.08, found: 591.25.
N-(4-((4-((1-Benzyl-8-fluoro-4-oxo-1,4-dihydroquinoline-3-carboxamido)methyl)
phenyl)diazenyl)benzyl)-4-((4,5-dihydroisoxazol-3-yl)oxy)-N,N-dimethylbut-2-yn-1-
aminium bromide (BQCAAI-2). 4-((4,5-dihydroisoxazol-3-yl)oxy)-N, N-dimethylbut-2-yn-
l-amine was synthesized according to a literature procedure.®® 4-((4,5-dihydroisoxazol-3-
yDoxy)-N,N-dimethylbut-2-yn-1-amine (0.13 g, 0.70 mmol) and 4-((4,5-dihydroisoxazol-3-
ylDoxy)-N,N-dimethylbut-2-yn-1-amine (200.0 mg, 0.35 mmol) were dissolved in acetonitrile.
A catalytic amount of a mixture of potassium iodide and potassium carbonate (1:1) was added.
The mixture was treated in microwave at 80°C for 4 h. After the microwave vial was cooled to
room temperature, the precipitate was filtered off and the solvent was evaporated in vacuo until
5 mL of acetonitrile. After the addition of diethyl ether, the precipitate was filtered off. The
product was obtained as an orange solid (223.0 mg, 0.30 mmol, 85%). 'H NMR (400 MHz,
DMSO-de): 6 [ppm] =3.05 (t,J = 12 Hz, 2 H), 3.41 (s, 6 H), 4.44 (t, ] = 12.8 Hz, 2 H), 4.76 (s,
2 H),4.88 (s,2H),5.14 (s,2 H), 5.65 (s, 2 H), 7.16 (d, J = 6.5 Hz, 2 H), 7.28 — 7.47 (m, 5 H),
7.51-7.77 (m, 1 H), 7.83 (d,J =8.5 Hz, 2 H), 7.87 — 8.01 (m, 5 H), 8.38 (m, 1 H), 8.90 (d,J =
17.3 Hz, 1 H), 12.41 (s, 1 H, NH) ppm. *C-NMR (101 MHz, DMSO-ds): & [ppm] = 33.1, 38.3,
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50.2,57.1,57.5,61.5,70.3,105.3, 112.2, 120.7, 123.5, 123.6, 124.7, 126.4, 128.2, 128.8, 128.9,
129.3, 130.7, 132.9, 134.2, 142.3, 148.7, 162.8, 168.6, 175.9 ppm. ESI-MS: m/z calc. for
C39H36FNsO4* [M]*: 671.28, found: 671.15.

Photochemical characterization. UV/Vis spectra and experiments were recorded on a Varian
Cary 50 Bio UV/Vis Spectrophotometer using Hellma (Type 100-QS) cuvettes (10 mm light
path). Data were plotted using GraphPad Prism 5.0. For irradiation, high performance LEDs
(Mouser Electronics Inc. or Hartenstein) were used as light source. A concentration of 50 pM
was prepared for each compound and measured in its dark-adapted state. Next, the probe was
illuminated with LEDs of different wavelengths (254, 365, 380, 400, 430, 500 nm and white
light) while gradually increasing the irradiation time until no change in the spectrum was
detectable. Stability measurements were performed irradiating the probe with the light source,
which provided the highest photoconversion to the cis isomer and kept in dark for at least 120
minutes at room temperature. During this time the absorbance at Amax Was recorded every 5
minutes. Lastly, the probe was irradiated with the light source, which provided the highest
photoconversion to the trans isomer. Analysis was carried out with GraphPad Prism software
(GraphPad Software Inc., San Diego CA, www.graphpad.com).

Pharmacology. Cell culture. All experiments were performed with HEK 293T cells stably
expressing the novel split luciferase receptor sensor. Cells were incubated at 37 °C with 5%
COz and cultivated in DMED with 4500 mg/1 glucose, 10% (v/v) FCS, 100 pg/mL penicillin,
100 pg/mL streptomycin sulfate and 2 mM L-glutamine and 600 pg/mL G-418. Every two to
three days, the cell lines were routinely passaged. Split Luciferase complementation assay. The
assay was performed as described previously,” except for the following modifications: A
Berthold Mithras LB 940 plate reader was used to quantify the luminescence emitted by the

cells, using white, flat bottomed nunc™ 96 microwell™ polystyrene plates.
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4.3. Synthesis and Pharmacological Investigation of Dualsteric Ligands for

Optical Control of the M: receptor

4.3.1. Design

The sympathetic and parasympathetic nervous systems play pivotal roles in controlling cardiac
function mediated by GPCRs. Amongst them, the M receptor is responsible for heart rate and
atrio-ventricular conduction time regulation as well as for anti-inflammatory effects in the
ventricle and therefore are, of high therapeutical relevance.’” However, the afore-mentioned
challenges of subtype-selectivity deficiency also holds true for the M receptor. Following the
allosteric/orthosteric hybrid design, ligands, which act in a dualsteric manner, are promising
strategies for a selective stimulation of M> receptors. Starting from the known
bis(ammonio)alkane-type allosteric fragments, such as the inhibitor W84 (phthalimide) and the

enhancer naphmethonium, these ligands exhibit pronounced subtype-selectivity when
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Fig. 26. Design strategy for the development of photoswitchable dualsteric ligands based on allosteric
bis(ammonio)alkane-type fragments and orthosteric iperoxo connected through the molecular
photoswitch azobenzene.
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combined with the orthosteric high affinity agonist iperoxo building block through a
polymethylene linker.3>62

For an efficient drug action targeting diseases related to the cardiovascular system, precision in
space and time is indispensable. This is due to a complex interplay between electrophysiological
and molecular processes occurring in different parts of the heart. Considerable efforts have been
invested to use light with its spaciotemporal resolution as external regulator, leading to several
breakthroughs in the field of optogenetics.®*° However, the need of genetical engineering
limits the use of this strategy. Instead, we applied the photopharmacological approach, which
was successfully developed for the M receptor by introducing the photoswitchable azobenzene
linker into the dualsteric M> ligands described previously. We aimed to pointedly design and

synthesize dualsteric ligands for the investigation of receptor activation processes with high

spatiotemporal precision for in vitro and in vivo purposes (Fig. 25).

4.3.2. Results

The synthesis of the two dualsteric and photoswitchable M receptor ligands involves the
nucleophilic substitution at both brominated benzylic carbon atoms of the 4,4’-bis(bromo-

methyl)azobenzene moiety with the allosteric and the orthosteric building block, respectively
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Fig. 27. Synthetic route of phthal-azo-iper (PAI) and naphth-azo-iper (NAI), which involves multiple
substitutions at the azobenzene moiety with the allosteric and orthosteric building block, respectively.
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(Fig. 26). As unsymmetrical azobenzene are not easy to access synthetically, double
substitution can take place once the nucleophile is introduced. To avoid this, 4,4’-bis(bromo-
methyl)azobenzene was firstly used in high excess and concentration and heated to reaction
temperature. Subsequently, the phthalimide and naphmethonium building blocks were added
dropwise. This procedure provided the mono-substituted products in optimized but still
moderate yields.

The second substitution with 4-((4,5-dihydroisoxazol-3-yl)oxy)-N,N-dimethylbut-2-yn-1-
amine, which was synthesized according to literature,3® took place in equimolar amounts and
conditions affording the target compounds phthal-azo-iper (PAI) and naphth-azo-iper (NAI).
PAI and NAI were investigated regarding to their photochemical behavior, showing
characteristic transition bands in their absorption spectra (Fig. 28). Upon irradiation with light
of different wavelengths, both PAI and NAI show a pronounced and reversible dependency on
the specific wavelength used, which indicates photochromic behavior. However, PAI exhibits
a higher degree in terms of photoswitching ability in comparison to the related NAI compound.
From a thermal stability point of view, the target compounds meet the requirements for reliable
photoswitching. In the dark, PAI and NAI are stable for over two hours and the process can be
repeated over many cycles. Further pharmacological investigations with this tool compounds

are currently done in collaboration with the group of Pau Gorostiza and were published as
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Fig. 28. Photocharacterization of PAI and NAI. a/d) Absorption spectra upon irradiation with different
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process can be repeated over many cycles providing robust and reversible photoswitching ability.
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preprint.”!

Due to the higher photochromic performance, PAI was chosen for further
investigations regarding binding and functional activity at the M2 receptor, and its putative
binding modes, which were studied in silico. Additionally, this tool compound has been proven
to nicely control cardiac function in a light-dependent and reversible fashion in vivo using

wildtype frog tadpoles and rats, which was shown for the first time in this scientific field.

4.3.3. Experimental Section

For general information see section 4.2.3.
N-(4-((4-(bromomethyl)phenyl)diazenyl)benzyl)-3-(1,3-dioxoisoindolin-2-yl)-N,N,2,2-
tetramethylpropan-1-aminium bromide. Previously synthesized 4,4 -bis(bromo-
methyl)azobenzene85 (0.32 g, 0.86 mmol, 2 eq.) was dissolved in acetonitrile (50 mL) and
heated to 50 °C and 2-(3-(dimethylamino)-2,2-dimethylpropyl)isoindoline-1,3-dione (100 mg,
0.43 mmol) was added and stirred for 24 h. After reaction was completed, the reaction mixture
was cooled to room temperature and the product was precipitated with diethyl ether. The crude
product was washed twice with diethyl ether to afford an orange solid (106 mg, 0.177 mmol,
41%). "H-NMR (400 MHz, CDCls): § [ppm] = 7.92 -7.41 (m, 12H), 5.21 (s, 2H), 4.53 (s, 2H),
3.82(t,J =6.4 Hz, 2H), 3.75 — 3.58 (m, 6H), 2.40 — 2.29 (m, 2H). '*C-NMR (101 MHz, CDCls):
O [ppm] = 168.3, 153.6, 152.1, 141.4, 134.4, 131.9, 130.0, 123.6, 99.2, 93.7, 77.2, 67.0, 61.4,
50.3, 35.0, 32.7, 22.8. ESI-MS: m/z calc. for C27H2sBrN4O>" [M]™: 519.14, 521.14, found
519.05 and 521.17.
4-((4,5-dihydroisoxazol-3-yl)oxy)-N-(4-((4-(((3-(1,3-dioxoisoindolin-2-yl)-2,2-di-
methylpropyl)dimethylammonio)methyl)phenyl)diazenyl)benzyl)-N,N-dimethylbut-2-
yn-1-aminium bromide (PAI). N-(4-((4-(bromomethyl)phenyl)diazenyl)-benzyl)-3-(1,3-
dioxoisoindolin-2-yl)-N,N,2,2-tetramethylpropan-1-aminium bromide (106 mg, 0.177 mmol)
and 4-((4,5-dihydroisoxazol-3-yl)oxy)-N, N-dimethylbut-2-yn-1-amine (63 mg, 0.353 mmol, 2
eq.) in acetonitrile (10 mL) were added into a sealed reaction vessel and stirred until the starting
material was consumed. The crude is purified with reversed phase flash column
chromatography to afford the desired product as an orange solid (30 mg, 38 pmol, 22%). 'H-
NMR (400 MHz, CD30D): 6 [ppm] = 8.10 (d, J = 8.5 Hz, 2H), 8.01 (d, J = 8.5 Hz, 2H), 7.90
(dd, J =5.4,3.2 Hz, 2H), 7.85 (d, J = 8.6 Hz, 2H), 7.82 (dd, J = 5.4, 3.2 Hz, 2H), 7.75 (d, J =
8.5 Hz, 2H), 4.99 (s, 2H), 4.75 (s, 2H), 4.64 (s, 2H), 4.41 (t, ] = 9.6 Hz, 2H), 4.36 (s, 2H), 3.84
(t,J =6.4 Hz, 2H), 3.47 —3.38 (m, 2H), 3.22 (s, 6H), 3.11 (s, 6H), 3.07 (t, ] = 9.6 Hz, 6H), 2.38
—2.25 (m, 2H). *C-NMR (101 MHz, CD3;0D): § [ppm] = 169.9, 168.8, 163.4, 163.1, 162.7,
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155.0, 154.8, 135.6, 135.3, 124.7, 124.5, 124.1, 88.8, 76.8, 71.2, 68.5, 67.4, 63.2, 58.3, 54.9,
50.9, 50.8, 35.7, 33.7, 23.5. ESI-MS: m/z calc. for C3sHasNsO4** [M]**.325.18, found: 325.05.
2-(3-(Dimethylamino)-2,2-dimethylpropyl)-1H-benzo[delisoquinoline-1,3(2H)-dione. 1H-
Benzo[de]isoquinoline-1,3(2H)-dione (1.10 g, 5.58 mmol) and N1,N1,2,2-tetramethylpropane
1,3-diamine (0.73 mg, 5.58 mmol) were dissolved in toluene (120 ml). Catalytical amounts of
p- toluene sulfonic acid (53.1 mg. 0.3 mmol) were added. The reaction mixture was refluxed
under stirring and trapping the forming water for 48 h. The solvent was removed under vacuum
yielding the crude product as a light brown solid, which was washed with ethanol (3 x 10 mL).
The product was obtained as white solid (1.14 g, 3.68 mmol, 66%). '"H-NMR (400 MHz,
CDClI3): 6 [ppm] = 8.65 — 8.54 (m, 1H), 8.27 — 8.15 (m, 1H), 7.83 — 7.69 (m, 1H), 4.21 (s, 1H),
2.37 (s, 3H), 2.35 — 2.31 (m, 1H), 1.00 (s, 3H). *C-NMR (101 MHz, CDCl3): 165.1, 133.9,
131.7,131.5, 128.2, 127.1, 123.0, 70.2, 49.0, 47.9, 39.3, 25.1.
N-(4-((4-(Bromomethyl)phenyl)diazenyl)benzyl)-3-(1,3-dioxo-1H benzo[delisoquino-line-
2(3H)-yl)-N,N,2,2-tetramethylpropan-1-aminium. Previously synthesized 4,4-
bis(bromomethyl)azobenzene® (0.24 g, 0.64 mmol) was dissolved in acetonitrile (40 mL) and
heated to 50 °C and 2-(3-(dimethylamino)-2,2-dimethyl-propyl)-1H-benzo[de]isoquinoline-
1,3(2H)-dione (40.2 mg, 0.13mmol) dissolved in acetonitrile (10 mL) was added dropwise.
After reaction was completed, the reaction mixture was cooled to room temperature and the
product was precipitated with diethyl ether. The crude product was washed twice with diethyl
ether to afford an orange solid (41 mg, 0.057 mmol, 45%). 'H-NMR (400 MHz, CD30OD): &
[ppm] = 8.26 — 8.16 (m, 14H), 4.81 (s, 2H), 4.37 (s, 2H), 3.64 (s, 2H), 3.38 (s, 6H), 1.47 (s,
6H). '*C-NMR (101 MHz, CD3;0D): & [ppm] = 162.8, 150.6, 147.9, 146.8, 135.2, 134.0, 131.4,
131.0, 129.4, 128.6, 128.07, 127.9, 127.7, 123.4, 122.3, 78.1, 74.6, 56.2, 53.4, 30.8, 30.5, 26.3.
ESI-MS: m/z calc. for C33H34BrN4O;* [M]*: 597.19, 599.18, found: 597.02, 599.20.
4-((4,5-Dihydroisoxazol-3-yl)oxy)-N-(4-((4-(((3-(1,3-dioxo-1H-benzo[de]isoquinolin-
2(3H)-yl)-2,2-dimethylpropyl)dimethylammonio)methyl)phenyl)diazenyl)benzyl)-N,N-
dimethylbut-2-yn-1-aminium bromide (NAI). N-(4-((4-(Bromomethyl)-
phenyl)diazenyl)benzyl)-3-(1,3-dioxo-1H benzo[de]isoquino-line-2(3H)-yl)-N,N,2,2-tetra-
methylpropan-1-aminium bromide (41 mg, 0.057 mmol) and 4-((4,5-dihydroisoxazol-3-
yDoxy)-N,N-dimethylbut-2-yn-1-amine (21 mg, 0.11 mmol) were dissolved in acetonitrile
(10 mL) and stirred at room temperature overnight. After reaction was completed, the crude
product was precipitated with diethyl ether. The crude product was washed twice with diethyl
ether to afford a dark orange foam (15 mg, 0.17 mmol, 30%). "H-NMR (400 MHz, CDCl3): &
[ppm] = 8.56 —8.47 (m, J =23.1, 7.8 Hz, 2.5 H), 8.20 (t, ] = 8.8 Hz, 2.5H), 8.03 — 7.62 (m, 8H),
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7.49 (t, ] = 8.8 Hz, 1H), 5.28 (s, 4H), 4.79 (t, J = 1.8 Hz, 2H), 4.40 (t, ] = 9.6 Hz, 4H), 3.55 (s,
2H), 3.00 (s, 4H), 2.50 (s, 12H), 1.32 (s, 6H). '*C-NMR (101 MHz, CDCL): & [ppm] = 162.8,
159.3, 147.9, 135.2, 134.0, 131.4, 131.0, 129.4, 128.6, 127.9, 127.7, 123.4, 84.8, 78.1, 75.3,
74.6, 66.3, 65.3, 59.1, 56.2, 53.4, 50.0, 49.2, 30.5, 26.3, 24.6. ESI-MS: m/; calc. for
C42HasN6Oaz™ [M]?*: 350.19, found: 350.05.
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5. Discussion and Outlook

Most biological processes rely on chemical and biological events, which take place in stringent
spacial confinements and in a defined temporal sequence.®! As an example, a given GPCR can
mediate different signaling pathways depending on its location (PNS or CNS, pre- or
postsynaptically). At the same time, this GPCR can induce different signaling pathways after
activation with a suitable ligand, according to the duration of activation and thus, in a temporal-
dependent way. Short-term activation of a GPCR involves G proteins and their corresponding
cellular response, while B-arrestin recruitment often takes place upon prolonged activation
leading to a different response. To unravel the complex nature of the different processes,
molecular basis and dynamics of a receptor in a space- and time-resolved manner, molecular
tools are needed that allow their precise control without compromising their specific function.
Dualsteric ligands have been extensively used to characterize distinct orthosteric and allosteric
binding sites of GPCRs giving essential information on the molecular basis of receptor
function.®®> Photopharmacology, instead, adds the dimension of spatial as well as temporal
resolution to the biological functions by introducing molecular photoswitches into the structure
of the mediating ligand.®® In this context, the aim of this work was the rational design, the
synthesis, and the photochemical and pharmacological evaluation of such tool compounds for
muscarinic receptors, by interfacing the dualsteric concept with photopharmacological
methods. These photoswitchable dualsteric ligands were designed to remotely respond to light
as external stimulus, hence triggering a change in activity at the receptor. Depending on the
pharmacophores and the features of light-responsive unit, which are connected to each other,
specific scientific questions can be pursued, including the nature of subtype-specific allosteric
binding site, the dynamic of the receptor and the time course of activation.

On this basis, the first photoswitchable dualsteric ligand, BQCAALI (see cf. 3.1.), acting on the
M, receptor, was developed, which allows controlling receptor efficacy upon irradiation.’”® In
FRET experiments and using a dual Ca**/DAG sensor, the trans state BQCAAI was identified
as a partial agonist, while cis-BQCAAI was found to be an antagonist. Using this light-sensitive
tool compound, it was possible to quantify the kinetics of receptor activation without interfering
with the system. While the reference agonist iperoxo induces an immediate calcium response,
trans-BQCAALI activates the receptor after approximately 25 s suggesting that the ligand needs
a specific amount of time to find the optimal binding geometry to stabilize the receptor in an
active conformation. The delayed response was shown to be characteristic for partial agonists

in comparison to conventional agonists.®?> However, whether the ligand shows partial or full
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agonist activity essentially depends on the length of the linker, which connects the
pharmacophores. Accordingly, BQCAAI-2, with a shorter photoswitchable linker, exhibits a
higher efficacy compared to BQCAAI (cf. 4.2).

Photopharmacological tool compounds, such as BQCAAI and BQCAAI-2, which are designed
to present subtype-selective pharmacophores and may prefer, in this case, M| receptors over
the other muscarinic subtypes hold great potential for in vivo studies and therapeutic
application. This was also shown for PAI, a photopharmacological tool compound, which was
designed to present a M subtype-selective allosteric modulator (a fragment of W84) connected
to iperoxo through a photoswitchable azobenzene linker (cf. 4.3.). Results from the group of
Pau Gorostiza clearly show that PAI is a useful tool for the regulation of cardiac function in a
light-dependent fashion, which was demonstrated in wildtype frog tadpoles and rats.”! The
related compound NALI is still under investigation. Used in combination, photoswitchable tools
with preference for the different subtypes may be even appropriate for “brain mapping”, i.e. for
studying the function of the brain and spinal cord with spatiotemporal resolution.

Moreover, we have shown that fluorescence-based techniques, which detect receptor
conformational changes, have a major impact on the switching performance because of the
current use of ~436 nm as excitation wavelength, which is also used for cis-to-trans
isomerization. Apart from that, we realized that it is absolutely necessary that the operational
wavelengths that trigger the isomerization of the photoswitch and hence, the change in activity
at the receptor site, not only fit to the observed biological system but also to the conditions of
the cellular assay and its readout. Ideally, the inserted molecular photoswitch should show
superior photochemical properties, such as quantitative and stable bidirectional photoswitching,
and be responsive to visible rather than high-energy UV-light, which can damage the cells used
in functional assays. Ideally, the assay itself should be completely light-independent to obtain
a clear correlation between the recorded activity and the observed photoisomer without
influencing the photoswitching performance. %2

In this regard, tetra-ortho-fluorination of the azobenzene scaffold was described and extensively
investigated by the Woolley- and Hecht-groups.38+994 The different substitution pattern
changes the electronic environment of the system in such a way, that the operational
wavelengths are shifted more into the visible region of the spectrum. This makes it possible to
distinctively address each photoisomer by using green and blue light and to avoid cell-toxic
UV-light.

Additionally, we utilized split luciferase complementation techniques instead of using

fluorescence-based techniques. This assay is particularly suitable to detect protein-protein
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interactions and associated signaling pathways, providing clear-cut and distinguishable
concentration-response curves for each photoisomer, which makes it highly suitable for
photopharmacological investigations into GPCRs.

These optimized methods allowed detailed investigation into the distinct effects of fluorination
and bivalency on binding properties at the M receptor, using a set of novel photoswitchable
tool compounds based on the agonist iperoxo (cf. 3.2) 2> We designed photoswitchable iperoxo
(PI) and bivalent iperoxo (IAI) compounds, as well as the red-shifted congeners (F4-PI, F4-1AI)
by introduction of the tetra-ortho-fluoro scaffold. The bivalent compounds show much higher
affinity compared to the univalent compounds due to additional involvement of allosteric
binding sites. Remarkably, the fluoro-substituted compounds not only showed improved optical
properties, but also displayed increased potency at the M receptor in the range of the reference
agonist itself. Bivalent and fluorinated photoiperoxo act as pronounced affinity switches,
whereas the univalent photoiperoxo acted as an efficacy switch. This is a remarkable
observation, as the introduction of a molecular photoswitch generally causes an overall loss in
activity at the receptor. A photoswitch-endowed compound, which shows an almost identical
potency as the reference compound is often hard to achieve.

These results demonstrate for the first time, that fluorination of the azobenzene unit in receptor
agonists dramatically alters the pharmacological profile of the compound. For the M receptor
this structural change turned out to be beneficial in terms of affinity, potency and efficacy.
Therefore, using the tetra-ortho-fluorinated azobenzene scaffold represents a promising and
convenient methods for the optimization of photoswitchable GPCR ligands. However, the

pharmacological profile has to be investigated carefully for each application.

Based on the results of this work, further research issues are well worth being pursued in future
projects.

1. The first generation of dualsteric photoswitchable tool compounds BQCAAI
BQCAAI-2, PAI and NATI still suffer from poor photochemical properties arising from
their unsubstituted azobenzene core. Future studies should involve the development of
the tetra-ortho-fluorinated analogs, which may well show an impact on the receptor
affinity and functional activity.

2. To date, the herein presented ligands have been investigated exclusively on the receptor
to which they have been designed for (BQCAAI and BQCAAI-2 for M; and, PAI and
NAI for M; receptor). It will be interesting to evaluate to which extent these ligands

truly hold their promise of subtype-selectivity. However, these studies depend on the
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availability of suitable and light-independent assays. Further developments in split-
luciferase complementation techniques, especially for the Gi/o signaling pathway will
complement the photopharmacological characterization and will help to elucidate
subtype-specificity.”

One major hallmark of dualsteric ligands is their ability to exhibit functional selectivity,
preferentially activating one pathway over others (biased signaling). Further studies
should investigate the functional specificity in detail in both the trans- and cis-state for
the novel photochromic subtype-selective and -unselective ligands presented in this
work. A promising approach may involve a recently published split luciferase-based
assay for analyses of the ligand concentration- and time-dependent recruitment of 3-
arrestin. By doing this, it may be possible to investigate to which extent the
photoswitching influences the receptors ability to mediate different signaling
pathways.5°

Albeit the fact that tetra-ortho-fluorinated azobenzenes stand out in their slow thermal
cis-to-trans relaxation rate, representing a truly bistable molecular switch on the

biological time scale,”

they represent only one of many ways to improve the
photochemical properties of photoswitchable compounds. As an example, ortho-
methoxylation and ortho-chlorination have proven to provide similar influence on
photophysics and have been successfully employed in biological applications.
Additionally, substitution pattern can play a significant role in terms of regulation of
relaxation time. Especially in neuroscience, it is not always beneficial to design slow-
relaxing photoswitchable ligands. In fact, the scientific problem and the receptor in
observation rather dictate the choice of the right photoswitch with the desired
properties.”> In this context, it is worth considering different substituents and

substitution patterns at the azobenzene core after careful characterization of their

properties before applying.
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6. Summary

G protein-coupled receptor research looks out for new technologies to elucidate the complex
processes of receptor activation, function and downstream signaling with spatiotemporal
resolution, preferably in living cells and organisms. A thriving approach consists in making use
of the unsurpassed properties of light, including its high precision in space and time, non-
invasiveness and high degree of orthogonality regarding biological processes. This is realized
by the incorporation of molecular photoswitches, which are able to effectively respond to light,
such as azobenzene, into the structure of a ligand of a given receptor. The muscarinic
acetylcholine receptors belong to class A GPCRs and have received special attention in this
regard due to their role as a prototypic pharmacological system and their therapeutic potential.
They mediate the excitatory and inhibitory effects of the neurotransmitter acetylcholine and
thus regulate diverse important biological processes, especially many neurological functions in
our brain.

In this work, the application of photopharmacological tool compounds to muscarinic receptors
is presented, consisting of pharmacophores extended with azobenzene as light-responsive
motif. Making use of the dualsteric concept, such photochromic ligands can be designed to bind
concomitantly to the orthosteric and allosteric binding site of the receptor, which is
demonstrated for BQCAAI (M) and PAI (M») and may lead to subtype- and functional-
selective photoswitchable ligands, suitable for further ex vivo and in vivo studies.

Moreover, photoswitchable ligands based on the synthetic agonist iperoxo were investigated
extensively with regard to their photochemical behavior and pharmacological profile, outlining
the advantages and challenges of using red-shifted molecular photoswitches, such as tetra-
ortho-fluoro azobenzene. For the first time on a GPCR it was examined, which impact the
different substitution pattern has on both the binding and the activity on the M receptor. Results
show that substituted azobenzenes in photopharmacological compounds (Fs-photoiperoxo and
Fs-iper-azo-iper) not just represent analogs with other photophysical properties but can exhibit
a considerably different biological profile that has to be investigated carefully.

The achievements gained in this study can give important new insights into the binding mode
and time course of activation processes, enabling precise spatial and temporal resolution of the
complex signaling pathway of muscarinic receptors. Due to their role as exemplary model
system, these findings may be useful for the investigation into other therapeutically relevant

GPCRs.
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7. Zusammenfassung

Die Forschung an G-Protein-gekoppelten Rezeptoren verlangt nach neuen Technologien zur
Aufklirung der komplexen Prozesse der Rezeptoraktivierung, -funktion und ihrer
nachgeschalteten Signalwege mit rdumlicher und zeitlicher Auflosung, vorzugsweise in
lebenden Zellen und Organismen. Ein erfolgreicher Ansatz besteht darin, die uniibertroffenen
Eigenschaften des Lichts zu nutzen, welche die hohe Prizision in Raum und Zeit, die Nicht-
Invasivitidt und die hohe Orthogonalitit in Bezug auf biologische Prozesse einschlieft. Dies
wird durch den Einbau von molekularen Photoschaltern, wie z. B. Azobenzolen, in die Struktur
eines Liganden eines bestimmten Rezeptors realisiert, welche effektiv auf Licht reagieren. Die
muskarinischen Acetylcholin Rezeptoren gehoren zur Klasse A der GPCRs und haben aufgrund
ihrer Rolle als prototypisches pharmakologisches System und ihres therapeutischen Potenzials
diesbeziiglich besondere Beachtung gefunden. Sie vermitteln die stimulierenden und
hemmenden Wirkungen des Neurotransmitters Acetylcholin und regulieren somit verschiedene
wichtige biologische Prozesse, insbesondere viele neurologische Funktionen in unserem
Gehirn.

In dieser Arbeit wird die Anwendung photopharmakologischer ,,Tool*“-Verbindungen auf die
muskarinischen Rezeptoren vorgestellt, die aus Pharmakophoren bestehen, welche mit
Azobenzol als lichtempfindlichem Motiv modifiziert wurden. Mit Hilfe des Konzepts der
Dualsterie konnen solche photochromen Liganden so gestaltet werden, dass sie gleichzeitig an
die orthosterische und allosterische Bindungsstelle des Rezeptors binden, was fiir BQCAAI
(M1) und PAI (M») gezeigt wurde und zu subtypen- und funktionsselektiven photoschaltbaren
Liganden fiihren kann, die fiir weitere Ex- und In-Vivo-Studien geeignet sind.

Dariiber hinaus wurden photoschaltbare Liganden auf Basis des synthetischen Agonisten
Iperoxo hinsichtlich ihres photochemischen Verhaltens und ihres pharmakologischen Profils
ausfithrlich untersucht, um die Vorteile und Herausforderungen der Verwendung
rotverschobener molekularer Photoschalter wie tetra-ortho-Fluor-azobenzol zu erldutern. Es
wurde erstmals an einem GPCR untersucht, welche Auswirkungen das unterschiedliche
Substitutionsmuster sowohl auf die Bindung, als auch auf die Aktivitdt am M-Rezeptor hat.
Diese Ergebnisse zeigen, dass substituierte Azobenzole in photopharmakologischen
Verbindungen (F4-Photoiperoxo und Fs-Iper-azo-iper) nicht nur Analoga mit anderen
photophysikalischen Eigenschaften darstellen, sondern auch ein deutlich unterschiedliches
biologisches Profil aufweisen konnen, das sorgfiltig untersucht werden muss. Die in dieser

Studie erzielten Ergebnisse geben neue und wichtige Einblicke in den Bindungsmodus und den
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zeitlichen Verlauf von Aktivierungsprozessen und ermoglichen eine prizise rdumliche und
zeitliche Auflosung der komplexen Signalwege von muskarinischen Rezeptoren. Aufgrund
ihrer Rolle als exemplarisches Modellsystem konnen diese Befunde fiir die Untersuchung

anderer therapeutisch relevanter GPCRs sehr niitzlich sein.
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8. Abbreviations

AC
ACh
AD
ATP
BQCA
BRET
Ca2*
cAMP
CCh
CL
Cmpd
CNS
COPD
CRC
DAG
ECF
ECL
ECV
Emax
ER
ESI
FRET
G protein
GDP
GIRK
GPCR
GRK
GTP
HEK
HPLC
ICL
1P3

adenylate cyclase

acetylcholine

Alzheimer’s disease

adenosine triphosphate

benzyl quinolone carboxylic acid
bioluminescence resonance energy transfer
double positively charged calcium ions
cyclic adenosine monophosphate
carbachol

caged ligand

compound

central nervous system

chronic obstructive pulmonary disease
concentration response curve

diacyl glycerol

ethyl chloroformate

extracellular loop

extracellular vestibule

maximal efficacy

endoplasmic reticulum

electrospray ionization

Fluorescence resonance energy transfer
guanine nucleotide binding protein
guanosine diphosphate

G protein-gated inward rectifying potassium channel
G protein-coupled receptor

G protein-coupled receptor kinase
guanosine triphosphate

human embryotic kidney
high-performance liquid chromatography
intracellular loop

inositol-1,4,5-triphosphate
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iper
LCMS
Amax
Mi-Ms
mAChR
NAL
NAM
NMR
NTS
PAM
PCA
PCL
PDT
ECso
PIP2
PKA
PKC
PLC
PNS
PORTL
PSS
PTL
RET
SLC
TBPB
TCM
TLC
™
uv
Vis

iperoxo

liquid chromatography mass specrometry
wavelength at maximal absorption
muscarinic acetylcholine subtype 1-5
muscarinic acetylcholine receptor

neutral allosteric ligand

negative allosteric modulator

nuclear magnetic resonance

neurotensin receptor

positive allosteric modulator

protein complementation assays
photochromic ligand

photodynamic therapy

half maximal effective concentration
phosphatidylinositol-4,5-bisphosphate
phosphokinase A

phosphokinase C

phospholipase C

peripheral nervous system
photoswitchable orthogonal remotely tethered ligands
photostationary state

photoswitchable tethered ligand
resonance energy transfer

split luciferase complementation
[1-(1"-(2-tolyl)-1,4"-bipiperidin-4-yl)-1H benzo[d]imidazol-2(3H)-one]
ternary complex model

thin layer chromatography
transmembrane

ultraviolet

visual
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11.1 Introduction

The ability of living organisms to adapt to a variety of natural environments is fundamental
for life and is performed often through light-dependent biological phenomena such as
vision, photosynthesis, phototaxis, or circadian timing (photoperiodism), allowing organ-
isms to interact with environment. On the microscale most of these processes rely on chro-
mophores absorbing light and responding with a physicochemical reaction, which then
controls biological function. Putting pharmacological-relevant targets under light control
offers great possibilities to investigate their dynamic behavior, complexity, and mode of
action. Furthermore, such photocontrollable compounds help to develop powerful and
selective drugs. However, most natural targets lack these moieties and accordingly cannot
be externally photoregulated.

A first attempt to overcome this drawback was optogenetics, a technology that combines
optical techniques with bioengineering to obtain genetically targeted photostimulation typi-
cal for neurons."” Based on the expression of inherent light-sensitive proteins neuronal con-
trol in living cells and even in living animals is achieved (Fig. 11-1). Naturally occurring
microbial opsins are inserted into the neuron used to control action potential (AP) firing
with millisecond precision. The introduced channelrhodopsins and halorhodopsins function
as light-gated ion channels, which enable light to control electrical excitability. The former
are permeable for calcium and sodium ions once activated by light, causing depolarization
and AP firing. The latter is specific for chloride ions and is responsible for light-dependent
inhibition of AP in neurons (Fig. 11-2).” This technology, the “Method of the Year” in 2010,
significantly contributes to a greater understanding of the principles of neuronal control
and has enabled numerous applications beyond basic research.” However, this method is
confined by genetically defined neurons and by the limited numbers of opsins as optogenetic
actuators that are introduced into neurons. At the same time, the cell itself expresses
plenty of endogenous receptors on its surface, representing potential candidates for
photosensitization.

Optogenetic pharmacology, in contrast, combines optics, genetics, and chemistry and is
an approach to enable precise manipulation of individual receptors of all kinds, such as
enzymes, ion channels, and G-protein coupled receptors (GPCRs) through photoswitchable
tethered ligands (PTLs).” These proteins are genetically designed to present a cysteine group,
near the binding site. The PTL, reported by Trauner and coworkers, features the maleimide
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FIGURE 11-1 Principle of optogenetics in neuroscience.
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FIGURE 11-2 Targeted photostimulation of channelrhodopsin (depolarization/excitation) and halorhodopsin
(hyperpolarization/inhibition) upon irradiation.

moiety (“M”), which is a cysteine-reactive group, to perform the covalent bioconjugation
(Fig. 11-3). It is connected to the photoisomerizable azobenzene (“A”) and to the neurotrans-
mitter glutamate (“G”).° Upon irradiation the azobenzene group converts from the trans- to
the cis-form, which changes the conformation of the tether. The neurotransmitter is now
able to activate the allosteric site of the ionotropic glutamate receptor (iGluR), which opens
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FIGURE 11-3 Maleimide-azobenzene-glutamate (MAG) as photoswitchable tethered ligand for the activation of
the light-gated ionotropic glutamate receptor (LiGIuR).

the ion channel for sodium and calcium influx and potassium efflux. By this way activation,
deactivation, inhibition, and regulation can be addressed individually, providing both revers-
ibility and spatiotemporal resolution. The genetic manipulation that is needed for this
approach is advantageous, since it guarantees absolute target specificity but is, of course,
very demanding in terms of technical implementation. The necessity for genetic engineering
sets these methods, optogenetics, and the PTL approach, as research tools only.

A purely synthetic strategy that does not require any genetical modification employs so-
called “caged ligands” (CLs).” The term “cage” is not to be taken literally. It simply suggests
that the ligand, with it its biological activity, is trapped by a synthetic molecular retainer.
Typically this is a photolyzable moiety bound covalently to a pharmacophoric residue with
bioactivity.® Once the CL is introduced into the organism, the active signaling molecule is
released upon irradiation, again providing temporal and spatial accuracy. In a broader sense
CLs can be compared to prodrugs that are converted to active drugs by light (instead of
metabolism). For example, the ortho-nitrobenzyl derivatives of ATP’ and cyclic adenosine
monophosphate (cAMP)'’ were the first nucleotides with photochemically protecting groups
successfully used to photostimulate their targets. Furthermore, glutamate, one of the most
prominent neurotransmitters in the brain, has found application in its caged form to map
excitatory connections between neurons.'' For the synthesis of this caged form the
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photolabile a-carboxy-2-nitrobenzyl group («CNB) is used to provide aCNB-glutamate. By
doing that, the ~-carboxyl group of the glutamate molecule, responsible for receptor binding,
is masked, preventing activation of the glutamate receptor. The neurotransmitter is then lib-
erated after a pulse of UV laser light by cleavage of the «CNB-group (Fig. 11-4). Photolytic
release of glutamate was successfully used to map connections between neurons and the dis-
tribution of the receptors on the cell surface as well as for kinetic investigation of channel
opening and desensitization. However, there are limitations to this approach. First, dynamic
control of biological functions is not feasible as the photodeprotection is irreversible. Once
the active drug is liberated control over it is lost. Second, total inertness of the caged com-
pound is not given in all cases causing off-target effects and/or lowered spatiotemporal
resolution.”

Molecular hybridization represents a powerful tool to utilize existing drugs (parent drugs)
and optimize their physiochemical properties, with regards to the desired product.'” For
medicinal chemical purposes, this is probably the most promising approach combining
pharmacophores and photoswitchable chemical structures. For example, the compound
GluAzo, also reported by the Trauner group, represents a hybrid of the neurotransmitter glu-
tamate with the photochromic azobenzene moiety able to reversibly manipulate channel
activation of iGluR."® Binding of the trans-form leads to increased inward currents compared

UV-light
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\ o’ (
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FIGURE 11-4 Photolytic release of glutamate for the light-dependent activation of ionotropic glutamate receptor
(iGIuR).
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to the cis-form, which was obtained by UV irradiation (Fig. 11-5). Irradiation with light of the
visible spectrum turns cis-GluAzo again to trans-GluAzo enabling AP firing. GluAzo was one
of the first photochromic agonists developed and is also called reversibly cage glutamate
since likewise caged glutamate the binding site is masked to prevent binding to the receptor.
In contrast to caged glutamate, in the case of GluAzo, masking is reversible upon
photoswitching.

Photochromism occurs when a chemical species undergoes a reversible phototransfor-
mation between two forms having not only different absorption spectra but also different
physicochemical properties, such as refractive indices, dielectric constants, oxidation/
reduction potentials, and geometrical structures, upon light exposure.'* Through the ade-
quate combination of different bioactive structures, new ligands with high therapeutic
interest can be designed, as they can show increased affinity and efficacy compared to
their parent drugs. The approach of photochromic hybridization adds a new dimension to
this design process and gives rise to the emerging field of photopharmacology, which
aims to control biological functions by light.”'>'® Dynamic control of drug activity is
essential as it allows the regulation of biological processes precisely and in a reversible
fashion (Fig. 11-5).

The properties of these hybrids are particularly interesting since they are directly related
with the structure, which can be modified spatially and temporally upon irradiation. This

e X
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FIGURE 11-5 Remote control of iGIuR activity and neuronal firing with GluAzo as photochromic agonist.
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allows the use of light as a dynamic remote control for biological and pharmacological activ-
ity due to the locally defined mode of action of the photochromic hybrid, enhancing drug
selectivity and thereby reducing systemic side effects.

The focus of this chapter is on photochromic ligands (PCL) with azobenzenes as photo-
switchable moiety and the application to ion channels, enzyme inhibitors, and GPCR ligands.
Synthetic strategies for the design and construction of drug-like photoresponsive hybrids
with varied morphologies and functionalities are presented using distinct connection and
bioisosterism approaches. The pros and cons of the various approaches will be discussed
using specific examples to enable the reader to apply respective techniques for novel
purposes.

11.2 Light as an External Stimulus

Most interactions between cells, tissues, and living organisms rely on chemical communica-
tion by which biomolecules such as neurotransmitters, hormones, or small molecules inter-
act with receptors, enzymes, and ion channels, causing a biological response related to the
input signal. In this context, optical stimuli are particularly interesting, since they can be
adjusted in terms of intensity, focus, and wavelength, allowing precise spatial and temporal
dosage. Due to the ever-expanding progress in laser technology very small areas can be
focused on and biological processes can be monitored with high temporal resolution on a
femtosecond scale. In addition, light shows a high degree of orthogonality. That means that
light does not interfere with biological processes, which is a prerequisite for photoregulated
biochemical communication.

Generally irradiation occurs remotely, which guarantees noninvasiveness and no contam-
ination of the tissue.

As a provider of energy and information light is able to trigger reactions such as
isomerization or cleaving reactions depending on the wavelength that is used.'” In this
regard it is important to choose the right wavelength to prevent damage to the living tis-
sue, which is sensitive to high-energy irradiation. It should be short enough to evoke the
desired reaction but long enough to avoid harming the tissue. This is a serious restriction
to the development of photosensitive systems as most reactions of interest need at least
UV-light irradiation. Accordingly, the development of systems that can be addressed in
the visible (and harmless) region of the optical spectrum is still challenging researchers
that want to utilize the exceptional advantages of light.'® A more technical problem is the
interference of the control of the photoswitch with the biochemical/pharmacological assay
applied for the evaluation of compound activity when the assay itself is based on optical/
photochemical methods.'*

However, with light as a regulating stimulus, unparalleled experimental possibilities can
be achieved to manipulate the activity of drugs, provided light-absorbing molecular
machines (photoswitches) are integrated.
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11.3 Molecular Photoswitches
11.3.1 Natural Photoswitches

Living organisms have learned, in the course of evolution, to generate specialized proteins to
respond to light and to use its energy. These photoreceptors are responsible, for example, for
the development and growth of plants and for the vision of higher organisms, by transforma-
tion of light energy into an electrical signal. For this purpose nature generated chromophores
that are bound to these proteins. Such small organic molecules can be excited upon irradia-
tion by light of a certain wavelength causing structural transformation and thereby a change
in conformation of the protein. As a result, a change in its bioactivity is induced. The most
important chromophore for the visual transduction is 11-cis retinal, which is covalently
bound to the photoreceptor rhodopsin.'” When hit by a photon 11-cis retinal undergoes
photoisomerization, changing the conformation of rhodopsin and releasing the transducin
G-protein. Subsequently, the GTP-bound G, subunit activates cGMP phosphodiesterase,
which hydrolyzes cyclic GMP and lowers its concentration. This leads to the closure of cyclic
GMP-gated cation channel and hyperpolarization of the photoreceptor cell (Fig. 11-6).
Plants, in contrast, do not carry rhodopsin receptors for light detection but react on light
by chromophores connected to other proteins. One of the most important is the phyto-
chrome protein expressed by the majority of plants, as well as by some bacteria and fungi.”’
Phytochrome bares a linear tetrapyrrole pigment, which is covalently bound to the protein
through a cysteine group. The tetrapyrrole moiety, also called the “bilin” group, is a natural
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photoswitch that changes its conformation upon irradiation and thereby changes the confor-
mation of the attached protein. Accordingly the chromophore exists in two interconvertible
forms, namely, phytochrome red (P,) and phytochrome far red (Pg), based on the wave-
length of light they maximally absorb (Fig. 11-7). P, is the blue form absorbing red light
(660 nm) while Py, is the green form absorbing far red light (730 nm).

Along with phytochrome proteins, phototropins or more specifically, flavoproteins, are
responsible for the regulation of photoperiodism and photomorphogenesis.”’ The flavin chro-
mophore is embedded in the LOV (light-oxygen-voltage) domain of the protein but is not
covalently bound. Upon irradiation with blue light a covalent bond between the cysteine resi-
due of the LOV domain and the C(4)a position on the flavin isoalloxazine ring is formed. This
leads to a conformational change in the protein and to increased phototropin kinase activity.
In the dark, the flavin-C(4)a-adduct is not stable and dissociates from the unbound form.**

All these light-activated processes share a common characteristic: the involved chromo-
phore switches between two distinct states that differ in their structure and polarity, in a
reversible fashion. In this context one conformation the photoreceptor is active and in the
other inactive. This represents the main principle of a photoswitch that nature employed
very successfully for light sensitization.
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\%

CIXE = UL
N/4 NH dark H L ~NH

(0] (0]

SH S

LOV LOV
unbound flavin bound flavin

FIGURE 11-7 (A) Phytochrome red (P,) and far red (P¢,) photoswitch. (B) Flavin in its unbound and LOV (light-
oxygen-voltage) domain-bound form.
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11.3.2 Synthetic Photoswitches

There are only few chromophores that have evolved in nature for light-dependent biological
activity. In contrast, chemists are able to synthesize a large number of photoswitches, based
on different structures and switching mechanisms. A photoswitchable system must comply
with a number of requirements at the same time, which also means that the characteristics
of a chemical photoswitch can be chosen to fit the desired biological purpose to be influ-
enced. The photoswitch should respond effectively to light. This means that it undergoes a
fast and significant structural or polarity change upon irradiation with wavelengths orthogo-
nal to biological processes.” Such molecules usually show broad extinction coefficients and
high quantum yields. All these parameters are described by the photostationary state (PSS),
which is the ratio between the switched and the unswitched molecule and is usually speci-
fied as a percentage. A photoswitch that converts completely to its isomeric form during irra-
diation represents a PSS of 100%. Needless to say this represents an ideal case that is rarely
realized. A selection of the most important synthetic photoswitches, classified into T-type
(thermally reversible) and P-type (photochemically reversible) photochromic molecules, is
shown in Fig. 11-8.**
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FIGURE 11-8 Photochemical reactions and absorption spectra of azobenzene, dithienylethene, and stilbene
photoswitches.
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11.3.2.1 Azobenzene

The oldest and best-studied class of synthetic molecular photoswitches are azobenzenes,”
which consist of two benzene rings connected to each other by an azo group. Due to
this structure azobenzene can exist in two stereoisomeric states, namely cis-azobenzene and
trans-azobenzene.”® The planar and unpolar conformation of the trans-state is thermally
more stable than the cis-state, which is helically chiral. Irradiation with light of 320 nm
switches the molecule, causes a rotation around the N=N bond forming the less stable cis-
form, and causes a dramatic change in geometry and polarity (Ap = —3 D). The reverse pro-
cess is triggered either thermally (T-Type) or by irradiation with a wavelength of 430 nm.
These processes go along with the UV-vis spectra of azobenzenes, which show two different
absorption maxima at the respective wavelengths. In the spectrum of trans-azobenzene the
absorption maximum is at 320 nm resulting from the = — 7* transition, whereas in the spec-
trum of the cis-form a weak maximum at 430 nm is visible, related to the n—=™* transition. As
such it is possible to target the less stable cis-conformation upon irradiation until the mole-
cule reaches the highest PSS and vice versa. This process is also called photoisomerization
and can be repeated over many switching cycles.

Additionally, azobenzenes can reach high extinction coefficients and quantum yields.
This renders the switching process highly efficient and allows the use of low-intensity light
for photoisomerization. Once in the exited state, azobenzenes perform isomerization very
fast, within picoseconds. These properties can be highly advantageous because they avoid
the generation of triplet diradicals that would lead to reactive and cytotoxic species, strongly
decreasing biocompatibility.

Synthetically, azobenzenes are easily accessible, as they are widely used in the chemical
industry. Azobenzenes find application as organic dyes, indicators, and radical reaction
initiators and in areas of electronics, nonlinear optics, and optical storage media.”’
Moreover, they are key compounds in chemosensors and liquid crystals.”® Therefore synthe-
ses of aromatic azo compounds have been the subject of intensive research and versatile
and effective methods have been developed (Fig. 11-9). A common strategy to access azo-
benzenes in good yields is based on the coupling of aryl diazonium salts with an electron-
rich aromatic nucleophile (A).*’ This method requires initial in situ formation of a diazonium
salt by oxidation of an aromatic primary amine at low temperature (B).>’ Diazonium salts
are weak electrophiles that react solely with electron-rich arenes, such as phenols and ani-
lines, often with electron-donating groups EDG (methyl, methoxy, etc.). The Mills reaction
(C),”"*" in contrast, is a synthesis method that works mostly irrespective of the electronic sit-
uation. It employs anilines and nitrosoarenes in glacial acetic acid to form the azobenzene
moiety. The aromatic nitroso derivatives can be prepared either by oxidation of anilines (D)
or by partial reduction of nitroarenes (E). Typical oxidation reagents are ferric chloride,””
sodium or potassium dichromate and sulfuric acid,”® acetic acid/ hydrogen peroxide,®*
m-chloroperbenzoic acid,”” and potassium permanganate’® as well as the two-phase hetero-
geneous system Oxone.”” Reductively, nitroso derivatives can be obtained from nitroarenes
by zinc-assisted reaction in aqueous ammonium chloride providing the respective hydroxyl-
amine as an intermediate. With ferric chloride the reduction is then stopped at the nitroso
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FIGURE 11-9 Azobenzene synthesis routes.

stage, which is used in the Mills reaction. Both strategies are suitable for both symmetric and
asymmetric synthesis of the photoswitch.*® Starting from the nitroarene, azobenzene can be
synthesized in a zinc-catalyzed one-pot reductive coupling reaction (F), which provides sym-
metrical azobenzenes only.

Milder synthesis strategies that extend the scope for more substituents employ fine-tuned
transition metal catalysis. N-Phenyl hydrazine is converted in a palladium-catalyzed reaction
with aryl halides to diaryl hydrazines (G) and subsequently oxidized with NBS/pyridine (H)
to give symmetrical and unsymmetrical azobenzenes."’

The diverse and versatile access to azobenzenes allow incorporation of a high number of
substituents, which is an important factor as the properties of azobenzenes can therefore be



290 DESIGN OF HYBRID MOLECULES FOR DRUG DEVELOPMENT

fine-tuned by the nature and location of substituents. For example, azobenzene photo-
switches addressed by the visible region of the optical spectrum (avoiding the need for high-
energy photons) are more favorable. Changing the substitution pattern offers the possibility
to redshift the exiting wavelength for photoisomerization by introduction of electron-
donating groups on the aromatic residue, lowering the energy of irradiation and improving
biocompatibility. Solubility problems due to the lipophilic nature of azobenzenes can be
solved by substitution with hydrophilic or charged functional groups as well. Finally, the
thermal stability of each isomer can be influenced by adequate substituents.*'

Taken together, the unique features of azobenzenes explain their enormous popularity
for incorporation into drug-like molecules for light-dependent control over biological func-
tion. Being the most important and widely applied synthetic photoswitch, researchers spare
no efforts to overcome points of concern as potential long-term toxicity, metabolic instability
as well as the problem of delivering light into the body and photo-induced cell damage.

11.3.2.2 Stilbene

A synthetic variation of an azobenzene photoswitch, isoelectronic to azobenzene, is stilbene.
It is comprised of two benzene rings, but instead of being connected by an azo group, an
ethylene group links the aromatic systems. Analogously, it can perform an E/Z isomerization
upon photoirradiation, toggling between two states different in terms of polarity and geome-
try. As such it shows thermally bistable behavior in both forms. The structure of the thermo-
dynamically stable E-form is nearly planar compared to the Z-isomer, which is twisted by
43°. Both isomers show high absorption in the UV/Vis spectra.”

Upon irradiation of 313 nm (UV light) photoconversion from the E to the Z form through
a rotation around the C-C double bond takes place. Once excited and “pushed” into the Z
configuration, stilbene undergoes, as a side reaction, a cyclization via a 6-7 electrocyclic
reaction to the trans-dihydrophenanthrene (DHP). In the absence of oxygen and in the dark
DHP returns to Z-stilbene, due to its short lifetime (9 s). However, if oxygen is present DHP
has a tendency to irreversibly eliminate hydrogen and oxidize to phenanthrene, detracting
the photoswitch ability from the molecule (Fig. 11-10). This represents the main challenge of
stilbene and renders it unsuitable for biological application, since oxygen is ubiquitous.*

To avoid this reaction, methylation of the carbon atoms involved in the cyclization reac-
tion was successfully employed, stopping the reaction at the dihydro-stage and suppressing
the formation of phenanthrene. As a result the new compound was found to perform a
reversible cyclization reaction even in an oxidizing environment. However, the photochromic

D 2= QRO % OO
H hv, A H -Ha
Z-stilbene DHP phenanthrene

FIGURE 11-10 Cyclization and oxidation reaction after photoconversion of stilbene.
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property is achieved at the expense of the lifetime of the dihydro-form, which is too
short (t;»=1.5min at 20°C) for most practical biological applications."”

11.3.2.3 Diarylethene™
Replacing the benzene rings with five-membered heterocyclic aromatic moieties counteracts
the above drawback of methylated stilbenes with regard to their short halflife. In doing so,
the resulting compound becomes thermally stable, not only in the open form but also in the
closed dihydro-construct, which is stable in the dark for months even up to 100°C. The dra-
matic change in thermal stability is due to the low aromatic stabilization energy of the het-
erocyclic aryl groups. Employing heterocycles gave access to a new class of photoswitches,
the diarylethenes, which exhibit a photochromic cyclization reaction upon irradiation, with
extremely highly quantum yields (close to 100%), high sensitivity, and rapid response (in the
range of picoseconds). Diarylethenes are characterized by their unparalleled fatigue resis-
tance, meaning that cyclization can be repeated many times without losing switching perfor-
mance (photobleaching). As such, diarylethenes can be applied in optic and optoelectronic
technologies as well as in biological systems.”"*'

Other synthetic photoswitches™ including spiropyrans, thiophenefulgides, hemithioindi-
gos, and overcrowded alkenes are not further discussed in this context, since they have not
yet been applied as drug-like molecules (with one exception, reported in Section 6.3.1).

11.4 Design and Synthesis'”

Considering that photochromic compounds have to be incorporated into drugs, they have to
be suitable for and applicable to biological systems. For this purpose their pharmacokinetic
properties, such as metabolic stability, solubility, and toxicity, have to be taken into account.
Beside these features, the success of a hybrid compound for photopharmacological research
is mainly determined by the compatibility of biological assays with irradiation. The most
commonly used bioassays employ optical detection methods in order to determine and
quantify biological activity. The switching wavelength should ideally be orthogonal to the
wavelength used in the bioassay, which is the case when the respective wavelengths are far
enough apart. If not, the wavelength emitted in the measurement process might interfere
with the photostimulation of the hybrid, resulting in potentially falsified data. To prevent
that, functional assays that don’t use light for exaltation/detection such as electrophysiology
methods are more convenient. From a synthetic point of view, the hybrid should be designed
in a way in which structural diversification is rendered possible, preferably at a late synthetic
stage, enabling fine-tuning of the properties related to permeability and receptor binding.

To enable photochromic hybridization, one could just take a drug of interest and cova-
lently attach it to a photoswitch, according to the “trial and error” principle. In many cases,
the resulting drug is indeed a photochromic compound, but often suffers from a significant
loss of activity. Possible causes might be on the one hand the steric hindrance of the receptor
binding process with the “enlarged” drug, decreasing the receptor affinity, and on the other,
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the photoswitch might be introduced on a position of a drug, which is essential for binding.
Thus a more rational design is preferable, where the 3D structure of the respective protein is
taken into account or where the synthesis is related to an already known lead structure.

In the following, two main synthetic strategies to provide light sensitivity into drug mole-
cule, the “azologization” and the “azo-extension” approaches, both are obviously based on
azobenzenes, will be discussed.

11.4.1 Azologization

The rational introduction of the azobenzene group into the structure of drugs is called azo-
logization (derived from “azobenzene” combined with “analogization”). Based on the com-
monly applied bioisosterism approach, azologization searches for suitable substituents
that can be exchanged with azobenzenes, the so-called “azosteres,” without evoking a sig-
nificant change in the structure of the parent drug. Azosteres should resemble azoben-
zenes in size and shape and be sterically and electronically comparable. They include
stilbenes, (heterocyclic) N-aryl benzamides, benzyl anilines, benzyl phenyl ethers and
thioesters, diary esters, 1,2-diphenyl hydrazine, and 1,2-diarylethanes (Fig. 11-11). A wide
number of drugs registered in the protein database (PDB) as ligands contain these struc-
tural motifs, offering the possibility for light sensitization and light-dependent control of
respective biological functions.

The morpholine derivative fomocaine depicts the azologization principle vividly.** It is
used as a local anesthetic and incorporates in its structure a benzyl phenyl ether, represent-
ing an azoster. By replacing it with azobenzene, a new compound was obtained, named foto-
caine by Trauner and coworkers (Fig. 11-12). It shows characteristic absorption spectra
suggesting photochromic behavior. Isomerization is performed irradiating with 350 nm for
cis to trans-conversion and 450 nm for back-relaxation.

Fomocaine functions as a channel blocker for voltage-gated sodium channels (Nay) inhi-
biting APs firing in hippocampal neurons. Investigation into the ability of fotocaine to manip-
ulate neuronal function in a light-dependent manner were performed in mouse brain slices
using patch clamp electrophysiology. The results show that AP firing was inhibited when the
irradiation wavelength was set to 450 nm at the neurons exposed to fotocaine. In this setting
the trans-isomer is the predominant form. Upon irradiation with 330 nm and switching to
the cis-configuration AP firing was enabled. This example vividly demonstrates the benefit of
using the azologization approach. Other specific examples are described in the following.

11.4.2 Azo-extension

Analysis of structure-activity data commonly enables the determination of chemical group in
a certain lead structure responsible for biological activity and which can be then varied with-
out changing the biological effect. This is important for drug optimization with respect to
bioavailability, solubility, and toxicity retaining bioactivity. Therefore it is possible to replace
or to extend such variable groups with a photoswitchable motif in a rational manner, in this
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FIGURE 11-12 Application of the azologization principle to fomocaine.

case with azobenzene (“azo-extension”). Fig. 11-13 shows two among many compounds

where this concept was successfully realized.
A photoswitchable version of the anesthetic propofol (AP-2) was developed by extending
the benzene ring to azobenzene.”” The trans-AP-2 showed potentiating effects on the GABA,
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FIGURE 11-13 Azo-extension as a tool for optical control of bioactivity.

receptor, which decreases upon irradiation with violet light as it switches to the cis-form.
Tacrine (tetrahydroaminoacridine (THA)) represents a centrally acting acetylcholinesterase
(AChE) inhibitor used to counteract the effects of muscle relaxants, as a respiratory stimu-
lant, and in the treatment of Alzheimer’s disease (AD)."® Extending tacrine with the photo-
switchable unit azobenzene provides AzoTHA, which shows AChE inhibition in the cis-state,
whereas it becomes less active in the dark-adapted trans-state.

11.5 Targets™’

By applying ligands major breakthroughs have been achieved in neurology,”” diabetes ther-
apy,” vision restoration,”” cancer chemotherapy,”"°* and there will likely be many more in
the near future. To be able to successfully apply novel photochromic ligands to novel targets,
the challenges to be faced are the “photodruggability” of bioactive compounds and the capa-
bilities of medicinal chemists to synthesize and analyze the respective photochromic entities.
Obviously, the targets should be responsive to the light-induced changes in the structure and
physicochemical properties of the photoswitchable hybrid compound. For this purpose the
target is supposed to be accessible for irradiation. To this end it is more favorable when a
target is related to a disease that is either exposed and/or locally confined (e.g., skin, eyes).”
In this section the most important photoswitchable hybrid compounds are listed—with no
claim to be exhaustive—based on the species of targets they are acting on. The synthesis
strategy used and the pharmacological activity will be presented shortly.

48
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11.5.1 lon Channels

Ion channels are transmembrane proteins that allow ions to pass the membrane into or out
of a cell. They can be classified in many different ways but for the purpose of this section
they are classified by their gating, i.e., what opens or closes the channels. Voltage-gated ion
channels (VGICs) react in response to changes in membrane potential whereas ligand-gated
ion channels (LGICs) open when a chemical ligand, as a small molecule or a neurotransmit-
ter, binds to the protein. Other gating includes stimulation through light, as reported previ-
ously by means of opsins, pressure, and displacement or temperature.”® Photoregulation of
ion channels using PCLs provides light sensitivity on the intrinsic excitability of neurons
within short timescales.”””

11.5.1.1 Voltage-gated lon Channels

Kramer and Trauner synthesized and reported on a family of amphiphilic azobenzene mole-
cules targeting VGICs (Fig. 11-14).°>°" They are designed as charged quaternary ammonium
salts (QA), inspired by the anesthetic lidocaine and its QX-314 derivative, extended with the
azobenzene moiety and followed by a hydrophobic tail. For instance, acrylamide-
azobenzene-quaternary ammonium (AAQ) salts is known to function as trans-blockers for
the voltage-gated K™ channel (Ky) acting on the intracellular tetraethylammonium (TEA)
binding site. Due to the lipophilic unit it is also able to cross the cell membrane
while the alkyl ammonium ion part is responsible for binding to the internal vestibule. In its
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FIGURE 11-14 (A) Family of photoswitchable ion-channel blockers and (B) the principle of isomer-dependent
blocking.
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trans-form it binds to the channel, where it inhibits K™ conduction. Irradiation with 380 nm
light causes cis-transformation, relieves the blockade, and restores K* currents. Remarkably,
intraocular injection of AAQ in mutant mice lacking retinal photoreceptors led to restoration of
light responses without the need for genetic modification or surgical intervention. However,
any in vivo use is not trivial. The high-energy UV light can severely damage biological tissues
and the possible toxic properties of the acrylamide unit have to be taken into account.

Azobenzene-extended potassium channel blockers can be easily modified by organic che-
mists to incorporate beneficial characteristics. Enhanced membrane permeation is achieved
by replacement of the acrylamide tail with the more hydrophobic benzylamide group
(BzAQ).”® In contrast, QAQ is unlikely to cross the cell membrane because of its double
charge. Even though it is membrane impermeant, it modulates TPRV1 ion channels, which
are activated by noxious stimuli, and it is responsive to pain-sensing. UV damage is drasti-
cally reduced by introduction of an electron-donating diethylamine group at the tail of the
quaternary ammonium head (DENAQ). The alkylamino group increases the electron density
on one side. As for that, the absorption maximum is shifted into the bathochromic direction
to 470 nm, fully operating in the visible region of the electromagnetic spectrum and render-
ing the in vivo use more accessible. DENAQ is active in the trans-configuration and conse-
quently a trans-blocker. On the other hand, PhENAQ, a phenyl-substituted variant, works as
a cis-blocker.

11.5.1.2 Ligand-gated lon Channels
LGICs are regulated by small molecules. In order to provide light sensitivity, the simplest
and most intuitive way is to look at those endogenous ligands. Among different LGICs
iGluRs are outstanding, mediating the majority of excitatory synaptic transmission in the
central nervous system (CNS). They are key receptors in synaptic plasticity, substantial for
memory and learning. Glutamate represents the endogenous ligand of iGluRs and the
most abundant neurotransmitter. Its importance and application as photochromic com-
pound was already shown before. IGluRs are subdivided into different classes. The AMPA
receptors, responsible for the fast synaptic transmission, are named after the synthetic
glutamate analogue o-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (Fig. 11-15),
which can, as an agonist, selectively activate these receptors. In 2012 Trauner and cowor-
kers developed a photochromic hybrid for the AMPA receptor.”” The design was based on
the potent and highly selective BnTetAMPA (benzyl-tertazolyl-AMPA). Using the azo-
extension approach the azobenzene moiety was merged with the AMPA structure provid-
ing azobenzene-tetrazolyl-AMPA (ATA). Investigations employing cortical mouse neurons
showed reversible generation of APs. In the dark, neuronal firing is triggered effectively,
whereas during illumination with green-blue light quickly deactivates firing. In a follow-
up study in 2016, ATA found application in restoring light sensitivity in blind retinae,
such as AAQ and DENAQ, not as channel blocker but rather as the first photochromic
agonist.”’

N-methyl-D-aspartate (NMDA) receptors, also belonging to the family of iGluRs, are
expressed throughout the brain in nerve cells and are important for synaptic plasticity
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control, memory, and learning. As such, selective agonists might play a significant clinical
role in the treatment of neurological dysfunction as Alzheimer’s, Parkinson’s, and
Huntington’s diseases. DiGregorio, Trauner, and coworkers synthesized a photochromic
glutamate analogue selectively activating NMDARs.®" Following the experience gained with
GluAzo and ATA the new compound was designed as an azobenzene-triazole conjugated
glutamate (ATG). In contrast to ATA, ATG is inactive in the dark-adapted trans-form.
Irradiation with 370 nm quickly converts it into the active cis-form, representing the first cis-
agonist. Therefore the activity of ATG can be precisely regulated upon illumination on a
millisecond scale. This behavior is highly advantageous because nerve cell damage that
stems from excessive stimulation is prevented. Fig. 11-16 illustrates light-controlled AP fir-
ing in cortical neurons. Another example of controlling LGICs in a light-dependent manner
is AzoCholine.’” It was designed to resemble MG624, a a7 nicotinic acetylcholine receptor
(nAChR) antagonist, using the azologization approach and replacing the stilbene group with
azobenzene. Binding of trans-AzoCholine on the neuronal-type pentameric ion channel
resulted in currents twice as large compared to acetylcholine, detected by patch-clamp
electrophysiology (Fig. 11-16). However, 360 nm irradiation reversed this process and deac-
tivated a7 nACh receptors. Finally, AzoCholine showed light-dependent perturbation of
behavior in nematodes (Fig. 11-17).

Among numerous pioneering research works, Trauner and coworkers were the first to
apply photopharmacology to ATP-sensitive potassium channels (Kyrp).”” These are hetero-
octameric proteins comprised of four sulfonylurea receptor subunits (SUR1) along with four
K;6 components, creating a channel that allows potassium ion efflux. The SUR1 units moni-
tor the energy balance within the cell by sensing intracellular levels of ATP and in response
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opening or closing the inward rectifying potassium channel. In pancreatic beta cells, high
levels of glucose leads to increased production of ATP, which in turns binds to the Karp
channel. This results in Kyyp closure causing depolarization of the membrane and opening
of calcium channels, which trigger insulin secretion. Hence, light activation of Kypp channel
may offer a useful research tool for diabetes. Glimepiride, as a sulfonylurea binding to the
SURI component, is approved for the treatment of type 2 diabetes mellitus (T2DM). It was
used as a template for the design and synthesis of JB253 and a redshifted derivative JB558,
both photoswitchable glimepiride analogues, by extending its aromatic core to a (heterocy-
clic) azobenzene (Fig. 11-18). With incorporation of the chromophore, JB253 was readily
converted to the cis-state applying blue light, while the frans-state occurred rapidly in the
dark through thermal relaxation. JB558 possesses bathochromic-shifted absorption maxi-
mum and is cis-converted with yellow-green light (\ = 520 nm).®* It was reported that pancre-
atic beta cell function and insulin release can be regulated upon illumination using these
photochromic sulfonylureas.

Recently, the family of G-protein coupled inwardly rectifying potassium channels (GIRK)
channels have emerged as a potential target for photopharmacology. GIRK channels are
downstream effectors of G-GPCRs and are activated upon binging of Gg, subunit becoming
permeable for potassium ions. This results in hyperpolarization of the cell membrane,
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FIGURE 11-18 (A) Glimepiride and photoswitchable variations. (B) Light-induced binding of photoswitchable
sulfonylureas on SUR1 causing insulin release.
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FIGURE 11-19 Light-operated GIRK channel opener 5 (LOGOS5) inspired by ML297 and VU259369 activators.

reducing the activity of excitable cells. They are expressed in the pancreas, heart, and brain
and play a significant role in cardiac output, coordination of movement, and cognition.
With the discovery of the first potent and selective activators of GIRK channels ML297 and
VU0259369, the necessary foundation was laid for the design and synthesis of light-
operated GIRK channel opener (LOGO) by employing the azo-extension approach. As the
first photochromic potassium channel opener, LOGO5 was found to enable the optical
control of GIRK channels in the trans-configuration and is inactivated with UV light,
causing isomerization to cis-LOGO5. The potency of trans-LOGO5 is comparable to
VU0259369 (Fig. 11-19). In vitro, this phenomenon is used for silencing AP firing in disso-
ciated hippocampal neurons. In vivo, the motility of zebrafish larvae can be controlled in
a light-dependent fashion.®*

Lastly, a methodology was found in 2013 to stimulate transient receptor potential (TRP)
channels with light.”> TRP channels are found throughout the body of mammals in almost
every cell type and are mainly localized in the cell membrane. They mediate the perception
of pain, temperature, pressure, and noxious and pungent chemicals. The study focused on
the vanilloid receptor 1 (TRPV1) activated by a variety of chemical stimuli such as capsaicin
(CAP), spider toxins, allicin, and physical triggers such as voltage, heat, and low pH but not
by light. It acts as an intracellular calcium channel but is also permeable for sodium and
potassium to a small extent. The pungent component of hot chili peppers, CAP, is known as
an agonist while capsazepine (CPZ), BCTC, and thio-BCTC are specific antagonists with anal-
gesic effects (Fig. 11-20). Bearing aromatic rings extendable to azobenzene, these small
molecules represented the basis for the design of photoswitchable derivatives, namely, azo-
capsazepine (AC) and azo-BCTC (ABCTC). In the course of in vitro investigations of their
light-controlled activity, AC-4 was found to be frans-antagonist upon voltage activation of
TRPV1, while cis-AC-4 inhibits CAP-induced TRPV1 current. ABCTC showed antagonist
behavior only as cis-isomer.



Chapter 11 « Photoresponsive Hybrid Compounds 301

(0}
(0] =
-
HO
capsaicin (CAP) N =

Cl
S»\ HO N%H
HO
SO

NS
capsazepin (CPZ) H (\ N
N= |
“ Y
A
>(©/ NT N ! ABCTC
X

X=0:BCTC
X = S: thio-BCTC

FIGURE 11-20 Ligands for TRPV1 channel and photoswitchable derivatives.

11.5.2 G-Protein Coupled Receptors®®®’

GPCRs constitute the largest family of transmembrane proteins that perceive a plethora of
extracellular signals transducing them to heterotrimeric GTP-binding proteins (shortly
G-proteins), which leads to the modulation of downstream effectors. Characteristic for all
GPCRs are the seven transmembrane (7-TM) «-helices connected by three intracellular
loops (IL-1 to IL-3) and three extracellular loops (EL-1 to EL-3) alternating each other. They
are involved in many diseases and as such represent the targets for approximately 40% of all
modern medicinal drugs. With the exception of rhodopsin receptors that are responsible for
vision, and were described before, none of the GPCRs inherently respond to light stimula-
tion. However, they are activated by various extracellular ligands including hormones, neuro-
transmitters, and small molecules. This offers the possibility to apply the principles of
photopharmacology to GPCRs by hybridization of specific ligands with photochromic
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components, thus providing photocontrolled drugs. Therefore photopharmacology holds
promise for deeper understanding of GPCR function and dynamics.

While application of photopharmacology to the GPCR family is still in its infancy, it was
investigated in 2014—2016, as discussed in the next section.

11.5.2.1 Metabotropic Glutamate Receptors
The first contributions made in this field were in 2014 by the group of Llebaria and
Gorostiza, focusing on allosteric modulators of metabotropic glutamate (mGlu) receptors,
which belong to the class C subfamily of GPCRs.®® As the name suggests, they respond to the
neurotransmitter glutamate, binding to the orthosteric side of the receptor. But unlike
iGluRs, mGluRs are not channels permeant for ions, instead they initialize biochemical cas-
cades, leading to modifications of subordinated proteins that in turn can influence ion chan-
nels. In addition to the orthosteric binding site, mGluRs possess allosteric binding sites,
which can be selectively targeted by ligands with subtype selectivity (mGluR1-mGluR8). This
renders allosteric ligands attractive, since they increase pharmacological selectivity, enabling
highly localized therapeutic effects. In this context, VU0415374, a positive allosteric modula-
tor (PAM) of mGluR4, was used as a suitable compound for introducing light sensitivity as it
contains two aryl amide groups in the molecular structure, representing azosteres. Replacing
synthetically each of them with the azobenzene moiety provided two derivatives, one of
them identified as a nanomolar potent negative allosteric modulator (NAM) of mGIluR5,
alloswitch-1 (Fig. 11-21). Pharmacological activity was investigated in vitro and in vivo dem-
onstrating light-dependent manipulation of mGIuR5, even though off-target effects in other
receptors could not be excluded. Application of quisqualate (agonist)-induced increase in
calcium concentration indicates receptor activation, which is blocked by alloswitch-1. Upon
irradiation, receptor activity was restored proving its photocontrolled antagonistic action.
Very recently, a photoswitchable NAM for mGluR4 was published. OptoGluNAM4.1
allows reversible photocontrol of receptor activity in transparent zebrafish larvae.”” In the
dark, treatment with the photochromic agent led to increased motility compared to
untreated control animals. Locomotion investigation with alloswitch-1, in contrast, resulted
in freezing behavior upon treatment. The different effects found complement each other, as
they are consistent with the opposing effects of mGluR4 and mGluR5. While mGluR4 has an
inhibitory effect on synaptic glutamate release, mGluR5 enhances neuronal activity. This is
an outstanding example of photopharmacological research useful for dissection of physiolog-
ical roles of mGluRs.

11.5.2.2 Adenosine Receptors

Adenosine receptors, differentiated into four subtypes (A}, Asa, Asp, A3), play an important
role in the CNS, and in the regulation of the circulatory and immune systems. Agonists and
antagonists of adenosine receptors bear the potential for treatment of cerebral and cardiac
ischemic diseases, sleep disorders, immune and inflammatory disorders, Parkinson’s disease,
epilepsy, and cancer. However, the lack of selectivity toward the receptor subtypes is often a
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FIGURE 11-21 Light-sensitive allosteric ligands for metabotropic glutamate receptors.

problem and not trivial. Accordingly, Ciruela and coworkers reported the synthesis and anal-
ysis of a new photoswitchable adenosine-based compound, the intrinsic activity of which
can be modulated in a light-dependent manner.”” It was obtained by extending the potent
but nonselective adenosine receptor agonist N°-2-(4-aminophenyl)ethyladenosine (APNEA)
with the azobenzene chromophore. In the dark, MRS5543 (trans) exerts full agonistic effects
on the adenosine Az receptor and partial agonistic effects on the A,, receptor. In contrast,
the cis-isomer, induced with blue light (460 nm), still behaved as a full A;R agonist but
became an antagonist of A,R (Fig. 11-22).
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FIGURE 11-22 Azo-extension of APNEA and light-dependent change of intrinsic activity of its photoswitchable
derivative.

11.5.2.3 p-Opioid Receptor

Even though p-opioid receptors (MOR) belong to the family of rhodopsin-like GPCRs, they
are not inherently light responsive. Trauner and coworkers achieved their optical control by
extending the phenyl ring of the potent OR agonist fentanyl to azobenzene in order to gener-
ate a photochromic variation, termed photofentanyl-2 (PF2), which was found to be an
excellent 1-OR agonist (Fig. 11-23).”" For functional characterization cells were transiently
transfected with human MOR together with GIRK, which are natively expressed with MORs
in the locus coeruleus. This setting is fundamental for analysis by electrophysiological assays,
as binding of an agonist to MOR results in dissociation of the Gg.-protein subunit from the
G, subunit, activating the GIRK channels and causing measurable currents. Upon testing,
PF2 performed light-induced activation of the MOR as a trans-agonist, whereas cis-PF2, the
predominant form of UV light (360 nm) led to significantly decreased activation rates. PF2
and future photochromic MOR effectors could be useful for the study of this receptor, which
plays an important role in nociception and is expressed in the spinal cord, brain, and diges-
tive tract.

11.5.3 Enzymes

Serving a huge variety of important biological functions enzymes are essential for living
organisms. Nearly every biochemical reaction sequence is catalyzed or controlled by these
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FIGURE 11-23 (A) Photoisomerization of photofentanyl-2 and (B) schematic illustration of GIRK channel activation
mediated through p-opioid receptor (LOR).

proteins by providing reaction pathways with low activation energy under physiological con-
ditions.”” They are the working machines for the metabolic pathways glycolysis, citric acid
cycle, respiratory chain, photosynthesis, transcription and translation, and DNA replication.
Phosphatases and kinases are indispensably involved in signal transduction and cell regula-
tion. Muscular movement is exerted by ATPases and proteases and amylases play a signifi-
cant role in the digestive system. These are only few examples of the myriad of enzymes
controlling biological functions. Under this aspect, deficiency and/or malfunction of a single
enzyme is often related to vicious and serious diseases, such as cancer, genetic disorders,
and intellectual disability, among many others.

Often enzymes are subjected to regulators, generally small molecules, which control their
activity by negative feedback mechanisms. As an example, enzymes can work together in
consecutive order, forming a metabolic pathway. The end product of an enzyme-catalyzed
reaction cascade is usually an inhibitor of the first involved enzyme adjusting the rate of
product synthesis according to the demands of the cell. Therefore enzyme inhibitors play a
key role in the control of enzyme activity and regulation. Being receptive to small molecules,
enzymes can be targeted by researchers, thus expanding the photopharmacological toolbox.
The incorporation of photochromic molecular switches into enzyme effectors offers the pos-
sibility to alter enzyme activity in a reversible and photocontrolled manner. With this aim,
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recently light sensitivity has been introduced to enzymes, such as in phosphoribosyl isomer-
ase A, ribonucleotide reductase, and protease using photoswitchable inhibitors.””* In the
further course several illustrative examples of enzyme targets for the photopharmacological
approach are discussed.

11.5.3.1 DNA-topoisomerases
Both type II DNA-topoisomerase (also called gyrase) and DNA-topoisomerase IV enzymes
are required for unfolding and separation of bacterial DNA and enable cell division and
growth of bacteria.”” To prevent this fluoroquinolone antibiotics, such as ciprofloxacin, are
used to inhibit both enzymes simultaneously and therefore cause bacterial cell death. They
find application in the treatment of bacterial infections including bone and joint infections,
skin infections, and urinary and respiratory tract infections, among others. The research
group of Feringa and Szymanski developed a photoswitchable version, which was designed
by merging the ciprofloxacin structure with the azobenzene moiety (Fig. 11-24). Indeed, the
antibacterial activity of Feringa’s quinolone-2 against Escherichia coli and Micrococcus luteus
increased significantly upon irradiation with 365 nm of light compared to the dark-adapted
trans-isomer. As a temporally activated cis-antibiotic it counteracts the possible problem of
UV-light tissue damage because it can be “switched on” from outside before administration,
whereas it deactivates itself on the scale of hours. From this point of view, contamination of
the environment with antibiotics and hence eventually resulting resistance might be avoided.
The same group developed the synthesis of ciprofloxacin-based photoswitches in a later
study and demonstrated that light sensitivity can be synthetically introduced in a single step
from the already available drug.”® Two different chromophores were incorporated into the

(A) (B)
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decﬁf/%H

ciprofloxacin

N I\ Agar plate
“‘oi :

Feringa’s quinolone

FIGURE 11-24 (A) Antibacterial agent ciprofloxacin and Feringa’s quinolone (B) bacterial patterning study.
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ciprofloxacin structure, the known azobenzene group and the photochromic spiropyran moi-
ety, which consist of two connected heterocyclic rings orthogonal to each other and can tog-
gle between a neutral closed form and a charged open form. The microbial activity of the
resulting photoswitch-modified antibiotics (azofloxacin and spirofloxacin) was shown to be
spatiotemporally controlled by light. Interestingly azofloxacin showed antibacterial activity
on M. luteus almost 50-fold higher than ciprofloxacin.

11.5.3.2 Acetylcholinesterase

AD represents a major public health concern but the cause of this neurodegenerative illness
is still poorly understood. (See Chapters 2, 6, 8 and 10 for a detailed discussion of the appli-
cation of hybrid molecules for neurodegenerative diseases.) AChE operates mainly in the
central and autonomous nervous systems and on muscular junctions where it catalyzes the
hydrolysis of the neurotransmitter acetylcholine (ACh). Inhibition of this enzyme counteracts
the decreased ACh concentration that causes cognitive deficits. Hence, tacrine (THA) is an
AChE inhibitor and was approved for the treatment of AD.

A photochromic inhibitor of AChE, which can reversibly switch enzymatic activity upon
irradiation with UV light (see structure in Section 4.2) was developed by the research group
of Trauner.”® Additionally, Decker, Konig, and coworkers developed a dithienylene-based
bivalent photoswitchable THA inhibitor that enables the photocontrol of g-amyloid aggrega-
tion related to AD (Fig. 11-25).”" The ICs, values of both photoisomers are comparable and
in the nanomolar range. AChE hydrolysis is catalyzed by the catalytic active site (CAS) of
AChE. It has been shown that a peripheral anionic site (PAS)—not responsible for AChE
hydrolysis—mediates the pathophysiological highly relevant aggregation of 3-amyloid ™.
It could be shown by aggregation and inhibition studies that only the open flexible tacrine
photoswitch exerts 100% inhibition of $-amyloid aggregation mediated by AChE (actually
the PAS of AChE) whereas the ring-closed rigid isomer showed maximum 43% inhibition.
Molecular dynamic simulations indicate that the formation of a network of water
molecules within the enzyme might mediate a specific interaction of one tacrine unit of the
ring-open form with the PAS. This photoswitch represents a valuable tool for further investi-
gation of the physiological function of AChE that could have an impact on the study of AD
(Fig. 11-26).

11.5.3.3 Histone Deacetylase

DNA wraps itself around histone proteins to form a condensed structure that is transcription-
ally silent. In order for genes to be expressed and transcription to occur, the histones have to
be removed from the DNA to make it freely accessible for transcriptional enzymes. To this
end histone transferase (HT) introduces acetyl groups to neutralize the positive charge of the
superficial lysine amino acids releasing negatively charged DNA. After transcription of
the gene the reversed process is catalyzed by histone deacetylase (HDAC) enzymes restoring
the positive charge of the histones and the interaction with DNA. Altered expressions and
mutations of genes encoding for HDAC are related to disruption of cell homeostasis and
tumor development. Inhibition of HDAC enzymes showed pronounced antitumor activity,
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which renders HDAC inhibitors attractive as anticancer agents.”’ Inspired by the clinically
approved drug vorinostat (suberoylanilide hydroxamic acid, SAHA) Feringa and coworkers
developed a potential chemotherapeutical agent activated by light.”’ The photoswitchable
molecule was designed by replacing the aliphatic linker between the cap moiety and the
hydroxamic acid of SAHA. In this case, the aliphatic chain is not necessarily a bioisoster for
azobenzene but the lipophilic properties are comparable and as a result the azobenzene
moiety did not comprise HDAC inhibitory activity. The compound demonstrated high
potency and marked difference between the isomers. Notably, the inhibitory effect is
achieved with the thermally less stable cis-inhibitor, which enables local activation of the

drug without systemic side effects.
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FIGURE 11-26 Light-induced ring closure of the dithienylene-based bivalent tacrine photoswitch.

11.5.3.4 RET Kinase

So-called “rearranged during transfection” (RET) kinases are transmembrane tyrosine
kinases and play a pivotal role in the regular development and maintenance of neurons of
the central and peripheral nervous system. Thyroid cancer is related to deregulation of RET
and hyperactivity of RET kinases. As such they are appealing therapeutic targets for photo-
pharmacology. Photoswitchable RET kinase inhibitors could also be a research tool for
resolving quantitative and dynamic aspects of kinase signal transduction. In 2014 Gretli
and coworkers reported the first photoswitchable RET kinase inhibitor with excellent
switching properties, stability, and significant difference in inhibitory effect for distinct iso-
mers in live-cell assays (Fig. 11-27).%” Based on the pyrazolo-pyrimidine RET kinase inhibi-
tor, which displayed good kinase inhibition and selectivity in vitro, the photochromic
variation was synthesized. Remarkably, the compound was extended to arylazopyrazole,
instead of the usual azobenzene, inspired by the pyrazole group of the parent inhibitor.
Arylazopyrazoles, a novel class of five-membered azo-photoswitches, are known to offer
quantitative photoswitching and a high percentage of PSS for the isomers.”” For the new
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FIGURE 11-28 Arylazopyrazole RET kinase inhibitor based on the potent pyrazole-pyrimidine RET kinase inhibitor.

photoswitch a PSS of 87% for the cis-isomer was reached using 365 nm light (determined
by HPLC analysis) (Fig. 11-28).

11.6 Conclusion

Light is a fascinating phenomenon that determines life on earth and is responsible for envi-
ronmental interactions through photochemical reactions such as in vision, photosynthesis,
and plant growth. Its bioorthogonality and spatiotemporal resolution are two major advan-
tages that render it suitable to trigger biological functions. Photochromic hybrid compounds
make it possible to control and regulate biological processes related to a large number of
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diseases with light. This emerging field, often called photopharmacology, attracts the atten-
tion of the research community and is far from being overexploited.

Photoswitches, such as azobenzenes, dithienylethenes, and spyropyrans, are the key ele-
ments, as they reversibly change their structure upon irradiation resulting in a change of the
physicochemical properties (polarity, geometry). Hence, molecular hybridization of photo-
switches with pharmacophores provides photochromic hybrid compounds that can toggle
between two distinct states depending on the wavelength of light. This photo-induced
isomerization may be translated into a change in efficacy and/or activity of drugs, enabling
remote control of the respective biological function.

However, photopharmacology is still confined by significant factors. To date, with a few
exceptions, high-energy UV light is required for isomerization, which can cause severe dam-
age to tissue and penetrate only partially through most media, which limits therapeutic
application as well. Preferably molecular photoswitches are needed that may exhibit photoi-
somerization in a visible region of the electromagnetical spectrum and that increase the ther-
mal stability of the less stable photoisomer. Obviously, photoisomerization should not be
associated with toxicity.

Another major concern is light delivery. Therapeutic targets, such as ion channels, recep-
tors, and enzymes, can only be addressed with photoswitchable ligands if they are accessible
by light. In contrast to exposed regions, i.e., skin and eyes, deeper organs are only accessible
through more or less invasive incisions and operations.

The design and development of novel light-sensitive compounds is limited by the ability
to render them photoresponsive, which is also called photodruggability. Based on a rational
approach two main strategies have been developed. The “azologization approach” employs
bioisosteres of the azobenzene chromophore (azosteres) and enables rational replacement of
sterically and electronically similar moieties. On the other hand, azobenzenes can be
attached to certain substituents of the drug, i.e., phenyl rings and other aromatic systems
without abrogating the pharmacological activity giving rise to the “azo-extension approach.”

Currently, this field is rapidly expanding and is already featuring valuable breakthroughs
in CNS research, cancer chemotherapy, diabetes, antimicrobial agents, and vision restoration
in the first step, and other applications will likely follow in the near future. It has to be
kept in mind that in vitro studies in suitable assays can easily provide a proof-of-concept,
but high affinity and selectivity plus easy switching with high spatiotemporal resolution in an
in vivo setting is far more difficult to achieve. Now that the foundations has been laid,
researchers will need persistence in the evaluation of the right targets and the design of
novel PCLs, but in the end photoswitchable hybrid compounds might find their way in clini-
cal application.
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A Photoswitchable Dualsteric Ligand Controlling Receptor Efficacy

Luca Agnetta®, Michael Kauk®, Maria Consuelo Alonso Canizal, Regina Messerer,
Ulrike Holzgrabe,* Carsten Hoffmann,* and Michael Decker*

Abstract: The investigation of the mode and time course of the
activation of G-protein-coupled receptors (GPCRs), in partic-
ular muscarinic acetylcholine (mACh or M) receptors, is still in
its infancy despite the tremendous therapeutic relevance of
M receptors and GPCRs in general. We herein made use of
a dualsteric ligand that can concomitantly interact with the
orthosteric, that is, the neurotransmitter, binding site and an
allosteric one. We synthetically incorporated a photoswitchable
(photochromic) azobenzene moiety. We characterized the
photophysical properties of this ligand called BOCAAI and
investigated its applicability as a pharmacological tool com-
pound with a set of FRET techniques at the M, receptor.
BQCAAI proved to be an unprecedented molecular tool; it is
the first photoswitchable dualsteric ligand, and its activity can
be regulated by light. We also applied BOCCAI to investigate
the time course of several receptor activation processes.

The activity of numerous nervous processes in the human
body, such as smooth-muscle contraction, the cardiac rate and
force, and glandular secretion, is regulated by the peripheral
nervous system, and its parasympathic nerves are regulated
by muscarinic acetylcholine receptors (mAChRs) through the
metabotropic action of acetylcholine (ACh).["! Hence, these
receptors have been identified and utilized as therapeutic
targets for the treatment of a broad spectrum of diseases.”

mAChRs belong to the class A family of G-protein-
coupled receptors (GPCRs) and comprise five distinct sub-
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types.®l M, receptors are abundantly expressed in the cortex,
hippocampus, and striatum and play a key role in learning and
memory processes. Agonists have been suggested for the
treatment of cognitive impairment such as that associated
with schizophrenia and Alzheimer’s disease (AD)."! Unfortu-
nately, the tremendous efforts to develop therapeutically
applicable selective M; ligands have not been successful
owing to the high sequence homology of the orthosteric
binding sites, that is, the binding sites of ACh. Owing to the
plethora of very diverse physiological roles associated with
the five mAChR subtypes, the lack of selectivity led to
numerous side effects for the experimental therapeutics. As
numerous details of the molecular basis of receptor function
remain to be elucidated, suitable molecular tools are neces-
sary.

The less conserved allosteric binding sites of the M re-
ceptors, including M, led to intensive efforts to develop
selective allosteric modulators, that is, compounds that affect
the binding of an orthosteric ligand or the endogenous
neurotransmitter ACh either positively, neutrally, or nega-
tively (Figure 1).”! Such ligands are able to overcome the
problem of subtype selectivity for the M, subtype by making
use of cooperativity in the selective binding and activation of
the receptor.

To take this concept one step further, dualsteric (or
bitopic) ligands are developed herein that covalently connect
a high-affinity/low-selectivity orthosteric moiety to highly
selective allosteric building blocks for concomitant interac-

Iperoxo
(M, superagonist and M agonist)

Benzyl quinolone
carboxylic acid (BQCA)

o O

|
NH(CH,)-N
| 2 | ® @\\ o N
N Br \E/b

T

dualsteric M4 ligand

35 S
nn

oA

Figure 1. Structures of the non-selective M, agonist iperoxo, the
positive allosteric modulator (PAM) benzyl quinolone carboxylic acid
(BQCA), and a representative dualsteric M, ligand consisting of the
two building blocks.
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tion with both binding sites. Recently, our groups have
reported several sets of dualsteric M; and M, agonists for
which dynamic ligand binding is assumed, leading to partial
agonism for the M, receptor (Figure 1) as well as for the M,
receptor.!

Based on these findings, dualsteric ligands hold great
potential both as future therapeutics and as pharmacological
tools owing to their unprecedented selectivity at M receptor
subtypes, their specificity for signaling pathways (“biased
signaling”), their capability for partial agonism, and their
potential for studying the process of receptor activation at the
molecular level.™” We have now made use of a photophar-
macological approach by incorporating a photoswitchable (or
photochromic) azobenzene as a linker into the dualsteric
ligands described to specifically design dualsteric ligands for
investigating spatiotemporal receptor activation processes
with high precision.

The rapidly expanding field of photopharmacology aims
to introduce light sensitivity into experimental therapeutics or
drugs to control and/or investigate biological processes.'” In
this regard, molecular photoswitches that reversibly change
their structure and physicochemical properties upon irradi-
ation with light play an important role. The light-induced
isomerization of the azobenzene photoswitch from the trans
form to the thermodynamically less stable cis form is
associated with significant changes in geometry and polar-
ity."! When an azobenzene unit is incorporated into a bioac-
tive compound, this change can be translated into an
alteration in the biological activity towards the respective
target.”?

Following the design strategy for the dualsteric iperoxo/
BQCA-type hybrids, we connected the superagonist iperoxo
to a positive allosteric modulator with an N-benzyl quinolone
carboxylic acid type structure. To directly investigate the
effect of the spacer on the intrinsic activity of these hybrids at
the M, receptor, we replaced the aliphatic carbon chain
(polymethylene linker) with an azobenzene linker. Introduc-
ing the photoswitch into this part of the molecule should
significantly change the relative position of the two pharma-
cophores, namely from a linear to a rectangular arrangement
(Figure 2), and thus lead to a different binding mode.

Fluorescence detection and fluorescence resonance
energy transfer (FRET) techniques are now well-established
in pharmacological research for characterizing various pro-
cesses,[*! such as receptor activation,' G-protein activa-
tion, and arrestin signaling,'® or further downstream
detection of calcium, diacylglycerol (DAG), or cyclic
AMP." The advantage of such approaches compared to
other methods is that they can be performed in living cells
under almost physiological conditions.

Herein, we report the synthesis, characterization, and
pharmacological testing of a benzyl quinolone carboxylic
acid-azobenzene-iperoxo (BQCAAI) hybrid compound
(Figure 2 and Scheme 1), which represents the first photo-
switchable dualsteric ligand described to date. For compar-
ison, we also synthesized a derivative with a benzene-
containing alkyne linker (18; see the Supporting Information,
Scheme S3) and photoiperoxo (Scheme S1), a photochromic
iperoxo derivative, in which a hydrogen atom of a methyl
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Figure 2. Structure of the photoswitchable dualsteric M, ligand
BQCAAI in the trans and cis form.

group of the quaternary iperoxo ammonium salt has been
replaced by an azobenzene moiety.

The synthesis of BQCAAI began with the construction of
the quinolone skeleton through a microwave-assisted Gould—
Jacobs reaction.” Benzylation and subsequent hydrolysis
gave acid 4, which reacted with 4-aminobenzylamine to form
amide 5. To introduce the azobenzene moiety into the target
molecule, a Mills reaction was performed. The hydroxy
function of the azobenzene compound was replaced by
a bromine atom in an Appel reaction to give compound 6.
Finally, iperoxo, which had been synthesized using a conver-
gent synthetic pathway,'”! was connected to the azobenzene
group in a microwave-assisted reaction to afford the photo-
switchable dualsteric ligand BQCAAI (Scheme 1).

As a prerequisite for the light-dependent control of the
intrinsic activity (efficacy) at the human M, (AM,) receptor,
the photoswitchable compound needs to effectively respond
to light. To this end, the structural change between the two
photoisomers should be fast and significant, and a high degree
of photoconversion (the frans/cis ratios should differ signifi-
cantly) is necessary. Furthermore, the stability towards
thermal isomerization as well as the intended pharmacolog-
ical/biological applications have to be taken into account.
First, BQCAAI was characterized by UV/Vis spectroscopy,
which revealed clear photoswitchability (photochromic
behavior) and the typical absorption bands of azobenzenes.
The absorption maxima at around 325 nm and 430 nm are due
to the m—n* and n—t* transitions, respectively, which allows
for distinct photoswitching between the trans and cis forms.
This process is reversible as switching can be repeated over
many cycles without loss of photochromic behavior (Figures 3
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Scheme 1. Synthesis of the benzyl quinolone carboxylic acid—azobenzene—iperoxo hybrid BQCAAI.

and 4). Second, the photostationary distribution of BQCAAI
in the dark was determined by HPLC analysis to be 80 % in
favor of the ftrans form (20% of the cis form). Upon
irradiation with UV light (A =365 nm), the ratio changed to
52% in favor of the thermodynamically less stable cis isomer
(Figure 4). Finally, BQCAAI shows excellent thermal stabil-
ity. When the compound is kept in the dark, the photosta-
tionary state is stable for several hours after UV light
irradiation (Figure S1).

For pharmacological characterization of BQCAAI and its
individual building blocks, a range of different fluorescence or
FRET methods were applied. The orthosteric building block
iperoxo, a synthetic agonist for all mAChR subtypes,”” was
used as a reference for all experiments and showed full
agonism (ECs5y=0.57 um). In contrast, the azobenzene-modi-
fied iperoxo derivative (photoiperoxo) 12 was unable to
induce conformational changes at the M, receptor, both in the
trans and in the cis form (Figure S2a), which is in agreement
with previous findings for the M,; receptor, namely that
increasing the linker length of iperoxo derivatives leads to
antagonism at this receptor.”!! To evaluate the affinity of
compound 12 to the receptor, a competition experiment was
performed (Figure S2b). Iperoxo (10 um solution) induced
a 70% receptor response, and compound 12, when applied
alone, did not induce any conformational changes. When
iperoxo and compound 12 were applied together, a signal
reduction of on average 50 % was observed, indicating that
both ligands compete for binding at the receptor. From this
experimental setting (see Ref. [21a]), we conclude that
photoiperoxo must have a distinct affinity for the receptor
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1) benzyl chloride, K,CO4/KI,

and can be regarded as an antag-
DMF, 80°C, 4 h (91%)

onist. This was confirmed by
studying the calcium release
upon ligand binding (Figure S2c)
with a calcium- and DAG-sensi-
tive fluorescent probe. Whereas
iperoxo induced a rapid calcium
response, no calcium release was
observed for compound 12, even
more than 250 s after application
(Figure S2d). When compound 12
was first applied for 20 s followed
by addition of iperoxo, an imme-
diate calcium response was detect-
able for iperoxo (Figure S2e),
clearly indicating that compound
12 does not exhibit agonism
although binding to the receptor
has been indirectly shown (Fig-
ure S2b).

The same setting was used for
investigations with BQCAALI,
which showed that both isomers
interact with the M, receptor (Fig-
ure 4a). A receptor response of
25 % for the trans form and a sig-
nificantly reduced signal of 14 %
for the cis form were detected.
Interestingly, the activation is
slower than with iperoxo. Comparable results were obtained
for derivative 18 (RM405) with a linear alkynylbenzene linker
(Figure 4 f),? but the process was significantly slower than
for related dualsteric ligands bearing a polymethylene linker.
This finding suggests that the receptor activation kinetics of
a dualsteric ligand and the structure of the linker moiety are
closely related.

To gain further insight into the characteristic properties of
trans- and cis-BQCAAI with respect to receptor agonism,
G-protein activation was investigated using G-protein FRET
sensors. As shown in Figure 4b, both isomers were able to
induce a G-protein response. With regard to iperoxo, the
trans isomer induced a more pronounced signal than the
cis isomer.

However, both of these FRET sensors are excited at
436 nm, a wavelength that induces isomerization of the
azobenzene moiety favoring the frans isomer. Given the
rapid isomerization from the cis to the frans isomer (Fig-
ure 3b), we wanted to investigate if our detection system
interferes with the true efficacy of the two ligand config-
urations owing to the slower kinetics of the G protein
response compared to receptor activation. Repeating the
experiment with a lower data sampling frequency (1 Hz,
taking 1 data point every second, instead of 10 Hz, with taking
data points every 100 ms) reduces the light exposure by 90 %
and should hence influence the cis-to-trans isomerization
(Figure 4c). When the light exposure was reduced, Gq
activation by the frans isomer was not affected, whereas the
signal of the cis isomer was significantly reduced by more than
30%.

1) 8, AcOH (83%)

BQCAAI
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Figure 3. Photochemical characterization. a) Absorption spectra of BQCAAI, show distinct photochromic behavior. b) The photoswitching process
can be repeated over many cycles without noticeable photofatigue. ¢) HPLC chromatogram of BQCAAI showing the photostationary states in the

dark (red) and after irradiation with UV light (blue).

Subsequently, we used a dual Ca’>’/DAG fluorescent
probe with 488 nm and 562 nm excitation wavelengths,*'*!
which can be used simultaneously or separately, with the
benefit that one excitation signal lies within the absorption
spectrum of BQCAAI and the other one does not (Fig-
ure 3a). Monitoring calcium only without DAG for BQCAAI
shows a fast signal for the trans isomer (Figure 4d, red trace)
whereas the cis isomer does not induce a signal over more
than 200 s (Figure 4e, red). Exciting both fluorescent probes
simultaneously results in the same observation for the trans
isomer (Figure 4d, green) but in an opposite result for the cis
isomer (Figure S3), which induces both a calcium and a DAG
response, but with a rather long time delay of 45s. This
behavior is likely due to an induced switching process by the
light used for detection, which would allow for a certain
proportion of the cis-BQCAAI to switch back to trans-
BQCAALI This assumption is strengthened by the absence of
a calcium signal evoked by cis-BQCAAI when only the
calcium signal is monitored without DAG detection (Fig-
ure 4e).

Taken together, we have clear evidence that BQCAAI is
not only the first reported photoswitchable dualsteric ligand
for GPCRs, but also the first “dimmable” one, in the sense
that cis-BQCAALI acts as an antagonist while trans-BQCAAI
is an agonist. We have shown that a direct detection system

Angew. Chem. Int. Ed. 2017, 56, 7282-7287
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based on receptor conformational changes has an influence
itself because of the current need for an excitation wavelength
of 436 nm. The use of a dual Ca*'/DAG sensor helped to
overcome this problem. The receptor subtype selectivity of
these ligands and the possible application of BQCAALI to
investigate the receptor activation of other M subtypes are
currently unclear and are subject to ongoing research.
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Supporting Information

1 Synthesis

1.1 General
Common reagents and solvents were obtained from commercial suppliers (Aldrich,

Steinheim, Germany; Merck, Darmstadt, Germany) and were used without any further
purification. Tetrahydrofuran (THF) was distilled from sodium/benzophenone under an
argon atmosphere. Microwave assisted reactions were carried out on a MLS-rotaPREP
instrument (Milestone, Leutkirch, Germany) using 8-10 weflon disks. Melting points were
determined on a Stuart melting point apparatus SMP3 (Bibby Scientific, UK). Thin-layer
chromatography (TLC) was performed on silica gel 60 F,s4 plates (Macherey-Nagel, Diren,
Germany) and spots were detected under UV light (A=254 nm) or by staining with iodine.
Merck silica gel 60 (Merck, Darmstadt, Germany) was used for chromatography (230-400
mesh) columns or 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 um, Alox-B 40 g — 32/63 um, Alox-B 25 g — 32/63 um (Interchim,
Montlucon, France). Nuclear magnetic resonance spectra were recorded with a Bruker AV-
400 NMR instrument (Bruker, Karlsruhe, Germany) in [dg]DMSO, CDCl; (CD3),CO. As internal
standard, the signals of the deuterated solvents were used (DMSO-dg: ‘H 2.50 ppm, B¢
39.52 ppm; CDCls: *H 7.26 ppm, *C 77.16 ppm; (CD3),CO: *H 2.05 ppm, *3C 39.52 ppm).
Abbreviation for data quoted are: s, singlet; d, doublet; t, triplet; q, quartet; 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. For purity and reaction monitoring,
analytical HPLC analysis was performed with a system from Shimadzu equipped with a DGU-
20A3R controller, LC20AB liquid chromatograph, and a SPD-20A UV/Vis detector. Stationary
phase was a Synergi 4 um fusion-RP (150x4.6 mm) column (Phenomenex, Aschaffenburg,
Germany). As mobile phase, H,0 (phase A) and MeOH (phase B) were used with 1 mL min™
(conc. B: 5->90% from 0 to 8 min; 90% from 8 to 13 min; 90->5% from 13 to 15 min; 5% from
15 to 18 min). The purity of all new compounds was found to be >95%. ESI mass spectral
data were acquired with a Shimadzu LCMS-2020 or 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. UV/Vis spectra and experiments were



recorded on a Varian Cary 50 Bio UV/Vis Spectrophotometer using Hellma (Type 100-QS)

cuvettes (10 mm light path).

1.2 Photoiperoxo
The synthesis of photoiperoxo started with condensation of commercially available

nitrosobenzene (9) with 4-amino benzyl alcohol (10) by Mills reaction followed by an Appel
bromination resulting in compound 11. The photochromic iperoxo derivative is then

obtained by a microwave assisted reaction (Suppl. Scheme 1).

1) AcOH (75%)

P
2) CBry, PPhs, I /0
Ne. N CH,Cl, (60%) @L N
©/ o . \©\/ — N/’N\©\/ Photoiperoxo
OH K>CO3/Kl, MeCN
Br (39%)

9 10 11 12
Supporting Scheme 1. Three-step synthesis of photoiperoxo (12).

1.2.1 Synthesis of azobenzyl alcohol (13)

-N
N
OH

Nitrosobenzene (1.28 g, 11.9 mmol, 3 equiv.) was dissolved in ethanol (10 mL). To this
solution (4-aminophenyl)methanol 10 (491 mg, 4.00 mmol, 1 equiv.) and acetic acid (20 mL)
were added. The reaction mixture was stirred for 4 h at room temperature. Subsequently,
the reaction mixture was poured into 30 mL of ice-cold water and the precipitate was
collected by filtration. Column chromatography (CH,Cl,:MeOH = 50:1) provided compound
13 (659 mg, 2.99 mmol, 75%) as bright orange needles.

'H NMR (400 MHz, DMSO-de): & [ppm] = 7.88 (m, J = 6.9, 1.8 Hz, 4H), 7.65 — 7.50 (m, 5H),
5.40 (t,J=5.7 Hz, 1H), 4.61 (d, J = 5.6 Hz, 2H).

3¢ NMR (101 MHz, DMSO-dg): & [ppm] = 152.4, 151.3, 146.9, 131.8, 129.93, 127.6, 122.9,
62.9.

ESI-MS: m/z calc. for C13H1,N,0" [M+H]™: 212.9, found: 213.1.

m.p.: 139°C



1.2.2 Synthesis of azobenzyl bromide (14)

(o
Br

Azobenzyl alcohol 13 (300 mg, 1.41 mmol, 1 equiv.) was dissolved in dry THF (15 mL) under
argon atmosphere, tetrabromomethane (703 mg, 2.12mmol, 1.5equiv.) and
triphenylphosphine (556 mg, 2.12 mmol, 1.5 equiv.) were added and the reaction mixture
was stirred for 4 h. The reaction mixture was filtered and the filtrate was evaporated to
dryness and purified by column chromatography (EtOAc:Hexane = 1:10) giving yield to

compound 14 as orange needles (232 mg, 0.84 mmol, 60%).

'H NMR (400 MHz, DMSO-ds): & [ppm] = 7.89 (tt, J = 7.7, 2.0 Hz, 4H), 7.69 — 7.57 (m, 5H),
4.80 (s, 2H).

3C NMR (101 MHz, DMSO-dg): & [ppm] = 151.9, 151.5, 141.5, 131.7, 130.5, 129.5, 122.9,
122.6, 33.6.

ESI-MS: m/z calc. for Cy3H11BrN," [M+H]™: 275.0, 277.0, found: 274.9, 276.9.

m.p.: 114°C

1.2.3 Synthesis of photo-lperoxo (15)

In a microwave reactor azobenzyl bromide 14 (100 mg, 0.36 mmol, 1 equiv.) and the base of
iperoxo (132 mg, 0.73 mmol, 2 equiv.) were dissolved in acetonitrile (10 mL) and a catalytic
amount (spatula tip) of a 1:1 mixture of potassium iodide and potassium carbonate was
added and heated to 80 °C for 4 h (3 min heating from 0 to 80 °C, keep 237 min at 80 °C, 10
min cooling, 700 Watt). Reaction was monitored by LC-MS. The precipitate was filtered off
and the solvent was removed under reduced pressure. The crude product was purified by
column chromatography (CH,Cl,:MeOH:NH3 = 20:1:0.1) yielding compound 15 as a dark red
oil (54 mg, 0.14 mmol, 39%).



'H NMR (400 MHz, CDCls): & [ppm] = 7.99 — 7.86 (m, 6H), 7.56 — 7.46 (m, 3H), 5.24 (s, 2H),
4.88 (d,J = 7.9 Hz, 4H), 4.42 (t, J = 9.6 Hz, 2H), 3.53 — 3.40 (m, 6H), 3.02 (t, J = 9.6 Hz, 2H).

3C NMR (101 MHz, CDCl): & [ppm] = 166.9, 154.1, 152.6, 134.3, 131.9, 129.3, 129.0, 123.7,
123.3,87.8,75.9,70.2,66.2, 57.5, 54.8, 50.0, 33.1.

ESI-MS: m/z calc. for Cy5H25BrN,O," [M+H]': 377.2, found: 377.2.

1.3 BQCAAI
o o 1) benzyl chloride, K,CO3/KI,
0O O 1A DMF, 80°C, 4 h (91%)
2) Ph,0, microwave OEt 2) NaOH (aq)/EtOH (87%)
NH, © EtO | OEt |
2 (32%) N
F OEt H
F
1 2 3
O O

N 1) 8, AcOH (83%)
| H/\©\ 2) CBry, PPh;, CH,Cl, (58%)
NH2 N NH,
ECF, Et;N, DMF F
(98%)

W F
@f:g Dy
A

K,COz/KI, MeCN

1) NH4Cl/ Zn
2-methoxyethanol
2) FeCIs 6 HQO

without purification O=N

8

Supporting Scheme 2. Synthesis of BQCAAI

1.3.1 Synthesis of (4-nitrosophenyl)methanol (8)

o
Os
N

4-Nitrobenzyl alcohol 7 (1.86 g, 12.1 mmol, 1 eqg.) and ammonium chloride (0.82 g, 15.3
mmol, 1.26 eq.) were dissolved in 40 mL of 2-methoxyethanol/water (10:1) under nitrogen

4



atmosphere. To this solution zinc powder (1.95 g, 29.8 mmol, 2.46 eq.) was added at room
temperature. The suspension was stirred for 30 minutes and the insoluble matter was
filtered off. The pale yellow filtrate was poured into 200 mL of an aqueous solution of ferric
chloride hexahydrate (3.31 g, 12.2 mmol, 1.01 eq.) at 0 °C and the solution turned green. The
solution was extracted three times with CH,Cl, (50 mL) and was concentrated to 10 mL
under reduced pressure. This solution was used without further purification for reaction

1.3.7.

1.3.2 Synthesis of 2-fluoroanilinmethylenmalonate diethylester (2a)

NH O
F S:U\OEt
O~ OEt
o-Fluoroaniline 1 (4.45 g, 40.0 mmol, 1 eq.) and diethyl ethoxymethylenemalonate 2 (10.4 g,
48.0 mmol, 1.2 eq.) were heated solvent free to 160 °C for 2 h. The mixture was allowed to
cool to room temperature. The solid is filtered and washed with pentane (50 mL). Drying
under reduced pressure gave the desired product as a white-beige solid (10.1 g, 35.9 mmol,

90%).

'H-NMR (400 MHz, DMSO-d¢): & [ppm] = 11.06 (d, J = 13.4 Hz, 1H), 8.51 (d, J = 13.6 Hz, 1H),
7.33-7.26 (m, 1H), 7.17 (s, 3H), 4.29 (dd, J = 28.8, 7.1 Hz, 4H), 1.36 (dt, J = 19.5, 7.1 Hz, 6H).

B3C-NMR (101 MHz, DMSO-dg): & [ppm] = 168.7, 165.7, 154.2, 151.8, 151.1, 128.1, 125.1,
116.4, 95.3, 60.7, 14.5.

m.p.: 89°C

1.3.3 Synthesis of ethyl-8-fluoro-4-oxo-1,4-dihydrochinoline-3-carboxylate (3)
O O

N
H

o

F
o-Fluoroanilinmethylenemalonate diethyl ester 2a (9.00 g, 32.0 mmol) and diphenyl ether

(25 mL) were charged into a microwave reactor and heated to 210 °C for 1 h (3 min heating
5



from 0 to 210 °C, keep 47 min at 210 °C, 10 min cooling, 700 watt). After the mixture was
cooled down petrol ether was added and the precipitate filtered off and washed again with

petrol ether which to give the desired product as a greyish powder (1.90 g, 8.08 mmol, 25%).

'H-NMR (400 MHz, DMSO-ds): & [ppm] = 12.44 (s, 1H), 8.38 (s, 1H), 7.95 (d, J = 8.0 Hz, 1H),
7.63 (dd, J = 9.8, 8.0 Hz, 1H), 7.39 (dd, J = 13.1, 8.1 Hz, 1H), 4.21 (d, J = 21.3 Hz, 2H), 1.26 (s,
3H).

3C.NMR (101 MHz, DMSO-dg): & [ppm] = 173.0, 164.9, 145.1, 129.6, 124.9, 121.8, 117.8,
111.0, 60.3, 14.7.

ESI-MS: m/z calc. for C15H10FN4O5" [M+H]*: 236.1, found: 236.1.

m.p.: 175°C

1.3.4 Synthesis of ethyl-1-benzyl-8-fluoro-4-oxo-1,4-dihydrochinoline-3-carboxylate (3a)
O O

Ethyl-8-fluoro-4-oxo-1,4-dihydrochinoline-3-carboxylate 3 (1.18 g, 5.00 mmol, 1 eq.) was
suspended in DMF (75 mL) and potassium carbonate (1.66 g, 12.0 mmol, 2.2 eq.), potassium
iodide (0.17 g, 1.00 mmol, 0.2 eq.) and benzyl chloride (3.16 g, 25.0 mmol, 5 eq.) were added
to the mixture and heated to 80 °C and stirred for 20 h. After cooling the excess potassium
carbonate was filtered off and the solvent removed under reduced pressure. The residue
was recrystallized from ethanol, filtered and dried under reduced pressure yielding the

desired product as a white powder (1.54 g, 4.72 mmol, 94%).

'H-NMR (400 MHz, DMSO-d¢): & [ppm] = 8.82 (s, 1H), 8.11 (m, J = 8.0, 1.2 Hz, 1H), 7.62 — 7.22
(m, 5H), 7.12 (d, J = 7.3 Hz, 2H), 5.72 (d, J = 3.3 Hz, 2H), 4.25 (g, J = 7.1 Hz, 2H), 1.29 (t, J = 7.1
Hz, 3H).

3C.NMR (101 MHz, DMSO-dg): & [ppm] = 171.7, 164.2, 152.0, 137.1, 131.0, 128.8, 127.6,
125.6,122.7, 120.1, 119.8, 110.56, 60.0, 14.3.



ESI-MS: m/z calc. for C1gH16FNO5" [M+H]": 326.1, found: 326.0.

m.p.: 193°C

1.3.5 Synthesis of N-benzyl-8-Fluoro-4-oxo-1,4-dihydroquinoline-3-carboxylic acid (4)
O O

1-Benzyl-ethyl-8-fluoro-4-oxo-1,4-dihydroquinoline-3-carboxylate 3a (0.30 g, 0.91 mmol)
was dissolved in a mixture (4 mL) of equal amounts of sodium hydroxide solution (3N) and
ethanol and heated at 90 °C for 1.5 h under stirring. After cooling to room temperature
aqueous conc. hydrochloric acid was added until pH = 2. The precipitate was filtered, washed
with water and pentane and dried in vacuo to yield the desired product as a white powder

(0.258 g, 0.87 mmol, 95%).

'H-NMR (400 MHz, DMSO-ds): & [ppm] = 14.72 (s, 1H), 9.20 (s, 1H), 8.27 (m, 1H), 7.76 (m,
1H), 7.63 (m, 1H), 7.33 (m, 3H), 7.17 (m, 2H), 5.92 (d, J = 3.3 Hz, 2H).

B3C-NMR (101 MHz, DMSO-dg): & [ppm] = 177.3, 166.0, 153.3, 152.6, 150.8, 137.1, 129.3,
128.2,127.5,126.2,122.8,121.6, 60.8.

ESI-MS: m/z calc. for C17Hq1, FNO3' [M+H]": 298.1, found: 298.0.

m.p.: 176°C

1.3.6 Synthesis of N-(4-aminobenzyl)-1-benzyl-8-fluoro-4-oxo-1,4-dihydroquinoline-3-
carboxamide (5)

2



N-Benzyl-8-fluoro-4-oxo-1,4-dihydroquinoline-3-carboxylic acid 4 (0.258 g, 0.87 mmol, 1 eq.)
and triethylamine (0.185 g, 0.25 mL, 1.83 mmol, 2.1 eq.) were dissolved in 10 mL of abs.
DMF and ethyl chloroformate (0.194 g, 0.17 mL, 1.78 mmol, 2.05 eq.) was added under
stirring at 0 °C for 2 h. To this reaction mixture 4-amino benzylamine (0.255 g, 0.24 mL, 2.09
mmol, 2.4 eq.) was added and stirred again for 1 h at 0°C and subsequently at room
temperature overnight. After the reaction had completed the reaction mixture was poured
into ice-water. The precipitate was filtered and washed with water and petroleum ether to

afford the desired product as white crystals (0.346 g, 0.86 mmol, 98%).

'H-NMR (400 MHz, DMSO-dg): & [ppm] = 10.01 (s, 1H), 9.02 (s, 1H), 8.20 (d, J = 8.1 Hz, 1 H),
7.63 (m, 1H), 7.52 (m, 1H), 7.39 — 7.33 (m, 2H), 7.33 — 7.27 (m, 1H), 7.13 (m, 2H), 7.05 (m,
2H), 6.62 — 6.48 (m, 2H), 5.85 (d, J = 3.0 Hz, 2H), 5.77 (s, 1H), 5.01 (s, 2H), 4.39 (d, J = 5.6 Hz,
2H).

B3C-NMR (101 MHz, DMSO-dg): & [ppm] = 175.0, 163.7, 156.6, 151.6, 150.8, 148.2, 137.5,
130.5, 129.3,129.0, 128.1, 126.3, 123.0, 120.7, 120.5, 114.3, 111.9, 60.4, 55.4, 42.6.

ESI: m/z calcd. for Ca4H20FN3O, [M+H]": 402.2; found: 402.1.

m.p.: 204°C

1.3.7 Synthesis of 1-benzyl-8-fluoro-N-(4-((4-(hydroxymethyl)phenyl)diazenyl)benzyl)-4-
oxo-1,4-dihydroquinoline-3-carboxamide (7)
O O

N-(4-Aminobenzyl)-1-benzyl-8-fluoro-4-oxo-1,4-dihydroquinoline-3-carboxamide 5 (0.68 g,
3.00 mmol) was dissolved in acetic acid and nitrosobenzyl alcohol 8 was added in portions.
The reaction mixture was stirred at room temperature overnight. The mixture was poured
into ice water and methanol was added. The precipitate was filtered off and after drying
under reduced pressure the product was obtained as an orange solid (0.64 g, 1.23 mmol,

62%).



'H-NMR (400 MHz, DMSO-dg): & [ppm] = 10.29 (t, 1H), 9.02 (s, 1H), 8.23 (m, 1H), 7.88 (m,
4H), 7.70 — 7.48 (m, 6H), 7.39 — 7.22 (m, 3.5 H), 7.14 (m, 2H), 6.84 (m, 0.5 H), 5.89 — 5.74 (s,
2H), 5.28 (t, 1H), 4.57 (dd, 4H).

ESI: m/z calcd. for C31H25FN4O3 [M+H]": 521.2; found: 521.1.

m.p.: 197°C

1.3.8 Synthesis of 1-Benzyl-N-(4-((4-(bromomethyl)phenyl)diazenyl)benzyl)-8-fluoro-4-
oxo-1,4-dihydroquinoline-3-carboxamide (8)
O O

Compound 7 (98.0 mg, 0.19 mmol) and tetrabromomethane (0.18 g, 0.54 mmol) were
dissolved in dry DCM. Triphenylphosphine (0.14 g, 0.54 mmol) was added at 0 °C and the
mixture was stirred at room temperature overnight. After the solvent was evaporated
ethanol was added. The precipitate was filtered off and dried under reduced pressure. The
product was obtained as an orange solid (64.0 mg, 0.11 mmol, 58%), which was directly

employed in the next reaction due to its instability.

ESI-MS: calc. for C31H24BrN,O," [M+H]": 583.1, found: 583.0.

1.3.9 Synthesis of (E)-N-(4-((4-((1-Benzyl-8-fluoro-4-oxo-1,4-dihydroquinoline-3-
carboxamido)methyl)phenyl)diazenyl)benzyl)-4-((4,5-dihydroisoxazol-3-yl)oxy)-
N,N-dimethylbut-2-yn-1-aminium bromide (BQCAAI)

O O

N
| H/\©\ N’O
N NN /“\)
N : //O

|
&
S)
Br
Iperoxo base was synthesized according to a literature procedure.m Iperoxo base (123 mg,

0.60 mmol) and compound 8 (200 mg, 0.34 mmol) were dissolved in acetonitrile. A catalytic

amount of a mixture of potassium iodide and potassium carbonate (1:1) was added. The
9



mixture was treated in microwave at 80 °C for 4 h (3 min heating from 0 to 80 °C, keep 237
min at 80 °C, 10 min cooling, 700 watt). After the microwave reactor was cooled to room
temperature, the precipitate was filtered off and the solvent was evaporated in vacuo down
to 5 mL of acetonitrile. After the addition of diethyl ether the precipitate was filtered off.

The product was obtained as an orange solid (260 mg, 0.34 mmol, quant. yield).

'H NMR (400 MHz, DMSO-dg): & [ppm] = 10.32 (t, J = 6.1 Hz, 1H), 8.22 (m, 1H), 9.03 (s, 1H),
8.00 (d, J = 8.5 Hz, 2H), 7.92 (d, J = 8.4 Hz, 2H), 7.78 (d, J = 8.5 Hz, 2H), 7.56 — 7.68 (m, 3H),
7.32 (m, 3H), 7.51 (m, 1H), 7.13 (d, J = 7.2 Hz, 2H), 5.84 (d, J = 2.8 Hz, 2H), 4.99 (s, 2H), 4.70
(m, 4H), 4.40 (s, 2H), 4.33 (t, J = 9.6 Hz, 2H), 3.10 (s, 6H), 3.04 (t, J = 9.6 Hz, 2H).

3C-NMR (101 MHz, DMSO-dg): & [ppm] = 181.7, 167.3, 164.4, 160.6, 153.4, 151.7, 144.4,
137.4, 134.6, 130.8, 130.5, 129.3, 129.0, 128.2, 126.6 — 126.0, 123.4, 123.0, 111.7, 87.4,
76.7,75.3, 70.1, 65.7, 60.6, 57.8, 50.0, 42.5, 32.7.

ESI-MS: calc. for C4oH3gNsO4" [M+H]": 686.3, found: 686.1.

m.p.: 168°C
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Stability towards thermal isomerization
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Supporting Figure 1. Thermal stability of the photoswitchable dualsteric M1 ligand BQCAAI. Once switched to
the cis-isomer, the achieved photostationary state (PSS) is stable in the dark for more than 2.5 h. Upon
irradiation with white light a photostationary state in favor of the trans-isomer is regained. This excellent
thermal stability allows the investigation of BQCAAI on an hours timescale, clearly distinguishing between the

two PSSs.
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1.4 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-yl)oxy)-N,N-dimethylbut-2-yn-
1-aminium bromide RM405

Br

10 1 12

i _ N\ NN A

HO = HO

4

lvi

3 y
Vi

Br

lvii
(6] (6]
F
N
WH N - N-O
N Br /‘/\)
N V=0
A N =
18 +

Supporting scheme 3. Reagents and conditions: (i) propargyl alcohol, Pd(PPh3),, propylamine, 60 °C; (ii) CBr,,
PPhs, CH,Cl,, 0 °C, rt.; (iii) potassium phthalimide, CH3;CN, 90 °C, rt.; (iv) hydrazine monohydrate, EtOH, 90 °C,
rt.; (v) benzyl chloride, K,CO3;, DMF, 80 °C; (vi) 6 N HCI, MeOH, reflux; (vii) ethyl chlorofomate, NMe;, DMF, 0 °C,
rt.; (viii) CBr4, PPhs3, CH,Cl,, 0 °C, rt.; (ix) iperoxo base, KI/K,CO5;, CH5CN, 80 °C (microwave).

For the synthesis of hybrid 18 the two pharmacophores, the base of iperoxo and the fluoro-
4-oxo-quinolone skeleton 15,2 were connected via the rigid spacer 14. Compound 14 was
synthesized by coupling of 1,4-dibromobenzene 10 and propargylic alcohol in a Sonogashira-

12



like reaction,m followed by Appel reaction and Gabriel synthesis. Further reaction with
potassium phthalimide and hydrazine monohydrate led to the rigid spacer 14.

1.4.1 Synthesis of 3,3'-(1,4-phenylene)bis(prop-2-yn-1-ol) (11)

// OH

Ho. F

1,4-Dibromobenzene 10 (4.00g, 17.0 mmol) and Pd(PPhs); (510 mg, 0.44 mmol) were
dissolved in 60 mL of propylamine. After addition of 2-propyn-1-ol (5.60 g, 99.9 mmol), the
reaction mixture was heated at 60 °C under nitrogen. The reaction was monitored via silica
gel TLC (cyclohexane:ethyl acetate = 4:6, Rf = 0.50). After completion of the reaction (2.5
days), the mixture was quenched with 40 mL of conc. HCI. The aqueous layer was extracted
three times with diethyl ether. The combined organic layers were dried over Na,SO,4 and the
solvent was removed in vacuo. The product was purified using column chromatography
(cyclohexane:EtOAc = 7:3 to 4:6). The product was obtained as yellow solid (3.00 g,
16.1 mmol, 95%).

'H NMR (CDCls, 400 MHz): & [ppm] = 4.50 (s, 4H), 7.36 (s, 4H).

m.p.: 122°C

1.4.2 Synthesis of 3-(4-(3-bromoprop-1-yn-1-yl)phenyl)prop-2-yn-1-ol (12)
é Br

Ho Z

3,3'-(1,4-Phenylene)bis(prop-2-yn-1-ol) 11 (0.63 g, 3.40 mmol) and tetrabromomethane
(1.13 g, 3.40mmol) were dissolved in 20mL 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 by means of
silica gel TLC (cyclohexane/ethyl acetate = 4:6, R = 0.72). The solvent was removed in vacuo
and the product was purified using column chromatography (cyclohexane/EtOAc = 4:6) to

yield a yellow solid (0.14 g, 0.57 mmol, 17%).
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'H NMR (CDCl3, 400 MHz): & [ppm] = 4.16 (s, 2H), 4.50 (s, 2H), 7.38 (s, 4H).

13C_NMR (CDCls, 101 MHz): & [ppm] = 15.0, 51.7, 85.2, 86.0, 86.1, 89.3, 122.3, 123.1, 131.6,
131.8.

m.p.: 85°C

1.4.3 Synthesis of 2-(3-(4-(3-Hydroxyprop-1-yn-1-yl)phenyl)prop-2-yn-1-yl)isoindoline-
1,3-dione (13)

Ho. F

3-(4-(3-Bromoprop-1-yn-1-yl)phenyl)prop-2-yn-1-ol 12 (364 mg, 1.46 mmol) was dissolved in
dry acetonitrile (10 mL). Potassium phthalimide (811 mg, 4.38 mmol) was added, and the
reaction mixture was stirred at 90 °C for 7.5 h and at room temperature overnight. The
reaction was monitored by TLC (cyclohexane:EtOAc = 4:6, R = 0.72). The obtained solid was
filtered off and the solvent was removed in vacuo to yield a beige solid (0.46 g, 1.46 mmol,

100%)

'H NMR (CDCls, 400 MHz): & [ppm] = 4.48 (s, 2H), 4.68 (s, 2H), 7.31 - 7.37 (m, 4H), 7.74 (dd, J
=3.0,J=5.5 Hz, 2H), 7.90 (dd, J = 3.0, J = 5.5 Hz, 2H).

13C_NMR (CDCls, 101 MHz): & [ppm] = 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.

m.p.: 143°C

1.4.4 Synthesis of 3-(4-(3-aminoprop-1-yn-1-yl)phenyl)prop-2-yn-1-ol (14)
= NH;

Ho. F

2-(3-(4-(3-Hydroxyprop-1-yn-1-yl)phenyl)prop-2-yn-1-yl)isoindoline-1,3-dione 13 (782 mg,

2.48 mmol) was suspended in 10 mL of ethanol. After addition of hydrazine monohydrate
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(0.48 mL, 9.92 mmol) a clear solution was obtained. While the reaction mixture was heated
at 90 °C a solid precipitated. Another 3 mL of ethanol were added. The reaction was
monitored by TLC (CH,Cl,:MeOH = 8:2, Rf = 0.44). The suspension was stirred at 90 °C for
7.0 h and at room temperature overnight. The precipitate was filtered off and washed with
ethanol. The solvent was evaporated off and the crude product purified by column

chromatography (CH,Cl,:MeOH = 9:1 to 7:3) to yield a yellow solid (0.36 g, 1.92 mmol, 77%).
'H NMR (MeOD, 400 MHz): & [ppm] = 3.60 (s, 2H), 4.39 (s, 2H), 7.36 (s, 4H).
13C_NMR (MeOD, 101 MHz): & [ppm] = 32.1, 51.2, 83.0, 85.0, 90.7, 92.1, 124.2, 124.7, 132.6.

m.p.: 149°C

1.4.5 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)

O O
F
N
IR
N
T) h
OH

3-(4-(3-Aminoprop-1-yn-1-yl)phenyl)prop-2-yn-1-ol 14 (257 mg, 0.87 mmol) and
trimethylamine (0.25mL, 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 for 1.5 h. After
addition of 15 (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, filtered off, and the solid washed with water and petroleum ether. The white solid

was dried in vacuo (367 mg, 0.79 mmol, 91%).

'H NMR (CDCls, 400 MHz): & [ppm] = 4.42 - 4.52 (m, 4H), 5.47 (s, 2H,), 7.13 - 7.44 (m, 11H),
8.17 (dd, J = 2.7, J = 8.7 Hz, 1H), 8.93 (s, 1H), 10.22 (br, 1H).

B3C-NMR (CDCl3, 101 MHz): & [ppm] = 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.

m.p.: 206°C
15



1.4.6 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)

O O
F
N
CLY s
N
© N
Br

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 (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 days. The solvent was evaporated and the
residue crystallized in ethanol and recrystallized in methanol to afford a beige solid (0.19 g,

0.35 mmol, 54%).

'H NMR ((CD3),CO, 400 MHz): & [ppm] = 4.39 (s, 2H), 4.50 (d, J = 5.6 Hz, 2H), 5.85 (s, 2H),
7.33-7.57 (m, 10H), 7.86 (dd, J = 4.3, J = 9.4 Hz, 1H), 8.06 (dd, J = 3.1, J = 9.1 Hz, 1H), 9.03 (s,
1H), 10.22 (dt, J = 1.2, J = 5.0 Hz, 1H).

BC-NMR ((CD;),CO, 101 MHz): & [ppm] = 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.

ESI-MS: m/z calcd. for CaoH21BrFN,0," [M+H]": 527.1, found: 527.2.

m.p.: 198°C
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1.4.7 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-
yl)oxy)-N,N-dimethylbut-2-yn-1-aminium bromide (18)

O O
F
N NV
| H R o N’O
N Br |
A \N/\/O
@

To a solution of iperoxo base! (104 mg, 0.57 mmol) in 10 mL acetonitrile, 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 (150 mg, 0.28 mmol) 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 6 h. After cooling to
room temperature the surplus of KI/K,COs was filtered off and the solvent was evaporated
to half of the volume. Diethyl ether was added and the solution was kept in the fridge
overnight. The precipitate obtained was filtered off, washed with Et,0, and dried in vacuo to

yield a beige solid (0.12 g, 0.17 mmol, 60%).

'H NMR (DMSO, 400 MHz): & [ppm] = 3.01 (t, J = 9.6 Hz, 2H), 3.22 (s, 6H), 4.32 (t, J = 9.6 Hz,
2H) 4.47 (d, J = 5.5 Hz, 2H), 4.59 (s, 2H), 4.68 (s, 2H), 4.95 (s, 2H), 5.83 (s, 2H), 7.23 - 7.53 (m,
9H), 7.69 (ddd, J = 3.1, J = 8.0, J = 9.4 Hz, 1H), 7.86 (dd, J = 4.3, J = 9.4 Hz, 1H), 8.00 (dd, J =
3.1,J=9.0 Hz, 1H), 9.13 (s, 1H), 10.19 (t, J = 5.6 Hz, 1H).

BC.NMR (DMSO, 101 MHz): 6 [ppm] = 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, Jer = 23.3), 120.1, 121.1 (d, Jer = 7.6), 121.5
(d, Jer = 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,
Jer = 245.4), 163.7, 166.6, 174.6 (d, J = 1.6).

ESI-MS: m/z calcd. for C3gH34FN,O," [M+H]": 629.3, found: 629.1.

m.p.: 148° C
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2 Pharmacology

2.1 Cell culture
All experiments were performed in HEK 293 cells stably expressing the receptor sensor, the

Gq sensor or the Ca**/DAG sensor. Cells were kept at 37 °C in a humidified 7% CO,
atmosphere and maintained in DMED with 4.5g11, 10% (v/v) FCS, 100 U mL-1 penicillin, 100
ug mL-1 streptomycin sulfate and 2 mM L-glutamine and 200 pug mL 1 G-418. Every two to
three days the cell lines were routinely passaged. Untransfected HEK cells were kept in

supplemented DMEM without G418.

2.2 Stable cell line generation
Untransfected HEK293 cells were seeded into a culture dish with a confluency of 30 %. 24

hours after seeding, the cells were transfected with the Effectene® Transfection Reagent
from Quiagene in accordance with the manufacturer’s instructions. 24 hours after
transfection, the normal culture medium was replaced by culture medium supplemented
with 500 pg/ml G418. The medium was refreshed every two days until the bigger part of the
cells were dead. The cells were counted, diluted and applied to 96-well plates resulting in a
one cell to well distribution. The resulting monoclonal cell lines were characterized with

fluorescence microscopy and investigated concerning their cDNA content.

2.3 Construction of the M1-13N-CFP receptor FRET sensor
The receptor sensor M1-I3N-CFP used for all experimental approaches has been published

and validated previously.[‘” An enhanced cyan fluorescent protein (eCFP) was fused to the
receptor C-terminus by standard PCR extension overlap technique.[S] Between receptor and
fluorescent protein the amino acid sequence SR was inserted as a linker sequence, coding
for Xbal restriction site. In the untruncated third intracellular loop (IL3) an amino acid
sequence 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 pcDNA3 (Invitrogen) and verified by sequencing, done by

Eurofins Genomics (Ebersberg, Germany).

2.4 FlAsH labeling
Before each experiment with the receptor FRET sensor a labeling protocol was applied as

described previously.[sl Cells were grown on Poly-D-lysine coated glass coverslips to 80 %
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confluency. Initially cells were washed with labeling buffer (150 mM NaCl, 10 mM HEPES, 2.5
mM KCI, 4 mM CacCl,, 2 mM MgCl, supplemented with 10 mM glucose (pH 7.3)). After that
cells were incubated with labeling buffer containing 500 nM FIAsH and 12.5 uM 1,2
ethanedithiol (EDT) for 1 h at 37 °C followed by flushing with labeling buffer. To reduce non-
specific 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.

After the labeling protocol was realized FRET experiments were started immediately.

2.5 Construction of the Gq FRET sensor
The Gq FRET sensor used in this study, was published before.”! The sensor consists of a

yellow fluorescent protein (YFP) tagged Gy subunit and a Gaqg subunit with an inserted
monomeric Turquoise fluorescent protein (mTurquoise). Due to ligand addition the
transiently coexpressed wild type human M1 receptor gets activated and induces a
dissociation of the Gq subunits. This results in a decreased FRET efficiency and a reduced
FRET ratio. Upon buffer addition the receptor activation starts to decrease, the
hetereotrimeric G-protein subunits reassociate and the FRET ration returns to a constant

baseline.

2.6 Ligand application
Every probe was freshly prepared, before the experiments were started. Solubilizing the

ligands and preparing different ligand concentration was done with a physiological
measuring buffer (140 mM NaCl, 10 mM HEPES, 5.4 mM KCIl, 2 mM CaCl,, 1 mM MgCl, (pH
7.3)). Iperoxo was used as a reference ligand, prepared from a 1 mM solution that was
stored at -20 °C and that have not been older than one month. Photo-Iperoxo (12) has also
been prepared from a 1 mM stock that was storded at -20 °C. BQCAAI was stored as a
powder at 4°C and was weighed out at the same day the experiments were performed and
diluted to 100 puM. After solubilizing, all ligand solutions containing an azobenzene motive
were subdivided into two volumes of equal size. One part was treated indistinguishable to
normal ligand solutions. The other part was stored at room temperature in the dark under
the exposure of 366 nm light (2 x 8 W fluorescent tubes) for at least 20 minutes, until the

experiments were started.
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2.7 Single cell FRET experiments
FRET experiments were performed at 25 °C in the dark, using HEK293 cells stably expressing

the FRET sensors mentioned above. While performing the FRET experiments cells were
maintained in measuring buffer. 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, Grafelfig,
Germany) as described previously.[sa' 8l 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 filters 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. While
FRET measurements cells were superfused with measuring buffer or various ligand solutions

by using the ALA-VMS8 perfusion system (ALA Scientific Instruments).

2.8 Ca’*/DAG experiments
To specifically report the activation of the Gg-signalling pathway we used a dual

fluorescence probe from Montana Molecular (downward DAG2/R Geco). This probe consist
of two sensor, fused in frame on both sides of a 2A peptide sequence. The DAG sensor has a
cpCFP attached to the C1 domain of a protein kinase C (PKC). The calcium sensor R-GECO
consist of a red fluorescence protein fused to a Calmodulin domain. Upon receptor
activation this dual fluorescence probe respond with an increase in red fluorescence and a
decrease in green fluorescence. For each experiment HEK cells stably expressing the dual
sensor were transfected with a C-terminal CFP tagged M1AChR. It was reported previously

that this receptor construct does not significantly differ from the wild type receptor.

2.9 Confocal microscopy analysis and cell response quantification
Cells were grown on glass coverslips and 48h after transfection placed in an Attofluor holder,

maintained in measuring buffer. Analyses were performed with a LeicaSP8 microscope,
equipped with four detection channels. CFP was excited at 442 nm (442 Diode) and emission
was detected in 460-490 nm range. GFP was excited using the 488 nm line (Ar laser) and
detected from 520-575 nm. R-GECO was excited at 562 nm (DPSS 561) and detected from
600-700 nm. For characterizing photoswitchable probes light sources for 442 nm and 488

nm were switched of, in order to prevent enhanced spontaneous ligand isomerization. Time
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series were taken using 512*512 resolution and non-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 adding a ligand stock solution. The final ligand concentration in the

holder was 10 puM.

3  Supporting figures
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Supporting figure 2 characterization of photoiperoxo 12 in comparison to iperoxo. (a) Representative
single cell recording of a stable HEK293 cell line expressing the M1-IN3-CFP receptor sensor. I[peroxo
in a saturating concentration (100 uM) served as reference. (b) Competition experiment with
different concentrations of iperoxo and 12 alone or under mixed conditions as indicated. (c) DAG und
Ca” sensor characterization upon ligand addition. (d) Compound 12 was not able to induce an
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increase in Ca** (e) Compound 12 did not induce a Ca** signal, iperoxo was then added showing Ca**
response.
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Supporting figure 3 Simultaneous characterization of the cis conformer with both fluorescent
probes. By using this approach the cis conformer induces a 45 seconds delayed DAG and calcium
response. This finding indicates, that while recording with the given settings an isomerization of cis-
BQCAAI to trans-BQCAAI occurs.

4 Additional references

[1] J. Kloeckner, J. Schmitz, U. Holzgrabe, Tetrahedron Lett. 2010, 51, 3470-3472.

[2] Y. Zhi, L. X. Gao, V. Jin, C. L. Tang, J. Y. Li, J. Li, Y. Q. Long, Bioorg. Med. Chem. 2014, 22, 3670-
3683.

[3] a) C. Werner, H. Hopf, I. Dix, P. Bubenitschek, P. G. Jones, Chemistry 2007, 13, 9462-9477; b)
H. Hopf, P. G. Jones, P. Bubenitschek, C. Werner, Angew. Chem. Int. Ed. 1995, 34, 2367-2368;
Angew. Chem. 1995, 107, 2592—-2594

[4] R. Messerer, M. Kauk, D. Volpato, M. C. Alonso Canizal, J. Klockner, U. Zabel, S. Nuber, C.
Hoffmann, U. Holzgrabe, ACS Chem. Biol. 2017.

[5] S. N. Ho, H. D. Hunt, R. M. Horton, J. K. Pullen, L. R. Pease, Gene 1989, 77, 51-59.

[6] a) C. Hoffmann, G. Gaietta, M. Binemann, S. R. Adams, S. Oberdorff-Maass, B. Behr, J. P.
Vilardaga, R. Y. Tsien, M. H. Ellisman, M. J. Lohse, Nat. Methods 2005, 2, 171-176; b) C.
Hoffmann, G. Gaietta, A. Zurn, S. R. Adams, S. Terrillon, M. H. Ellisman, R. Y. Tsien, M. J.
Lohse, Nat. Protoc. 2010, 5, 1666-1677; c) A. Zirn, U. Zabel, J. P. Vilardaga, H. Schindelin, M.
J. Lohse, C. Hoffmann, Mol. Pharmacol. 2009, 75, 534-541.

[7] M. J. Adjobo-Hermans, J. Goedhart, L. van Weeren, S. Nijmeijer, E. M. Manders, S.
Offermanns, T. W. Gadella, Jr., BMC Biol. 2011, 9, 32.

[8] J. P. Vilardaga, M. Biinemann, C. Krasel, M. Castro, M. J. Lohse, Nat. Biotechnol. 2003, 21,
807-812.

22






Appendix III:

Agnetta, L.; Bermudez, M.; Riefolo, F.; Matera, C.; Claro, E.; Messerer, R.; Littmann, T.;
Wolber, G.; Holzgrabe, U.; Decker, M. Fluorination of Photoswitchable Muscarinic Agonists
Tunes Receptor Pharmacology and Photochromic Properties. J. Med. Chem. 2019, 62, 3009-

3020.

https://pubs.acs.org/doi/10.1021/acs.jmedchem.8b01822



https://pubs.acs.org/doi/10.1021/acs.jmedchem.8b01822




Downloaded via UNIV LIBRARY OF WUERZBURG on April 4, 2019 at 17:08:52 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

Journal of

Medicinal
d @ Cite This: J. Med. Chem. 2019, 62, 3009-3020 pubs.acs.org/jmc
Chemistry

Fluorination of Photoswitchable Muscarinic Agonists Tunes
Receptor Pharmacology and Photochromic Properties

Luca Agnetta, Marcel Bermudez,"® Fabio Rlefolo,"” Carlo Matera,"” Enrlque Claro, -
Regina Messerer,” Timo Littmann,” Gerhard Wolber, Ulrike Holzgrabe, and Michael Decker*

"Pharmaceutical and Medicinal Chemistry, Institute of Pharmacy and Food Chemistry, Julius Maximilian University of Wiirzburg,
Am Hubland, 97074 Wiirzburg, Germany

“Institute of Pharmacy, Freie Universitit Berlin, Konigin-Luise-Strale 2 + 4, 14195 Berlin, Germany

SInstitute for Bioengineering of Catalonia (IBEC), Barcelona Institute for Science and Technology, Carrer Baldiri Reixac 15-21,
08028 Barcelona, Spain

INetwork Biomedical Research Center in Bioengineering, Biomaterials, and Nanomedicine (CIBER-BBN), 50018 Zaragoza, Spain

Hnstitut de Neurociéncies (INc) and Departament de Bioquimica i Biologia Molecular, Unitat de Bioquimica de Medicina,
Universitat Autonoma de Barcelona (UAB), Bellaterra, 08193 Barcelona, Spain

#Institute of Pharmacy, University of Regensburg, Universititstrale 31, 93053 Regensburg, Germany

© Supporting Information

ABSTRACT: Red-shifted azobenzene scaffolds have emerged as useful
molecular photoswitches to expand potential applications of photopharmaco-

logical tool compounds. As one of them, tetra-ortho-fluoro azobenzene is well 5 ! /@O F N..Fj?‘o
compatible for the design of visible-light-responsive systems, providing stable and  § OO’ Iy OQF )
bidirectional photoconversions and tissue-compatible characteristics. Using the £ _— § O
unsubstituted azobenzene core and its tetra-ortho-fluorinated analogue, we have 2 [~~~ e
developed a set of uni- and bivalent photoswitchable toolbox derivatives of the g :

highly potent muscarinic acetylcholine receptor agonist iperoxo. We investigated z @O i | N_Fj?o
the impact of the substitution pattern on receptor activity and evaluated the § C("N C[F'N
different binding modes. Compounds 9b and 15b show excellent photochemical A : o

properties and biological activity as fluorination of the azobenzene core alters not ) .
only the photochromic behavior but also the pharmacological profile at the
muscarinic M, receptor. These findings demonstrate that incorporation of
fluorinated azobenzenes not just may alter photophysical properties but can exhibit a considerably different biological profile
that has to be carefully investigated.

Operational wavelengths

B INTRODUCTION in the human body including the central nervous system (M,/
M,/M;) related to neurological processes of memory and
learning. In the peripheral nervous system (M,/M;), they are
related to the so-called “rest and digest” biological functions.”
In this work, we present an optimized approach for the
application of photochromic ligands to GPCRs by using the
M, receptor as a prototypic model system, outlining the
advantages and challenges of using red-shifted molecular
photoswitches.

Accordingly, we focused on the highly potent orthosteric
agonist iperoxo in the design of bidirectional pharmacological

In recent years, many different biochemical targets, including
ion channels, enzymes, and lipids, have been effectively
modulated in a light-controlled fashion using photoswitchable
ligands, expanding the vibrant field of photopharmacology.’
Now, the potential of the application of photopharmacological
tool compounds to G protein-coupled receptors (GPCRs) is
being steadily investigated.” The rapid light-induced isomer-
ization of photochromic ligands can be directly translated into
a change in affinity or activity. This can give important new

insights into the binding mode and time course of activation ) 8 -
processes, enabling precise spatial and temporal resolution of tool compounds with tuned photochemical properties. Iperoxo

the complex signaling pathway of GPCRs. The muscarinic (iper) is a muscarinic ACh receptor agonist w_ith outsta_nding
acetylcholine (ACh) receptors (mAChRs), which belong to potency t‘hz.at is known to toleragte bulky substituents without
class A GPCRs, have received special attention in this regard compromising  agonist efficacy.” Recently, we repor'ted on
due to their role as a prototypic pharmacological system® and photoip €roxo (9a), a compound tha't consists of ip €roxo
their therapeutic potential.’ The muscarinic receptors mediate extended with a molecular photoswitch and a  dualsteric
the excitatory and inhibitory effects of the neurotransmitter
acetylcholine (ACh),° thus regulating diverse important Received: November 21, 2018
biological processes. Muscarinic receptors are widely expressed Published: March 3, 2019
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Figure 1. Structures of (1) reference agonists acetylcholine (ACh), carbachol (CCh), and iperoxo (iper); (2) univalent; and (3) homobivalent
photoswitchable derivatives with azobenzene- and tetra-ortho-fluoro azobenzene scaffolds and homobivalent ligands linked by polymethylene

linkers.

photochromic ligand BQCAAL”® We made use of azobenzene
as a molecular photoswitch to change intrinsically the
geometry and polarity of the linking unit and to control its
activation by light.la’b’d Upon irradiation with UV- and blue
light, and thus triggering a switch from the trans- to the cis-
form, we were able to control the efficacy and to investigate the
time course of receptor activation processes.2C

Despite this remarkable progress in the development of
photopharmacological tool compounds, the poor photosta-
tionary states (PSSs) of our azobenzene-based systems resulted
in an unclear correlation between the ratio of the cis/trans
concentration to the actual activity at the receptor. The PSS
strongly depends on the electronic environment of the system
and the overlap of transitions of the cis/trans photoisomers
and can be influenced by changing the substitution pattern of
the azobenzene moiety. Additionally, the operational wave-
lengths to trigger photoisomerization can interfere to a
significant degree with the fluorescent readout methods that
are commonly used in GPCR research. To investigate the
complex nature of M, activation, photopharmacological tool
compounds should ideally show superior photochemical
properties, such as quantitative and stable bidirectional
photoswitching, and be responsive to visible rather than
high-energy light."*” A convincing approach to optimize the
photochemical properties of azobenzenes involving the tetra-
ortho-substitution of azobenzene has been described pre-
viously by the groups of Woolley” and Hecht.'” By choosing
the suitable moieties, tetra-ortho-substitution leads to a
separation of the n — 7* transitions of trans and cis isomers
and ultimately to almost complete trans/cis photoconversions.
Importantly, the desired isomer can be selectively formed with
wavelengths in the visible-light window. Despite their
promising application in photobiology due to the well-
separated n — 7* transitions,'' ortho-methoxylated azoben-
zenes are sterically demanding and strongly twisted about the
N—-N double bond. This makes them unlikely to fit into the
narrow receptor binding pocket. Ortho-chlorinated and

3010

fluorinated azobenzenes show comparable red-shifted trans
n—7* transitions, albeit somewhat less than ortho-methoxy-
lated, and have been successfully employed in biological
applications.'”
benzenes stand out in their slow thermal cis-to-trans relaxation
rate, representing a truly bistable molecular switch on the
biological time scale. Moreover, the fluorine substituents are
sterically less demanding compared to the chlorine ones.'”
Based on these results, we further investigated the effect of
iperoxo-derived photoswitchable ligands by developing a set of
tool compounds, containing the iperoxo motif and the tetra-
ortho-fluoro azobenzene or unsubstituted azobenzene, sepa-
rately.

In modern medicinal chemistry, the bivalent strategy has
been extensively applied to GPCR ligands."” Appropriately
designed bivalent ligands can exhibit higher aflinity, potency,
and selectivity compared with the parent ligand, with potential
therapeutic application.'* Successful examples of the applica-
tion of this approach to GPCRs include the human
cannabinoid receptor 2,"° opioid receptor,'® dopamine 2,"
and muscarinic receptors.'® To this end, we extended the
photoiperoxo structure with another iperoxo moiety, creating a
homobivalent ligand, to improve and investigate binding at the
M, receptor.

However, tetra-ortho-fluoro substituted azo-

B RESULTS AND DISCUSSION

We now report the design and synthesis of photoswitchable
homobivalent iperoxo (1Sa), tetra-ortho-fluoro-photoiperoxo
(9b), and homobivalent tetra-ortho-fluoro-photoiperoxo
(15b), being the corresponding tetra-ortho-fluorinated ana-
logues of the azobenzene iperoxo derivatives (Figure 1). In
addition, we synthesized homobivalent iperoxo derivatives
(18a—d) connected by aliphatic chains as reference com-
pounds to identify the optimal distance between the two
orthosteric moieties for dualsteric binding.

DOI: 10.1021/acs.jmedchem.8b01822
J. Med. Chem. 2019, 62, 3009—3020
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Scheme 1. Synthesis of Photoiperoxo and F,-Photoiperoxo”
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“Reagents and conditions: (a) Pd/C, EtOH (87%); (b) oxone, CH,Cl,, water; (c) 2, AcOH/trifluoroacetyl (TFA), toluene (43%); (d) N-
bromosuccinimide (NBS), azobisisobutyronitrile (AIBN), CCl,, 80 °C (50%); (e) nitrosobenzene, AcOH (75%); (f) CBr,, PPh,;, CH,Cl, (60%);
(g) 4((4,5-dihydroisoxazol-3-yl)oxy)-N,N-dimethylbut-2-yn-1-amine 16, EtOAc/MeCN (39% for 9a, 92% for 9b).

Scheme 2. Synthesis of Iper-azo-iper and F,-Iper-azo-iper”
a . L “
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T, o ol 2
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15a: R =H, iper-azo-iper (\II/O\/\/ \/\Qi N /’\lll\o) <
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“Reagents and conditions: (a) oxone, CH,Cl,, water; (b) 10, AcOH (36%); (c) KMnO,, FeSO,-7H,0, CH,Cl, (29%); (d) NBS, AIBN, CCl,, 80
°C (76% for 14a, 24% for 14b); (e) 4((4,5-dihydroisoxazol-3-yl)oxy)-N,N-dimethylbut-2-yn-1-amine, EtOAc, 60 °C (83% for 15a, 32% for 15b).

Chemistry. The synthetic routes for the uni- and but-2-yn-1-amine, prepared using the standard convergent
homobivalent ligands are summarized in Schemes 1 and 2, procedure as described previously,'® was connected to the
respectively. Azobenzene moieties 5 and 7 were accessed photoswitches to afford photoiperoxo 9a and F,-photoiperoxo
starting from the corresponding anilines 2, obtained from 9b.
reduction of 1,3-difluoro-5-methyl-2-nitrobenzene 1, and The synthesis of the homobivalent ligands started from
commercially available (4-aminophenyl)methanol 6. Anilines commercially available p-toluidine 10, which was condensed to
were used in Baeyer—Mills reactions with 1,3-difluoro-2- compound 13a by means of a Baeyer—Mills reaction. Tetra-
nitrosobenzene 4 and nitrosobenzene, respectively, to afford ortho-fluorinated analogue 13b was obtained by oxidative
precursors for bromination, which took place under either coupling of 12 with potassium permanganate and iron sulfate
radical (for 8b) or nucleophilic substitution conditions (for heptahydrate as oxidizing reagents. Again, radical bromination
8a). Lastly, 4((4,5-dihydroisoxazol-3-yl)oxy)-N,N-dimethyl- and substitution with 4((4,5-dihydroisoxazol-3-yl)oxy)-N,N-

3011 DOI: 10.1021/acs.jmedchem.8b01822
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Table 1. UV—Vis Spectroscopic Data of Compounds 9a, 9b, 15a, and 15b*

trans trans cis
Amax Amax A

Armax n—r* (n—m*) (n=m*) PSSy, PSS
cmpd. (z—7*) & (z—7*) (X10° M~ cm™) (nm) e (n—*) (M~' cm™) (nm) e (n—n*) (x10° M~! cm™!) (nm) (% (%)
9a 320 12.2 418 680 418 1.04 <10 920 62
15a 320 22.0 426 920 426 142 <10 29 60
9b 307 16.7 443 1440 412 1.80 31 94 86
15b 311 14.8 447 1180 412 1.38 35 93 98

a

Amax (T—7*, n—7*) represents the wavelength at the maximal absorption of the 7—z* and n—z* transition bands, respectively. The molar

extinction coefficients & (7—z*, n—7*) were calculated according to the Lambert—Beer formula. A4 (n—7*) is the difference between trans and cis
regarding A, of the n—7z* band. PSS percentages after irradiation with operational wavelengths determined by liquid chromatography using the

wavelength at the isosbestic point as the detecting wavelength.
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Figure 2. Representative (A) absorption spectra of PSS at the dark-adapted state and after illumination with 400 nm (to trans) and 500 nm (to cis),
(B) stability measurement and (C) multiple cis/trans isomerization cycles of compound 9b in dimethyl sulfoxide at 25 °C. Spectra of compounds

9a, 15a, and 15b are displayed in the Supporting Information section.
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Figure 3. Competition for specific binding of 200 pM [*H]QNB to rat brain membranes containing high density of all the five mAChRs by 9a, 9b,
15a, and 15b. Data points were fitted using the “log(inhibitor) vs normalized response — variable slope” function in GraphPad Prism 6.

dimethylbut-2-yn-1-amine resulted in formation of target
compounds 15a and 1S5b. Aliphatic derivatives (18a—d)
were synthesized reacting the corresponding double bromi-
nated aliphatic chains with 2 equiv of 4((4,5-dihydroisoxazol-
3-yl)oxy)-N,N-dimethylbut-2-yn-1-amine (Suppl. Scheme S).

3012

UV-Vis Spectroscopic Characterization. The UV—vis
absorption spectra of the set of compounds 9a, 9b, 15a, and
15b were measured at a concentration of 50 ym in dimethyl
sulfoxide (DMSO). For compounds 9a and 15a (with
unsubstituted azobenzene scaffold), we observed a strong
m—n* transition band at short wavelength (4,_.+ ~ 320 nm)

DOI: 10.1021/acs.jmedchem.8b01822
J. Med. Chem. 2019, 62, 3009—3020



Journal of Medicinal Chemistry

A
5 120 —e— |peroxo
T 100 -e- Acetylcholine
g 80. -« Carbachol
i
g 60
3 40
£
5 20
&
12 10 -8 6 -4 2
Cc log([compound]/M)
< 120 —— F4-PI, 9b (400 nm)
2 100 -~ F4-Pl, 9b (500 nm)
2 5 —— Pl, 9a (dark)
@ -e- PI, 9a (365 nm)
g 60
3 40
£
5 20
& 9
r T T T 1
-10 -8 6 -4 2

log([compound]/M)

% of maximal stimulation

o

% of maximal stimulation

120 —e— Iperoxo
100 —— Iper-C10-Iper, 18d
80 Iper-C8-Iper, 18c
Iper-C6-Iper, 18b
60 Iper-C4-Iper, 18a
40
20
0
42 Ao 8 .'s 4
log([compound]/M)
120 —»— F4-IAl, 15b (400 nm)
100 -e- F4-lAl, 15b (500 nm)
80 —— |Al, 15a (dark)
-e- |Al, 15a (365 nm)
60
40
20
0
r T T T 1
-12 -10 -8 -6 -4

log([compound]/M)

Figure 4. Ga/PLC-f33 split-luciferase interaction assay in HEK 293T cells expressing the human muscarinic M, receptors. Concentration—response
curves for (A) reference compounds, (B) iper-linker-iper derivatives (18a—d), (C) 9a and 9b, and (D) 15a and 1Sb at operational wavelengths
specific for the respective photoconversion. Data represent means = standard error of the mean of three to four experiments conducted at least in

triplicate.

and a weaker n—7* (4,_,« & 422 nm) upon irradiation with
blue light (400 nm, trans isomer). Irradiation with UV light
(365 nm), and thus photoconversion to the cis-isomer, leads to
a decrease in absorbance intensity of the 7—z* and increase of
the n—7* band without affecting the wavelengths of the
respective transition bands. Spectra of fluorinated compounds
9b and 15b were measured using 400 nm for cis — trans and
500 nm for trans — cis photoconversions. Due to the n-orbital
stabilization of electron-withdrawing groups in the cis-state,
tetra-ortho-fluoro substitution of the azobenzene core causes a
separation of the transitions of the n—z* band, in our case of
around 33 nm on average, which makes it possible to address
both isomers selectively with light in the visible region (Figure
1A).*° As a direct consequence, the PSSs (measured by means
of liquid chromatography at the isosbestic point wavelength)
are substantially higher than for nonfluorinated analogues
(Table 1), which is beneficial for the application of
photoswitchable ligands in biological systems and allows a
clear correlation between the distinct photoisomer and its
biological effect. Moreover, multiple cis/trans switching cycles
did not cause noticeable degradation, highlighting the
reliability and robustness of the photochromic conversion of
both the tetra-ortho-fluoro and unsubstituted azobenzene
scaffolds. This is confirmed by stability measurements in which
the compounds were kept in the dark for at least 120 min after
switching to the less stable cis-isomer, without significant
changes in absorbance and hence in the PSS. Importantly, this
information is required when considering eventual incubation
times required in biological assays, making sure that the
photoswitchable ligands do not relax to the trans-isoform
during the readout (Figure 1B,C). From the physicochemical
point of view, this set of compounds shows ideal characteristics
for stable and bidirectional photoswitching (Figure 2).
Binding Experiments. First, 9a, 9b, 15a, and 1Sb were
tested for affinity to the M receptors. This was achieved in
competition experiments with the photoswitchable ligands in
rat brain membrane preparations. These were conducted as

3013

described previously”' and contained a high density of all the
five mAChR subtypes. [*H]Quinuclidinyl benzilate
([PH]QNB) is a nonselective muscarinic ligand, which allows
the identification of muscarinic receptors,”> and displays an
equilibrium dissociation constant of about 40 pM,** making it
suitable for these experiments. Specific binding was defined
with test compounds at total nominal concentrations in the
range of 1—100 ym and elaborating the raw dpm data from the
scintillation counter,”" representing total radioactivity.

In general, compounds 9a, 9b, 15a, and 15b were found to
show good affinity for the M receptors (Figure 3). In
particular, the azobenzene-elongated iperoxo 9a and 9b
showed a binding affinity in the low-micromolar range,
although no significant changes could be observed upon
irradiation (pICsy =~ S for both photoisomers, Figure 3A,C).
The affinity increased significantly for the homobivalent
ligands 15a and 15b. In good agreement with results from
the split-luciferase interaction assay, trans-15a showed an
affinity in the high-nanomolar range, with a significant
difference between the two photo isoforms (pICs, = 6.32 in
the dark vs 5.88 under illumination with 365 nm light, Figure
3B). Thus, we observed that despite the introduction of an
azobenzene molecular photoswitch, a good affinity could be
preserved. Moreover, the presence of a second moiety of
iperoxo, as in the homobivalent ligands 15a and 15b, improved
binding affinity and created an appreciable difference between
trans and cis isomers.

Biological in Vitro Assay. Our goal was to assess the extent
to which the pharmacological profiles of these compounds
change after fluoro substitution of the azobenzene core. For
this purpose, we used a novel split-luciferase complementation
technique detecting the interaction between the Gaq subunit
and phospholipase C-#3 (PLC-$3) and thus reflecting G
protein activation in living HEK 293T cells expressing the
human M, receptor.”* The split-luciferase complementation
technique is particularly suitable to detect protein—protein
interactions and associated signaling in living cells.”® Since it is

DOI: 10.1021/acs.jmedchem.8b01822
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not fluorescence-based, no excitement irradiation is needed
and, consequently, its readout does not interfere with the
operational wavelengths for photoswitching, providing clear-
cut and distinguishable concentration—response curves for
each photoisomer, which makes it highly suitable for
photopharmacological investigations into GPCRs. Technically,
HEK 293T cells were engineered to express a fragment of the
luciferase at the Gaq subunit of the heterotrimeric G protein
and the complementary fragment at the N-terminus of the
PLC-A3. Upon binding of the endogenous or synthetic
agonists, both fragments are brought in close proximity,
leading to a reconstitution of the functional luciferase protein
and emission of bioluminescence, in the presence of the
substrate luciferin.”* Also advantageous is the fact that the
receptor itself, in this case M), remains unengineered in
contrast to, for example, fluorescence resonance energy
transfer (FRET) sensors, where often large constructs at
intracellular loops could act as anchors and may affect changes
in conformations. Pharmacological data are depicted in Figure
4 and summarized in Table 2 and show the recorded potencies

Table 2. Pharmacological Data®

cmpd. PECs %E pax
iperoxo 8.90 + 0.02 103.5 = 1.0
CCh 6.34 + 0.02 99.9 £ 09
ACh 6.87 + 0.03 999 + 1.8
18a 6.49 + 0.01 103.6 + 0.6
18b 6.77 £ 0.01 922 + 0.6
18c 6.89 + 0.01 101.1 = 0.8
18d 7.86 + 0.02 103.7 = 0.7
cmpd. trans cis trans cis
9a 5.49 £ 0.01 S5.68 + 0.02 48.0 +£ 04 33.5 £ 05
9b 7.20 + 0.02 7.14 £ 0.01 983 +12 99.7 £ 0.6
15a 7.82 + 0.02 7.49 £ 0.02 96.5 + 1.1 879 £ 0.7
15b 8.97 £ 0.01 8.30 £+ 0.02 99.7 £ 03 99.1 £ 04

“pECs,, concentration of the indicated compounds inducing a half-
maximal effect (—log ECy, values); %E,., maximum effect as a
percentage of Ecc, (100 ym). Data were obtained by curve fitting to
data from individual experiments shown in Figure 4.

and efficacies of compounds 9a, 9b, 15a, and 15b, reflected by
the pECsy, and maximal response E, . for each isomer. The
data are normalized to the maximum response of the synthetic
agonist carbachol (CCh) at a concentration of 100 um.
Measurements of the endogenous agonists acetylcholine
(ACh) and the synthetic parent compound iperoxo as
references were not affected by illumination with operational
wavelengths.

First, bivalent alkyl-substituted iperoxo compounds were
screened to identify the correlation between the distance of the
orthosteric moieties and their corresponding biological activity.
For this purpose, homobivalent ligands 18a—d with different
chain lengths were employed. All compounds were charac-
terized as full agonists, and longer spacer proved advantageous
for the M, affinity, suggesting a dualsteric binding.*® The C10-
spacer, which is comparable to the azobenzene scaffold, shows
the highest effect and suggests this distance as optimal for the
design of photoswitchable ligands (Suppl. Figure 1).

As investigated in previous studies, photoiperoxo 9a was
unable to induce a conformational change at the M, receptor
in FRET studies, upon illumination with either UV- or blue
light. Instead, it exhibited antagonist behavior in competition
experiments.”* Using the split-luciferase complementation
assay, 9a shows two distinct curves for each photoisomer,
differing in their efficacy. The maximal response E_,, was 48%
for the trans and 34% for the cis photoisomer, indicating partial
agonism at the M, receptor. Surprisingly, substitution of
azobenzene with the tetra-ortho-fluorinated scaffold resulted in
full agonist 9b with a significant potency enhancement and
pECs, values almost two log units higher (comparable to
endogenous agonist ACh). However, no significant changes in
efficacy or affinity could be observed for 9b upon irradiation.

The potency at the M, receptor was modulated effectively
by introducing an additional iperoxo moiety, resulting in the
homobivalent ligand 15a. By doing so, considerable improve-
ment in the potency was gained and a difference between the
two photoisomers was re-established. Again, replacement of
the azo-core with tetra-ortho-fluoro scaffold (15b) resulted in
a distinctive change toward higher potency, being almost 10-
fold more pronounced for the trans isomer. Noteworthy, trans-
15b shows a pECs, concentration in the one-digit nanomolar
range, which is comparable to the agonist iperoxo itself. This is

Figure 5. Proposed binding modes and interactions of trans isomers of photoswitchable dualsteric iperoxo derivatives (A) 9b, (B) 9a, and (C) 15a
in complex with the M, receptor. Positive ionizable centers are shown as blue stars, yellow spheres indicate lipophilic contacts, purple disks show

aromatic interactions, and red arrows indicate hydrogen bonds.
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a remarkable observation, as the introduction of a molecular
photoswitch generally causes an overall loss in activity at the
receptor. A photoswitch-endowed compound showing an
almost identical potency as the reference compound is hard
to achieve. Taken together, these findings suggest that binding
of trans-form of bivalent derivatives 15a, 15b, and 9b stabilizes
the M, receptor in the active conformation to a greater extent
than 9a. Additionally, fluoro substitution leads to pronounced
differences in biological activity and is beneficial for binding to
the M, receptor. As such, we developed a set of photo-
pharmacological GPCR tool compounds for a better under-
standing of M, receptor binding modes.

Molecular Modeling. Docking studies using a previously
reported homology model of the active M; receptor
conformation”” reveal a dualsteric (bitopic) binding mode
for all investigated photoswitchable iperoxo derivatives in their
trans conformation (Figure 5). We surmise that the photo-
switch primarily occurs in solution and that the pharmaco-
logical properties are mainly driven by binding of trans
isomers. The active M, receptor model indicates a narrow
channel between the orthosteric and allosteric binding sites,
rendering binding of cis conformations to the receptor unlikely
due to steric interference with the tyrosine lid. Similar to other
iperoxo-based dualsteric ligands,”® the iperoxo moiety is
located in the orthosteric binding pocket showing interactions
with D84, N213, and the tyrosine lid consisting of Y85, Y212,
and Y23S (Figure S). For all compounds, a hydrogen bond
between the azo group and the hydroxy group of Y23S is
formed. The side chain of Y23S5 shows a reorientation toward
the extracellular side, which allows binding of azobenzene
scaffolds through z—7 interactions. This side-chain position
allows full contraction of the orthosteric binding site without
full closure of the tyrosine lid and thereby stabilizes active
receptor conformations.

Interestingly, fluorination of the azobenzene scaffold results
in a higher potency of 9b and 15b compared to the
nonfluorinated compounds 9a and 1Sa. This can be
rationalized in our model by an optimal geometry of the
aromatic ring in the M, receptor. Whereas the phenyl ring
opposite to Y235 is more flexible in 9a and 185a, it is restrained
in an orientation optimal for parallel 7—z interaction. This is
caused by the spatial requirements of the ortho-fluorine atoms
in 9b and 15b and an additional hydrogen bond with the
hydroxy group of Y85 (Figure SA). In addition, fluorinated
compounds show additional lipophilic contacts with the
tyrosine lid as well as W231 (Figure SA,B). Since the
symmetric compounds 15a and 15b are larger, they show
secondary interactions in the extracellular vestibule compared
to 9a and 9b. In particular, a charge interaction of the
ammonium group in the extracellular receptor domain with
E228 can be observed (Figure SC). Positive charges in the
allosteric vestibule recognized by aromatic residues or the
EDGE sequence have previously been found to be important
for the M, receptor.”*"*’

Interestingly, the M, receptor lacks the presence of an acidic
residue at the beginning of transmembrane domain 7,
suggesting a specific role for E228 in the M, receptor. This
observation is in accordance with the higher potencies for 15a
and 15b that can be explained by this specific charge
interaction and additional lipophilic contacts with Y158,
which were not observed for 9a and 9b due to the lack of
an allosteric ammonium group (Figure S). The absence of
extensive allosteric interactions and less lipophilic contacts of
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9a compared with 9b suggests a ligand—receptor complex in
which 9a is not able to fully stabilize the active receptor state.
This is supported by previously reported FRET-based
measurements indicating the insensitivity of the M, receptor
upon 9a binding with regard to conformational changes.”
However, the here-applied Ga/PLC-3 split-luciferase inter-
action assay unveiled 9a as a weak partial agonist (E,,, 34—
48%).

At first sight, it may appear conflicting that the cis
photoisomers bind to the receptor and induce a receptor
response, whereas the docking data predict only the trans
photoisomers to bind. On a closer look, even though the
fluorinated azobenzene scaffold provides higher PSS, a distinct
percentage of trans isomer remains (Table 1), which can still
bind and activate the receptor. On a logarithmic scale, as used
for the binding and functional studies, even a small trans
percentage shows a pronounced effect. An alternative
explanation can be rationalized by a second purely allosteric
binding mode as shown for several other dualsteric
ligands. 282 For such a binding pose, the cis orientation is
compulsory, forming 7—7 and cation—7 interactions, which
can, to a certain extent, favor the active state of the receptor. In
contrast, the linear nature of the trans photoisomer is not
suitable to solely bind to the allosteric binding site. At this
stage, this is still a subject of future investigations though.

6,

B CONCLUSIONS

We successfully developed a set of photopharmacological tools
that allowed detailed investigation of the distinct effects of
fluorination and bivalency on binding properties at the M,
receptor. We designed photoswitchable iperoxo (9a) and
bivalent iperoxo (15a) compounds, as well as the red-shifted
congeners (9b, 15b) by introduction of the tetra-ortho-fluoro
scaffold. Bivalent compounds (15a, 15b) show much higher
affinity compared to the univalent compounds (9a, 9b) due to
additional interactions at allosteric binding sites. Remarkably,
the fluorine compounds (9b, 15b) not only show improved
operational wavelengths as shown in a novel, light-independent
luciferase complementation assay, but also increased potency
at the M, receptor. Bivalent and fluorinated photoiperoxo
(15b) act as pronounced affinity switches, whereas the
univalent photoiperoxo acts as an efficacy switch (9a). The
work significantly enlarges the photopharmacological toolbox
for mAChRs. We strongly recommend detailed pharmaco-
logical evaluation for red-shifted compounds since their
biological properties might differ significantly from the parent
compound. It will be interesting to investigate the potential for
in vivo photopharmacological control of this series.

B EXPERIMENTAL SECTION

General Information. Common reagents and solvents were
obtained from commercial suppliers (Aldrich, Steinheim, Germany;
Merck, Darmstadt, Germany) and were used without any further
purification. Tetrahydrofuran (THF) was distilled from sodium/
benzophenone under an argon atmosphere. Microwave-assisted
reactions were carried out on an MLS-rotaPREP instrument
(Milestone, Leutkirch, Germany) using 8—10 Weflon disks. Melting
points were determined on a Stuart melting point apparatus SMP3
(Bibby Scientific, U.K.). Thin-layer chromatography was performed
on silica gel 60 F254 plates (Macherey-Nagel, Diiren, Germany), and
spots were detected under UV light (4 = 254 nm) or by staining with
iodine. Merck silica gel 60 (Merck, Darmstadt, Germany) was used
for chromatography (230—400 mesh) columns or performed on an
Interchim puriFlash 430 (Ultra Performance Flash Purification)
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instrument (Montlugon, France). Used columns are silica 25 g, 30
um, Alox-B 40 g, 32/63 um, and Alox-B 25 g, 32/63 ym (Interchim,
Montlugon, France). Nuclear magnetic resonance spectra were
performed with a Bruker AV-400 NMR instrument (Bruker,
Karlsruhe, Germany) in DMSO-ds, CDCl,;, (CD;),CO. As internal
standard, the signals of the deuterated solvents were used (DMSO-dg:
'H 2.50 ppm, *C 39.52 ppm; CDCly: 'H 7.26 ppm, *C 77.16 ppm;
(CD,),CO: 'H 2.05 ppm, C 39.52 ppm). Abbreviation for data
quoted are as follows: s, singlet; d, doublet; t, triplet; q, quartet; m,
multiplet; br, broad; dd, doublet of doublets; dt, doublet of triplets; tt,
triplet of triplets; and tq, triplet of quartets. Coupling constants (J) are
given in hertz. For purity and reaction monitoring, analytical high-
performance liquid chromatography (HPLC) analysis was performed
with a system from Shimadzu equipped with a DGU-20A3R
controller, an LC20AB liquid chromatograph, and an SPD-20A
UV—vis detector. Stationary phase was a Synergi 4 ym fusion-RP
(150 X 4.6 mm*) column (Phenomenex, Aschaffenburg, Germany).
For the mobile phase, a gradient of MeOH/water with 0.1% formic
acid was used. Parameters: A = water, B = MeOH, V(B)/(V(A) +
V(B)) = from S to 90% over 10 min, V(B)/(V(A) + V(B)) = 90% for
5 min, V(B)/(V(A) + V(B)) = from 90 to 5% over 3 min. The
method was performed with a flow rate of 1.0 mL/min. Compounds
were only used for biological evaluation if the purity was >95%.
Electrospray ionization (ESI) mass spectral (MS) data were acquired
with Shimadzu LCMS-2020. Data are reported as mass-to-charge ratio
(m/z) of the corresponding positively charged molecular ions.
2,6-Difluoro-4-methylaniline (2). 1,3-Difluoro-S-methyl-2-ni-
trobenzene 1 (1.0 g 5.78 mmol) and 10% Pd—C (190 mg) in
EtOH (20 mL) were hydrogenated under atmospheric pressure for 3
h. The catalyst was filtered off, and the filtrate was evaporated to give
2 as a light reddish oil (0.686 g, 4.80 mmol, 87%). '"H NMR (CDhCl,,
400 MHz): 6 (ppm) = 6.63 (m, 2H), 3.49 (s, 2H), 2.23 (s, 3H). *C
NMR (CDCl,, 400 MHz): 5 (ppm) = 153.3 (d, J = 8.3 Hz), 151.0 (d,
J=83Hz), 1274 (t, ] = 8.5 Hz), 121.1 (t, ] = 16.6 Hz), 111.9-111.3
(m), 20.7 (t, J] = 1.7 Hz). ESI-MS: m/z calcd for C;HgF,N,* [M +
H]*: 144.1, found: 144.1.
1-(2,6-Difluoro-4-methylphenyl)-2-(2,6-difluorophenyl)-
diazene (5). 2,6-Difluoraniline 3 (641 mg, 4.96 mmol, 2.00 equiv)
was dissolved in dichloromethane (DCM) (30 mL). To this solution,
oxone (16.8g, 27.3 mmol, 20.00 equiv) dissolved in water (60 mL)
was added. The solution was under argon at room temperature
overnight. After separation of the layers, the aqueous layer was
extracted with DCM twice. The combined organic layers were washed
with 1 N HCI, saturated sodium bicarbonate solution, water, and
brine, dried over MgSO,, and evaporated to dryness. Afterward,
toluene (10 mL) and 2,6-difluoro-4-metylaniline 2 (357 mg, 2.49
mmol, 1.00 equiv) were added. A mixture of acetic acid (20 mL) and
TFA (50 mL) was prepared and added to the solution. The resulting
mixture was stirred at room temperature for 24 h. Afterward, it was
evaporated to dryness. Purification by column chromatography over
silica gel (DCM/petrol ether (PE),1:4, silica gel) yielded the desired
product 5 as a deep orange solid (292 mg, 1.09 mmol, 43%). 'H
NMR (CDCl,;, 400 MHz): 6 (ppm) = 7.40—7.29 (m, 1H), 7.05 (t, ] =
8.6 Hz, 2H), 6.87 (d, J = 10.5 Hz, 2H), 2.41 (s, 3H). ESI-MS: m/z
caled for C3H BE,N," [M + H]*: 269.1, found: 269.1.
(4-(Phenyldiazenyl)phenyl)methanol (7). Nitrosobenzene 4a
(1.28 g, 11.9 mmol, 3 equiv) was dissolved in ethanol (10 mL). To
this solution, (4-aminophenyl)methanol 6 (491 mg, 4.00 mmol, 1
equiv) and acetic acid (20 mL) were added. The reaction mixture was
stirred for 4 h at room temperature. Subsequently, the reaction
mixture was poured into 30 mL of ice-cold water, and the precipitate
was collected by filtration. Column chromatography (DCM/methanol
= 50:1) provided compound 7 (659 mg, 2.99 mmol, 75%) as bright
orange needles. 'H NMR (400 MHz, DMSO-dg): & (ppm) = 7.88 (m,
] = 6.9, 1.8 Hz, 4H), 7.65—7.50 (m, SH), 5.40 (t, ] = 5.7 Hz, 1H),
4.61 (d, ] = 5.6 Hz, 2H). *C NMR (101 MHz, DMSO-d;): § (ppm)
= 1524, 151.3, 146.9, 131.8, 129.93, 127.6, 122.9, 62.9. ESL-MS: m/z
caled for C;3H;,N,0* [M + H]*: 213.1, found: 213.1.
1-(4-(Bromomethyl)phenyl)-2-phenyldiazene (8a). (4-
(Phenyldiazenyl)phenyl)methanol 7 (300 mg, 1.41 mmol, 1 equiv)
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was dissolved in dry THF (1S mL) under argon atmosphere,
tetrabromomethane (703 mg, 2.12 mmol, 1.5 equiv) and
triphenylphosphine (556 mg, 2.12 mmol, 1.5 equiv) were added,
and the reaction mixture was stirred for 4 h. The reaction mixture was
filtered, and the filtrate was evaporated to dryness and purified by
column chromatography (ethyl acetate (EA)/hex = 1:10) yielding
compound 8a as orange needles (232 mg, 0.84 mmol, 60%). "H NMR
(400 MHz, DMSO-dy): 5 (ppm) = 7.89 (tt, ] = 7.7, 2.0 Hz, 4H),
7.69—7.57 (m, SH), 4.80 (s, 2H). *C NMR (101 MHz, DMSO-dy):
5 (ppm) = 151.9, 151.5, 141.5, 131.7, 130.5, 129.5, 122.9, 122.6, 33.6.
ESI-MS: m/z caled for C;3H;;BrN," [M + H]": 275.0, 277.0, found:
274.9, 276.9.
1-(4-(Bromomethyl)-2,6-difluorophenyl)-2-(2,6-
difluorophenyl)diazene (8b). To a solution of 1,2-bis(2,6-difluoro-
4-methylphenyl)diazene § (250 mg, 0.93 mmol) in 20 mL of CCl,
were added NBS (0.332 g, 1.86 mmol) and AIBN (11 mg, 0.076
mmol). The resultant solution was stirred overnight at 80 °C. After
evaporation of the solvent, the product was purified by column
chromatography over silica gel (DCM/PE,1:4, silica gel) yielding the
desired product 8b (163 mg, 0.47 mmol, 50%). '"H NMR (CDCl,,
400 MHz): & (ppm) = 7.38 (t, ] = 8.5 Hz, 4H), 7.21 (d, ] = 8.5 Hz,
11H), 7.13—7.03 (m, 14H), 6.87 (dt, ] = 14.8, 7.3 Hz, 42H), 6.65 (d,
] = 8.8 Hz, 4H), 4.44 (s, 6H), 4.33 (s, 19H), 2.41 (s, 2H), 2.29 (s,
6H). ESI-MS: m/z calcd for C;;HgBrF,N," [M + H]": 347.0, 349.0
found: 347.0, 349.0.
4-((4,5-Dihydroisoxazol-3-yl)oxy)-N,N-dimethyl-N-(4-
(phenyldiazenyl)benzyl)but-2-yn-1-aminium (9a). 1-(4-
(Bromomethyl)phenyl)-2-phenyldiazene 8a (100 mg, 0.36 mmol, 1
equiv) and 4-((4,5-dihydroisoxazol-3-yl)oxy)-N,N-dimethylbut-2-yn-
l-amine 16 (132 mg, 0.73 mmol, 2 equiv) were dissolved in
acetonitrile (10 mL) and stirred at room temperature for 12 h. The
reaction was monitored by liquid chromatography (LC)—MS. The
precipitate was filtered off, and the solvent was removed under
reduced pressure. The crude product was purified by column
chromatography (DCM/MA/NH; = 20:1:0.1) yielding compound
9a as a dark red oil (54 mg, 0.14 mmol, 39%). '"H NMR (400 MHz,
CDCL): & (ppm) = 7.99—7.86 (m, 6H), 7.56—7.46 (m, 3H), 5.24 (s,
2H), 4.88 (d, ] = 7.9 Hz, 4H), 4.42 (t, ] = 9.6 Hz, 2H), 3.53—3.40 (m,
6H), 3.02 (t, ] = 9.6 Hz, 2H). *C NMR (101 MHz, CDCL,): §
(ppm) = 166.9, 154.1, 152.6, 134.3, 131.9, 129.3, 129.0, 123.7, 123.3,
87.8, 75.9, 70.2, 66.2, 57.5, 54.8, 50.0, 33.1. ESI-MS: m/z calcd for
C,,H,BrN,O," [M + H]*: 377.2, found: 377.2.
N-(4-((2,6-Difluorophenyl)diazenyl)-3,5-difluorobenzyl)-4-
((4,5-dihydroisoxazol-3-yl)oxy)-N,N-dimethylbut-2-yn-1-ami-
nium Bromide (9b). 1-(4-(Bromomethyl)-2,6-difluorophenyl)-2-
(2,6-difluorophenyl)diazene 8b (64 mg, 0.184 mmol) and 4-((4,S-
dihydroisoxazol-3-yl)oxy)-N,N-dimethylbut-2-yn-1-amine (34 mg,
0.184 mmol, 1 equiv) in ethyl acetate (10 mL) were charged in a
sealed reaction vessel and stirred for 4 h. The precipitate was collected
and washed several times with ethyl acetate to afford the desired
product 9b as a bright yellow powder (90 mg, 0.170 mmol, 92%). 'H
NMR (MeOD, 400 MHz): § (ppm) = 7.63—7.30 (m, 3H), 7.12 (dt, J
= 17.0, 8.7 Hz, 2H), 4.97 (d, ] = 14.5 Hz, 2H), 4.66 (d, ] = 49.0 Hz,
2H), 4.48—4.28 (m, 4H), 3.21 (d, ] = 30.4 Hz, 6H), 3.05 (dt, ] = 15.1,
9.6 Hz, 2H). ®C NMR (MeOD, 400 MHz): § (ppm) = 168.82,
154.23 (d, J = 5.1 Hz), 151.71 (d, J = 5.5 Hz), 132.40 (t, ] = 9.7 Hz),
131.22 (d, J = 9.0 Hz), 1184, 118.1, 113.5 (d, J = 19.1 Hz), 89.1,
76.7, 71.2, 66.0, 58.3, 55.3, 51.1, 33.6. ESI-MS: m/z calcd for
Cy,Hy F,N,0," [M]*: 449.16, found: 449.05.
1-Methyl-4-nitrosobenzene (11). p-Toluidine 10 (2.00 g, 18.7
mmol) was dissolved in DCM (60 mL), and a solution of oxone (11.5
g, 18.7 mmol) in water (60 mL) was added. The resulting biphasic
mixture was stirred at room temperature for 30 min. The organic layer
was separated, and the aqueous layer was extracted twice with DCM.
The combined organic layers were washed with 1 M aqueous
hydrochloric acid, saturated sodium hydrogen carbonate, and brine
and dried over anhydrous sodium sulfate. Mixture 11 was
concentrated to 10—15 mL volume, which was further used without
purification.
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4,4'-Dimethylazobenzene (13a). 1-Methyl-4-nitrososbenzene
11 and p-toluidine 10 (1.00 g, 9.33 mmol) were dissolved in glacial
acetic acid (20 mL) and stirred overnight. The solution was diluted
with water and extracted with ethyl acetate. The organic phase was
washed four times with water and once with brine and dried over
anhydrous sodium sulfate. The crude product was purified by flash
chromatography (pentane/diethyl ether, 9:1) to obtain the desired
product 13a as an orange crystalline solid (695 mg, 3.31 mmol, 36%).
'H NMR (400 MHz, CDCL): 5 (ppm) = 7.82 (d, ] = 8.3 Hz, 4H),
7.31 (d, J = 8.6 Hz, 4H), 2.44 (s, 6H). 3*C NMR (101 MHz, CDCl,):
§ (ppm) = 151.0, 141.3, 129.9, 122.9, 21.6. ESI-MS: m/z calcd for
C.,HN,* [M + H]*: 2111, found: 211.0.
1,2-Bis(2,6-difluoro-4-methylphenyl)diazene (13b). 2,6-Di-
fluoro-4-methylaniline 12 (397 mg, 2.77 mmol) and a freshly ground
mixture of potassium permanganate (1.17 g, 4.21 mmol) and iron(1I)
sulfate heptahydrate (1.17 g, 7.40 mmol) were dissolved in DCM (10
mL). The solution was refluxed overnight, filtered through celite,
dried over anhydrous sodium sulfate, filtered, and concentrated under
reduced pressure. The crude residue was purified by column
chromatography (DCM/petrol ether 1:1) to give the desired product
13b (110 mg, 0.39 mmol, 29%). '"H NMR (CDCl,, 400 MHz): &
(ppm) = 6.86 (d, ] = 10.3 Hz, 4H, arom. trans), 6.65 (d, ] = 8.3 Hz,
0.39H, arom. cis), 2.40 (s, 6 H, —CHj, trans), 2.29 (s, 0.62H, —CH,,
cis). *C NMR (CDCl;, 400 MHz): 5 (ppm) = 156.8 (d, ] = 5.0 Hz),
154.3 (d, J = 5.2 Hz), 1432 (t, J = 10.3 Hz), 1132, 113.0, 21.7.
4,4'-Bis(bromomethyl)azobenzene (14a). To a solution of
4,4’-dimethylazobenzene 13a (2.17 g, 10.3 mmol) in 20 mL of carbon
tetrachloride (40 mL) were added N-bromosuccinimide (4.22 g, 23.7
mmol) and azobisisobutyronitrile (127 mg, 0.77 mmol). The resultant
solution was stirred overnight at 70 °C, filtered, washed with
chloroform and water, and dried under reduced pressure, which
yielded 14a as an orange crystalline powder (2.88 g, 7.81 mmol, 76%).
'"H NMR (400 MHz, CDCL,): § (ppm) = 7.90 (d, ] = 8.4 Hz, 4H),
7.54 (d, ] = 8.5 Hz, 4H), 4.56 (s, 4H). *C NMR (101 MHz, CDCl,):
5 (ppm) = 1523, 140.8, 129.9, 32.7. ESI-MS: m/z caled for
C,H;3BN,* [M + H]*: 368.9, found: 368.8.
1,2-Bis(4-(bromomethyl)-2,6-difluorophenyl)diazene (14b).
To a solution of 1,2-bis(2,6-difluoro-4-methylphenyl)diazene 13b
(226 mg, 0.801 mmol) in 17 mL of CCl, were added NBS (0.356 g,
2.02 mmol) and AIBN (10 mg, 0.060 mmol). The resultant solution
was stirred overnight at 80 °C. After evaporation of the solvent, the
product was recrystallized from methanol to afford the desired
product 14b as red needles (86 mg, 0.195 mmol, 24%). 'H NMR
(CDCl,, 400 MHz): § (ppm) = 7.11 (d, ] = 9.1 Hz, 4H), 4.43 (s,
4H). *C NMR (CDCl,;, 400 MHz): § (ppm) = 160.9 (d, ] = 7.6 Hz),
158.8 (d, ] = 6.7 Hz), 150.4 (t, ] = 6.7 Hz), 125.2 (t, ] = 27.2 Hz),
114.0 (dd, J = 267, 3.7 Hz), 30.6 (t, ] = 3.7 Hz). ESI-MS: m/z calcd
for C,,HoBr,F,N, + [M]*: 440.9, found: 440.7.
4-((4,5-Dihydroisoxazol-3-yl)oxy)-N-(4-((4-(((4-((4,5-dihy-
droisoxazol-3-yl)oxy)but-2-yn-1-yl)dimethyl-14-azaneyl)-
methyl)phenyl)diazenyl)benzyl)-N,N-dimethylbut-2-yn-1-ami-
nium Bromide (15a). 4,4'-Bis(bromomethyl)azobenzene 14a (100
mg, 0.272 mmol) and 4-((4,5-dihydroisoxazol-3-yl)oxy)-N,N-dime-
thylbut-2-yn-1-amine 16 were dissolved in 30 mL of ethyl acetate and
stirred at 60 °C for 16 h. The precipitate was filtered and washed with
cold ethyl acetate to afford the desired product 15a as a yellow
powder (166 mg, 0.227 mmol, 83%). '"H NMR (400 MHz, DMSO-
dg): 6 (ppm) = 8.03 (d, J = 8.4 Hz, 1H), 7.83 (d, ] = 8.4 Hz, 1H),
4.99 (s, 1H), 4.75 (s, 1H), 4.47 (s, 1H), 4.33 (t, ] = 9.6 Hz, 1H), 3.13
(s, 3H), 3.05 (t, ] = 9.6 Hz, 1H). *C NMR (101 MHz, DMSO-d,): §
(ppm) = 166.8, 152.8, 134.2, 131.1, 123.0, 86.8, 76.3, 69.6, 64.9, 57.3,
53.3, 49.5, 32.3. ESI-MS: m/z calcd for C3,H,(N4O,2* [M]**: 286.2,
found: 286.1.
N,N’-((Diazene-1,2-diylbis(3,5-difluoro-4,1-phenylene))bis-
(methylene))bis(4-((4,5-dihydroisoxazol-3-yl)oxy)-N,N-dime-
thylbut-2-yn-1-aminium) Bromide (15b). 4-((4,5-Dihydroisox-
azol-3-yl)oxy)-N,N-dimethylbut-2-yn-1-amine 16 (24.5 mg, 0.134
mmol) in ethyl acetate (40 mL) was slowly added to a stirred solution
of 1,2-bis(4-(bromomethyl)-2,6-difluorophenyl)diazene 14b (118 mg,
0.269 mmol, 2 equiv) in ethyl acetate (10 mL) at 60 °C. The reaction

3017

mixture was stirred for 18 h. The reaction mixture was evaporated to
dryness and purified by reverse phase column chromatography
(acetonitrile/water) yielding the desired product 15b as a bright
orange powder (35 mg, 0.043 mmol, 32%). '"H NMR (MeOD, 400
MHz): 6 (ppm) = 7.55 (dd, ] = 60.3, 8.6 Hz, 4H), 5.03 (dd, ] = 7.6,
6.1 Hz, 4H), 4.77 (d, ] = 38.9 Hz, 4H), 4.51 (s, 2H), 4.44 (s, 2H),
329 (d, ] = 24.8 Hz, 12H), 3.09 (dt, J = 19.3, 9.7 Hz, 4H). 3C NMR
(MeOD, 400 MHz): § (ppm) = 176.6, 169.90, 168.9 (d, ] = 2.4 Hz),
119.0, 118.4, 89.1, 76.7 (d, J = 7.4 Hz), 71.2, 58.4, 554 (d, ] = 11.4
Hz), 512, 33.7. ESI-MS: m/z caled for C;,H;eF,NsO.2* [M]**:
322.14, found: 322.25.

General Procedure for the Synthesis of the Homobivalent
Quaternary Iperoxo Dimers 18a—d. To a solution of 2 equiv of 4-
((4,5-dihydroisoxazol-3-yl) oxy)-N,N-dimethylbut-2-yn-1-amine 16 in
10 mL of acetonitrile, 1 equiv of the corresponding bromoalkane 17-
C4, 17-C6, 17-C8, and 17-C10 and a catalytic amount of KI/K,COj;
(1:1) were added. The reaction mixture was heated in the microwave
(500 W, 70 °C) for 2—3 h. After cooling to room temperature, the
surplus of KI/K,CO; was filtered off and the solvent was evaporated
to half of the volume. The solution was kept in the fridge overnight.
The precipitate obtained was filtered, washed with Et,O, and dried in
vacuo.

N1,N4-Bis(4-((4,5-dihydroisoxazol-3-yl)oxy)but-2-yn-1-yl)-
N1,N1,N4,N4-tetramethylbutane-1,4-diaminium Bromide
(18a). Light, yellow solid; yield 69%. '"H NMR (400 MHz, DMSO-
dg): 8 (ppm) = 2.73—2.77 (m, 4H), 3.03 (t, 4H, ] = 9.6 Hz), 3.12 (s,
12H), 3.44—3.48 (m, 4H), 4.33 (t, 4H, ] = 9.6 Hz), 4.53 (s, 4H), 4.95
(s, 4H). °C NMR (101 MHz, DMSO-dg): § (ppm) = 19.1, 32.2,
49.7, 53.6, 57.2, 62.2, 69.6, 76.0, 86.1, 166.7. ESI-MS: m/z calcd for
C,,H3N,0,%" [M]*: 210.1, found: 210.1

N1,N6-Bis(4-((4,5-dihydroisoxazol-3-yl)oxy)but-2-yn-1-yl)-
N1,N1,N6,N6-tetramethylhexane-1,6-diaminium Bromide
(18b). Light, yellow solid; yield 49%. '"H NMR (400 MHz, DMSO-
dg): 6 (ppm) = 1.32—1.37 (m, 4H), 1.69—1.78 (m, 4H), 3.03 (t, 4H, J
= 9.6 Hz), 3.11 (s, 12H), 3.36—3.40 (m, 4H), 4.33 (t, 4H, ] = 9.6
Hz), 4,50 (s, 4H), 4.94 (s, 4H). *C NMR (101 MHz, DMSO-dy): 6
(ppm) = 21.6, 25.1, 32.2, 49.7, 53.3, 57.1, 62.9, 69.5, 76.1, 85.9, 166.6.
ESI-MS: m/z caled for C,,H,oN,0,2* [M]**: 224.2, found: 224.1.

N1,N8-Bis(4-((4,5-dihydroisoxazol-3-yl)oxy)but-2-yn-1-yl)-
N1,N1,N8,N8-tetramethyloctane-1,8-diaminium Bromide
(18¢). Light, yellow solid; yield 15%. '"H NMR (400 MHz, DMSO-
dg): 6 (ppm) = 1.29—1.32 (m, 8H), 1.64—1.72 (m, 4H), 3.02 (t, 4H, |
= 9.6 Hz), 3.10 (s, 12H), 3.39-3.41 (m, 4H), 4.32 (t, 4H, ] = 9.6
Hz), 4,51 (s, 4H), 4.93 (s, 4H). *C NMR (101 MHz, DMSO-dy): 6
(ppm) =21.7,25.5, 28.1, 32.2, 49.7, 53.2, 57.2, 63.0, 69.5, 76.1, 85.9,
166.7. ESI-MS: m/z caled for CygH,,N,0,** [M]**: 238.2, found:
238.1.

N1,N10-Bis(4-((4,5-dihydroisoxazol-3-yl)oxy)but-2-yn-1-yl)-
N1,N1,N10,N10-tetramethyldecane-1,10-diaminium Bromide
(18d). Light, yellow solid; yield 36%. 'H NMR (400 MHz, DMSO-
dg): 6 (ppm) = 1.30 (s, 12H), 1.62—1.72 (m, 4H), 3.02 (t, 4H, ] =9.2
Hz), 3.09 (s, 12H), 3.36—3.38 (m, 4H), 4.32 (t, 4H, J = 9.2 Hz), 4.51
(s, 4H), 4.93 (s, 4H). *C NMR (101 MHz, DMSO-dg): § (ppm) =
21.7, 25.6, 28.3, 28.6, 322, 49.7, 532, 57.1, 63.0, 69.5, 76.1, 85.8,
166.6. ESI-MS: m/z caled for CygH,gN,O,* [M]**: 252.2, found:
252.2.

Photochemical Characterization. UV—vis spectra and experi-
ments were recorded on a Varian Cary 50 Bio UV/vis
spectrophotometer using Hellma (type 100-QS) cuvettes (10 mm
light path). Data were plotted using GraphPad Prism 5.0. For
irradiation, high-performance light-emitting diodes (LEDs, Mouser
Electronics Inc. or Hartenstein) were used as the light source. A
concentration of 50 um was prepared for each compound and
measured in its dark-adapted state. Next, the probe was illuminated
with LEDs of different wavelengths (254, 365, 380, 400, 430, S00 nm,
and white light) while gradually increasing the irradiation time until
no change in the spectrum was detectable. Stability measurements
were performed irradiating the probe with the light source, which
provided the highest photoconversion to the cis-isomer, and kept in
dark for at least 120 min. During this time, the absorbance at 4,,,, was
recorded every S min. Lastly, the probe was irradiated with the light
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source, which provided the highest photoconversion to the trans
isomer. Photostationary distributions were determined by HPLC
analysis using a S0 pm probe in physiological buffer. Absorption was
measured at the respective isosbestic point wavelengths. Analysis was
carried out with GraphPad Prism software (GraphPad Software Inc.,
San Diego, CA, www.graphpad.com).

Pharmacology. Cell Culture. All experiments were performed
with HEK 293T cells stably expressing the novel split-luciferase
receptor sensor. Cells were incubated at 37 °C with 5% CO, and
cultivated in DMEM with 4500 mg/L glucose, 10% (v/v) fetal calf
serum, 100 pg/mL penicillin, 100 #g/mL streptomycin sulfate, 2 mM
L-glutamine, and 600 ug/mL G-418. Every 2—3 days the cell lines
were routinely passaged.

Split-Luciferase Complementation Assay. The assay was
performed as described previously,”® except for the following
modifications