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Summary

In many disease processes G protein-coupled receptors (GPCRs) are over- or understimulated,
explaining why the pharmaceutical industry develops drugs (blockers or stimulators) to counteract this
over- or understimulation. Almost half of the clinically used drugs today are interfering with GPCRs.

Chapter I gives a general introduction on GPCRs, such as GPCR structure, classification, signaling, as
well as GPCR dimerization. Furthermore, an overview of bivalent ligands targeting GPCR dimers is
given in this chapter, which mainly focuses on the recent studies on bivalent ligands. As a rule of thumb,
bivalent ligands with a spacer of optimal length are envisaged to exhibit a potency that is greater than
that derived from the sum of its two monovalent pharmacophores. They may allow targeting certain
dimeric receptors, thereby increasing the selectivity of drug action. The design of such molecules
requires the choice of appropriate pharmacophores, the selection of suitable attachment points for the
spacer - and the length and chemical structure of the spacer. We also illustrated how a bivalent ligand
bridges the GPCR dimer in vitro and in vivo by numerous recent studies.

The main objectives of this thesis are described in Chapter II.

Heterobivalent ligands have been proven useful molecular probes for confirming and targeting
heteromeric receptors. Chapter I11 describes the design and synthesis of novel heterobivalent ligands for
the dopamine Dy-like receptors (D.-likeR) and the | opioid receptor (LOR) and their biological
evaluation using ligand binding and functional assays. To assess their functionality, D,-likeR induced
MAPK phosphorylation was quantified in the presence or absence of bivalent ligands. Furthermore, 3-
arre2 recruitment was studied via NanoBiT to evaluate stimulation of the pOR.

In Chapter IV we designed and synthesized a series of bivalent D;R ligands and mGIuR5 allosteric
antagonists pharmacophores linked through spacers of varying length as tools to study the functional
interaction between D.-likeR and mGIuR5. Ligand binding allowed to determine the affinity of the
bivalent ligands for both protomers. In addition, cAMP and MAPK phosphorylation assay was utilized
to assess the signal transduction for both receptors.

Chapter V describes the synthesis of fluorescently labeled ligands as potential pharmacological tools to
study receptor localization, trafficking, and signaling processes via fluorescence imaging. They could
also be employed in fluorescent binding assays to study ligand/receptor interactions. The BODIPY
labeled mGIuRS5 fluorescent ligands were applied to investigate ligand-receptor interactions via a
NanoBRET.

A general conclusion of this PhD work is given in Chapter V1.

Finally, Chapter VI is dedicated to the discussion of the broader international context of small-molecule
drugs targeting GPCRs, relevance of recently reported bivalent GPCR ligands, as well as future
perspectives regarding the design and evaluation of bivalent ligands.



Samenvatting

In veel ziekteprocessen worden G-proteine gekoppelde receptoren (GPCRs) over- of onder gestimuleerd.
Dit verklaart waarom de farmaceutische industrie (stimulerende of blokkerende) drugs heeft ontwikkeld
om deze over- of onder stimulatie te normaliseren. Ongeveer de helft van de klinische drugs die
tegenwoordig worden gebruikt, interfereren met de werking van deze GPCRs.

Hoofdstuk 1 biedt de algemene introductie van GPCRs, zoals de structuur van GPCRs, classificatie,
signalisatie, alsook de GPCR dimerisatie. Verder wordt er in dit hoofdstuk ook een beperkt overzicht
gegeven van bivalente liganden die GPCR-dimeren als doelwit hebben. In dit overzicht, wordt de nadruk
hoofdzakelijk gelegd op de recente studies over deze bivalente liganden. Indien bivalente liganden zijn
uitgerust met een linker van optimale lengte, kan een grotere potentie worden verkregen, in vergelijking
met de potentie afkomstig van de som van de twee monovalente farmacoforen. Dit kan ervoor zorgen
dat er preferentieel kan worden geinterageerd met bepaalde dimerische subtypes, wat de selectiviteit van
de drugs doet stijgen. De ontwikkeling van zo’n molecule vereist de keuze van farmacoforen, de
aanhechtingspunten van de linkers op de farmacofoor en de lengte en de chemische structuur van de
linker. We tonen ook met meerdere recente studies aan hoe bivalente liganden binden met de GPCR-
dimeren.

Hoofdstuk 11 beschrijft de kerndoelstellingen van dit proefschrift.

Het is reeds bewezen dat heterobivalente liganden zeer nuttige moleculen zijn voor de bevestiging van
het bestaan van, alsook het targeten van heteromere receptoren. Hoofdstuk 111 beschrijft de ontwikkeling
en de synthese van nieuwe heterobivalente liganden voor de dopamine D»-like receptoren (D-likeR) en
de p-opiaatreceptor (UOR) en hun biologische evaluatie, op basis van radioactieve
ligandbindingstechnieken en functioneel onderzoek. Voor dit laatstgenoemde werd de MAPK
fosforylatietechniek geimplementeerd om de D--likeR te testen in de aan- of afwezigheid van bivalente
liganden. Verder werd de [-arre2 recrutering via de NanoBiT techniek toegepast om de
signalisatietransductie van LOR te analyseren.

Hoofdstuk IV beschrijft het ontwerp en de synthese van een aantal bivalente liganden waarbij D»-likeR
agonist en mGIuR5 antagonist farmacoforen, aan elkaar zijn gehecht met linkers van variérende lengte.
Deze dimeren worden vervolgens gebruikt als tools om de functionele interactie tussen de D»-likeR en
mGIuUR5 te onderzoeken. Ligandbindingsexperimenten stelden ons in staat om de affiniteit van de
dimere liganden voor beide promotoren te bepalen. Daarnaast werd een cAMP en MAPK
fosforylatieassay gebruikt om de signaaltransductie voor beide receptoren te bestuderen.

Hoofdstuk V beschrijft de ontwikkeling van fluorescent gelabelde liganden als farmaceutische
gereedschappen om receptorlokalisatie, -transport en —signalisatie te bestuderen via fluorescente
beeldvormingstechnieken. Deze liganden worden ook toegepast bij fluorescente bindingstechnieken om
ligand/receptor interacties te kunnen bestuderen. Er werd gebruik gemaakt van mGIuR5 liganden
gelabeld met BODIPY fluoroforen om de ligand-receptor interacties te onderzoeken via NanoBRET.

Het algemeen besluit van deze PhD thesis staat beschreven in hoofdstuk V1.

Hoofdstuk VIl omvat de discussie van de brede context van small-molecule drugs die GPCRs als doelwit
hebben, de relevantie van recent gerapporteerde bivalente GPCR-liganden, alsook de toekomstige
perspectieven omtrent het ontwerp en de evaluatie van bivalente liganden.



List of Abbreviations

dOR

kOR

uOR

1,4-DAP

S-HT

5-OH-DPAT

AzaR

AC

ATP

BL

BODIPY

BODIPY

BRET

cAMP

CB

CB1

CCK

CCR, CXCR

CFP

CHPG

d-opioid receptor;

k-opioid receptor;

p-opioid receptor;

Chemical shift

Coupling constant

1,4-disubstituted aromatic piperazine
Serotonin receptor
5-hydroxy-2-(dipropylamino)tetralin
Adenosine Aza receptor

Adenylyl cyclase

Adenosine triphosphate

Bivalent ligand;

Boron dipyrromethene

Boron dipyrromethene
Bioluminescence resonance energy transfer
Cyclic Adenosine monophosphate
Cannabinoid receptor

Cannabinoid 1 receptor
Cholecystokinin

Chemaokine receptor

Cyan fluorescent protein

(RS)-2-Chloro-5-hydroxyphenylglycine



Co-IP

CuAAC

CXCR4

D»-likeR

D:R

Da

DA

DAG

DCE

dd

ddd

DHPG

DMAP

DMEM

DMF

DMSO

dt

E. coli

EDC

ERK

Et

Et20

Co-immunoprecipitation
Copper-catalyzed azide-alkyne cycloaddition
CXC chemokine receptor 4

Doublet

Dopamine D.-like receptors
Dopamine D, receptor

Dalton

Dopamine

Diacylglycerol

1,2-Dichloroethane

Double doublet

Double double doublet
(S)-3,5-Dihydroxyphenylglycine
4-(Dimethylamino)-pyridine
Dulbecco’s modified Eagle’s medium
N,N-Dimethylformamide

Dimethyl sulfoxide

Double triplet

Escherichia coli
N-(3-Dimethylaminopropyl)-N’ -ethylcarbodiimide hydrochloride
Extracellular-signal regulated kinase
Ethyl

Diethyl ether



Et3N Triethylamine

EtOACc Ethyl acetate

EtOH Ethanol

FRET Fluorescence resonance energy transfer
g Gram(s)

GABA Gamma amino butyric acid

GDP Guanosine disphosphate

GFP Green fluorescent protein

GPCR G protein coupled receptor

GRPR Gastrin-releasing peptide receptor
GSHR Apo-ghrelin receptor

GTP Guanosine triphosphate

H Histamine receptor

h Hour(s)

HEK Human embryonic kidney cell line
HM Hydromorphone

Hz Hertz

ICso Inhibitor concentration resulting in 50% inhibition of enzyme activity
IP3 Inositol triphosphate

Ki Binding affinity

L-DOPA L-3,4-dihydroxyphenylalanine
L-Glu L-Glutamic acid

M Molar



m Multiplet

MAPK Mitogen-activated protein kinase
mg Milligram(s)

mGIuRs Metabotropic glutamate receptors
min Minute(s)

mL Milliliter(s)

mmol Millimole(s)

MPEP 2-methyl-6-(phenylethynyl)pyridine
MS Mass spectrometry

MTEP 3-[(2-methyl-4-thiazolyl)ethynyl]pyridine
NACc Nucleus accumbens

NAM Negative allosteric modulator
NanoBiT NanoLuc Binary Technology

NK1 Neurokinin NK1 receptor

NMR Nuclear magnetic resonance spectroscopy
NTS Neurotensin receptor

NTX Naltrexone

oT Oxytocin receptor

PAGE Polyacrylamide gel electrophoresis
PCR Polymerase chain reaction

PEG Polyethylene glycol

Pl Phosphoinositide

PKC Protein kinase C

Vi



PLA Proximity ligation assay

PLC Phospholipase C

PLCy Phospholipase C-gamma

ppm Parts per million

RT Room temperature

S Singlet

SAR Structure-activity relationship
sat. Saturated

SDS Sodium dodecyl sulphate

SERT Serotonin reuptake transporter
SFK Src family kinase

SFM Serum-free media

SSTR Somatostatin receptor

t Triplet

TBAF Tetra-n-butylammonium fluoride
TBTA Tris[(1-benzyl-1H-1,2,3-triazol-4-yl)methylJamine
TFA Trifluoroacetic acid

THF Tetrahydrofuran

TLC Thin-layer chromatography
TR-FRET Time-resolved fluorescence resonance energy transfer
uv Ultraviolet

v Volume

YFP Yellow fluorescent protein

vii






CHAPTER |

INTRODUCTION






Chapter |

|. INTRODUCTION

1.1. General introduction of GPCR

Our body is composed of cells that need to communicate with each other for proper functioning.
Towards this end cells contain many different receptors, involved in passing information from outside
the cell to the intercellular environment and to control physiological processes (e.g, food digestion,
muscle contraction, mood, etc.). By means of messengers (e.g. neurotransmitters or hormones), G
protein-coupled receptors (GPCRs) represent the largest group of cell membrane receptors. In many
disease processes GPCRs are over- or understimulated, explaining why the pharmaceutical industry
develops drugs (blockers or stimulators) to compensate for this over- or understimulation. Almost half
of today’s clinically used drugs act directly or indirectly on GPCRs.

1.1.1 Structure of GPCR

G protein-coupled receptors (GPCRs), which are also known as 7-transmembrane receptors,
heptahelical receptors or serpentine receptors, constitute the largest protein family of cell surface
receptors encoded by the human genome. Structurally, GPCRs consist of seven-transmembrane o-
helices (7-TM) connected by three extracellular loops and three intracellular loops, with an extracellular
N-terminal region and an intracellular C-terminus at each end of the 7-TM domain. GPCRs can
recognize extremely diverse stimuli, including neurotransmitters, hormones, growth factors,
chemokines and light, to receive messengers from outside the cell and transfer these into the activating

internal signal transduction pathways and, ultimately, cellular responses.[1]

Intracellular

Figure 1. Schematic representation of a class A GPCR

All GPCRs consist of seven hydrophobic transmembrane domains separated by three intracellular (1C) and three
extracellular (EC) loops. The N-terminus is exposed to the extracellular environment and often possesses N-

glycosylation site(s). The C-terminal tail is located intracellularly.
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GPCRs participate in a diversity of important physiological functions and are the targets of a large

number of therapeutic agents.[2]
1.1.2 Classification of GPCR

Over the past decade, Fredriksson et al. performed large scale phylogenetic analyses of over 800 GPCRs
in the human genome and divided these into five families on the basis of phylogenetic criteria. They
proposed the GRAFS system to classify five main families termed Glutamate (G), Rhodopsin (R),
Adhesion (A), Frizzled/Taste2 (F) and Secretin (S).[3] In the more classical A-F system, GPCRs are
divided into six subfamilies based on sequence homology and functional similarity: rhodopsin-like
(class A), secretin-like (class B), metabotropic glutamate (class C), fungal pheromone receptors (class
D), cyclic AMP receptors (class E) and frizzled/taste2 (class F).[4]

The largest class A GPCR family (A-F system) contains more than 700 members that recognize
particularly diverse ligands including inorganic ions, organic odorants, peptides, biogenic amines, lipids,
proteins, nucleotides, and photons (rhodopsin, the first GPCR of which the structure was resolved).[5]
These ligands can initiate downstream signals through either G protein or B-arrestin pathways. This
family comprises very extensively studied GPCRs like adrenoceptors, chemokine receptors, adenosine
receptors, opioid receptors and dopamine receptors. Class B GPCR members mostly bind large peptides
and their N-terminus plays a key role in binding the ligand. Family C GPCRs are characterized by a

long N-terminus, which plays a vital role in ligand recognition. The three other families are less studied.
1.1.3 GPCR signaling
1.1.3.1 G protein-dependent signaling

It is well known that G proteins are composed of a, 8, and y subunits, which are associated in an inactive
state. The heterotrimeric G proteins are key in GPCR signaling.[6] Figure 2 shows the regulatory cycle
of G proteins, i.e. activation/inactivation through GPCR ligand binding. In the inactive state, the Ga
subunit is bound to a GBy dimer and GDP. G protein-dependent signaling starts by binding of an agonist
that activates the GPCR. As a result of conformational changes, the activated GPCR catalyzes the
exchange of GTP for GDP on the Ga subunit, which leads to the dissociation of the GBy dimer from Ga.
Activated Ga and Gy proteins in turn bind to and modulate various effectors, which will influence the
intracellular concentration of different second messengers. Finally, the intrinsic GTPase activity of Ga
comes into play, which leads to the hydrolysis of bound GTP into GDP and hence the inactivation of G
proteins cascade. GTPase activity of the Ga subunits may also be regulated by regulators of G proteins

signaling (RGS proteins) as well as effectors.
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The activated Go, subunit interacts and positively regulates numerous effectors such as potassium and
calcium channels, phospholipase C (PLC), protein kinases and adenylyl cyclase (AC), which upon
activation catalyzes the conversion of ATP into cAMP, a second messenger important in many
biological processes.[7] It was discovered that the By subunits could also activate the muscarinic K*
channel and positively regulate many effectors including AC, phospholipase C-p (PLC-p),
phospholipase Az (PLA2), phosphoinositide 3-kinase (PI3-kinase) and p-adrenergic receptor kinase.[8]
Furthermore, GPy can activate Ga subunit. [9] It is now clear that many effectors are regulated by both
a and Py subunits.

Inactive

Ligands

Active

Inactive

Figure 2. G protein-dependent signaling
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In its inactive state the subunits of heterotrimeric G proteins (Ga and Gfy) are associated and GDP is bound to Ga.
(Ga-GDP). Upon agonist binding, GPCRs undergo conformational changes, which lead to dissociation of Ga from
GpBy subunit. In the active state GTP is bound to Ga (Ga-GTP). Now free Go. and GBy have their own effectors to
further transmit the signals and initiate unique intracellular signaling responses. Signal transduction ceases due to
the intrinsic Ga-GTPase activity, which hydrolyzes the bound GTP (Ga-GTP) to GDP and Pi and inactivates the

G protein complex by re-associating the Ga with Gpy.
1.1.3.2 G protein-independent signaling

GPCRs may transduce their signals through G protein-independent mechanisms, and heterotrimeric G
proteins may also play functional roles in non-GPCR signaling. -arrestins are multifunctional proteins,
which are very important regulators of GPCR function. There are two forms of B-arrestin, B-arrestinl
and B-arrestin2 (also known as arrestin2 and arrestin3, respectively). Most studies have focused on the
consequences of B-arrestin2 recruitment. Specifically, B-arrestins are required for the termination of G
protein signaling and the initiation of arrestin-mediated signal transduction by GPCRs. The termination
of G protein signaling is promoted by phosphorylation of the intracellular loops of the activated GPCR
via a G protein kinase (GRK). GPCR phosphorylation is involved in the recruitment and activation of
B-arrestin, which triggers receptor internalization and sometimes initiation of the arrestin-mediated

signaling cascade.[10]

B-arrestins can recruit catalytically active proteins to the activated receptors, amongst which p44/p42
mitogen-activated protein kinases (MAPK) are the most important ones.[11],[12] Some studies have
focused on the significance of B-arrestins in the regulation of p44/42 MAPK phosphorylation.[11] B-
arrestin-dependent and G protein-dependent phosphorylation of MAPK was shown for different GPCRs,
among others angiotensin Il type 1 receptors (AT:Rs),[13],[14] neurokinin 1 receptor (NK1)[15],
parathyroid hormone receptor (PTHR)[16], vasopressin V» receptor (V2R)[17], and B.-adrenergic
receptor (B2AR)[18]. Studies involving AT:1Rs, PTHR and B,AR suggest a common B-arrestin-mediated
MAPK activation that exhibits different kinetics compared to G protein-mediated MAPK signaling. G
protein-dependent MAPK activation occurs very rapid and transient, while B-arrestin-dependent MAPK

activation is slower and more sustained.[16],[19],[20]
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E3 ligas TK | AC ' PLC ion chann’

Figure 3. The G protein- and g-arrestin-mediated signaling

Activation of a GPCR can initiate two independent signaling pathways: 1) classical GPCR signaling pathway via
heterotrimeric G proteins leads to the activation of membrane-delimited effectors like AC, phospholipase C
isoforms (PLC), MAPK and ion channels that generate intracellular second messengers; 2) in the G protein-
independent pathway B-arrestins (depicted in orange) can serve as scaffolds linking GPCRs to non-traditional
effector pathways like non-receptor tyrosine kinases (TK), MAPK, and E3 ubiquitin ligases. B-arrestins can also

inhibit G protein-coupling to the receptor, which makes the two pathways mutually exclusive.[91]

1.1.4 GPCR dimerization

For a long time, GPCRs have been considered to exist and function as monomers within the plasma
membrane. However, in the past decades an increasing number of studies revealed that GPCRs are
capable of forming dimers or even higher-ordered oligomers, which may modulate receptor
function.[21],[22],[23]

The first hypothesis on GPCR heteromers was already raised in the early eighties after observations of
neuropeptide-monoamine receptor-receptor interactions.[24],[25] The existence of heteromers was
confirmed almost twenty years later for two non-functional GPCR monomers, i.e. the gamma amino
butyric acid (GABA) receptors, GABA-B1 and GABA-B2, which assemble at the cell surface in a
signaling heterodimer, the GABA-B receptor.[26] Now, dimerization has been described for many

GPCRs in in vitro settings although evidence in native tissue is still sparse.[27],[28]

Both homodimers and heterodimers may exhibit properties distinct from those of the constituting
protomers including distinct ligand binding properties, altered signaling and trafficking properties.[90]
GPCR dimerization can result in altered binding properties that are not compatible with the model that
one single GPCR binds one ligand. Studies on signaling assays such as receptor-mediated G-protein

activity, adenylyl cyclase activity, MAPK phosphorylation, and p-arrestin-mediated signaling have



Chapter |

provided evidence that dimerization can change signal transduction.[22] Moreover, dimerization plays
an essential role in the regulation of receptor processing and trafficking, including receptor maturation,
cell surface delivery, and ligand-mediated endocytosis.[21],[22]

1.1.5 Techniques used to study GPCR dimerization

Many techniques have been utilized to detect the GPCR dimers in living cells and tissues. Here we
summarize some typical physicochemical (Coimmunoprecipitation, Co-IP), fluorescence-based (FRET,
TR-FRET, BRET and PLA), and complementation-based techniques such as NanoBiT. Bivalent ligands
that also have been frequently used as pharmaceutical tools to study GPCR dimerization will be

discussed later.
1.1.5.1 Co-immunoprecipitation (Co-1P)

To investigate direct physicochemical interaction between two GPCRs, co-immunoprecipitation (co-IP)
of differentially epitope-tagged receptors is one of the most broadly used techniques.[29] If suitable
antibodies against the endogenous receptors are available, these can be used to immunoprecipitate
endogenous receptors. Because it is often very difficult to find a good antibody against an endogenous
receptor, this approach often uses differentially epitope-tagged (such as cMyc-, HA-, His-, or FLAG-
tagged) receptors, which are co-expressed in heterologous cells, together with two specific antibodies.
The potentially formed dimers are immunoprecipitated by a specific antibody against one epitope,
followed by immunoblotting using a specific antibody against the other protomer. Typically, Co-IP is
performed with total cell lysates, but when studying membrane proteins, modification of this technique
is recommended. The principle of co-IP is described in Figure 4. Although co-IP reveals the presence
of both receptors in the same complex, it does not provide evidence of physical interaction between the
protomers. Therefore, co-IP is often complemented with fluorescence-based methodology to validate

the obtained results.
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Figure 4. Schematic summary of a standard co-immunoprecipitation assay. (Adapted from Thermo Fisher
SCIENTIFIC)

A coupled antibody against a specific antigen conjugating a protein of interest forms an immune complex. Then
the immune complex is captured, or precipitated on a beaded support. Next an antibody-bound protein is
immobilized, and proteins not captured or precipitated on the beads will be washed away. In the end, the antigen
(and antibody, if it is not covalently conjugated to the beads or when using buffers for denaturing) is eluted from

the support.
1.1.5.2 FRET

Fluorescence resonance energy transfer (FRET) is based on energy transfer between donor and acceptor
molecules in close proximity (Figure 5).[30] A distance smaller than 10 nm and an overlapping
absorption spectrum of the acceptor with the emission spectrum of the donor are essential for efficient
energy transfer. By exploitation of FRET, energy transfer-competent pairs of fluorescent proteins have
been attached to the C-terminus of the GPCR (such as cyan fluorescent protein (CFP) as donor and
yellow fluorescent protein (YFP) as acceptor). Background fluorescence from sample components like
buffers, proteins, chemicals and cell lysate may hamper traditional FRET. Such background
fluorescence is very transient (with a nanosecond range of lifetime) and can therefore be reduced by

using time-resolved fluorescence resonance energy transfer (tr-FRET) as shown in Figure 6a.
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Figure 5. Schematic representation of the interaction of two different fluorescent proteins. Protein-protein
interactions between GPCRs labeled fluorescent proteins bring cyan fluorescent protein and yellow fluorescent

proteins in close enough proximity to allow for FRET to occur.
1.1.5.3 Ligand-tr-FRET

Ligand-tr-FRET makes use of fluorescently labeled ligands instead of labeled proteins. One ligand is
coupled to an acceptor fluorophore, while the other ligand is coupled to a donor, causing energy transfer
if both receptors are in close proximity.[31] The required ligand-fluorophore conjugates may be
accessible from synthetic intermediates used for the construction of the heterobivalent ligands.
(Ligand-)TR-FRET assays are sensitive, can be miniaturized and display reduced autofluorescence, but
there is a limited choice of donor/acceptor pairs. Moreover, it might be challenging to label donor and/or
acceptor/ligands without interfering with receptor binding affinity.

tr-FRET

a /\ b Ligand-tr-FRET

S

Figure 6. Fluorescence-based techniques.[92] a) tr-FRET strategies use lanthanide-labeled antibodies against N-
terminal-tagged GPCRs to monitor receptor dimerization at the cell surface, which is based on the energy transfer
between a lanthanide (e.g. Europium®*, Eu®*) and a compatible fluorophore (e.g. allophycocyanin, APC). Because
of the long-lasting light emission of the lanthanides, tr-FRET provides a significantly improved signal-to-noise

ratio. b) Ligand-tr-FRET uses fluorescently labeled ligands instead of labeled proteins.
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1.1.5.4 BRET

The luminescent variant of FRET where energy transfer occurs between a luminescent donor and a
fluorescent acceptor is called bioluminescence resonance energy transfer (BRET, Figure 7). The
enzymatic oxidation of a substrate leads to the emission of energy from the donor, which means that no
excitation light is needed in contrast to FRET. Moreover, the enzyme reaction does not produce a
background signal and the assay is therefore more sensitive than FRET.[32] Taking advantage of BRET,
a bioluminescent protein, commonly luciferase from Renilla reniformis (Rluc), has been used as an
energy donor and a fluorescent protein (YFP, GFP2, or mOrange) as an acceptor.[33] Because of the
fact that there is no requirement of a light source, the instrumentation for BRET[34] makes these assays
applicable  for high-throughput screening. Nevertheless, because of the large fluorescent and
bioluminescent probes, it is necessary to consider which label to choose, how to label the ligand and/or

receptor (with or without spacer), and to assess the effect of labeling on the binding properties.

g

—> YFP

N

BRET

Figure 7. Schematic representation of BRET. Protein-protein interactions between GPCRs labeled with a
luminescent donor and a fluorescent acceptor bring Rluc and YFP in close enough proximity to allow for BRET

to occur.
1.1.5.5 Proximity ligation assay (PLA)

For in situ detection of heteromers PLA (Olink Bioscience) is a new technique, which has been
optimized for brain tissue by the group of Javitch [35]. This technique is based on immunelabeling with
two primary antibodies from different species and then with different species-specific secondary
antibodies. The two secondary antibodies, each recognizing a specific species, are covalently coupled
to oligonucleotides, the so-called proximity MINUS and PLUS probes. When both secondary antibodies
are near to each other proximity-dependent ligation and rolling circle amplification of a circular DNA

reporter molecule occurs, which can be visualized.[36]
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Figure 8. Principle of Proximity Ligation Assay. (Adapted from Abnova)
1.1.5.6 NanoLuc Binary Technology (NanoBiT)

A new complementation-based approach termed NanoLuc binary technology (NanoBiT) was used to
study protein-protein interactions in living cells.[37] It utilizes inactive subunits of NanoLuc luciferase,
Large BiT (LgBiT; 18 kDa) and Small BiT (SmBIiT; 1 kDa), which are coupled to two proteins of
interest. Protein interaction promotes structural complementation of the subunits, thus restoring
NanoLuc luciferase activity, which generates a bioluminescent signal in the presence of the furimazine

substrate.

An optimized assay was established to be capable of detecting the dimerization of GPCRs (e.g. D2R).[38]
Candidate GPCRs are fused to SmBIT or LgBiT. Upon GPCR dimerization, the NanoBiT fragments
come into close proximity resulting in NanoLuciferase reconstitution, which can convert the furimazine

substrate leading to the emission of light.

when dimerization

occurs
D2R D2R 2
- ({ " R l T TN —
} !
)
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SmBit SmBit
Furimazine ——__
q
light

Figure 9. Schematic representation of the NanoBiT system.[38]
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Table 1 summarizes studies on GPCR dimerization containing at least one of the dopamine receptors,

opioid receptors and metabotropic glutamate receptors.

Table 1. Examples of GPCR dimers

Dimer Detection Ref. Dimer Detection Ref.
technique technique
SOR-D:R FRET [39] D;R-DsR BRET, Co-IP, | [62],[63]
FRET
SOR-CB1 BRET, Co-IP [40],[41] D.R —D.R FRET [64]
SOR-CXCR2 | BRET, Co-IP, TR- [42] D.R —DsR FRET, BRET | [65],[66]
FRET
00OR-CXCR4 FRET [43] D2R —SSTR5 FRET [67]
SOR—-CCR5 nd [43] D;R/D,R —H3 BRET [68]
SOR—KOR Co-IP [44] D,R-OTR nd [69],[70]
SOR—P2 Co-IP [45] D;R-GSHR1a nd [71]
HOR—aza FRET [46] D;R-GSHR1a Co-IP [72],[73]
LOR-GRPR Co-IP [47] D:R-5-HT2a | Co-IP, FRET | [74],[75]
HOR-NK1 Co-IP [48] Do, R-NTS1 Co-IP [76]
BRET
HOR-mGlu5 BL [49] D.R -CB1 FRET [771,[78]
HOR-kOR BRET, Co-IP [50] D4R-D2sR nd [79]
nOR—80R Co-IP, BRET, BL | [51],[52] DsR-018AR Co-IP [80]
HLOR-SSTR2A Co-IP [53] DsR-B1AR Co-IP [80]
LOR-CB1 BRET [54],[55] | D.R-SSTR2 Co-IP [81],[82]

11
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FRET
HOR-CCK2 BRET [56] DR Al Co-IP [83]
HOR-CCR5 Co-IP [57] D:R —Aza BRET, Co-IP | [84],[85]

KOR-CXCR4 nd [58] mGIURL-A; | Co-IP, FRET [86]
KOR-CCR5 nd [59] | MGIUR2-5-HT,a | Co-IP, FRET, [87]

BRET
D:R DR FRET, Co-IP [60],[61] | MGIUR5-Asa Co-IP [88],[89]
BRET

Co-IP, coimmunoprecipitation; FRET, fluorescence resonance energy transfer; TR-FRET, time-
resolved fluorescence resonance energy transfer; BRET, bioluminescence resonance energy transfer;
BL, bivalent ligand; nd, not determined; 6OR, -opioid receptor; D, dopamine receptor; CB, cannabinoid
receptor; CCR, CXCR, chemokine receptor; kOR, k-opioid receptor; B, p-adrenergic receptor; o, o-
adrenergic receptor; GRPR, gastrin-releasing peptide receptor; NK1, neurokinin NK1 receptor; uOR, p-
opioid receptor; mGlu, metabotropic glutamate receptor; SSTR, somatostatin receptor; CCK,
cholecystokinin; H, histamine receptor; OT, oxytocin receptor; M, muscarinic receptor; GSHR, Apo-
ghrelin receptor; 5-HT, serotonin receptor; NTS, neurotensin receptor; A, adenosine receptor; nd, not
determined.

12
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I.2. Bivalent ligands of G protein-coupled receptors (GPCRs)

In classical pharmacology allosteric mechanisms were only discussed in terms of intramolecular
interactions within a receptor between orthosteric and allosteric sites. Nowadays, there is mounting
evidence that also intermolecular receptor-receptor interactions may result in altered receptor
recognition, pharmacology and signaling. Bivalent ligands[93],[94],[95] have been proven useful
molecular probes for confirming and targeting dimeric receptors, such as the k opioid receptor (KOR)-
0OR heteromers.[93] Bivalent ligands are valuable tools to demonstrate the existence of receptor dimers
even in native tissue and can be used to study a specific GPCR dimer behavior without any receptor

modification.[96],[97],[98] Such compounds may also evolve to useful pharmacological agents.[97]

Bivalent ligands with a spacer of optimal length are anticipated to exhibit a potency that is different
from that derived from its two monovalent pharmacophores and may allow the targeting of certain
dimeric subtypes, thereby increasing the selectivity of drug action.[98],[99],[100] Such synergy is based
on the assumption that a bivalent ligand will first undergo univalent binding, followed by binding of the
second pharmacophore to a recognition site on a neighboring receptor (Figure 10). When the bivalent
ligand is in the univalently bound state, the pathway to bivalent binding should be favored over univalent
binding of a second ligand because of the small containment volume of the tethered, unbound
pharmacophore that is in the region of the unoccupied neighboring receptor site. The situation may be
different in case the neighboring receptors are negatively allosterically coupled. In that case the binding

mm@@@mqﬁ%&
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D

enhancement may be mitigated.

Figure 10. Bivalent ligand concept for bridging a receptor dimer.

The unoccupied dimer (A) undergoes univalent binding that leads to state B. The unoccupied site in B
can be “bridged” to give D, which is entropically favored over binding of a second ligand to give the
dimer with both sites occupied (C).
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1.2.1 Concept and design of bivalent GPCR ligands

A typical bivalent GPCR ligand consists of three different components including two pharmacophores,
two linking groups and a spacer of optimal length and nature (Figure 11). Specifically, the two
pharmacophores are based on GPCR ligands, which could be the same (homo-bivalent ligands) or
different (hetero-bivalent ligands). The selected GPCR ligands should be functionalized with a group,
e.g. amine, carboxylic acid, alkyne or azide, to allow swift conjugation to the spacer. In addition, the
spacer should also be equipped with appropriate ligation handles to couple with GPCR ligands. Overall,
the design of such molecules requires the selection of the pharmacophores and attachment points, as

well as the selection of appropriate length and chemical nature.

Figure 11. General Structure of Bivalent GPCR Ligands

1.2.2 Functionalized pharmacophore, attachment point and linking groups

Bivalent ligands represent very promising tools for the study of GPCR dimerization. Aspects such as
pharmacophore identification, linker attachment site, length and composition of linker will be addressed

in the following part.

The selection of the position and nature of the attachment points for linking the two pharmacophore
units to the spacer depends on two criteria: the feasibility of the chemical modification and the

compatibility of these modifications with receptor binding and intrinsic activity of the pharmacophore.

Preferred reactive groups (Table 2) for connecting two pharmacophoric units and spacers are hydroxyl,
amine, and carboxylic groups,[101],[102] but also alkynes or azides may be employed to generate 1,4-
substituted 1,2,3-triazole linking groups via a copper-catalyzed azide—alkyne cycloaddition (CUAAC)
reaction.[103],[104],[105] The use of azides and terminal alkynes requires additional reaction steps, as
these functional groups are usually not present in most pharmacophores. These functional moieties may
be connected to the spacer via ether, amide and triazole moieties. In some studies, ester, amine or

thioether functions are also described.

Table 2. Functionalized pharmacophores and linking groups used for bivalent ligands

Functionalized Linking group References

Pharmacophore
GPCR [106],[107]
Ligand O—| Spacer

14
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GPCR GPCR [106],[107]
Ligand OH Ligand Spacer
GPCR [108],[109]
Ligand O-C— Spacer
GPCR GPCR H [108],[110]
Ligand NH, Ligand N—]_Spacer
GPCR H [111][112],[113]
Ligand N-C— Spacer
GPCR GPCR [111],[112],[114]
coor oK Spacer
GPCR GPCR Nxn [103],[104],[105]
Ligand Ligand \_N— Spacer

Normally, pharmacophores including the examples shown in Table 3 possess more than one functional

group and the spacer has to be attached ideally without significantly disrupting the binding affinity or

functionality of the parent compounds. Therefore, the most suitable spacer attachment position is

preferentially chosen based on structure-activity relationship (SAR) data. For instance, the phenolic

hydroxyl group of morphinans (Table 3), which is known to function as a hydrogen bond donor and to

be crucial for appropriate receptor binding of these opioid receptor (OR) ligands, is excluded as a linker

attachment point despite its reactive properties. Alternatively, the ketone portion of these OR ligands

was chosen as the attachment point (Table 3), after conversion into an amine for connection to the spacer

portions via an amide bond.[115]

Table 3. Pharmacophores, Targets, Attachment Points, and Linking Groups

Pharmacophore Target Linking Group Ref.
SR HOR R [115]
O
NS
H
OH Oxymorphone: Ry = CH3, R, = OH
Hydromorphone: Ry = CH3, R,=H OH
Naltrexone: Ry = CH,cPr, R, = OH
S5OR [116],[121]
Naltrindole \
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1.2.3 Spacer Length.

Both the length and composition of the spacer unit are critical for binding of bivalent ligands to their

target receptors. Most successful studies on bivalent ligands revealed an impact of the spacer length on
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the binding affinity and functional activity, often leading to an optimal spacer length connecting the two

pharmacophores.

In an early study of bivalent ligands targeting opioid receptors (u, 6 and k dimers), Portoghese et al.
showed that an optimal distance between the pharmacophores to bridge the GPCR dimer is 18 atoms
(~20 A).[36] A recently reported X-ray crystal structure of the p opioid receptor reveals an optimal
spacer length between 18 and 22 atoms to bridge the protomers.[129]

In recent studies, Portoghese and co-workers designed a number of heterobivalent ligands based on
opioid receptors ligands.[115],[121] All these that show high potency compared to the monovalent
ligands feature optimal spacer lengths of 18 to 22 atoms. The most convincing support for this 18—-22
atom spacer requirement for bridging the pOR and CCK2 dimer employed BRET technology.[115] The
data revealed that bivalent ligands 1.01a-c (Figure 12) containing HOR agonist and CCK2 antagonist
pharmacophores linked through 18-22 atom spacers efficiently induced physical association of
coexpressed HOR and CCK2 receptors by shifting the equilibrium from homodimers to a heterodimer,
whereas bivalent ligands with shorter spacers and monomeric ligands were not effective. While clearly
established for these studies, the proper spacer length of other dimer spanning bivalent ligands relies on
the dimer interface, which often remains ill defined, the structure of the pharmacophores, and the topicity
of the attachment points.[130]

o) o) o) o)
H H
"’N)K/O\)LN%\}N)K/O\)LN/\/o N\H/N\RLN/
H H "H H \©/ IO
O
1.01a,n =0;
1.01b, n=2; L-365,260 O
1.01c,n = 6.

Figure 12. Bivalent ligands targeting pOR and CCK2 receptors with spacer length between 16 and 22 atoms.[115]

Recently, the optimal attachment point for the synthesis of clozapine homobivalent ligands was
identified as the N4’ position, which also incorporated a linking group between the nitrogen and the
spacer.[120] Both functional and binding assays pointed toward a spacer length dependent effect, with
the most active compounds (1.02a and 1.02b) having total spacer lengths of 16 and 18 atoms,
respectively. These compounds exhibited exceptional high binding affinity (K; 1.41 and 1.35 nM) and
remarkable functional activity (ICso 23 and 44 nM) compared to the original pharmacophore, clozapine,
i.e. 75-79-fold increase in affinity and 5-9-fold increase in potency. These clozapine propylamine

bivalent ligands were used as pharmacological tools to investigate dopamine D2R dimerization.
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Figure 13. Bivalent ligands of clozapine at the N4" position with optimal spacer lengths of 16 and 18 atoms.

A series of bivalent ligands was synthesized to target cannabinoid 1 (CB1) receptor dimers using two
rimonabant (SR141716) pharmacophores connected by different linkers.[126] The potent and selective
CB1 receptor antagonist was linked by alkylamine spacers of various lengths, and the resulting bivalent
ligands were assessed in radioligand binding and functional assays. These ligands displayed a binding
affinity that was spacer length dependent (Figure 15). Bivalent ligand 1.03 (n = 7, Figure 14) composed
of a 15-atom spacer exhibited the highest gain in affinity as compared to the corresponding monovalent
ligand. Thus, this novel compound may serve as a probe that enables further characterization of CB1

receptor dimerization and oligomerization.

N— R N\N
Qm R: Hor CHs Cl\Q
Cl 1.03,n=7 cl

Figure 14. Structure of homobivalent CB1R ligands from Zhang et al. [126] Spacer length calculated as 2n+1.
Highest CB1R affinity with n=7 (15-atom): R=H (secondary amine): K; (h\CB1R)=12.3 nM; R=Me (tertiary
amine): K; (hCB1R)=17.3 nM.

18



Chapter |

.09 secondary amine spacer 907  tertiary amine spacer
8.5 =3 rimonabant 8.5
__ 3 rimonaban 7 | _
804}  EA univalent g 8.0 | 7
s {1 bivalent % 1 %
T 759 g 754] - g
7o G ol g
6.5 g 6.5 g
6.0 ] g 6.0- 3 % 1
2 /
‘N i
sslbl P48 B A ] L VI U
5 7 11 15 19 23 11 15 19 23
spacer length / atoms spacer length / atoms

Figure 15. Correlation of spacer length and affinity at hCB1R for homobivalent CB1R ligands. Structures are

shown above; K; values are from Zhang et al.[126] The graphs are from Nimczick et al.[131]

In another recent example, Tanaka et al.[132] employed poly(L-prolines) as rigid spacers in the
development of bivalent ligands targeting the CXC chemokine receptor 4 (CXCR4) homodimer. In this
case, the bivalent ligand could be used as a “molecular ruler” approach to further understand the details
of CXCR4 oligomer formation. Interestingly, more rigid linkers having an optimal length of

approximately 6 nm were favored and displayed low nanomolar potency (Figure 16).
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Figure 16. Oligoproline helices as molecular rulers. Graphic adapted from Tanaka et al.[132] showing the
relationship between binding affinity of bivalent ligands targeting CXCR4 and the length of the spacer

conjugating the two pharmacophores.
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For their study on DR agonist/A;aR antagonist bivalent ligands, Soriano et al. [133] reported a
minimum spacer length of 26 atoms, which could increase up to 118 atoms. No correlation was observed
between spacer length and binding affinity of the bivalent ligands, which, however, exhibited a
significant gain in affinity compared to their monovalent ligands. The bivalent ligands exhibited a Lys-
Lys-(PEG/polyamide)n-Lys-Glu spacer unit to span the vast distance between the dimeric binding sites
(Figure 17). The advantage of this approach is the extreme length that can be obtained through multiple
coupling steps. A disadvantage is the inability to extend the spacer groups incrementally to enable a
methodical analysis of the exact distance between the binding sites of the dimer. Although this series of
compounds are the first reported bivalent ligands targeting the D:R/A:aR heterodimer, further
optimization of the spacer is required to detect an optimal increase in binding affinity.

NN/\/O\/\O 0o
Ao

1.06a- -g: n=0-7 NH
NH,
NH; o]
© OH _\ 0
peSNes
\
\©\/\ HN /©/L

Figure 17. Bivalent Do.R/A2aR ligands with spacer lengths ranging from 26-118 atoms between the two
pharmacophores.[133]

The above examples demonstrate that there are general no rules governing the optimal spacer distances
to construct bivalent ligands for various dimeric GPCRs. However, several criteria on spacer length
should be carefully considered to determine the optimal length of the connecting entity in a bivalent
ligand: the binding mode of the chosen pharmacophore, the respective relative position of the two linker
attachment points and the interface between the two protomers. Overall, in the absence of structural
information of the targeted dimer, the optimal length of the spacer in a bivalent ligand may vary and

needs to be determined empirically for each new pair of target receptors.
1.2.4 Conformational flexibility and hydrophilicity of the Spacer

In addition to spacer length, the chemical composition of the spacer may play an important role on the

binding properties of the prospective bivalent ligands.

Generally, the spacer needs to be flexible enough to allow correct accommodation of each

pharmacophore in the binding pocket of each protomer. Portoghese et al. investigated the effect of
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conformational rigidity of the spacer on opioid receptor activity. The conformational flexibility of the
spacer was reduced by replacement of a succinyl group by a fumaryl moiety. Bivalent ligands containing
two B-naltrexamine pharmacophores connected by a succinyl (1.07a, 1.07b, Figure 18)[134] or fumaryl
amide (1.08a, 1.08b)[134] revealed significant differences in receptor selectivity. Bivalent ligand 1.07a
bearing the succinyl group was a potent and selective kOR antagonist, whereas the corresponding
fumaryl analogue 1.08a displayed no k-antagonistic activity. Interestingly, a recovery of k antagonism
was observed upon increasing the conformational flexibility by introduction of an additional four
glycine units (1.07b and 1.08b).

1.08a:n=0
1.08b: n=2

HO
Figure 18. Bivalent naltrexamine ligands featuring succinyl or fumaryl groups in their spacers.[134]

Bivalent D.-like receptor ligands (Figure 19) were synthesized using relatively rigid bismethyl-p-
biphenyl spacers directly linked by 1,2,3-triazoles to 1,4-DAP pharmacophores. The para-substituted
benzamides 1.09 [103] displayed poor binding affinities with K; values between 70 and 2000 nM at the
D»-like subtypes. Interestingly, the ferrocenebenzamide 1.10 [103] displayed high binding affinities (Ki
of 15, 14, 1.1, and 22 nM for D2iong, D2short, D3, and D4, respectively), which were even surpassing that
of bivalent ligand 1.11 with a more flexible methylene spacer.[122] These results clearly demonstrate
the importance of conformational flexibility on the binding affinity of dimeric ligands. This study
suggests that 1,1'-disubstituted ferrocenyl subunits may be used as molecular hinges when rotation of

the cyclopentadienyl moieties enables the two pharmacophores to adopt an optimal orientation.[103]
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Figure 19. Ferrocene as a molecular hinge in bivalent D,-likeR ligands.

A variety of spacer groups were used to synthesize 5-HT4 receptor bivalent ligands based on the highly
potent and specific partial agonist ML10302 (Table 3), including polyalkyl chains, polyethylene glycol
(PEG) units, polyamide chains, hydrophobic spacers, cyclic core alkyl spacers, flexible aromatic
containing spacers, and constrained aromatic containing spacers (Figure 20). [135] Binding studies
indicated that the optimal spacer length was 2024 atoms for bivalent binding.[136] The rigidity of the
spacer, represented in Figure 20 as number of rotatable bonds, is also of considerable interest as it can
result in an ’all or nothing’ approach as described by Bobrovnik,[137] whereby the appropriately
designed rigid spacer can selectively increase the concentration of the pharmacophore to the active site
of the binding pocket. Bonger et al.[138] successfully generated bivalent ligands targeting the
gonadotropin releasing hormone receptor (GnRHR) with rigid benzene-based scaffolds (Figure 20).[139]
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Figure 20. Bivalent 5-HT4 or GnRHR ligands with various spacers.

The above spacers could potentially be incorporated into any bivalent ligand. However, they all have
their respective advantages and disadvantages. They mainly differ in lipophilicity and flexibility
(number of rotatable bonds).

The polarity of the spacer unit contributes to the overall solubility of the bivalent ligand, which may be
relevant, especially when the pharmacophore is very hydrophobic. Indeed, hydrophilic groups like
polyamide or polyethylene glycol (PEG) units present in many spacers enhance agqueous
solubility.[134],[141],[142] However, polyamide and polyethylene glycol units do not permit one-atom
variations. Therefore, polyamide spacers, most commonly polyglycine units, are usually combined with
alkyldiamine or methylenediacyl cores as in bivalent opioid receptor ligand 1.12 to combine high
polarity with the possibility of one-atom variation.[143],[144],[145] In addition to hydrophilicity of the

spacer, flexibility can also be improved using PEG spacers.

N
HO,

Figure 21. Incorporation of oligoglycine and diamine moieties into the spacer.[121]
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Both lipophilicity and rigidity of the spacer are important factors when designing a bivalent ligand, and
the linkers listed in Figure 20 can serve as a down list for the synthesis of bivalent ligands. Incorporation
of piperazine into the spacer group can improve the hydrophilicity of the bivalent ligand, but is slightly
less flexible than a polyalkyl chain and PEG spacer, but slightly more than polyamide chains.

1.2.5 Bivalent ligands may enhance selectivity and binding affinity

Bivalent ligands often possess receptor binding properties that differ substantially from those of the
monovalent ligands. Several different mechanisms can contribute to their specific binding
properties.[146] For instance, bivalent ligands can bind dimeric receptors on the cell surface. In this case,
the cost for the translational entropy is paid with the first receptor—ligand contact and subsequent binding
interactions proceed without additional penalties in the translational entropy (Figure 22a). Even in the
case of receptors that are not dimeric, bivalent ligands can bind avidly to multiple receptors, a process
that is facilitated by the two dimensional diffusion of receptors in the fluid bilayer (Figure 22b). As the
result, the bivalent ligands can enhance binding affinity, agonist/antagonist potency and GPCR subtype
selectivity.[146]

(a)

- £
My 8

Figure 22. Mechanisms of bivalent ligand—receptor interactions. (a) Bivalent ligands can bind dimeric
receptors by occupying multiple binding sites (chelate effect). (b) Bivalent ligands can cause receptors

to cluster on the cell surface.

Andersen et al. has synthesized a series of bivalent serotonin ligands to reveal insight into substrate
recognition in the serotonin reuptake transporter (SERT).[147] An optimized bivalent serotonin ligand
1.14 (Figure 23) containing a poly(ethylene glycol) spacer binds SERT with >3,700-fold higher affinity

than serotonin (1.13), indicating that the human SERT has two distinct substrate binding sites.
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Figure 23. Structure of serotonin and the corresponding bivalent nd 1.14 and their affinities for the human
SERT.

She et al. synthesized a series of homo- and hetero-bivalent ligands targeting muscarinic acetylcholine
receptors MiR—M:sR.[148] The heterodimeric ligand UR-SK75 (1.16, Figure 24) containing a MR
dibenzodiazepinone antagonist and a M;R/M4R agonist (xanomeline) showed 20-480-fold selectivity

for M2R over the other four subtypes.

Ki nM

MR 1.00

Q N Q MR 0.31

N
HN N{ C>_\1 — <>»N N MsR  6.76
o o N N o S M4R  1.07
115 MsR  22.91
increase selectivity and affity at MoR
Ki nM

Q N\S MR 1.44
{ C>—\1 _/_/ _N M,R  0.07
2\ ( MsR  13.18

Figure 24. Bivalent ligands 1.15 and 1.16 targeting muscarinic acetylcholine receptor.

MsR  2.57
MsR 33.88

To increase the affinity and selectivity for the histamine H, receptor (H2R), Pockes et al.[149] prepared
bivalent H2R alkylguanidine ligand 1.19 (Figure 25) that exhibits significantly higher affinity for hHzR
than for hH1R, hH3R, and hH4R (Table 4). This hH2R selectivity was much more pronounced than for
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the monomeric 1.18. Furthermore, bivalent ligand 1.19 showed a higher functional activity at guinea pig
H2R (atrium) compared to 1.17 and 1.18 (Table 4).

JT increase HyR affinity /['\Jl\'_|
</Nj/\/\|,:l| NH, | > N N NI S N N N

\ g H H
HN >/ 1.18

1.17 HoN
ﬂ increase selectivity at H,R

Figure 25. Structure of bivalent H2R agonist 1.19.

Table 4. Binding affinities at the human Hj,2,3,4R and agonistic activities at the gpH2R (atrium)

Compd  Ki(uM)for  Kj(uM)for  K;(uM) for Ki (UM) or ECso (UM) at gpH2R

hHlR thR hH3R hH4R (atrium)
1.17 >100 4.07 0.038 0.0074 6.92
1.18 >3.3 0.47 2.04 5.62 0.27
1.19 >3.3 0.047 5.62 10 0.0042

In case bivalent ligands show comparable or decreased binding affinities compared to the monovalent
compounds this may be ascribed to suboptimal length or composition of the linker or the inadequate

selection of the attachment points.
1.2.6 How to estimate if a bivalent ligand bridges the receptor dimer?

In pharmacology, positive cooperative binding is defined as the enhanced binding of a ligand to a
receptor in the presence of another ligand binding to a different binding site of the same receptor. In
competitive ligand binding assay, the slope of the binding curve is defined as Hill coefficient or Hill
slope (nw), which is indicative of the degree of cooperativity among multiple ligand binding sites. The

Hill equation is commonly expressed as follows:
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The equation's terms are defined as follows:

6 - Fraction of the ligand-binding sites on the receptor protein which are occupied by the ligand.

[L] - Free (unbound) ligand concentration.

Kq - Apparent dissociation constant derived from the law of mass action (the equilibrium constant for
dissociation).

Ka - The ligand concentration producing half occupation (ligand concentration occupying half of the
binding sites).

n - The Hill slope.

Competitive binding curves follow the law of mass action. A Hill slope of 1 indicates completely
independent binding. A Hill slope greater than 1 indicates positive cooperativity binding, i.e. one ligand
facilitates binding of subsequent ligands at other sites on the multimeric receptor complex. A value less
than 1 suggests negative cooperativity. Antagonists tend to have Hill slope values close to 1 since they
fail to show cooperativity, thereby following the general law of mass action for single site competition.
Competition assays between agonists and radiolabeled antagonists are often characterized by shallow
curves with Hill slopes between 0.5 and 0.7. [122]

Cross-talk between GPCRs forming a dimer can evoke positive cooperativity, which also can be induced
by bivalent ligand owing to the thermodynamic advantage of sequential ligand binding. This effect was
observed in the study of bivalent ligands of dopamine D, receptor (D2R) based on 1,4-disubstituted
aromatic piperazine (1,4-DAP). Competitive binding curves of monomeric antagonists such as the
phenylpiperazine 1.20 [150] (Figure 26) usually show Hill slopes close to 1 (ny = 0.9~1.2), indicating a
binding mode whereby one monovalent ligand binds to one receptor protomer. Bivalent D;R antagonist
1.21a [150] displayed a remarkably increased Hill slope of 2.0, indicating positive cooperativity.
Positive cooperativity is usually observed as an allosteric effect, which induces a conformational
crosstalk within one receptor protomer or modulates the interaction between two protomers of a receptor
dimer. Bivalent ligands addressing two adjacent binding sites of receptor dimers will also induce such
positive cooperativity because bivalent binding of the second pharmacophore is significantly accelerated
owing to its vicinity to the second binding site and the enrichment of its local concentration. Therefore,
bivalent binding leads to the liberation of 2 equiv of radioligand and a substantial steepening of the

competition curve.
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Figure 26. Bivalent and monovalent binding mode of 1.20 (4b) and 1.21a (1b) at the human dopamine Dashort

receptor.

Interestingly, bivalent agonists also exhibited steeper binding curves compared to their corresponding
monovalent ligands. Monomeric D-R agonists reveal shallow curves with Hill slopes of 0.5~0.7,
suggesting negative cooperativity. While binding studies of bivalent D;R agonist 1.21b (Figure 27)
revealed significantly increased Hill slopes of 1.3—1.4, indicating positive cooperativity and a bivalent
binding mode.[122],[130],[151] Careful analysis of Hill coefficients may thus constitute a valuable
approach to confirm a true bivalent binding mode.
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Figure 27. Structure of bivalent D2R ligands.
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Meanwhile, the heterobivalent ligands 1.21c and 1.21d containing a D;R agonist (aminoindane

pharmacophore) and a D;R antagonist (phenylpiperazine pharmacophore) were also assessed for their

ability to inhibit cAMP accumulation and induce D;R internalization (Figure 28).[122] The results of

CAMP assay revealed that 1.21c shows weak partial D2R agonist activity (Emax =13%), whereas 1.21d

exhibited DR antagonism. In addition, neither bivalent ligand could activate D;R-mediated

internalization. Therefore, these two heterobivalent ligands do not show DR biased agonisms (CAMP

versus internalization).
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Figure 28. Bivalent D2R ligands. A cartoon illustrating the effect of bivalent ligands binding to the D2R dimer on
D;R-mediated cAMP formation and internalization. Red square and blue circle represent D;R agonist and

antagonist pharmacophores, respectively.

Four cartoons further clarified the influence of different bivalent ligands on the signal transduction of
D2R homodimer (Figure 28). Monovalent D2R agonists binding to the DR homodimer could induce
cAMP accumulation and activate the D,R-mediated internalization (Figure 28A), as did the bivalent
D2R agonists (Figure 28B). Bivalent DR antagonists binding, on the other hand, blocked both cAMP
formation and internalization (Figure 28C). Interestingly, heterobivalent ligands comprising a D2:R
agonist and a D2R antagonist lead to a very low efficacy of cAMP (Emax <15%), indicating partial D2R

agonism, and inhibit DR internalization (Figure 28D).
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Figure 29. Bivalent ligands (1.22-1.24) for D;R and NTS:R.

A recent study on bivalent D;R agonist/antagonist and neurotensin NTS; receptor (NTS:R) agonist

ligands (Figure 29) afforded biphasic competition-binding curves when measuring [*H]spiperone

displacement.[153] Such biphasic-binding curves (two K;values, Figure 30) were specifically observed

with spacer lengths of 44 (m=2), 66 (m=3) or 88 (m=4) atoms at cell membranes coexpressing

D,R/NTS:R. The K;nigh Values correspond to a bivalent receptor-bridging binding mode to D.R/NTS:R

heterodimers, while the K; 10w Values reveal a monovalent-binding mode to D;R.
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Figure 30. Biphasic competition-binding curves indicate a bivalent binding mode of 1.22 (1b), 1.23 (2b) and 1.24

(3).

Similar binding assays were performed in the presence of an excess of NTS:R agonist NT(8-13) (1 uM),

which could prevent a biphasic binding mode of the bivalent compounds by hampering binding of their

NT(8-13) pharmacophore to the NTS:R.

resulting in typical sigmoidal monophasic curves (Figure 31a).
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To confirm the bivalent receptor-bridging binding mode, reciprocal competition experiments were
performed with the NTS;R radioligand [®*H]neurotensin. Employing 1.24, a biphasic-binding curve was
observed with a Ki nigh value of 0.11pM and a Ki ow at 1.7 nM, which was shifted to a monophasic
sigmoidal binding curve in the presence of haloperidol (K; 0.79 nM, Figure 31b). Incubation with this
monovalent D;R antagonist thus efficiently prevented the bivalent-binding mode. Affinities for this
competition-enforced monovalent-binding mode were found to be in good agreement with results
obtained with membranes from CHO-cells stably expressing NTS:R only (K;i 0.86 nM). To further
complement the results obtained with overexpressing heterologous cell lines with results from native
brain tissue, competition binding assays with [*H]spiperone and the bivalent ligand 1.24 were performed
with membranes from porcine striatum (Figure 31c). Interestingly, compound 1.24 displayed a biphasic
binding curve with a 140-fold preference for the high-affinity binding site over the low-affinity receptor
population (Ki nigh 2.8 nM, Ki 10w 310 nM, high-affinity fraction 38%). In line with the results from
heterologous cell lines, addition of 1 uM NT(8-13) reverted this biphasic binding curve to a sigmoidal
binding isotherm with a K; value of 28 nM. The superior binding of bivalent over monovalent ligands
to D,R/NTS:1R heterodimers was thus not only evident in heterologous cell lines but also in native tissue,
though less pronounced, which might be explained by lower receptor expression levels leading to a

lower propensity to form D,R/NTS1R heterodimers.
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Figure 31. Prevention of bivalent binding mode abolishes biphasic competition curves. (a) Dopamine receptor
binding of 1.24 (3b, m=2, 44-atom spacer) at D,R/NTS:R in the absence (blue open circles) or presence (blue
inverted triangles) of 1 uM NT(8-13). Incubation with the monovalent NTS;R agonist NT(8-13) prevents a
bivalent binding mode and converts the biphasic-binding curve into a monophasic sigmoid competition curve. (b)
Neurotensin receptor binding of 1.24 at D,R/NTS:R in the absence (blue open circles) or presence (blue filled
triangles) of 1 uM haloperidol. Incubation with the monovalent D;R antagonist prevents the bivalent binding mode,
observed for the coexpression of D.R/NTS:R. (c) When radioligand displacement studies were performed with
striatal membranes and [®*H]spiperone, biphasic binding mode was observed for the bivalent ligand 1.24 (blue filled
squares) alone, but not in the presence of 1 uM NT(8-13) (blue open sgares).

1.2.7 In vivo relevance of bivalent ligands

Akgn et al. reported a series of bivalent ligands that contain a HOR agonist and a mGIuR5 antagonist
pharmacophore linked through spacers of varying length (10-24 atoms) to study the HOR/mGIuR5
receptor interaction in vivo (Figure 32) [118]. Bivalent ligands (intrathecal administration) were
evaluated for antinociception using the tail-flick and von Frey assays in mice pretreated with
lipopolysaccharide (LPS) or in mice with bone cancer. In LPS-pretreated mice, 1.25 with a 21-atom
spacer exhibited the highest potency (EDso ~ 9 fmol per mouse), while bivalent ligands with shorter or
longer spacers showed at least a 25-fold higher EDso. The exceptional potency of 1.25 may be owning
to the optimal bridging of protomers in the target HOR-mGIuUR5 heterodimer. Bivalent ligand 1.25 holds
a >10° therapeutic ratio and may be a promising candidate for treatment of chronic, intractable pain via

spinal administration.

4
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',,H&OQ&HQHKO\)&H/\/O
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Figure 32. Bivalent yOR and mGIuR5 ligand.[118]

Portoghese et al.[152] proposed a simple model for the induction of pHOR-MGIURS5 heterodimer by 1.25
that could contain the following steps (Figure 33): (a) univalent binding of 1.25 to a mGIuR5 (or pOR)
oligomer; (b) dissociation of 1.25-bound to mGIuR5 protomer from the oligomer; (c) association with a
MOR oligomer via assistance of the free pOR agonist pharmacophore of 1.25; (d) dissociation of the

bridged 1.25-bound oligomer from the HOR oligomer to give the 1.25-bound HOR/mGIuUR5 heterodimer
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complex. Whereas many other models of induced heterodimer formation are also possible, the crucial

feature for all would be the optimal length and nature of spacers incorporated into the bivalent ligand.
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Figure 33. Illustration of the concept of WOR—mMGIUR5 heterodimer induced by 1.25. Green square and red circle

represent mGIuR5 antagonist and HOR agonist pharmacophores, respectively.[152]

Cross-talk between opioid and chemokine receptors is initiated by chemokine release which, to some
extent, leads to reduced potency of morphine in the treatment of chronic pain. Based on the probability
that a uOR-CCR5 heteromer is involved in such cross-talk, Akgiin et al.[119] synthesized a series of
bivalent ligands that consist of pOR agonist and CCR5 antagonist pharmacophores linked through

homologous spacers (14—24 atoms).

When tested on the lipopolysaccharide (LPS) inflamed mice, the bivalent ligand 1.26 (Figure 34) with
a 22-atom spacer displayed excellent antinociceptive activity (i.t. ED50 = 0.0146 pmol/mouse) that was
2000-fold higher than morphine. Furthermore, 1.26 was approximately 3500-fold more potent than a
combination treatment of the corresponding HOR agonist and CCR5 antagonist. These results clearly
indicate that 1.26 bridges the protomers of a HOR-CCR5 heterodimer, which was supported by docking
studies, and that the HOR-CCR5 heterodimer could act as a novel target for the treatment of chronic

pain.
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Figure 34. Bivalent ligand 1.26 bridging nOR and CCR5 receptors.[119]

Based on the above studies on opioid receptor, a main difference between the bivalent ligands and
clinically used opioid ligands is their remarkable potency in both reducing hyperalgesia and
strengthening antinociception without tolerance in inflamed mice. To further identify the targets of
bivalent ligands 1.25 and 1.26, Akgiin et al. has undertaken a study upon i.t. administration recently.[154]
The results showed that the high potency of 1.25 and 1.26 in LPS inflamed mice is partially owing to
their contributions to directly blocking the activated spinal glia. Specifically, compound 1.25 displayed
the potently enhanced antinociception due principally to selective inhibition of activated astrocytes,
while 1.26 antinociception was owing mainly to blockage of induced spinal microglia.

Lacking uOR/60R heterodimer-selective antagonists is the major limitation in the study of pOR/60R
dimerization. Hence, Olson et al. synthesized a series of varying length (15—41 atoms) bivalent peptides
with selective but moderate/low-affinity pharmacophores for the nOR and 6OR (Figure 35).[155] The
pharmacological results showed a spacer length dependent pOR/8OR dimer affinity/potency profile in
vitro, with the 24-atom spacer length 1.29 (D24M) generating the highest affinity/potency (<1 nM) at
the pOR/BOR dimer and selectivity (>89-fold relative to the pOR or 6OR monomer). In addition, 1.29
displayed >200-fold higher potency than the monomeric compounds at the tOR/60R heterodimer.

Subsequently, 1.29 was further evaluated in the tail flick test in mice, which exhibited a dose-
dependently antagonized antinociception formed by the pOR/60R agonists CYM51010 and Deltorphin-
11, without antagonizing the monomer agonists DAMGO and DSLET. Interestingly, 1.29 was also

observed to sharply reduce withdrawal behavior in models of acute and chronic morphine dependence.

These data strongly suggest that 1.29 is a first-in-class selective and high affinity/potency pOR/3OR

heterodimer antagonist both in vitro and in vivo.

35



Chapter |

@)
o ;’f\ OH
N N

N O
HO NA. NS N "
(@] O)/,,' N 2

Delta (1.27) Q u (1.28)
D N N N N
~ NN
o) o, X o O
HO™ ~O
D24M (1.29)

N\

A.in vitro test . .
B. in vivo test

- Binding affinity
95.- Functional activity
9 0_- Monovalent ligands

D24M

00
000000\

09/ 0

[ .

A ffinity (pK;) and Potency (plICgy )
at MOR/DOR dimer
~
(&2}
1

Linker length/atom s

Withdrawal & Dependence

Figure 35. Bivalent HOR/SOR antagonist ligands.

Busnelli et al.[156] reported bivalent ligands 1.30a and 1.30b comprising two identical oxytocin-
mimetics (Figure 36) that induced a three order magnitude boost in G-protein signaling of oxytocin
receptors (OTRs) in vitro and a 100- and 40-fold gain in potency in vivo in the social behavior of mice

and zebrafish.
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Figure 36. Bivalent OTR ligands 1.30a and 1.30b with high potency both in vitro and in vivo.

Through receptor mutagenesis and interference experiments with synthetic peptides mimicking
transmembrane helices (TMH), they show that such superpotent behavior follows from the binding of
the bivalent ligands to dimeric receptors based on a TMH1-TMH2 interface. Furthermore, in this
arrangement, only the analogues with a well-defined spacer length (~25 A) precisely fit inside a
channel-like passage between the two protomers of the dimer. The newly discovered oxytocin bivalent
ligands represent a powerful tool for targeting dimeric OTR in neurodevelopmental and psychiatric

disorders and, in general, provide a framework to untangle specific arrangements of GPCR dimers.
1.2.8 Conclusion

Bivalent ligands are defined as compounds that contain two pharmacophores linked by an appropriate
spacer. The design of such molecules requires the selection of potent and subtype-selective lead
pharmacophores, appropriate attachment points to connect the spacer, and the length and composition
of the spacer group. This overview mainly focused on the design of bivalent ligands recently described

in the literature and used as specific pharmacological tools to investigate GPCR dimerization.
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The advantages of the bivalent approach are numerous, including enhanced potency and receptor
subtype specificity. However, the use of bivalent ligands as potential pharmacotherapeutics is limited
by problematic molecular properties, such as high molecular weight and lipophilicity. In addition, the
linker must be attached to the pharmacophore in a position that tolerates structural modification.

All the examples mentioned above strongly suggest that the length and nature of the linker are crucial
factors for the optimal ligand-receptor interactions, which depend on the properties of the selected
pharmacophores and binding sites of GPCRs.

Overall, these compounds possess great potential as pharmacological tools to investigate the GPCR

dimerization in vitro and in vivo.
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Il. OBJECTIVES

Bivalent ligands possess great potential as pharmacological tools to investigate GPCR dimerization both

in vitro and in vivo, and may evolve to promising drug candidates for diverse diseases.

The main goal of this PhD study is to design and synthesize bivalent GPCR ligands to study new
receptor-receptor interactions. In a first study (Chapter Ill), we aim to synthesize a series of
heterobivalent LOR -D--likeR ligands as pharmacological tools to study HOR-D--likeR heteromers. D--
likeR agonist/antagonist and LOR agonist/antagonist will be linked through PEG spacers of variable
length to probe the best interaction with the pOR-D,-likeR heteromer. The binding properties of these
compounds will be determined by radioligand binding studies in membrane preparations and intact cells.
Furthermore, MAPK phosphorylation and B-arrestin2 recruitment assays will be performed to assess the
pharmacological response of the ligands for D,-likeR and pOR, respectively. This study will involve
cells expressing the HOR and D,-likeR, separately, as well as cells co-expressing both receptors.

As depicted in Figure 1, the bivalent ligands will be derived from a 6-hydromorphamine (to which we
will gain access from hydromorphone) and the structurally related pOR antagonist 6-naltrexamine
(NTA). As Do-likeR ligands we plan to use 1,4-disubstituted aromatic piperazines (1,4-DAPs) and 5-
hydroxy-2-(dipropylamino)tetralin (5-OH-DPAT) that will be equipped with an appropriate alkyne

ligation handle.

OH ’
N 0]
/\/©/ \/I;/
N
K/ Hydromorphamine

DPAT A ¥ > 4 MOR agonist

D,R agonist O
e CuAAC N3\/60/\%no\)]\0"| Amide o
OMe QNU & n=35 N
N
SRERae
DAP

D,R antagonist

HoN" 6
Naltrexamine

Bivalent D,-likeR / yOR ligands HOR antagonist

Figure 1. Designed heterobivalent ligands of D.-likeR and pOR

In a next study (Chapter 1V), we plan to design and synthesize bivalent D.-likeR agonist/antagonist and
mMGIuUR5 antagonist ligands to study the mGIuR5-D,-likeR heteromers. For this study, we will explore
different types of spacers including PEG linkers, alkyl linker, and tertiary amine spacers of varying

length to investigate the effect of the length and nature of the spacers on binding affinity and functional
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activity. The binding properties of these compounds will be determined by radioligand binding assays.
Moreover, cCAMP and MAPK phosphorylation will be measured to assess the signal transduction for
both D»-likeR and mGIuR5. Experiments to evaluate the behaviour of the heterobivalent ligands to
dimeric receptors will be performed in cells coexpressing mGIuR5 and D»-likeR. The target bivalent
ligands of mGIuR5-D»-likeR are shown in Figure 2.

OH H
N.__O s
CO\ /\/©/ \E/ o) I N/>\
P
DPAT ~_ - |
D,R agonist X
CuAAC
N3NH2 MTEP analogues : X =N, CH
OoM .
OMe O/\©: e & mGIuR5 antagonist
N
©/ O/\

DAP
D,R antagonist

Bivalent D,R and mGIuRS5 ligands

Figure 2. Designed bivalent ligands of D»-likeR and mGIuR5

Fluorescently labeled ligands have been developed to study receptor localization, trafficking, and
signaling processes via fluorescence imaging. They are also employed in fluorescent binding assays,
where they offer advantages over radioligands which suffer from possible health risks and legal and

disposal costs.

In Chapter IV, we will use alkyne functionalized boron dipyrromethene (BODIPY) dyes to construct
possible fluorescent mGIuRS5 ligands (Figure 3). These ligands will be assessed by NanoBRET.
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MTEP analogues

BODIPY

Figure 3. Designed fluorescent mGIuRS5 ligands equipped with BODIPY dyes.
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Design, synthesis and biological evaluation of bivalent ligands
targeting Dopamine D»-like receptors and the p-opioid receptor

The content of this chapter was partially derived from:

Qian, M.; Vasudevan, L.; Huysentruyt, J.; Risseeuw, M. D. P.; Stove, C.; Vanderheyden, P. M.
L.; Van Craenenbroeck, K.; Van Calenbergh, S. ChemMedChem 2018, 13, 944 — 956.

B-arrestin2 recruitment to HOR was partially asessed by Lakshmi Vasudevan. Ligand binding
assay for D2R using [®H]raclopride was carried out with the help of Jelle Huysentruyt.
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I11. DESIGN, SYNTHESIS AND BIOLOGICAL EVALUATION OF BIVALENT LIGANDS

TARGETING DOPAMINE D,-LIKE RECEPTORS AND THE p-OP1OID RECEPTOR

111.1. Abstract

Currently, there is mounting evidence that intermolecular receptor-receptor interactions may result in
altered receptor recognition, pharmacology and signaling. Heterobivalent ligands have been proven
useful molecular probes for confirming and targeting heteromeric receptors. This paper describes the
design and synthesis of novel heterobivalent ligands for dopamine D,-like receptors (D--likeR) and the
| opioid receptor (LOR) and their evaluation using ligand binding and functional assays. Interestingly,
we identified a potent bivalent ligand that contains a short 18-atom linker and combines good potency
with high efficacy both in B-arrestin2 recruitment for HOR and MAPK-P for D4R. Furthermore, this
compound was characterized by a biphasic competition binding curve for the D4R-uOR heterodimer,
indicative of a bivalent binding mode. As this compound possibly bridges the DsR-UOR heterodimer, it

could be used as a pharmacological tool to further investigate the interactions of D4R and pOR.
I11.2. Introduction

G protein-coupled receptors (GPCRs) represent the largest family of membrane proteins. About half of
the clinically used drugs today recognize GPCRs. It is now widely accepted that different GPCRs can
interact with each other and form complexes, so called heteromers. The first hypothesis on GPCR
heteromers was already raised in the early eighties after observations of neuropeptide-monoamine
receptor-receptor interactions.? The existence of heteromers was confirmed almost twenty years later
for two non-functional GPCR monomers, gamma amino butyric acid (GABA) receptors, GABAB1 and
GABAB?2, which assemble at the cell surface in a signaling heterodimer, the GABAB receptor.® Now,
dimerization has been described for many GPCRs in in vitro settings although evidence in native tissue

is still sparse.*®

In classical pharmacology allosteric mechanisms were only discussed in terms of intramolecular
interactions within a receptor between orthosteric and allosteric sites. Nowadays, there is mounting
evidence that also intermolecular receptor-receptor interactions may result in altered receptor
recognition, pharmacology and signaling. Heterobivalent ligands have been proven useful molecular
probes for confirming and targeting heteromeric receptors,® '8 such as k- and §-opioid receptor

heteromers.”

There are five dopamine receptor subtypes that can be divided into two distinct subfamilies: Di-like
(DR and DsR) and D2-like (D2R, D3R and D4R). In this study we focus on the heterodimerization of the
dopamine D--like receptors (D--likeR) and the p opioid receptor (WOR). D2-likeR and POR are GPCRs,
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expressed in the brain, which play a major role in schizophrenia, Parkinson’s disease, addiction and pain.
Heterobivalent ligands are valuable tools to demonstrate the existence of receptor heteromers even in
native tissue and can be used to study a specific GPCR dimer behavior without any receptor
modification.®%! Such compounds may eventually also evolve to useful pharmacological agents.
Heterobivalent ligands with a spacer of optimal length are envisaged to exhibit a potency that is different
from that derived from its two monovalent pharmacophores and may allow the targeting of certain
heteromeric subtypes, increasing the selectivity of drug action.!*1213

The dopaminergic and opioid peptide system are pharmacological targets for the treatment of addiction
and chronic pain. They show an impressive co-distribution in many nuclei of the brain, which enables
intermolecular receptor-receptor interactions!#!* that may be relevant for the treatment of addiction and
chronic pain. In vivo studies indicate that there exists a cross-regulation between the D-likeR and the
HMOR. Activation of dopaminergic receptors causes a transient reduction of the HOR immunoreactivity.
Additionally, D,-likeR/HOR interactions also modulate morphine-induced upregulation of certain
transcription factors c-Fos, 5FosB and P-CREB. 16171819 These results can be explained by the existence
of direct D,-like-R-pOR interactions. Furthermore, we have identified heterodimerization of D,R-uOR
and DsR-uOR by co-immunoprecipitation (co-IP) and bioluminescence resonance energy transfer
(BRET) studies in mammalian transfected cells (unpublished results). Therefore, all results discussed
above indicate that D-likeR (especially D2R and D4R) and HOR heterodimers could be potentially

therapeutic targets for the treatment of addiction and chronic pain.

Here we report the design and synthesis of a series of heterobivalent pOR agonist/antagonist-D--likeR
agonist/antagonist ligands as pharmacological tools to further study pOR-D.-likeR (MOR-D-R and
MOR-D4R) heteromers. In these compounds, the D,-likeR agonist/antagonist and the HOR
agonist/antagonist were linked through a spacer of variable length. The spacers were based on PEG unit
repeats, and their size was varied (from 18 to 24 atoms) to obtain the best interaction with the HOR-D,-
likeR heteromers. The binding properties of these compounds were determined by radioligand binding
studies in membrane preparations and intact cells. Furthermore, MAPK phosphorylation and p-arrestin2
recruitment assays were performed to test the pharmacological response of the ligands for D,-likeR and
MOR, respectively. Experiments to evaluate the binding of the heterobivalent ligands to HOR and D--

likeR were performed in cells expressing both HOR and D-likeR.

111.3. Design of heterobivalent ligands based on structure of D2-likeR ligands and pOR

ligands

As depicted in Figure 1, the bivalent ligands were derived from the POR specific agonist
hydromorphone (HM) and the structurally related pOR antagonist naltrexone (NTX). As D,-likeR

ligands we used the antagonist 1,4-disubstituted aromatic piperazines (DAPs, 3.03)%° and the agonist 5-

68



Chapter 111

hydroxy-2-(dipropylamino)tetralin (DPAT, 3.07)!! that were equipped with an appropriate ligation

handle.

DAP # _ Hydromorphamine
Antagonist \ o / HoN Agonist
CuAAC N3\/‘éo/\%o\)ko|-| Amide
n
DPAT _ / n=35 \ Naltrexamine
Agonist - Antagonist
@ HoN

12 bivalent D,-likeR / uOR ligands

Figure 1. Designed heterobivalent ligands.

The dimeric ligands were constructed around PEG spacers of variable length that were equipped with a
carboxylic acid on one and an azide on the other end (Figure 2). The use of PEG linkers precludes
cumulative incremental increases in hydrophobicity that would occur upon homologation if an alkyl
chain were employed. Using existing procedures both opioid ligands 3.01a and 3.01b were converted
to their corresponding 6’-R-amino derivatives 3.02a and 3.02b. The introduced amine groups allow
coupling to the PEG spacers via an amide bond, whereas the azido group on the PEG linker allows facile
connection to the alkyne derived dopamine ligands via a copper-catalyzed azide—alkyne cycloaddition
(CuAAC) reaction. The choice of the position and nature of the attachment points for linking the two
pharmacophore units to the spacer relies on two criteria: the feasibility of the chemical modification and

the compatibility of the modification with the biological activity (SAR data) of the pharmacophore.

rpOR ligands
HO

naltrexone (3.01a)

D2-likeR ligands

soen, & o't
-

DAP (3.03) DPAT (3.07)

L J

[ PEG linkers
3.08:n=3

0
N3\/\60/\>/O\)kOH 3.09:n=4
n 3.10:n=5

Figure 2. Overview of used monovalent ligands and spacer molecules with appropriate ligation handles.
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As indicated above, the selected D--likeR ligands need to be functionalized with an alkyne moiety to
allow conjugation to the azide group of the PEG linkers. The intrinsic activity of DAPs for D-likeR is
determined by an aromatic headgroup and an amine moiety, which forms a strong hydrogen bond to the
crucial Asp3.32 residue in the transmembrane helix 3 (TM3) of D;R.2° A lipophilic appendage is
necessary for enhancing ligand affinity. Because proper elongation of this appendage is expected to lead
to the “entrance region” of the receptor and from there to the binding pocket of a neighboring protomer,
the para-position of an aromatic moiety terminating this appendage is considered an appropriate point
of attachment for a linker unit.?° Vanilline allows for easy introduction of an alkyne group in para-
position, while reductive amination permits coupling to the phenylpiperazine moiety.

DPAT s a prototypical D-R/DsR agonist suitable for constructing bivalent ligands.?! Site-directed
mutagenesis has demonstrated that the 2-amino tetralin moiety interacts with an agonist binding domain
involving TM3 and TMS5 for activation of either D2R or D3R. The basic nitrogen and the 5-OH group
are critically important for binding affinity. A known aniline derivative of DPAT* was coupled with 4-

pentynoic acid to afford compound 7 with an alkyne group for click reaction.
I11.4. Results and Discussion

111.4.1. Chemistry

111.4.1.1 Individual components of the bivalent ligands

As HOR ligands the known R-amines 3.02a and 3.02b were prepared from NTX (3.01a) and HM (3.01b)
respectively according to published procedures.?? Briefly, compounds 3.01a and 3.01b were converted
to the corresponding oximes, which were reduced to 6R-amines 3.02a and 3.02b in the presence of ZrCl,
and NaBHa,. Although previous studies showed little stereoselectivity in opioid binding for 6R versus 6S
amine diastereomers,?® the predominant R-diastereomers were separated from their S-epimers by silica

gel chromatography, to facilitate further characterization.

For the synthesis of the first alkyne functionalized D»-likeR ligand, DPAT (3.07), commercially
available 5-methoxyl-2-tetralone (3.04) was converted to the 1,2,3,4-tetrahydronaphthalen-2-amine
derivative 3.05 in 4 steps following existing procedures.!* Arylamine 3.05 was coupled with 4-pentynoic
acid to give amide 3.06. Deprotection of the methyl ether with Me,SBF; in CH2Cl, gave the desired
compound 3.07 (Scheme 1). The alkyne functionalized D»-likeR ligand DAP (3.03) was synthesized
starting from vanillin as described earlier by Kihhorn et al.?® The bifunctional PEG linkers were

prepared as described earlier. 2422
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3.04 3.05 K/ K/
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b
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Scheme 1. Reagents and conditions: a) 4-pentynoic acid, (3-dimethylaminopropyl)-N-
ethylcarbodiimide hydrochloride, triethylamine, CH.Cl,, RT, overnight; b) Me,SBF;, CH:Cl,, RT,

overnight.
111.4.1.2 Bivalent ligands synthesis.

The bivalent ligands were generated by first condensing each of the two pOR ligands with each of the
three PEG linkers in the presence of the coupling agent EDC and triethylamine to yield the six
intermediate azides 3.11a-f (Scheme 2). The series of bivalent ligands was finalized by conjugating each
of the six azides to both DPAT and DAP through CUAAC (Scheme 3). This yielded a concise series of
12 bivalent D-likeR-HOR ligands in which each of the sets of ligands and the three linkers are
systematically represented.

HO HO
g, a g
“ — [o) “
N oy N
H,N o0 N
3.02a: R1=0OH, Ry=CH,cPr 3.11a: n=3, R4=0OH, R,=CH,cPr
3.02b: Ry=H, R,=CHj3 3.11b: n=4, R{=0H, R,=CHycPr

3.11¢: n=5, Ry=OH, Ry=CHacPr
3.11d: n=3, R1=H, R2=CH3
3.11e: n=4, Ry=H, R,=CH,
3.11f: n=5, Ry=H, R,=CH,

Scheme 2. Reagents and conditions: a) (3-dimethylaminopropyl)-N-ethylcarbodiimide hydrochloride,
1-hydroxybenzotriazole, triethylamine, CH,Cl..
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Scheme 3. Reagents and conditions: a) sodium ascorbate, CuSQ,, triethylamine, tris[(1-benzyl-1,2,3-

triazol-4-yl)methyl]amine, dimethylformamide.
111.4.2. Ligand binding assays
111.4.2.1 Evaluating the binding of the bivalent ligands to the D2-likeR

A saturation binding assay for [*H]spiperone, a non-selective antagonist of D.-likeR, was described
previously.?”? Here we performed a competition assay to evaluate the binding of the bivalent ligands
to the D,-likeR D3R and D4R. First the binding affinity of the bivalent ligands 3.12a-f and 3.13a-f along
with their alkynylated DAP and DPAT precursors 3.03 and 3.07 was measured by displacement of
[*H]spiperone from the D4R expressed in HEK 293T cells, indicating that all the bivalent ligands bind
to the D4R (Table 1). However, a clear reduction in the D4R binding affinities of the bivalent ligands
was detected when compared with the alkynes 3.03 and 3.07. Compound 3.12d with a short spacer
length (18-atom) showed a slightly higher affinity for D4R than 3.12e and 3.12f. This trend was also
apparent for the other bivalent ligands (3.12a, 3.13a and 3.13d) possessing the same spacer as 3.12d. In

a next step we wanted to compare the affinity of the bivalent ligands for D4R in the absence and presence
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of overexpressed HOR. Unexpectedly, no major differences in K; values were found between both
experimental set-ups, except for 3.12d. Interestingly, a biphasic competition curve was observed for
3.12d from which two individual affinity constants could be derived (Ki nigh 1.2 £ 0.3 nM and K ow 207
+ 51 nM, Figure 3a). Such biphasic competition-binding curves are indicative of a bivalent binding
mode.* Specifically, the high-affinity Ki value represents a bivalent receptor-bridging binding mode of
3.12d to D4R/POR heterodimer, whereas the low-affinity K; value reveals a monovalent-binding mode
to D4R. Bivalent ligand 3.12d thus displays a 170-fold preference for the high-affinity bivalent
interaction with the D4R/HOR heterodimer over monovalent-binding mode to D4R.

By following the same approach and still using [*H]spiperone as the radioligand, we also tested the
affinity of the bivalent ligand 3.12d and its corresponding monovalent ligand 3 to the D;R and DzR-
MOR receptors. The affinities of compound 3.12d to D2R and D;R-pOR decreased 3-fold compared to
the ligand 3.03 for both receptors (Table 2). Unfortunately, we only obtained a monophasic competition-
binding curve for 3.12d to D2R-pOR and no major differences in binding affinity were observed between

cells expressing only DR and cells expressing both D2R and pOR (Figure 3b).

Next, following a similar protocol, we determined the affinity of monomeric ligand 3.03 and bivalent
ligand 3.12d on cells expressing D;R and D;R-puOR, utilizing an alternative radioligand, i.e.
[*H]raclopride. Raclopride that acts as a selective DR antagonist is more hydrophilic and has
substantially less non-specific binding in intact cells as compared with spiperone. Furthermore it is not
cell permeable, rendering the assay possibly more sensitive as binding of the radioligand to be displaced
is restricted to receptors in the plasma membrane. In this experiment (Table 3) the affinities of 3.12d to
D2R and D;R-HOR were 32.4 £ 8.5 nM and 38.6 £ 3.2 nM, respectively, while the affinities of the
monovalent alkyne 3.03 were 43.1 + 9.0 nM and 49.9 + 5.8 nM, respectively. Still, only one-site binding
curves for 3.12d were obtained from cells monoexpressing D2R and cells coexpressing D2R and pOR
(Supporting information). The saturation binding data for [*H]raclopride can be found in Supporting
Information. Interestingly, we found that the affinity of 3.12d for D4R decreased 100-fold relative to the

monovalent ligand 3, while its K; value for D2R only decreased three-fold.

Table 1. Binding affinities (Ki) for D4R and DsR-UOR.[

Compd R1 R, n D4R DsR-UOR
Ki (nM) Ki (nM)
3.03 - - - 16+0.2 21+03
3.12a OH  CHacPr 3 117+ 12 nd
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3.12b OH  CHacPr 4 214+ 11 219+10
3.12¢c OH  CHacPr 5 226 + 18 nd

3.12d H CHs 3 184 +35 -

3.12¢ H CHs 4 369 + 42 368 + 10
3.12f H CHs 5 339+ 50 417 +8.8
3.07 - - - 15+6.1 16+25
3.13a OH  CHacPr 3 118 +12 101+1.3
3.13b OH  CHacPr 4 157+ 30 nd
3.13c OH  CHacPr 5 138 +25 nd
3.13d H CHs 3 110+9.3 nd
3.13e H CHs 4 191+9.5 394 +12
3.13f H CHs 5 199 + 16 493+ 11

[a] Binding affinities (Ki) were obtained by competitive displacement of radiolabeled [*H]spiperone
binding to HEK293T D4R and HEK293T DsR-puOR membranes. All values are expressed as the mean
+ SEM of three independent assays using 11 different concentrations of ligands, each performed in

duplicate. [b] not determined.

Table 2. Binding affinities (Ki) for D2R and D,R-pOR.™

Compound K (nM) for D2R Ki (nM) for D:R-uOR

3.03 22+5 32+11

3.12d 62+3 101 +10

[a] Binding affinities (Ki) were obtained by competitive displacement of radiolabeled [*H]spiperone
binding to HEK293T D,R and HEK293T D;R-uOR membranes. All values are expressed as the mean

+ SEM of at least two independent assays.
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Figure 3. Representative competition curves for bivalent ligand 3.12d. D.-likeR binding of the bivalent
ligand 3.12d was measured by displacement of the radiolabeled [*H]spiperone from membranes of
HEK293T cells coexpressing D4sR/HOR (or D:R/HOR) or monoexpressing D4R (or D2R) only. (a) D4R
binding of 3.12d in the presence (filled squares, Ki nigh 1.2 + 0.3 nM, K 10w 207 £ 51 nM) or absence
(open squares, Ki 184 £+ 35 nM) of pOR. (b) D2R binding of 3.12d in the presence (filled circles, K; 101
+ 10 nM) or absence (open circles, K; 62 = 3 nM) of uOR. Data points represent the mean £ SEM of

three independent assays, each performed in duplicate.

Table 3. Binding affinities (Ki) for D-R and D,R-pOR. !

Compound K (nM) for D;R Ki (nM) for D2R-UOR

3.03 43.1+9.0 49958

3.12d 324 +8.5 38.6+£3.2

[a] Binding affinities (Ki) were obtained by competitive displacement of radiolabeled [®*H]raclopride
binding to HEK293T D2R and HEK293T D;R-uOR intact cells. All values are expressed as the mean +

SEM of at least two independent experiments.
111.4.2.2 Evaluating the binding of the bivalent ligands to pHOR

We performed competitive receptor binding assays in cell membranes expressing LOR to determine the
binding affinity of bivalent ligands, using the tracer [*H]diprenorphine, which is a nonselective opioid
antagonist. Saturation binding assays showed that the Kd value and Bmax of [*H]diprenorphine were
0.21 £ 0.064 nM and 489 + 28 fmol/mg for LOR, respectively. In the competition assay the binding
affinities for the monovalent ligands HM and NTX were 4.4 £ 0.21 nM and 7.8 + 0.16 nM, respectively
(Table 4). Compounds 3.12a-c and 3.13a-c, which were derived from NTX, exhibited a binding affinity
for pOR comparable to NTX. Whereas, bivalent ligands 3.12b and 3.13b with a 21-atom spacer
displayed relatively lower K; values than the other NTX-based ligands. HM-based bivalent ligands

75



Chapter 111

3.12d-f and 3.13d-f showed a small reduction in the binding affinities for WJOR compared to the
corresponding monovalent compound HM, except for 3.12e (3.7 £ 0.02 nM) and 3.13e (7.2 £ 0.53 nM)
with a medium spacer length (21 atoms). Therefore, the affinities of bivalent ligands with a medium
length of spacer (21 atoms) to LOR were relatively higher than the other ligands with shorter (18 atoms)
or longer linkers (24 atoms).

Table 4. Binding affinities (Ki) for pOR.!

Compd Ri R n Ki (nM)
Hydromorphone H CHs - 4.4+0.21
Naltrexone OH CHJxPr - 7.8+0.16
3.12a OH CHaxPr 3 6.3+1.1
3.12b OH CHaxcPr 4 4.6+0.25
3.12c OH CHaxPr 5 9.2+041
3.13a OH CHaxPr 3 7.5+0.95
3.13b OH CHxPr 4 3.8+£0.84
3.13c OH CHaxPr 5 7.6 +0.39
3.12d H CHs 3 16 + 0.87
3.12¢ H CHs 4 3.7+£0.02
3.12f H CHs 5 11+ 0.57
3.13d H CHs 3 13+£1.2
3.13e H CHs 4 7.2+0.53
3.13f H CHs 5 17+34

[a] Binding affinities (Ki) were obtained by competitive displacement of radiolabeled [*H]diprenorphine

binding to HEK293T HOR. All values are expressed as the mean = SEM of three independent assays.
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111.4.3. Functional assays

111.4.3.1 MAPK phosphorylation to study D2-likeR activation by the newly developed
bivalent ligands

The mitogen-activated protein kinase (MAPK) phosphorylation assay was used to define the functional
activity of the bivalent ligands. The MAPK pathway, which includes the extracellular-signal regulated
kinase (ERK) pathway, consists of an intracellular chain of proteins that transfer the signal from the cell
surface receptor to the nuclear DNA or other subcellular targets causing cellular responses. Signaling
molecules in this pathway communicate with each other by adding a phosphate group to the neighboring
protein. This phosphorylation event functions as an “on/off” switch, leading to the activation or
inhibition of the next signaling molecule in the chain.?® The most commonly studied element of the
MAPK pathway, initiated by GPCR activation, is the phosphorylation of p44/42 MAPK (ERK1/2).

In order to assess functional activation of the D2R and D4R by the above described bivalent ligands, we
used a HEK?293 cell line stably expressing the D;R and D4R, respectively.*® Unexpectedly, the signal
band of MAPK-P for DR was quite weak (see supporting information). Nevertheless, we found a strong
immunoreactive band (Figure 4) for MAPK-P upon activation of D4R with the agonist dopamine (DA),
and with the alkynylated DAP (3.03) and DPAT (3.07). Next, all bivalent ligands were tested in this cell
system (Figure 5 and Table 5). We can conclude that all bivalent ligands activate the MAPK signaling
pathway. Interestingly, compound 3.12d with an 18-atom linker (shown in Table 5) displayed modestly
high potency (ECso =0.12 + 0.04 uM) and relatively high efficacy (92 + 1%) as compared with the
monovalent ligand 3.03 (ECso = 0.21 = 0.12 UM, Emax = 75 * 2%), while the potency of compounds
3.12a-c decreased 8-16 fold compared to 3.03. In addition, all the DAP-bond ligands, except for 3.12d,
showed a comparable efficacy (Emax = 72-85%) relative to compound 3.03. On the other hand, DPAT-
based bivalent ligands had a potency (ECso = 0.45-0.95 uM) and efficacy (Emax = 86-108%) comparably
to that of 7 (ECso=0.37 £ 0.17 UM, Emax= 100 + 3%). Overall, bivalent ligand 3.12d with a short linker
length (18 atoms) was the most potent compound to activate the MAPK phosphorylation of D4R.
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Figure 4. Stimulation of MAPK phosphorylation upon D4R agonist treatment, as determined by
immunoblotting assays. Cells were treated with serum-free media (SFM) for 12 h. Next, D»-likeR
agonists (10 uM), SFM or vehicle control were added for 5 min. Cells were washed and lysed as
explained in the Experimental section. Phosphorylated MAPK was detected by immunoblotting using
rabbit anti-phospho-p44/42 MAPK antibody and mouse anti-p44/42 MAPK antibody was used for
demonstrating equal protein loading. The results shown are representative of three independent
experiments. DA=dopamine.
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Figure 5. Efficacy of bivalent ligands to phosphorylate MAPK in HEK293 D.R cells. Cells were treated
with serum-free media (SFM) for 12 h. Next, D-likeR agonists (10 uM) and SFM were added for 5 min.
Cells were washed and lysed as explained in the Experimental section. Phosphorylated MAPK was
detected by immunoblotting using rabbit anti-phospho-p44/42 MAPK antibody and mouse anti-p44/42
MAPK antibody was used for demonstrating equal protein loading. The top panel shows a representative
result from three independent experiments; the bottom panel is given as mean £ SD. DA=dopamine.
Bivalent ligands were significantly different (*p< 0.05, **p < 0.01, ***p < 0.001) compared to the
control SFM by One-way ANOVA.
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Table 5. Potency (ECso) of D2-likeR agonists induced MAPK-P in HEK293 D4R cells

Compd R: R> n ECso UM Emax %[
Dopamine - - - 0.037+£0.012 100+4
3.03 - - - 0.21+0.12 75+2
3.12a OH CHxcPr 3 34+0.2 78+3
3.12b OH CHxcPr 4 19+03 T7+2
3.12c OH CHxcPr 5 1601 72+1
3.12d H CHs 3 0.12+0.04 92+1
3.12¢ H CHs 4 0.31+0.02 85+5
3.12f H CHs 5 0.80 = 0.06 76+2
3.07 - - - 0.37+£0.17 100+ 3
3.13a OH CHxcPr 3 0.55+0.24 89+4
3.13b OH CHxcPr 4 0.48 £ 0.06 864
3.13c OH CHxcPr 5 0.88 £0.01 NV=+1
3.13d H CHs 3 0.95+0.03 97+1
3.13e H CHs 4 0.57+0.14 101+6
3.13f H CHs 5 0.45x0.01 1082

[a] Data shown represent the mean = SEM of three independent experiments. [b] Emax relative to the

effect of the reference agonist dopamine at 10 uM.
111.4.3.2 B-arrestin2 recruitment to pOR

To assess activation of the pOR, HEK 293 cell line was used to stably express the HOR. Unfortunately,
we did not obtain any good results from MAPK-P for pOR (data not shown). Then we performed a f3-
arrestin2 recruitment assay based on the NanoLuc Binary Technology (NanoBiT).3! Our research group
recently reported on the application of this assay for the monitoring of GPCR activation, via ligand

induced interaction of Barr2 with CB1 and CB2 cannabinoid receptors.®? Here, we optimized this assay
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for ligand induced interaction of Pfarr2 with wOR. Agonists of pOR, such as DAMGO, have previously
been shown to induce robust receptor phosphorylation, B-arrestin2 recruitment and pOR trafficking.3334
On the other hand, morphine is a poor inducer of receptor phosphorylation, B-arrestin2 recruitment and
internalization of HOR. However, upon overexpression of G protein-coupled receptor kinase (GRK2) in
cell culture, morphine gained the capacity to induce pOR phosphorylation, accompanied by the rescue

of B-arrestin2 recruitment.343

To assess the ligand induced interaction of B-arrestin2 with HOR, overexpression of GRK2 in cell culture
was performed. Our results show that DAMGO induces a robust 3-arrestin2 recruitment even in the
absence of GRK2. On the other hand, HM could promote p-arrestin2 recruitment only when GRK2 was
overexpressed in HEK 293 cells. Both results are in line with those found in the literature (see supporting

information Figure 2).

Upon stimulation with a known agonist of HOR, HM, pOR-SmBIT showed a concentration dependent
interaction with LgBiT-Barr2 in the presence of GRK2 (Figure 6). Also, for the bivalent ligands
containing the agonistic HM-based monomer, concentration-dependence was obtained and ECso values
were determined as a measure of relative potency (Table 6 and Figure 6). Ranging from 12.73 nM to
57.06 nM, all the ECs values of the bivalent ligands were comparable to that of the parent HM (ECso =
30.09 nM). Amongst the DAP-based ligands, compound 3.12d, having the shortest linker (18-atom),
showed excellent potency (ECso = 12.73 nM) and high efficacy (85 + 3%). Remarkably, all DPAT-based
ligands showed lower efficacies than DAP-bond ligands, with compound 3.13d, having the same spacer

as 3.12d, displaying the lowest efficacy (24 £ 1%) amongst the DPAT-based ligands.
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Figure 6. Concentration-dependent interaction of LOR with B-arrestin2 upon stimulation with agonists

of HOR. Data are given as mean + SEM of at least two independent experiments.

Table 6. Potency (ECso) and maximal effect of nOR agonists on B-arrestin2 recruitment for HOR.
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Compd R1 R. n ECs0(95% C.1.) nME! % HMD!
HM H CHs - 30.09 (24.51-36.94) 100
3.12d H CHs 3 12.73 (7.612-21.28) 85+3
3.12¢ H CHs 4 40.38 (30.41-53.61) 68+1
3.12f H CHs 5 34.86 (25.76-47.18) 64+1
3.13d H CHs 3 13.41 (8.286-23.15) 24+1
3.13e H CHs 4 57.06 (38.49-84.58) 28+1
3.13f H CHs 5 14.09 (10.14-21.08) 38+1

[a] ECso values are presented as a measure of potency for B-arrestin2 recruitment. Data are given as ECso
values (95% CI profile likelihood). [b] Percent maximal stimulation relative to the agonist HM at 10
uM.

I11.5. Conclusions

In summary, we have designed and synthesized a series of novel heterobivalent ligands based on the
chemical structure of two distinct D.-likeR ligands and a pOR agonist and antagonist. Ligation of pOR
ligands does not perturb the affinity for HOR. pOR bivalent ligands derived from the HM agonist are
still capable of activating the pOR signaling pathway as demonstrated by B-arrestin2 recruitment.
Furthermore, bivalent ligand 3.12d containing the shortest linker (18-atom) showed excellent potency
and high efficacy both in B-arrestin2 recruitment for hHOR and MAPK-P for D4R. On the other hand,
ligation of Do-likeR ligands negatively influences the affinity for D,R and DsR when using
[®H]spiperone as the radioligand. However, a biphasic competition-binding curve was observed for
3.12d to D4sR-pUOR, which indicates a bivalent binding mode.!**® Hence, compound 3.12d could bridge
the D:R-HOR heterodimer.

Unexpectedly, we were unable to identify bivalent ligands that show a biphasic binding mode or a
significant increase in affinity for cells expressing both the D;R and the pOR, compared to cells that
only express D2R. This indicates that none of the bivalent ligands is capable of binding both receptors
simultaneously, possibly owing to a suboptimal length or nature of the selected linkers, which, however,
were based on the spacers of class A GPCR bivalent ligands.?%3¢ On the other hand it cannot be excluded
that subtle differences such as differences in the dissociation rate of the ligands remain undetected by

comparing equilibrium dissociation constants. In a study investigating adenosine As receptors, ligand
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binding kinetics were found to be influenced in membrane microdomains as a consequence of receptor

dimerization.®’

While future studies will try to address these shortcomings, the current study already gives access to the
monomeric ligands that are equipped with appropriate ligation handles to construct second-generation
bivalent ligands with alternative spacers. In conclusion, the present results provide useful insights into
development of new bivalent ligands as tools to investigate the HOR-D4R heterodimer.

111.6. Experimental Section

111.6.1. Chemistry

All reactions described were performed under an N, atmosphere and at ambient temperature unless
stated otherwise. All regents and solvents were purchased from Sigma-Aldrich (Diegem, Belgium),
Fisher Scientific (Merelbeke, Belgium), TCI Europe (Zwijndrecht, Belgium) or Apollo Scientific
(Bredbury, Stockport, United Kingdom) and used as received. NMR solvents were acquired from
Eurisotop (Saint-Aubin, France). Reactions were monitored by TLC analysis using TLC aluminium
sheets (Macherey-Nagel, Alugram Sil G/UV254) with detection by spraying with a solution of
(NH4)sM07024-:4H,0 (25 gL ™) and (NH4)2Ce(SO4)4-2H-0 (10 gL™?) in H.SO.4 (10 % aq.) followed by
charring or an aqueous solution of KMnO- (20 gL?) and K>COs; (10 gL™) or an ethanolic solution of
ninhydrin (2 gL™) and acetic acid (1% v/v) followed by charring. Solution pH values were estimated
using universal indicator paper (Merck). Silica gel column chromatography was performed using a
Grace Reveleris X2 system and the corresponding silica gel cartridges. ESI-HRMS spectra were
measured with a Waters LCT Premier XE Mass spectrometer calibrated using leucine enkephalin as an
external standard. tH- and **C-APT-NMR spectra were recorded with a Varian Mercury-300BB (300/75
MHz) spectrometer. Chemical shifts are given in ppm (8) relative to tetramethylsilane as an internal
standard (*H NMR) or the NMR solvent (**C NMR). Coupling constants are given in Hertz (Hz). Weak
signals in *C NMR are indicated as (w). LC-MS analyses were carried out on a Waters AutoPurification
System equipped with PDA and ESI-MS detection and using a Waters CORTECS C18 Column
(4.6x100 mm, 2.7um) and a water/acetonitrile/formic acid linear gradient system at a flow rate of 1.44

mLmin™,
General procedure 1: Carbodiimide-mediated amide formation.

To a solution of (3-Dimethylaminopropyl)-N-ethylcarbodiimide hydrochloride (1.5 eqg.) and 1-
hydroxybenzotriazole (1.4 eq.) in CH2Cl, was added a solution of the PEG spacer (1.2 eq.) in CH.Cl»
(0.2 M) and cooled to 0°C under an argon atmosphere. After 15 min at 0°C, amines 3.02a-b (1.0 eq.)
were added and triethylamine (2 eg.) was added dropwise; the reaction was slowly warmed to room

temperature and stirred overnight. The reaction was diluted with CH,CI, washed successively with
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water, HCI (5% ag.), NaHCOs (sat. ag.), NaCl (sat. ag.), dried over Na;SOs, filtered and solvent was
evaporated under reduced pressure. The crude product was purified by silica gel chromatography
(NH:OH/MeOH/CH,ClI;, 1:5:94 viviv) to yield the amides 3.11a-f.

General procedure 2: Copper mediated azide-alkyne cycloaddition.

To a solution of the intermediate azide (1.0 eq.) in dimethylformamide (0.1 M) was added the alkyne
(1.5 eq.), sodium ascorbate (1.0 eq., 0.5 M), CuSOs (0.2 eq., 0.05 M), triethylamine (3.0 eq.) and a
catalytic amount of tris[(1-benzyl-1,2,3-triazol-4-yl)methyl]amine. The reaction mixture was stirred
overnight at room temperature in the dark under an argon atmosphere. The solvent was evaporated under
reduced pressure and the residue was redissolved in water and extracted with CH,Cl,. Then combined
organic fractions were pooled, washed with brine and dried over Na,SO.. The crude compound was
purified by silica gel chromatography (NH,OH/MeOH/CH,Cl,, 1:5:94 v/v/v) to give the final compound
as a white solid (yield, 40-57%).

N-(4-(2-((5-methoxy-1,2,3,4-tetrahydronaphthalen-2-yl) (propyl)amino)ethyl) phenyl)pent-4-ynamide
(3.06)

To a solution of (3-Dimethylaminopropyl)-N-ethylcarbodiimide hydrochloride (1.1 g, 4.92 mmol) in
CH.CI; (20 mL) was added a solution of 4-pentynoic acid (0.39 g, 3.93 mmol) in CH.Cl; (5 mL)
followed by a solution of 3.05 (1.1 g, 3.28 mmol) in CH2Cl; (5 mL). The mixture was cooled to 0 °C
and triethylamine (0.68 mL, 4.92 mmol) was added dropwise; the reaction was slowly warmed to room
temperature and stirred overnight. The reaction was diluted with CH.Cl,, washed successively with
water, HCI (5% ag.), NaHCOs (sat. ag.), NaCl (sat. ag.), dried over Na;SOy, filtered and solvent was
evaporated under reduced pressure. The crude product was purified by silica gel chromatography
(Hexane/EtOAc, 3:2 v/V) to give 3.06 as a pale yellow solid (1.32 g, 95%). *H NMR (300 MHz, CDCls)
8 ppm 7.42 (d, J = 8.4 Hz, 2H), 7.15 (d, J = 8.4 Hz, 2H), 7.07 (t, J = 7.9 Hz, 1H), 6.69 (d, J = 7.8 Hz,
1H), 6.62 (d, J = 8.1, 1H), 3.78 (s, 3H), 3.04-2.91 (m, 2H), 2.91-2.80 (m, 1H), 2.79-2.63 (m, 6H), 2.63-
2.53 (m, 7H), 2.05 (d, J = 3.2 Hz, 2H), 1.61-1.41 (m, 3H), 0.88 (t, J = 7.3 Hz, 3H). 3C NMR (75 MHz,
CDCls) 6 169.4, 157.2, 137.9, 137.0, 135.7, 129.2, 126.1, 125.2, 121.6, 120.1, 106.9, 82.9, 69.5, 56.7,
55.2, 52.9, 52.6, 36.1, 35.4, 32.3, 25.7, 23.8, 22.2, 14.8, 11.9. HRMS (ESI) m/z: calculated for
Co7H3sN202 [M+H]* 419.2699; found 419.2705.

N-(4-(2-((5-hydroxy-1,2,3,4-tetrahydronaphthalen-2-yl)(propyl)amino)ethyl)phenyl) pent-4-ynamide
(3.07)

To asolution of 3.06 (1.05 g, 2.51 mmol) in CHCl, (20 mL) was added boron trifluoride methyl sulfide
complex (4.77 mL, 45.21 mmol). The reaction was stirred overnight under nitrogen at room temperature.

The mixture was treated with a saturated aqueous NaHCOs solution, extracted with CHCl,, dried over
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Na,SO4 and the solvent was evaporated under reduced pressure. The crude product was purified by silica
gel chromatography (Hexane/EtOAc, 1:1 v/v) to yield 3.07 as a white foam (750 mg, 74%). *H NMR
(300 MHz, CDCls) 6 ppm 7.41 (d, J = 8.4 Hz, 2H), 7.14 (d, J = 8.4 Hz, 2H), 6.97 (t, J = 7.8 Hz, 1H),
6.66 (d, J=7.5Hz, 1H), 6.59 (d, J = 7.8 Hz, 1H), 3.02-2.94 (m, 2H), 2.90-2.82 (m, 1H), 2.79 -2.66 (m,
6H), 2.62-2.53 (m, 7H), 2.05 (d, J = 3.2 Hz, 2H), 1.66-1.56 (m, 1H), 1.53-1.46 (m, 2H), 0.89 (t,J=7.3
Hz, 3H). **C NMR (75 MHz, CDCIs) & ppm 169.1, 153.5, 138.3, 137.1, 135.4, 129.2, 126.3, 123.0,
121.6, 120.0, 111.9, 82.8, 69.7, 56.6, 52.7, 52.6, 36.2, 35.2, 32.2, 25.7, 23.5, 22.0, 14.8, 11.9. HRMS
(ESI) m/z: calculated for CzsHz3N2O2 [M+H]" 405.2542; found 405.2545.

14-azido-N-((4R,4aS,7R,7aR,12bS)-3-(cyclopropylmethyl)-4a,9-dihydroxy-2,3,4,4a,5,6,7,7a-
octahydro-1H-4,12-methanobenzofuro[3,2-e]isoquinolin-7-yl)-3,6,9,12-tetraoxatetradecanamide
(3.11a)

Compound 3.11a was subjected to general procedure 1. Pale yellow solid, 68%. *H NMR (300 MHz,
CDCl3) 6 6.71 (d, J=8.1 Hz, 1H), 6.56 (dd, J = 8.2 Hz, 1H), 4.45 (d, J = 7.5 Hz, 1H), 4.01 (s, 2H), 3.74-
3.66 (m, 14H), 3.39 (t, J = 5.6 Hz, 2H), 3.10-3.04 (m, 2H), 2.99 (s, 1H), 2.67-2.54 (m, 2H), 2.40-2.34
(m, 4H), 2.24-2.13 (m, 2H), 1.89 (dd, J = 12.8, 3.1 Hz, 2H), 1.70-1.40 (m, 4H), 0.90-0.77 (m, 1H), 0.57-
0.48 (m, 2H). *C NMR (75 MHz, CDCl3) & 169.9, 142.4, 140.0, 131.0, 129.0, 128.2, 125.2, 119.1,
117.7, 93.5, 70.9, 70.6, 70.5, 70.5, 70.4, 70.3, 70.0, 62.3, 59.2, 50.7, 50.6, 47.7, 44.0, 30.6, 30.1, 24.4,
22.6, 9.4, 3.9, 3.7. HRMS (ESI) m/z: calculated for C3H4NsOs [M+H]* 602.3190; found 602.3205.

17-azido-N-((4R,4aS,7R,7aR,12bS)-3-(cyclopropylmethyl)-4a,9-dihydroxy-2,3,4,4a,5,6,7,7a-
octahydro-1H-4,12-methanobenzofuro[3,2-e]isoquinolin-7-yl)-3,6,9,12,15-pentaoxaheptadecanamide
(3.11b)

Compound 3.11b was subjected to general procedure 1. Pale yellow solid, 62%. *H NMR (300 MHz,
CDCls) § 6.70 (d, J = 8.1 Hz, 1H), 6.54 (d, J = 8.2 Hz, 1H), 4.45 (d, J = 7.5 Hz, 1H), 3.99 (s, 2H), 3.73
—3.60 (M, 18H), 3.37 (t, J = 5.6 Hz, 2H), 3.11 (br s, 1H), 3.01 (d, J = 18.4 Hz, 1H), 2.70 — 2.55 (m, 2H),
2.38 (d, J = 6.6 Hz, 2H), 2.26 — 2.10 (m, 2H), 1.87 (td, J = 12.5, 2.9 Hz, 1H), 1.72 — 1.54 (m, 2H), 1.46
(dt, J =11.3, 2.8 Hz, 2H), 0.91 — 0.79 (m, 2H), 0.58 — 0.49 (m, 2H), 0.17 — 0.09 (M, 2H). 3C NMR (75
MHz, CDCls) 6 170.0, 142.5, 140.1, 130.9, 124.1, 119.0, 117.8, 93.2, 70.9, 70.6, 70.6, 70.5, 70.5, 70.4,
70.30, 70.0, 70.0, 62.3, 59.1, 50.8, 50.6, 47.6, 44.1, 30.5, 30.1, 24.3, 22.6, 9.3, 3.9, 3.8. HRMS (ESI)
m/z: calculated for Cs2HagNsOg [M+H]* 646.3452; found 646.3458.

20-azido-N-((4R,4aS,7R,7aR,12bS)-3-(cyclopropylmethyl)-4a,9-dihydroxy-2,3,4,4a,5,6,7,7a-
octahydro-1H-4,12-methanobenzofuro[3,2-e]isoquinolin-7-yl)-3,6,9,12,15,18-hexaoxaicosanamide
(3.11¢c)
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Compound 3.11c was subjected to general procedure 1. Pale yellow solid, 56%. *H NMR (300 MHz,
CDCl3) 6 6.71 (d, J = 8.1 Hz, 1H), 6.56 (d, J = 8.1 Hz, 1H), 4.45 (d, J = 7.5 Hz, 1H), 4.00 (s, 2H), 3.75
—3.60 (m, 22H), 3.38 (t, J = 5.1 Hz, 2H), 3.10 — 2.98 (m, 2H), 2.59 (dd, J = 19.1, 6.3 Hz, 2H), 2.36 (d,
J=6.5Hz, 2H), 2.24 - 2.08 (m, 2H), 1.90 (qd, J = 12.7, 3.2 Hz, 1H), 1.72 - 1.53 (m, 2H), 1.46 (dd, J =
9.0, 4.4 Hz, 2H), 0.83 (dp, J = 13.0, 6.3 Hz, 2H), 0.56 — 0.49 (m, 2H), 0.12 (d, J = 4.7 Hz, 2H). C NMR
(75 MHz, CDCls) & 169.9, 142.4, 140.0, 131.0, 124.3, 119.0, 117.7, 93.3, 70.9, 70.6, 70.6, 70.6, 70.5,
70.5, 70.4, 70.4, 70.3, 70.0, 70.0, 62.3, 59.2, 50.8, 50.6, 47.7, 44.0, 30.6, 30.1, 24.4, 22.6, 9.4, 3.9, 3.7.
HRMS (ESI) m/z: calculated for CzsHs2NsO10 [M+H]* 690.3714; found 690.3744.

14-azido-N-((4R,4aR,7R,7aR,12bS)-9-hydroxy-3-methyl-2,3,4,4a,5,6,7,7a-octahydro-1H-4,12-
methanobenzofuro[3,2-e]isoquinolin-7-yl)-3,6,9,12-tetraoxatetradecanamide (3.11d)

Compound 3.11d was subjected to general procedure 1. Offwhite solid, 62%. 'H NMR (300 MHz,
CDCls) 6 6.66 (d, J=8.1 Hz, 1H), 6.56 (d, J = 8.1 Hz, 1H), 4.41 (d, J = 7.9 Hz, 1H), 3.96 (s, 2H), 3.72-
3.57 (m, 14H), 3.37 (t, J = 5.6 Hz, 2H), 3.11 (br s, 1H), 2.98 (d, J = 18.4 Hz, 1H), 2.54 (dd, J = 11.9,
4.4 Hz, 1H), 2.39 (s, 3H), 2.34-2.14 (m, 2H), 1.92-1.75 (m, 2H), 1.71-1.48 (m, 3H), 1.42-1.23 (m, 2H),
1.14-1.00 (m, 1H). 3C NMR (75 MHz, CDCls)  169.9, 142.8, 140.3, 129.3, 125.2, 119.4, 117.5, 93.2,
70.8, 70.6, 70.5, 70.4, 70.4, 70.4, 70.2, 70.0, 59.4, 51.5, 50.6, 47.2, 44.9, 43.4, 42.6, 35.2, 28.8, 24.1,
20.1. HRMS (ESI) m/z: calculated for C2;H4oNsO7 [M+H]* 546.2928; found 546.2923.

17-azido-N-((4R,4aR,7R,7aR,12bS)-9-hydroxy-3-methyl-2,3,4,4a,5,6,7,7a-octahydro-1H-4,12-
methanobenzofuro[3,2-e]isoquinolin-7-yl)-3,6,9,12,15-pentaoxaheptadecanamide (3.11e)

Compound 3.11e was subjected to general procedure 1. Offwhite solid, 53%. *H NMR (300 MHz,
CDCls) 8 6.59 (d, J = 8.1 Hz, 1H), 6.51 (d, J = 8.1 Hz, 1H), 4.36 (d, J = 7.9 Hz, 1H), 3.92 (s, 2H), 3.73
—3.54 (m, 18H), 3.34 (t, J = 5.6 Hz, 2H), 2.95 (d, J = 19.1 Hz, 1H), 2.49 (dd, J = 12.5, 4.2 Hz, 1H), 2.39
—2.29 (m, 2H), 2.20 (s, 3H), 1.79 (dd, J = 12.4, 4.6 Hz, 2H), 1.68 — 1.55 (m, 2H), 1.33 — 1.20 (m, 2H),
1.07 (t, J = 7.2 Hz, 1H). *C NMR (75 MHz, CDCls) § 169.8, 143.0, 140.7, 129.3, 124.8, 119.2, 117.5,
92.8, 70.8, 70.6, 70.5, 70.4, 70.4, 70.3, 70.3, 70.2, 69.9, 59.3, 51.6, 47, 45.0, 43.4, 42.7(d, J = 5.2 H2),
38.9, 35.3, 28.9, 24.1, 20.0, 15.49. HRMS (ESI) m/z: calculated for CzgH14NsOs [M+H]* 590.3190;
found 590.3192.

20-azido-N-((4R,4aR,7R,7aR,12bS)-9-hydroxy-3-methyl-2,3,4,4a,5,6,7,7a-octahydro-1H-4,12-
methanobenzofuro[3,2-e]isoquinolin-7-yl)-3,6,9,12,15,18-hexaoxaicosanamide (3.11f)

Compound 3.11f was subjected to general procedure 1. Offwhite solid, 51%. *H NMR (300 MHz, CDCl5)
0 6.64 (d, J=8.1Hz, 1H), 6.54 (d, J = 8.1 Hz, 1H), 4.42 (d, J = 8.0 Hz, 1H), 3.95 (s, 2H), 3.76-3.49 (m,
22H), 3.36 (t, J = 5.6 Hz, 2H), 3.10 (br s, 1H), 2.93 (s, 2H), 2.86 (d, J = 0.6 Hz, 1H), 2.58-2.46 (m, 1H),
2.37 (s, 3H), 2.26-2.10 (m, 2H), 1.85 (dt, J = 12.0, 6.0 Hz, 1H), 1.70-1.59 (m, 1H), 1.51 (dd, J = 13.4,
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3.5 Hz, 1H), 1.45-1.20 (m, 2H), 1.06 (ddd, J = 15.3, 10.5, 2.4 Hz, 1H). *C NMR (75 MHz, CDCls) &
169.9, 142.8, 140.3, 129.4, 125.2, 119.3, 117.4, 93.1, 70.8, 70.6, 70.6, 70.5, 70.5, 70.4, 70.4, 70.4, 70.3,
70.2, 69.9, 59.3, 51.7, 50.6, 47.2, 43.4, 42.7, 35.2, 28.7, 24.1, 20.0. HRMS (ESI) m/z: calculated for
CaiHasNsOo [M+H]* 634.3452; found 634.3444.

N-((4R,4aS,7R,7aR,12bS)-3-(cyclopropylmethyl)-4a,9-dihydroxy-2,3,4,4a,5,6,7,7a-octahydro-1H-
4,12-methanobenzofuro[3,2-e]isoquinolin-7-yl)-14-(4-((2-methoxy-4-((4-(2-
methoxyphenyl)piperazin-1-yl)methyl)phenoxy)methyl)-1H-1,2,3-triazol-1-yl)-3,6,9,12-
tetraoxatetradecanamide (3.12a)

Compound 3.12a was subjected to general procedure 2. Offwhite solid, 55%. LC-HRMS: tzg=5.43 min
(10-100% MeCN, 15 min run), 96.49 %. 'H NMR (300 MHz, CDCls) 6 7.85 (s, 1H), 7.20 (d, J = 8.7
Hz, 1H), 7.00 — 6.79 (m, 6H), 6.68 (d, J = 8.1 Hz, 1H), 6.53 (d, J = 8.1 Hz, 1H), 5.28 (d, J = 7.1 Hz,
2H), 4.53 (t, J = 5.6 Hz, 2H), 4.42 (d, J = 7.5 Hz, 1H), 3.93 (s, 2H), 3.87 (t, J = 5.2 Hz, 2H), 3.84 (s,
3H), 3.82 (s, 3H), 3.68 — 3.56 (m, 14H), 3.53 (s, 2H), 3.09-3.03 (m, 5H), 2.95 (d, J = 6.4 Hz, 1H), 2.72
—2.53 (m, 6H), 2.35 (d, J = 6.5 Hz, 2H), 2.21 — 2.11 (m, 2H), 1.86 (qd, J = 12.6, 3.3 Hz, 1H), 1.74 —
1.62 (m, 1H), 1.61 — 1.37 (m, 3H), 0.90 — 0.75 (m, 1H), 0.55 — 0.47 (m, 2H), 0.15 — 0.07 (m, 2H). 13C
NMR (75 MHz, CDCl;) 6 169.8, 152.2, 149.4, 146.8, 144.1, 142.5, 141.2, 140.2, 131.1, 130.9, 124.2,
124.08, 122.8, 121.7, 120.9, 119.0, 118.2, 118.0, 113.7,112.9, 111.1, 92.8, 70.8, 70.5, 70.4, 70.4, 70.3,
70.3, 70.0, 69.4, 63.1, 62.7, 62.3, 59.1, 55.8, 55.3, 53.1, 51.0, 50.3, 50.2, 47.6, 44.0, 30.7, 30.0, 24.4,
22.6, 9.4, 3.9, 3.7. HRMS (ESI) m/z: calculated for Cs;H7:N7O11 [M+2H]?* 484.7600; found 484.7572.

N-((4R,4aS,7R,7aR,12bS)-3-(cyclopropylmethyl)-4a,9-dihydroxy-2,3,4,4a,5,6,7,7a-octahydro-1H-
4,12-methanobenzofuro[3,2-e]isoquinolin-7-yl)-17-(4-((2-methoxy-4-((4-(2-
methoxyphenyl)piperazin-1-yl)methyl)phenoxy)methyl)-1H-1,2,3-triazol-1-yl)-3,6,9,12,15-
pentaoxaheptadecanamide (3.12b)

Compound 3.12b was subjected to general procedure 2. Offwhite solid, 52%. LC-HRMS: tg=5.44 min
(10-100% MeCN, 15 min run), 92.62%. HRMS (ESI) m/z: calculated for CssH7sN7O12 [M+2H]?*
506.7731; found 506.7713.

N-((4R,4aS,7R,7aR,12bS)-3-(cyclopropylmethyl)-4a,9-dihydroxy-2,3,4,4a,5,6,7,7a-octahydro-1H-
4,12-methanobenzofuro[3,2-e]isoquinolin-7-yl)-20-(4-((2-methoxy-4-((4-(2-
methoxyphenyl)piperazin-1-yl)methyl)phenoxy)methyl)-1H-1,2,3-triazol-1-yl)-3,6,9,12,15,18-

hexaoxaicosanamide (3.12c)

Compound 3.12c was subjected to general procedure 2. Offwhite solid, 50%. LC-HRMS: tr=5.63 min
(10-100% MeCN, 15 min run), 95.23 %. HRMS (ESI) m/z: calculated for CssH7oN7O15 [M+2H]?*
528.7862; found 528.7854.
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N-((4R,4aR,7R,7aR,12bS)-9-hydroxy-3-methyl-2,3,4,4a,5,6,7,7a-octahydro-1H-4,12-
methanobenzofuro[3,2-e]isoquinolin-7-yl)-14-(4-((2-methoxy-4-((4-(2-

methoxyphenyl)piperazin-1-yl)methyl)phenoxy)methyl)-1H-1,2,3-triazol-1-yl)-3,6,9,12-
tetraoxatetradecanamide (3.12d)

Compound 3.12d was subjected to general procedure 2. Offwhite solid, 42%. LC-HRMS: tg=5.23 min
(10-100% MeCN, 15 min run), 96.94 %. 'H NMR (300 MHz, CDCls) 6 7.85 (s, 1H), 7.11 (d, J = 8.2
Hz, 1H), 7.01 — 6.94 (m, 2H), 6.94 — 6.88 (m, 2H), 6.83 (ddd, J = 8.1, 5.5, 1.7 Hz, 2H), 6.68 (d, J = 8.1
Hz, 1H), 6.56 (d, J = 8.1 Hz, 1H), 5.28 (d, J = 6.7 Hz, 2H), 4.53 (t, J = 5.7 Hz, 2H), 4.42 (d, J = 8.0 Hz,
1H), 3.91 (d, J = 1.4 Hz, 2H), 3.87 (t, J = 5.5 Hz, 2H), 3.84 (s, 3H), 3.82 (s, 3H), 3.66 — 3.51 (m, 14H),
3.09 (br s, 4H), 2.98 — 2.85 (m, 1H), 2.66 (br s, 3H), 2.52 (dd, J = 12.1, 4.6 Hz, 1H), 2.39 (s, 3H), 2.19
(dt, J =9.8, 5.3 Hz, 2H), 1.82 (td, J = 12.2, 5.1 Hz, 1H), 1.58 (ddd, J = 33.7, 12.6, 3.5 Hz, 2H), 1.45 —
1.21 (m, 1H), 1.17 — 0.98 (m, 1H). **C NMR (75 MHz, CDCls) § 169.8, 152.2, 149.4, 146.7, 144.1,
142.7,141.2,140.1, 131.2, 129.3, 125.3, 124.25, 122.8, 121.7, 120.9, 119.5, 118.2, 117.7, 113.7, 112.9,
111.1, 93.0, 70.8, 70.5, 70.4, 70.3, 70.3, 70.2, 69.4, 63.1, 62.8, 59.4, 55.8, 55.3, 53.2, 51.3, 50.3, 50.2,
47.2,43.4,42.8, 42.7, 35.3, 28.7, 24.1, 20.0. HRMS (ESI) m/z: calculated for C4Hg7N7O10 [M+2H]?
456.7469; found 456.7434.

N-((4R,4aR,7R,7aR,12bS)-9-hydroxy-3-methyl-2,3,4,4a,5,6,7,7a-octahydro-1H-4,12-
methanobenzofuro[3,2-e]isoquinolin-7-yl)-17-(4-((2-methoxy-4-((4-(2-methoxyphenyl)piperazin-1-
yl)methyl)phenoxy)methyl)-1H-1,2,3-triazol-1-yl)-3,6,9,12,15-pentaoxaheptadecanamide (3.12¢)

Compound 3.12e was subjected to general procedure 2. Offwhite solid, 46%. LC-HRMS: tg=5.30 min
(10-100% MeCN, 15 min run), 88.20 %. HRMS (ESI) m/z: calculated for CsiH71N7O11 [M+2H]?*
478.7600; found 478.7562.

N-((4R,4aR,7R,7aR,12bS)-9-hydroxy-3-methyl-2,3,4,4a,5,6,7,7a-octahydro-1H-4,12-
methanobenzofuro[3,2-e]isoquinolin-7-yl)-20-(4-((2-methoxy-4-((4-(2-methoxyphenyl)piperazin-1-
yl)methyl)phenoxy)methyl)-1H-1,2,3-triazol-1-yl)-3,6,9,12,15,18-hexaoxaicosanamide (3.12f)

Compound 3.12f was subjected to general procedure 2. Offwhite solid, 40%. LC-HRMS: tg=5.37 min
(10-100% MeCN, 15 min run), 92.86 %. 'H NMR (300 MHz, CDCls) 6 7.84 (s, 1H), 7.22 (d, J = 9.7
Hz, 1H), 7.02 — 6.88 (m, 4H), 6.82 (t, J = 8.0 Hz, 2H), 6.66 (d, J = 8.0 Hz, 1H), 6.55 (d, J = 8.1 Hz, 1H),
5.26 (s, 2H), 4.71 (s, OH), 4.52 (t, J = 5.1 Hz, 2H), 4.43 (dd, J = 8.0, 3.6 Hz, 1H), 3.92 (s, 2H), 3.85 (d,
J=4.3 Hz, 5H), 3.81 (d, J = 3.0 Hz, 3H), 3.77 — 3.45 (m, 29H), 3.19 — 2.98 (m, 6H), 2.98 — 2.92 (m,
1H), 2.65 (t, J = 4.8 Hz, 4H), 2.51 (dd, J = 11.9, 4.4 Hz, 1H), 2.38 (s, 3H), 2.18 (dt, J = 15.9, 5.0 Hz,
2H), 1.82 (dt, J=11.6, 5.3 Hz, 2H), 1.71 — 1.47 (m, 2H), 1.44 — 1.23 (m, 1H), 1.15 - 0.99 (m, 1H). 3C
NMR (75 MHz, CDCls) 6 169.9, 152.2, 149.4, 146.8, 144.1, 142.7, 141.3, 140.2, 131.3 (d, J = 4.5 H2),
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129.3,125.3,124.2,122.8, 121.6, 120.9, 119.4, 118.2, 117.5, 113.7, 112.8, 111.1, 93.1, 70.8, 70.5, 70.4,
70.3,70.2, 69.4, 63.1, 62.8, 59.4, 55.8, 55.3, 53.2, 51.8, 50.3 (d, J = 14.4 Hz), 47.2, 43.4, 42.8 (d, J =
8.3 Hz), 35.3,28.7, 24.2, 20.1. HRMS (ESI) m/z: calculated for CssH7sN7O12 [M+2H]?* 500.7731; found
500.7742.

N-((4R,4aS,7R,7aR,12bS)-3-(cyclopropylmethyl)-4a,9-dihydroxy-2,3,4,4a,5,6,7,7a-octahydro-1H-
4,12-methanobenzofuro[3,2-e]isoquinolin-7-yl)-14-(4-(3-((4-(2-((5-hydroxy-1,2,3,4-
tetrahydronaphthalen-2-yl)(propyl)amino)ethyl)phenyl)amino)-3-oxopropyl)-1H-1,2,3-triazol-1-yl)-
3,6,9,12-tetraoxatetradecanamide (3.13a)

Compound 3.13a was subjected to general procedure 2. Offwhite solid, 60%. LC-HRMS: tg=5.43 min
(10-100% MeCN, 15 min run), 99.45%. *H NMR (300 MHz, CDCl3) & 7.40 (d, J = 8.2 Hz, 2H), 7.22
(d, J = 8.9 Hz, 1H), 7.08 (d, J = 8.4 Hz, 2H), 6.94 (t, J = 7.8 Hz, 1H), 6.72 (d, J = 8.1 Hz, 1H), 6.62 (d,
J=7.9Hz, 2H), 6.53 (d, J = 8.2 Hz, 1H), 4.47 (t, J = 5.1 Hz, 2H), 4.41 (d, J = 7.5 Hz, 1H), 3.92 (s, 2H),
3.83 (t, J = 5.2 Hz, 2H), 3.64-3.56 (m, 14H), 3.07 (dt, J = 15.4, 6.3 Hz, 3H), 2.99 — 2.85 (m, 2H), 2.76
(dt, J = 14.2, 7.4 Hz, 6H), 2.56 (dt, J = 17.0, 7.8 Hz, 4H), 2.35 (d, J = 6.5 Hz, 2H), 2.20 — 1.99 (m, 3H),
1.85 (q, J = 12.8 Hz, 1H), 1.71 — 1.36 (m, 6H), 1.25 (s, 1H), 0.89 (t, J = 7.3 Hz, 3H), 0.56 — 0.48 (m,
2H), 0.11 (g, J = 5.0 Hz, 2H). 3C NMR (75 MHz, CDCls) 6 170.6, 170.1, 153.8, 146.2, 142.5, 140.3,
137.9,136.2 (d, J =9.1 Hz), 130.3, 129.1, 126.3, 124.0, 123.1, 122.9, 121.3, 119.9, 119.1, 118.0, 112.1,
92.6, 77.2, 74.6, 70.8, 70.5, 70.4, 70.4, 70.3, 70.3, 70.1, 69.4, 62.3, 59.1, 56.8, 53.4, 52.7 (d, J = 18.9
Hz), 51.0,50.2, 47.6, 44.1, 36.5, 34.9, 32.0, 30.6, 30.0, 25.6, 24.5, 23.5, 22.6, 21.7, 21.3, 11.9, 9.4, 3.9,
3.7. HRMS (ESI) m/z: calculated for CssH77N7O10 [M+2H]?* 503.7860; found 503.7833.

N-((4R,4aS,7R,7aR,12bS)-3-(cyclopropylmethyl)-4a,9-dihydroxy-2,3,4,4a,5,6,7,7a-octahydro-1H-
4,12-methanobenzofuro[3,2-e]isoquinolin-7-y1)-17-(4-(3-((4-(2-((5-hydroxy-1,2,3,4-
tetrahydronaphthalen-2-yl)(propyl)amino)ethyl)phenyl)amino)-3-oxopropyl)-1H-1,2,3-triazol-1-yl)-
3,6,9,12,15-pentaoxaheptadecanamide (3.13b)

Compound 3.13b was subjected to general procedure 2. Offwhite solid, 47%. LC-HRMS: tg=5.48 min
(10-100% MeCN, 15 min run), 95.65%. *H NMR (300 MHz, CDCls) & 7.59 (s, 1H), 7.40 (d, J = 8.4
Hz, 2H), 7.08 (d, J = 8.3 Hz, 2H), 6.95 (t, J = 7.8 Hz, 1H), 6.72 (d, J = 8.1 Hz, 1H), 6.62 (t, J = 7.8 Hz,
2H), 6.54 (d, J = 8.1 Hz, 1H), 3.92 (s, 2H), 3.81 (t, J = 5.0 Hz, 2H), 3.72 — 3.48 (m, 18H), 3.17 — 3.02
(m, 3H), 3.02 — 2.85 (m, 2H), 2.85 — 2.65 (m, 5H), 2.63 — 2.49 (m, 4H), 2.35 (d, J = 6.5 Hz, 2H), 2.15
(s, 1H), 1.61 — 1.38 (m, 3H), 0.89 (t, J = 7.3 Hz, 3H), 0.55 — 0.47 (m, 2H), 0.14 — 0.09 (m, 2H). *3C
NMR (75 MHz, CDCls) & 170.6, 170.0, 153.6, 146.2, 142.5, 140.2, 138.2, 136.5, 136.1, 130.9, 129.0,
126.2, 124.1, 123.1, 122.8, 121.4, 119.8, 119.0, 118.0, 112.0, 92.7, 77.2, 70.8, 70.5, 70.5, 70.4, 70.3,
70.3, 70.1, 69.4, 62.3, 59.1, 56.6, 52.8, 52.5, 51.0, 50.2, 47.7, 44.0, 36.5, 35.2, 32.1, 30.6, 30.0, 25.7,
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24.4,235,22.6,21.9,21.3,11.9, 9.4, 3.9, 3.7. HRMS (ESI) m/z: calculated for CssHgiN7O11 [M+2H]?*
525.7991; found 525.8002.

N-((4R,4aS,7R,7aR,12bS)-3-(cyclopropylmethyl)-4a,9-dihydroxy-2,3,4,4a,5,6,7,7a-octahydro-1H-
4,12-methanobenzofuro[3,2-e]isoquinolin-7-yl)-20-(4-(3-((4-(2-((5-hydroxy-1,2,3,4-
tetrahydronaphthalen-2-yl)(propyl)amino)ethyl)phenyl)amino)-3-oxopropyl)-1H-1,2,3-triazol-1-yl)-
3,6,9,12,15,18-hexaoxaicosanamide (3.13c)

Compound 3.13c was subjected to general procedure 2. Offwhite solid, 43%. LC-HRMS: trg=5.53 min
(10-100% MeCN, 15 min run), 98.35 %. HRMS (ESI) m/z: calculated for CgoHssN7O12 [M+2H]?
547.8122; found 547.8098.

14-(4-(3-((4-(2-((5-hydroxy-1,2,3,4-tetrahydronaphthalen-2-yl)(propyl)amino)ethyl)phenyl)amino)-3-
oxopropyl)-1H-1,2,3-triazol-1-y1)-N-((4R,4aR,7R,7aR,12bS)-9-hydroxy-3-methyl-2,3,4,4a,5,6,7,7a-
octahydro-1H-4,12-methanobenzofuro[3,2-e]isoquinolin-7-yl)-3,6,9,12-tetraoxatetradecanamide
(3.13d)

Compound 3.13d was subjected to general procedure 2. Offwhite solid, 52%. LC-HRMS: tg=5.26 min
(10-100% MeCN, 15 min run), 98.63 %. *H NMR (300 MHz, CDCls) 6 8.23 (s, 1H), 7.59 (s, 1H), 7.39
(d, J=8.3 Hz, 2H), 7.09 (d, J = 8.1 Hz, 2H), 6.96 (t, J = 7.7 Hz, 1H), 6.72 (d, J = 8.1 Hz, 1H), 6.64 (d,
J=7.6 Hz, 1H), 6.58 (dd, J = 8.0, 4.2 Hz, 2H), 4.47 (t, J = 5.0 Hz, 2H), 4.37 (d, J = 7.9 Hz, 1H), 3.92
(s, 2H), 3.82 (t, J = 5.0 Hz, 2H), 3.69 — 3.50 (m, 14H), 3.11 (d, J = 6.9 Hz, 3H), 2.98 — 2.85 (m, 3H),
2.83 —2.66 (m, 6H), 2.55 (dd, J = 8.6, 6.5 Hz, 3H), 2.41 (s, 3H), 2.19 (d, J = 12.6 Hz, 2H), 2.02 (d, J =
12.6 Hz, 1H), 1.81 (td, J = 12.2, 11.3, 7.1 Hz, 2H), 1.69 — 1.57 (m, 1H), 1.50 (q, J = 7.1 Hz, 3H), 1.25
(s, 3H), 0.89 (t, J = 7.3 Hz, 3H). 3C NMR (75 MHz, CDCls)  170.6, 169.9, 146.2, 153.8, 142.8, 140.2,
136.6, 136.0, 129.1, 126.3, 123.2, 122.8, 121.3, 119.8, 119.5, 117.8, 112.0, 93.0, 70.7, 70.5, 70.4, 70.4,
70.2, 70.2, 69.4, 59.5, 56.7, 53.4, 51.6, 50.1, 47.2, 43.3, 42.5, 36.6, 35.2, 32.1, 29.6, 28.7, 25.7, 24.0,
23.5,21.9, 21.4, 20.1, 11.9. HRMS (ESI) m/z: calculated for Cs3H73N7O9 [M+2H]?* 475.7729; found
475.7702.

17-(4-(3-((4-(2-((5-hydroxy-1,2,3,4-tetrahydronaphthalen-2-yl) (propyl)amino)ethyl)phenyl)amino)-3-
oxopropyl)-1H-1,2,3-triazol-1-y1)-N-((4R,4aR,7R,7aR,12bS)-9-hydroxy-3-methyl-2,3,4,4a,5,6,7,7a-
octahydro-1H-4,12-methanobenzofuro[3,2-e]isoquinolin-7-yl)-3,6,9,12,15-pentaoxaheptadecanamide
(3.13¢)

Compound 3.13e was subjected to general procedure 2. Offwhite solid, 48%. LC-HRMS: trg=5.33 min
(10-100% MeCN, 15 min run), 95.43 %. HRMS (ESI) m/z: calculated for CssH77N7O10 [M+2H]?
497.7860; found 497.7826.
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20-(4-(3-((4-(2-((5-hydroxy-1,2,3,4-tetrahydronaphthalen-2-y1)(propyl)amino)ethyl)phenyl)amino)-3-
oxopropyl)-1H-1,2,3-triazol-1-yI)-N-((4R,4aR,7R,7aR,12bS)-9-hydroxy-3-methyl-2,3,4,4a,5,6,7,7a-
octahydro-1H-4,12-methanobenzofuro[3,2-e]isoquinolin-7-yl)-3,6,9,12,15,18-hexaoxaicosanamide
(3.13f)

Compound 3.13f was subjected to general procedure 2. Offwhite solid, 44%. LC-HRMS: tg=5.37 min
(10-100% MeCN, 15 min run), 97.02 %. 'H NMR (300 MHz, CDCls) & 8.48 (d, J = 7.4 Hz, 1H), 7.59
(s, 1H), 7.40 (d, J = 7.9 Hz, 2H), 7.07 (d, J = 8.0 Hz, 2H), 6.93 (t, J = 7.7 Hz, 1H), 6.69 (d, J = 8.1 Hz,
1H), 6.58 (g, J = 8.6 Hz, 3H), 5.29 (s, 1H), 4.52 — 4.35 (m, 3H), 3.90 (s, 2H), 3.79 (t, J = 5.0 Hz, 2H),
3.71-3.42 (m, 22H), 3.10 (t, J = 6.7 Hz, 3H), 2.94 (td, J = 13.9, 13.5, 7.0 Hz, 2H), 2.83 — 2.62 (m, 6H),
2.62 — 2.44 (m, 4H), 2.38 (s, 3H), 2.18 (dt, J = 12.5, 4.2 Hz, 2H), 2.02 (d, J = 11.2 Hz, 1H), 1.80 (t, J =
11.9 Hz, 1H), 1.69 — 1.40 (m, 4H), 1.27 (d, J = 12.9 Hz, 1H), 1.03 (t, J = 12.9 Hz, 1H), 0.88 (t, J = 7.3
Hz, 3H). *C NMR (75 MHz, CDCls) § 170.6, 170.1, 154.1, 146.3, 142.8, 140.3, 138.1, 136.4, 136.2,
129.2, 129.0, 126.2, 125.0, 123.4, 122.9, 121.0, 119.8, 119.4, 117.7, 111.9, 92.9, 70.7, 70.5, 70.4, 70.3,
70.3, 70.2, 69.3, 59.4, 56.7, 52.8, 52.6, 51.6, 50.2, 47.2, 43.3, 425 (d, J = 11.1 Hz), 36.4, 35.1 (d, J =
8.9 Hz), 32.2, 28.7, 25.8, 24.1, 23.7, 22.0, 21.3, 20.1. HRMS (ESI) m/z: calculated for Cs;HgiN7O11
[M+2H]?* 519.7991; found 519.7953.

111.6.2. Plasmids and receptor fusion constructs

The plasmids HA Da, and HA D, were described previously.® The NanoBiT constructs (NB MCS1)
and (NB MCS2) were procured from Promega. These plasmids encode for the split fragments of
Nanoluciferase: LargeBiT (LgBiT) and SmallBiT (SmBiT). The human pOR was PCR amplified and
SmBIT was cloned at the C-terminus of the receptor. A flexible linker (GSSGGGGSGGGGSSG) is
present in between HOR and SmBIT.

In order to clone HOR-SmBIT, specific primers were generated with a HindIII restriction site at the 5°
terminus and a Xhol site at the 3’ terminus of the uOR coding sequence by removing the stop codon.
PCR was performed with 20 ng of plasmid with Pfu DNA Polymerase (2.5 U/uL, Thermo Fisher
Scientific) according to the manufacturer’s protocol. The reactions were performed in a Mastercycler™
Nexus Thermal Cycler (Eppendorf, Hamburg, Germany) and then purified using QIAquick Gel
Extraction Kit (QIAGEN, Germany). The resultant amplicon and the vector (NB MCS2) were digested
with Hindlll and Xhol for 3 h at 37°C. The digested PCR product was cleaned using “High Pure PCR
Product Purification Kit” (Roche, Germany) and then ligated into the corresponding digested NB MCS2.
After transformation of the ligated product into competent MC 1061 “E. coli” strain, the ampicillin
resistant clones were screened by performing PCR with primers against HOR. Furthermore, a digestion
was performed with Hindlll and Xbal, which are the restriction sites flanking pHOR-SmBIT. The

constructs were verified by sequencing. LgBiT-Barr2 has been previously described.*
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111.6.3. Cell culture and transfection

Human embryonic kidney (HEK) 293T cells were cultured in Dulbecco's modified Eagle's medium
(DMEM; Invitrogen), supplemented with 10% fetal bovine serum, penicillin (100 U/ml), and
streptomycin (100 pg/ml) in a controlled environment (37 °C, 98% humidity, 5% CO,). For ligand
binding experiments and B-arrestin2 recruitment assay, HEK293T cells were transiently transfected
using the Polyethylenimine (PEI) method as described before.® A total amount of 10 pg of DNA was
used for transfection of cells in one 10-cm dish. HEK293S cells stably expressing HA D4,R* were
grown in DMEM/F12 (Gibco, Invitrogen) supplemented with 10% fetal bovine serum, penicillin (100
U/ml), streptomycin (100 pg/ml), and 0.5 mg/ml G418 (Geneticin, Gibco) in a controlled environment
(37 °C, 98% humidity, 5% CO5).

111.6.4. Membrane Preparation and Protein Determination.

Membrane suspensions from HEK293T cells transiently transfected with the receptors of interest were
prepared as described previously.?”?® Cells were disrupted with a Polytron homogenizer for two 10 s
periods in 10 volumes of ice-cold Tris-HCI buffer (50 mM, pH 7.4). Membranes were obtained by
centrifugation at 16500g for 20 min at 4 °C, and the pellet was resuspended and centrifuged under the
same conditions. The resulting pellet was stored at —-80 °C and was washed once more as described
above and resuspended in Tris-HCI buffer (50 mM, pH 7.4) for immediate use. Protein was quantified
by the BCA method using bovine serum albumin dilutions as the standard.

111.6.5. [*H]Spiperone Binding.

Saturation binding assay for [*H]spiperone was performed as previously described.?”? For competition
binding assays, membranes (20 pg) were incubated in binding buffer (50 mM Tris-HCI containing 5
mM KCI, 1 mM EDTA, 1.5 mM CaCl, and 4 mM MgCl,, pH 7.4) with 0.2 nM [3H] spiperone (specific
activity = 76 Ci/mmol, PerkinElmer, USA) in the absence or presence of 11 different concentrations
(0.1 NM-10 puM) of unlabeled ligands for 1 h at 22 °C. Nonspecific binding was determined in the
presence of 1 uM haloperidol. Incubation was terminated by rapid filtration through GF/C glass-fiber
filters (Whatman Schleicher and Schuell, Keene, NH) embedded in 0.1% polyethylenimine and mounted
on a Brandel cell harvester. Filters were washed three times with cold 50 mM Tris-HCI, pH 7.4 buffer
and transferred to vials containing 3 mL of scintillation cocktail to soak the filter overnight. The

radioactivity counts were measured with a Tri-Carb 2800TR liquid scintillation analyzer (PerkinElmer).
111.6.6. [*H]Raclopride Binding.

[®H]raclopride saturation binding assay was performed as described before.*® Briefly, a suspension of

whole cells (corresponding to a total protein amount of 20 pg) were incubated with different
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concentrations (0-20 nM) of [*H]raclopride in 50 mM Tris-HCI, pH 7.4 buffer (containing 5 mM KCl,
100 mM NaCl, 1.5 mM CaCl,, 4 mM MgCl; and 1 mM EDTA) at 37°C for 1 h. For competitive binding
experiments, 2.0 nM [*H]raclopride (specific activity = 73.8 Ci/mmol, PerkinElmer, USA) was
incubated with 20 pg of whole cells in the absence or presence of varying concentrations (0.1 nM-10
M) of unlabeled ligands at 37°C for 1 h. Nonspecific binding was determined in the presence of 1 uM
haloperidol. Free and cell-bound ligand were separated by rapid filtration through GF/C glass-fiber
filters (Whatman Schleicher and Schuell, Keene, NH) embedded in 0.1% polyethylenimine and mounted
on a Brandel cell harvester. Filtration and measuring were as described above.

111.6.7. [*H]Diprenorphine Binding.

[®H]diprenorphine saturation binding assay was adapted from a published protocol.*® Membranes (10
ug) were incubated with different concentrations (0-6 nM) of [*H]diprenorphine in 50 mM Tris-HCl,
pH 7.4 buffer at 25°C for 1 h. For competitive binding experiments, 0.5 nM [3H]diprenorphine (specific
activity = 25.8 Ci/mmol, PerkinElmer, USA) was incubated with 10 pg of membranes in the absence or
presence of varying concentrations (0.1 nM-10 uM) of unlabeled ligands at 25°C for 1 h. Nonspecific
binding was determined in the presence of 10 uM naloxone. Filtration and measuring were as described

above.
111.6.8. Data Analysis.

Results are expressed as means + SEM for at least three experiments, each performed in duplicate.
Statistical analysis and curve fits of dose-response curves were performed using GraphPad Prism 7. Ki

values were calculated by using the Cheng-Prusoff equation.**
111.6.9. MAPK phosphorylation

HEK?293S cells stably expressing HA D42R were seeded in 6-well plates at 400,000 cells per well. When
the cells were 70% confluent, cells were starved overnight with serum free medium. The ligands (1 nM-
10puM) were added sequentially to the cells at the concentrations indicated in the legend for 5 min. To
stop the reaction, medium was aspirated, the cells were placed on ice and washed with ice-cold PBS.
RIPA buffer [150 mM NaCl; 50 mM Tris/HCI pH 7.5; 1 % NP-40; 0.1 % SDS; and 0.5 % deoxycholic
acid sodium salt (Acros Organics: 218591000). protease inhibitors: aprotinin (2.5 pg/ml, Sigma-Aldrich:
A6279), pefablock (1 mM, Sigma-Aldrich: 76307), leupeptin (10 ug/ml, Acros Organics: 328350050),
and phosphatase inhibitor B-glycerol phosphate disodium salt pentahydrate (10 mM, Fluka BioChemika:
50020) was used to prepare the cell lysate for western blotting according to the protocol described
before. # After western blotting, the membrane was incubated with blocking buffer (LI-COR
Biosciences) for 1h at RT. Then, primary antibody rabbit polyclonal phospho-p44/42 MAPK (1/2000)
(Cell Signaling, cat. no. 9101L) or mouse monoclonal p44/42 MAPK (1/2000) (clone L34F12; Cell

92



Chapter 111

Signaling, cat. no. 4696S) was added to develop the blot overnight at 4 °C. Next, the blot was washed
with washing buffer (PBS + 0.05% Tween 20 from Sigma-Aldrich) for three times and then secondary
antibodies goat anti-rabbit IRDye680 LT (1/10000) (cat. no. 926-68021, LI-COR Biosciences) or goat
anti-mouse IRDye800 (1/10000) (cat. n0.926—32210, LI-COR Biosciences) were added for 1h at RT in
the dark. The blot was washed three times with washing buffer and the fluorescent signal was detected
with the Odyssey Infrared Imaging system. In the analysis, the phospho-p44/42 MAPK signal is
normalized against the total p44/42 MAPK signal after quantification by Image J.

111.6.10. B-arrestin2 recruitment

HEK?293T cells were seeded in 10-cm dishes with 2.5 x 10° cells/dish and transiently transfected with
PHOR-SMBIT (4 ug), pLgBiT-parr2 (1 ug), pGRK2 (1 ug) and pcDNA3 (4 nug) per 10-cm dish. Forty-
eight hours after transfection, the cells were washed with warm PBS, a cell suspension was prepared
with warm HBSS and proteins were estimated by the bicinchoninic acid method (BCA, Thermo
Scientific™) using bovine serum albumin dilutions as the standard. The cell suspension was added to a
96-well plate (100 pl cell suspension in each well corresponding to 800 ng protein). The Nano-Glo Live
Cell reagent, a nonlytic detection reagent containing the cell permeable furimazine substrate, was
prepared by diluting the Nano-Glo Live Cell substrate 20x using Nano-Glo LCS Dilution buffer, and 25
ul was added to each well. Subsequently, the plate was placed in the luminodetecter (CLARIOstar) for
measurement. Luminescence was monitored during the equilibration period until the signal was
stabilized before adding the agonists of HOR (0.1 nM-10uM, 14 ul). After adding the test compounds,

luminescence was continuously detected for 20-22 cycles. Solvent controls were run in all experiments.

Keywords: Dopamine Do-like receptors « |1 opioid receptor « Bivalent ligands  Ligand binding « Signal

transduction
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S1
MAPK-P for DR
HEK 293 D,R
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Figure 1. Stimulation of MAPK phosphorylation upon D3R agonist treatment, as determined by immunoblotting
assays. Cells were treated with serum-free media (SFM) for 12 h. Next, D,-likeR agonists (10 uM), SFM or vehicle
control were added for 5 min. Cells were washed and lysed as explained in the Experimental section.
Phosphorylated MAPK was detected by immunoblotting using rabbit anti-phospho-p44/42 MAPK antibody and
mouse anti-p44/42 MAPK antibody was used for demonstrating equal protein loading. The results shown are
representative of three independent experiments. DA=dopamine.
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Figure 2. Interaction of uOR with B-arrestin2 upon stimulation with DAMGO (A), Hydromorphone (morphine
ketone, B) or 3.13f (MQ112, C) with or without overexpression of GRK2.
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Saturation assay for [*H]raclopride
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Entry Bmax fmol/mg Kd nM
D:R 722.7+£9.7 1.07 £ 0.05
D;R-pOR 621.9+£14.1 1.05+0.08

All values are expressed as the mean £ SEM of three independent assays performed in duplicate.

Binding affinities for D2R and D,R-pOR
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Binding curves were obtained by competitive displacement of radiolabeled [*H]raclopride binding to HEK293T
D2R and HEK293T D;R-uOR intact cells. Data are expressed as the mean + SEM of at least two independent

assays.
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Saturation assay for HOR with [*(H]DAMGO
HEK293T FLAGUOR-FLAGD?2
HEK293T FLAGuOR Laoo
3500 1300 B Total
B Total 0 1200
8 uuuuu - A hospecit © 1100 | | - A non-s pecific
= 2500 v s ific bindin EIODOA v ose fic binding
< pec 9 900
9 2000 E‘ 8007 v
° ° [3H]33AMGols(nM) 20 2® ° ° [3H]?ISAM(3015(nM) 20 2s
Entry Bmax fmol/mg Kg nM
HOR 3315+ 139 26+0.3
MOR-D2R 1148 + 54 1.8+0.2

Binding affinities (K;) for pOR and D,R-pOR

Compound Ki (nM) for yOR Ki (nM) for D;R-JOR
diprenorphine 0.16 £ 0.15 0.21+£0.11
3.13e 45+17 48+29
Binding affinities (K;) were obtained by competitive displacement of radiolabeled [*H]DAMGO binding to
HEK293T pOR and HEK293T D2R-pOR cells membrane. All values are expressed as the mean £ SEM of two
independent assays performed in duplicate.
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Immunoflurescence microscopy

D2R

HOR-D2R DAPI
Figure 3. Expression of DR and HOR on cell membrane. HEK293T cells were seeded in 6-well plate with
coverslips and transfected with FLAG-UOR and HAD:R in a 2:1 ratio. After 48 h post-transfection, cells were
fixed, permeabilized and labeled with rabbit anti-HA and mouse anti-FLAG. Finally, cells were incubated with
fluorescent secondary antibodies, anti-mouse Alexa Fluor 488 and anti-rabbit Alexa Fluor 594. HOR and DR are
visualized in green and red, respectively and HOR-DR in the overlay picture. The results shown are representative
of three independent experiments.
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HEK?293T transiently transfected HA D4R and FLAG-POR (1:2)

DAPI HOR

D.R HOR-D4R

Figure 4. Expression of DsR and pOR on cell membrane. HEK293T cells were seeded in 6-well plate with
coverslips and transfected with FLAG-pUOR and HAD4R in a 2:1 ratio. After 48 h post-transfection, cells were
fixed, permeabilized and labeled with rabbit anti-HA and mouse anti-FLAG. Finally, cells were incubated with
fluorescent secondary antibodies, anti-mouse Alexa Fluor 488 and anti-rabbit Alexa Fluor 594. HOR and D4R are
visualized in green and red, respectively and HOR-D4R in the overlay picture. The results shown are representative
of three independent experiments.

105



Chapter 111

S7
Chromatographic analyses

Chromatographic analysis of representative bivalent ligands.[1] LC-MS analyses were carried out on a
Waters Alliance 2695 XE separation Module by using a Phenomenex Kinetex EVO C18, 5um
100x2.1mm and a gradient system of HCOOH in H20 (0.1 %, v/v)/[HCOOH in MeCN (0.1%, v/v) at a
flow rate of 0.6 mLmin, 100:0 to 0:100 (0 to 100 % MeCN) in 15 minutes. High-resolution spectra
were recorded on a Waters LCT Premier XE Mass spectrometer and a 2996 Photodiode Array Detector,
range 220 nm-400 nm.
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Compound 3.12a
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Compound 3.13a
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Compound 3.13d

mMQ110

LunaC18, default gradient, Only UV, stock
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S8
NMR spectra

For a representative selection of compounds described in this paper (3.12a, 3.12d, 3.13a, 3.13d), the
H NMR and 3C NMR spectra are given below.[1]
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Compound 3.12a
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Compound 3.12d
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Compound 3.13a
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Compound 3.13d

MQL162_PROTON_115ep2014_D1
MO1162
!
Ay J v, UL,LMA, lk . L
mmmmmm . J.,JLJ - . J\L ’"LALU‘ o /
T T T T T T T T T T T T T T T T T T T T
2.0 &85 8.0 75 70 8.5 .0 55 0 4.5 4.0 3.5 30 2.5 20 1.5 10 0.5 0.0 -0.!
1 (ppm)
MQ1162_CARBON_12Sep2014 01
MQL162
T T T T T T T T T T T T T T T T T T T T
200 150 180 170 180 150 140 130 120 110 100 90 EBD 70 &0 50 40 30 20 10 i)
1 (ppm}

116



Chapter 111

References

[1] Qian, M.; Vasudevan, L.; Huysentruyt, J.; Risseeuw, M. D. P.; Stove, C.; Vanderheyden, P. M. L.;
Van Craenenbroeck, K.; Van Calenbergh, S. Design, synthesis and biological evaluation of bivalent
ligands targeting dopamine D-like receptors and the p-opioid receptor. ChemMedChem 2018, 13, 944

— 956.

117






CHAPTER IV

Synthesis toward bivalent ligands for the dopamine D, and
metabotropic glutamate 5 receptors

The content of this chapter was partially derived from:

Qian, M.; Wouters, E.; Dalton, J. A. R.; Risseeuw, M. D. P.; Crans, R. A. J.; Stove, C.;
Giraldo, J.; Van Craenenbroeck, K.; Van Calenbergh, S. J. Med. Chem. 2018, 61, 8212—8225.

Ligand binding assays for D2R were performed with the help of Elise Wouters. The cCAMP
assays were performed by Elise Wouters. Molecular docking study was carried out by James
Dalton under supervision of Jesus Giraldo (Universitat Autonoma de Barcelona).






Chapter IV

IV. SYNTHESIS TOWARD BIVALENT LIGANDS FOR THE DOPAMINE D2 AND

METABOTROPIC GLUTAMATE 5 RECEPTORS

IV.1. ABSTRACT

Recently, the existence of heteromers consisting of the metabotropic glutamate 5 receptor (mGluRS5)
and the dopamine D, receptor (D2R) has been demonstrated in living cells and native tissue. This study
describes the design and synthesis of heterobivalent ligands targeting this heterodimer and their
evaluation via ligand binding and functional assays. Bivalent ligand 4.20a with a linker consisting of 20
atoms showed 4-fold increase in affinity for cells coexpressing D,R and mGIuRS5 compared to cells
solely expressing D,R. Likewise, the affinity of 4.20a for mGIuRS5 increased 2-fold in cells in which
both receptors were coexpressed. Additionally, 4.20a exhibited a 5-fold higher mGIluR5 affinity than its
monovalent precursor 4.19a in cells coexpressing DR and mGIuR5. These binding results indicate that
4.20a is able to bridge binding sites on both receptors constituting the heterodimer. Furthermore, 4.20a
showed about 4-fold and 7-fold higher potency in MAPK phosphorylation in stable cell lines
coexpressing D>R and mGluRS compared to monovalent ligands 3.07 and 4.19a, respectively. Likewise,
cAMP assays revealed that 4.20a had a 4-fold higher potency than 3.07 in the coexpressing cells.
Furthermore, molecular modeling reveals that 4.20a is able to simultaneously bind both receptors by
passing between the TM5-TM6 interface and establishing six protein-ligand H-bonds. The above
mentioned affinity, functional data and docking study suggest that 4.20a holds promise to further study

the interactions between D;R and mGluRS5.
IV.2. Introduction

The metabotropic glutamate receptors (mGluRs) constitute a family of G protein-coupled receptors
(GPCR) characterized by the presence of large, extracellular, N-terminal orthosteric binding domains,
which are activated by L-glutamate.[1],[2],[3] Based on sequence homology, receptor pharmacology
and signal transduction pathways the eight mGluR subtypes are divided into three groups (Group I, II,
and III).

Group I mGluRs (mGluR1 and mGluR5) are mainly localized postsynaptically and are extensively
distributed in many brain regions, including the hippocampus, thalamic nuclei, and spinal cord.
Stimulation of Gq protein coupled mGIuR1 and mGluR5 leads to phosphoinositide (PI) hydrolysis and
formation of the intracellular second messengers inositol triphosphate (IP3), which induces intracellular
Ca’" release, and diacylglycerol (DAG), which stimulates protein kinase C activity (PKC).[3],[4],[5] In
contrast, Group II (mGluR2 and mGluR3) and group III (mGluR4, mGIuR6, mGluR7, and mGIluRS)
are primarily located presynaptically and negatively coupled to adenylyl cyclase to reduce intracellular

cAMP levels upon stimulation.[6],[7],[8]
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Excessive activation of mGIluRS has been shown to be involved in the development of
neurodegenerative diseases like Alzheimer’s,[9],[10] Parkinson’s disease,[11],[12] or numerous CNS
disorders including neuropathic pain,[13] anxiety and depression,[14] drug addiction[15] and fragile X
syndrome.[16],[17]

Five dopamine receptor subtypes can be divided into two distinct subfamilies: D;-like (DR and DsR)
and Ds-like (D:R, D3R, and D4R). There is mounting evidence that GPCRs may form homo- and
heteromers at the plasma membrane. Cabello ef al. first suggested the existence of heterodimers of
mGIluR5 and D:;R in living cells using a fluorescence complementation assay. Additionally,
bioluminescence resonance energy transfer, and sequential resonance energy transfer assays also
allowed detecting receptor oligomers containing more than two protomers, in which the mGIluRS and
D;R also assembled with the adenosine A, receptor (A2aR). Co-immunoprecipitation in native tissue
confirmed the association of mGluR5, D,R and AR in rat striatum homogenates. Overall, these results
indicate the occurrence of mGluR5-D>R-A»4R heteromers in living cells and support their presence in
the GABAergic striatopallidal neurons, where they may represent important targets for the treatment of

locomotion, neuropsychiatric disorders and drug addiction.[18],[19]

A recent study by Beggiato et al.[20] revealed a functional role for A>aR, D2R and the mGIuRS in
regulating rat basal ganglia activity using dual-probe microdialysis in freely moving rats. The results
suggested that A,aR and mGIluR5 interact synergistically in modulating the D,R-mediated control of
striatopallidal GABA neurons. D;R appears to suppress synaptic delivery of mGIuRS by limiting Src
family kinase (SFK)-mediated tyrosine phosphorylation of mGIuRS in rat striatum.[21] In the basal
ganglia, mGluR5 negative allosteric modulators regulate the L-3,4-dihydroxyphenylalanine (L-DOPA)
induced changes of D2R, the associated signaling proteins ERK1/2 and Akt/GSK3p and neuropeptides
preproenkephalin and preprodynorphin, as well as the AzaR expression.[22] It is well known that
cocaine increases both extracellular dopamine (DA) and glutamate levels in the nucleus accumbens

(NAc) and that these effects are enhanced with repeated administration.[23]

Nowadays, heterobivalent ligands have emerged as valuable tools to demonstrate the existence of
receptor heteromers without the need for receptor modification.[24],[25],[26] Heterobivalent ligands
with a spacer of optimal length are envisaged to exhibit a potency that is different from that derived
from its two monovalent pharmacophores.[26],[27],[28] Compounds able to modulate two GPCR
dimers may eventually also evolve to useful pharmacological agents that target selected heteromeric

subtypes, thereby potentially increasing selectivity.[25]

Here we report the design and synthesis of a series of mGluR5 negative allosteric modulators

(NAMs)-D2R agonist/antagonist heterobivalent ligands as pharmacological tools to study mGIluR5-D>R

122



Chapter IV

heteromers. Towards this end ligands for the protomeric D,R and the mGluRS were conjugated through

a spacer of variable length.

These bivalent ligands were evaluated in radioligand binding and functional assays both in cells in

which the mGIuRS and D,R were expressed separately and in cells co-expressing both target receptors.
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1V.3. Results and Discussion

1VV.3.1. Design of heterobivalent ligands

The dimeric ligands were constructed around spacers that were equipped with a primary amine on one
and an azide on the other end to allow orthogonal coupling to the appropriately derivatized dopamine

and mGluRS5 ligands, respectively (Figure 1).

Bl e

Figure 1. Construction of the heterobivalent ligands.

As D;R ligands we selected the 5-hydroxy-2-(dipropylamino)tetralin (5-OH-DPAT)[29] and the 1,4-
disubstituted aromatic piperazine (1,4-DAPs)[30] that were equipped with an alkyne ligation handle to
afford 3.07 and 3.03, which may be swiftly connected to the azide group of the spacer via a copper-
catalyzed azide—alkyne cycloaddition (CuAAC) reaction (Figure 2).

5-OH-DPAT is a prototypical D,R/Ds;R agonist suitable for constructing bivalent ligands.[31] Site
directed mutagenesis has demonstrated that the 2-aminotetralin moiety interacts with an agonist binding
domain involving TM3 and TMS5 for activation of either D,R or Ds;R. The basic nitrogen and the 5-OH

group are critical for binding affinity.

The intrinsic activity of 1,4-DAPs for D;R originates from the aromatic head group and the amine
moiety that forms a strong hydrogen bond with Asp®32. A lipophilic appendage enhances affinity.
Because proper elongation of this appendage is expected to lead to the “entrance region” of the receptor
and from there reaching out to the binding pocket of the neighboring protomer, the para-position of the

benzylic appendage is considered an appropriate attachment point for a linker unit.[30]

As mGlIuRS5 ligand we opted for the selective and potent mGluR5 NAM 3-[(2-methyl-4-
thiazolyl)ethynyl|pyridine (MTEP).[5] MTEP analogues substituted at the 5-position of the 3-pyridyl
moiety have been demonstrated to be more potent mGluR5 NAMs than those modified at the 2- or 6-
positions.[23] Hence, we introduced a carboxylic acid at the 5-position of the 3-pyridyl moiety to afford
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two carboxylic acid analogues of MTEP 4.01a-b which are amenable for coupling to the amine group

of the bifunctional spacers.

D,-likeR ligands

OH
H
‘o, of't. moes
= N
\ \i// @/ O/\
DPAT-alkyne (3.07) DAP-alkyne (3.03)

mGIuRS5 ligands

< S
,4\ | /<\N \ 0
NV
N |
- N
N
4.01a: X = N
MTEP 4.01b: X = CH

N3\/\6 /\9/0\/\ 4.03a:n=2

° i NH2 4.03b:n=4

N3N PN 4.04a: n=3
n N NHa  4.04b: n=4

Figure 2. Overview of appropriately modified monovalent ligands (parent ligands in red) and linkers used in

this study. Parent ligands are indicated in red.

To construct the desired bivalent ligands, we considered three types of linkers with an azido group on
one and an amino group on the other end, as to allow swift conjugation to alkyne modified dopamine
ligands 3.07 and 3.03, and the carboxylic acid containing MTEP analogues 4.01a-b, respectively (Figure
2).

The first linker 4.02 is composed of a simple bifunctional hexamethylene chain. The polyethylene
glycol (PEG) linkers 4.03a-b were previously used to construct bivalent D,R-uOR ligands.[29] These
two classes of linkers have been frequently employed to compose bivalent ligands.[28],[30],[31],[32]
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They allow to gradually increase spacer length. However, bivalent ligands involving such linkers
resulted in a significant drop in binding affinity for D4R. In a third type of linkers 4.04a-b, we decided
to introduce a protonatable nitrogen atom near the middle of the bifunctional polymethylene chain to
reduce incremental increase in hydrophobicity upon elongation, which may result in aggregation in

aqueous media.

IV.3.2. Synthesis

The alkyne functionalized DR ligands 3.07 and 3.03 were prepared as described earlier.[26],[29],[30]
The synthesis of the MTEP derivatives equipped with a carboxylic acid handle started from thiazole
4.06, which was obtained from 2-chloro acetyl chloride (4.05) in 2 steps following published
procedures.[5],[23] Esters 4.08a-b were obtained upon treatment of phenols 4.07a-b with ethyl
bromoacetate,[33],[34] and coupled with thiazole 4.06 in the presence of Pd(PPh3),Cl; to furnish 4.09a-
b, respectively. Saponification of 4.09a-b yielded carboxylic acids 4.01a-b.

Scheme 1. Synthesis of Carboxylic Acid Modified MTEP Analogues 4.01a and 4.01b.

o) 2 steps YN
| — \)%SiMe
C \)J\CI S/ 3
4.05 4.06
Br OH ?
X 1 step
g =" |\OdLoa |
X P
X
4.07a: X=N 4.08a: X =N
4.07b: X = CH 4.08b: X = CH Y
S

— 4.09a: X=N, R = Et
4.09b: X =CH, R=Et

4.01a: X=N,R=H
— > 4.01b: X=CH,R=H

Reagents and conditions: i) Pd(PPh3).Cl,, Cul, TBAF, Et;N, DMF, 85 °C, 2 h; ii) aq. NaOH.

Earlier procedures were followed for the preparation of the bifunctional polymethylene linker

4.02,[35],[36] and the PEG linkers 4.03a-b.[37]

Scheme 2. Synthesis of Orthogonally Functionalized Linkers 4.04a and 4.04b.
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/ 4 steps AN
@ - \H NHBoc

4.11
4.10 O
2 steps
B
| Now gy, = T TRon
i n
4.13a: n=3 4.12a: n=3

4.13b: n=4 4.12b: n=4

3\*\%\1\‘1 NHy <—— 3\/N;\r‘\1 NHBoc

4.04a: n=3 4.14a: n=3
4.04b: n=4 4.14b: n=4

Reagents and conditions: i) NaBH(OAc)3, CH>Cly; ii) TFA, CH,Cl,.

Compound 4.11 was synthesized from the commercially available N-methylcaprolactam (4.10) in 4
steps.[38],[39],[40] Aldehydes 4.13a-b were obtained from 4.12a-b in 2 steps following the existing
protocols.[41] Reductive amination 4.13a-b with 4.11 using NaBH(OACc); yielded 4.14a-b, which, after
Boc-deprotection with TFA, afforded the desired linkers 4.04a-b.

The bivalent ligands were generated by first coupling the mGluRS5 ligands with the different spacers
using EDC and triethylamine to yield the seven intermediate azides 4.15, 4.17a-b and 4.19a-d, which
were subsequently conjugated with the DPAT- and DAP-alkynes through CuAAC (Scheme 3), leading

to a series of nine bivalent D,R-mGIluRS ligands.

Scheme 3. Synthesis of the Target Bivalent Ligands 4.16, 4.18a-b, 4.20a-b and 4.21a-d.
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s
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iiT3.03
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4.17a: n=2
4.17b: n=4

4.20a: n=3 .
4.20b: n=4 4-2“-

Reagents and conditions: i) (3-dimethylaminopropyl)-N-ethylcarbodiimide hydrochloride, 1-
hydroxybenzotriazole, triethylamine, CH,Cl,; ii) sodium ascorbate, CuSQs, triethylamine, tris[(1-

benzyl-1,2,3-triazol-4-yl)methyl]Jamine, dimethylformamide.
IVV.3.3. Pharmacological evaluation
1V.3.3.1 Affinity of the bivalent ligands for the D2R

A competition assay was performed to evaluate the binding affinity of the bivalent ligands for the D,R
(Table 1). First, the affinity of nine bivalent ligands along with the alkynylated precursors of DPAT
(3.07) and DAP (3.03) was measured by displacement of [*H]raclopride from the D2R expressed in HEK
293T cells. Raclopride is a selective D,R antagonist that due to its more pronounced hydrophilic
character shows substantially less non-specific binding than spiperone.[29] All bivalent ligands retained
good to moderate affinity for the D,R (Table 1). Similar observations were made in stably D4R
expressing HEK293 cells (supporting information). The DPAT-based ligand 4.20a, featuring a type 3
linker consisting of 20 atoms showed the best affinity (50 £ 6.4 nM) for D;R. Interestingly, amongst the
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DAP-based ligands compound 4.21a and 4.21c¢, featuring the same spacer as 4.20a, displayed the lowest
K; value (132 nM and 147 nM, respectively). A significant reduction (5- to 17-fold) in D,R binding

affinities was observed for the bivalent ligands with hexamethylene and PEG linkers.

Table 1. Binding affinities (X;) for D:R and D,R-mGIluRS5.

X
| NN
> 7 Linker—lil\/)_ R
N /
—

S

Compd X R Linker Ki(nM) for DR K; (nM) for
D>R-mGluRS

3.07 - - - 17+2.6 19+1.8
3.03 - - - 77+6.8 69 +22
4.16 N  DPAT -OCHCONH (CH>)s- 295 +99 142 £ 10
420a N  DPAT -OCH>CONH(CH2)sNCH3(CHz)s- 50+6.4 13+ 3.6*
420b N  DPAT -OCH>CONH (CH2)sNCH3(CH2)10- 79+ 16 171 +12
421a N DAP  -OCH:CONH (CH;)sNCH3(CHa)s- 132 +44 45 +5.3*
421b N DAP  -OCH>CONH (CH2)sNCH3(CH2)10- 303 +43 115+ 32
421c CH DAP  -OCH>CONH (CH2)sNCH3(CHa)s- 147 +24 94 £21
421d CH DAP  -OCH>CONH (CH2)sNCH3(CH2)10- 398 £ 100 252 +54
418a CH DAP -OCH,CONH-PEGg4- 438 + 89 251 42
4.18b CH DAP -OCH,CONH-PEGg- 352+94 186 + 75

Binding affinities (K;) obtained by competitive displacement of [*H]raclopride from HEK293T D:R
and HEK293T D,R-mGluRS5 cell membranes. All values are expressed as the mean = SEM of three

independent assays. The affinity of bivalent ligands in the cells coexpressing D2R and mGIluRS is

significantly different (*p<0.05) compared to the cells monoexpressing D2R.

Next, we determined the affinity of nine bivalent ligands and their corresponding alkyne precursors

3.07 and 3.03 for D2R in the presence of overexpressed mGluRS. Interestingly, the affinity of 4.20a to

cells expressing both D;R and mGIuRS5 (13 + 3.6 nM) increased 4-fold compared to cells expressing
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only D2R (50 + 6.4 nM). Likewise, the D2R affinity of the DAP-containing bivalent ligand 4.21a was 3-
fold higher in cells co-expressing the mGluRS5 (45 + 5.3 nM versus 132 + 44 nM). Furthermore, 4.20a
showed moderately higher affinity than 3.07 (19 + 1.8 nM) and 10-fold higher affinity compared to the
two other DPAT-based bivalent ligands 4.16 and 4.20b in D;R and mGluR5 co-expressing cells. All
these data indicate that bivalent ligands 4.20a and 4.21a possibly bridge the binding sites of the DoR
and mGIuRS heterodimers. Furthermore, DPAT-based compound 4.16 containing a short
hexamethylene linker showed a lower affinity for D,R-mGIuRS5 relative to 4.20a probably because its
linker is too short to bridge the binding sites of the heterodimer. The preference for a tertiary amine
linker as deduced from the superior affinities of 4.20a and 4.21a in the coexpressing cells may be partly
due the H-bond that is formed between the tertiary amine group and D400 located on extracellular loop
3 (ECL3) of D2R (see Computational modeling part below), which may compensate for the entropic
penalty of the flexible linker. Based on the above results, a type 3 linker of appropriate length is preferred
in this study.

These data indicate that bivalent ligands 4.20a and 4.21a possibly bridge the binding sites of the D>R

and mGIluRS5 heterodimers.
1V.3.3.2 Affinity of the bivalent ligands for the mGIuR5

Competitive receptor binding assays in cell membranes from mGIluRS expressing cells allowed to
determine the affinity for said receptor using [*H]MPEP, a nonselective mGluR5 antagonist. Results of
saturation binding assays for [P’H]MPEP can be found in supporting information. The binding affinities
of the azido precursor 4.19a for mGIluRS and D;R-mGIluRS were 5.8 + 0.9 uM and 5.7 £ 0.8 uM,
respectively (Table 2). In addition, the affinity of 4.01a for mGluRS was 6.5 + 0.6 uM, which is
comparable to that of 4.19a. This led us to use 4.19a as control in ligand binding and further functional

assays for mGIuRS.

Bivalent ligand 4.20a showed a 2-fold gain in binding affinity in cells expressing both D>R and
mGIluR5 compared to cells solely expressing mGIluRS. Interestingly, 4.20a exhibited a 5-fold higher
affinity (1.1 £ 0.2 uM) for D;R-mGIuRS compared to its azido precursor 4.19a lacking a DR ligand
(5.7£0.8 uM). Likewise, 4.21a displayed 4-fold higher affinity (1.3 £ 0.2 pM) for D,R-mGIuRS5 relative
to 4.19a. All these results indicate that bivalent ligands 4.20a and 4.21a bridge the orthosteric and

allosteric binding sites of the D,R and mGIluRS5 heteromer, respectively.

Table 2. Binding affinities (K;) for mGluRS and mGIuR5-DsR.

Entry X R Linker Ki (uM) for mGIluRS5 K; (uM) for
D,R-mGluRS
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4192 N - -OCH,CONH(CH,)sNCH3(CHy)s- 5.8+ 0.9 57408
420a N DPAT -OCH,CONH(CH)sNCH3(CHy)s- 2.3 +0.5 1.1+0.2*
421a N DAP  -OCH,CONH (CH,)sNCH3(CHy)s- 1.0+0.3 1.3+0.2*

Binding affinities (Kj) obtained by competitive displacement of [*HJMPEP from HEK293T cell
membranes expressing mGluRS and D>,R-mGIuRS5. All values are expressed as the mean = SEM of three
independent assays performed in duplicate. The affinity of bivalent ligands is significantly different

(*p<0.05) compared to that of monovalent ligand in the cells coexpressing D>R and mGIuRS.
1V.3.3.3 D2-likeR activation (MAPK phosphorylation) by the bivalent ligands

The mitogen-activated protein kinase (MAPK) phosphorylation assay was used to assess the
efficiency of the bivalent ligands. The MAPK pathway, also known as the extracellular-signal regulated
kinase (ERK) pathway, consists of an intracellular chain of proteins that transfer the signal from the
transmembrane receptor to the nuclear DNA or other subcellular targets via transfer of phosphate groups
and functions as an “on/off” switch.[42] The most commonly studied step of the MAPK pathway,
initiated by GPCR activation, is the phosphorylation of p44/42 MAPK (ERK1/2).

In a previous study we demonstrated that D»-likeR ligands based on DAP-alkyne and DPAT-alkyne
caused stronger MAPK phosphorylation in D4sR-expressing than in D,R-expressing cells.[29] To assess
functional activation of the D»-likeR by our bivalent ligands, we therefore used HEK293 cell lines stably
expressing either D4R or D:R and mGIuRS5 (Figure 3 and Table 3).[43] All bivalent ligands were found
to activate the MAPK signaling pathway in cells expressing the D4R (Figure 3), with a potency that is
comparable or slightly weaker than that of alkyne precursors 3.07 and 3.03 (Table 3). Interestingly,
compound 4.20a was slightly more potent (ECso=0.28 £ 0.03 uM) than alkyne derived DPAT (1) (ECso
=0.37 £ 0.17 uM), while the potency of the DPAT derivatives with shorter (4.16) and longer linkers
(4.20b) decreases 3- and 5-fold. Similarly, ligand 4.21a was slightly more potent (0.8 + 0.1 uM) than
the other DAP-based bivalent ligands (ECso=1.1-2.7 uM).

Next, we performed MAPK phosphorylation to test bivalent ligands 4.20a, 4.21a and their
corresponding alkyne precursors 3.07 and 3.03 in a stable cell line coexpressing DR and mGIuRS (Table
3 and supporting information). Unexpectedly, only bivalent ligand 4.20a gave a stronger MAPK-P band
than the control serum-free media (SFM). It displayed 4-fold higher potency (0.021 = 0.009 pM) than
3.07 (0.078 £ 0.007 uM). On the other hand, 4.21a and 3.03 gave weaker MAPK-P signal bands than
SFM, indicative for D,R antagonist properties for DAP-alkyne based ligands (supporting information).
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Figure 3. Efficacy of bivalent ligands to phosphorylate MAPK in HEK293 D4R cells. Cells were
treated with serum-free media (SFM) for 12 h. Next, D,R agonists (10 uM) and SFM were added for 5
min. Cells were washed and lysed as explained in the Experimental section. Phosphorylated MAPK was
detected by immunoblotting using rabbit anti-phospho-p44/42 MAPK antibody and mouse anti-p44/42
MAPK antibody was used for demonstrating equal protein loading. Cells treated with SFM served as
control. The top panel shows a representative result from three independent experiments; the bottom
panel is given as mean = SD. DA=dopamine. Bivalent ligands were significantly different (*p< 0.05,

**p < 0.01, ***p <0.001) compared to the control SFM by One-way ANOVA.

Table 3. Potency (ECso) of D2R agonists induced MAPK-P in HEK293 D4R and HEK293 D,R-
mGluRS5 stable cell lines.

Compd X R Linker MAPK MAPK
EC50 ]J,M ECso ]VLM
D4R D,R-mGIluR5
3.07 - - - 0.37+£0.17 0.078 + 0.007
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3.03 - - - 0.21+0.12 nd
416 N DPAT -OCH,CONH (CH,)s- 0.97 +0.42 nd

4202 N DPAT -OCH,CONH(CH,)sNCH3(CHz)s- 0.28+0.03  0.021 +0.009

420b N DPAT -OCH,CONH(CH,)sNCHs(CHa)- 2.0+0.1 nd
421a N DAP -OCH,CONH(CH)sNCH3(CH,)s- 0.8+0.1 nd
421b N DAP -OCH,CONH(CH,)sNCHs(CHy)ip- 1.9 +0.4 nd
421c CH DAP -OCH,CONH(CH,)sNCHs(CHa)s-  1.7+0.1 nd
421d CH DAP -OCH,CONH(CH)sNCHs(CHa)i- 1.8+0.5 nd
4182 CH DAP -OCH,CONH-PEG,- 27404 nd
418b CH DAP -OCH,CONH-PEGs- 1.1£0.5 nd

Data shown represent the mean = SEM of three independent experiments. nd, not determined.
1VV.3.3.4 cCAMP assay to study intrinsic activities of the selected D2R ligands.

To further understand the intrinsic activities of the selected bivalent ligands 4.20a and 4.21a and their
corresponding monovalent ligands 3.07 and 3.03 comprising the pharmacophore of a D2R agonist and a
D;R antagonist, respectively, we performed a bioluminescence based cAMP accumulation assay (Figure
4 and Table 4).[44] Coupled to inhibitory Gai, proteins, activation of the DR decreases cAMP

production.

Similar to the reference DR agonist quinpirole, bivalent ligands 4.16, 4.20a, 4.20b and its alkyne
precursor 3.07 inhibited forskolin-induced cAMP accumulation both in cells monoexpressing D2R or in
cells coexpressing DoR and mGIuRS. Interestingly, in the latter cells a significantly lower ECsy value
was observed for bivalent ligand 4.20a (ECso= 1.5 £ 0.5 nM) compared to 3.07 (ECso= 6.5 £ 0.6 nM),
indicating that the bivalent binding requires a lower receptor occupation to exert signaling. However,
4.16 and 4.20b exhibited 3- and 5-fold lower potencies (20 nM and 32 nM, respectively) in the
coexpressing cell line relative to 3.07, revealing weak DoR agonism. In D,R/mGluR5-coexpressing
cells, quinpirole and the monovalent D;R agonist 3.07 inhibited cAMP formation with similar potencies
as in cells monoexpressing D;R, while 4.20a decreased cAMP production with a 2-fold higher potency
in the coexpressing cells than in monoexpressing D2R cells. Nevertheless, 4.16 and 4.20b displayed 2-

and 6-fold lower potencies in the coexpressing cells than in the monoexpressing cells.
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Consistent with the MAPK-P results, bivalent ligand 4.21a and its alkyne precursor 3.03 failed to
inhibit cAMP accumulation (Figure 4) both in the D,R solely expressed cells and in the D,R/mGIuRS
coexpressed cells, suggesting that DAP-based bivalent ligands show DR antagonist behavior, which is

in line with the reported results.[30]
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Figure 4. Dose-response curves of cAMP accumulation for representative ligands. Functional activity
of selected bivalent ligands and its precursor 3.03 and 3.07 determined in HEK 293T cells stably
expressing the D,R (a) or both DR and mGIluRS5 (b) and coexpressing the pGloSensor-22F cAMP
plasmid via transient transfection. Cells were stimulated with increasing amounts of the ligands (0.1
nM-10 uM) in the presence of 10 uM forskolin. cAMP production was normalized to the percentage of
forskolin-induced cAMP concentration (100%). Data represent mean + SD of three independent

experiments each performed in duplicate.

Table 4. Potency of inhibition of forskolin mediated cAMP accumulation for bivalent ligands based

on D,R agonist DPAT-alkyne.

Compd cAMP ECso (nM) cAMP ECso (nM)
D-R D,R-mGlIuR5

Quinpirole 1.8+04 1.9+03

3.07 3.0£0.8 6.5+0.6

4.16 7.6+0.7 20+9.8

4.20a 33+0.7 1.5+0.5

4.20b 55+0.6 32+15

Data shown represent the mean + SEM of three independent experiments.
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1VV.3.3.5 MAPK phosphorylation to study the potency of the newly developed bivalent
ligands for mGIuR5

It is well known that activation of mGluRS5 by its agonist (S)-3,5-dihydroxyphenylglycine (DHPG)
leads to phosphorylation of MAPK in HepG2 cells.[45] Here, we examined the MAPK-P in response to
L-glutamic acid (L-Glu) and (R,S)-2-chloro-5-hydroxyphenylglycine (CHPG) treatment in HEK293
mGluR5 and HEK293 mGluR5-DsR stable cell lines (supporting information). The results showed that
MAPK-P peaked at approximately 10 min for mGluRS5 and 7-10 min for mGluR5-D,R after 10 uM L-
Glu treatment. To assess the inhibition of MAPK phosphorylation by the bivalent ligands, cells were
pretreated with 4.19a and all bivalent ligands for 30 min before incubation of the cells for 10 min with
L-Glu (10 pM). All bivalent ligands proved capable of inhibiting MAPK-P activated by L-Glu

(supporting information).

To assess their potency we tested all bivalent ligands and azido precursor 4.19a (1 nM-10 uM) in
HEK 293 mGluRS5 cells (Table 5) and selected compounds 4.19a, 4.20a and 4.21a in HEK 293 mGIluR5-
D3R cells (Table 5). Compound 4.20a was more potent (0.17 + 0.02 uM) than the other DPAT-based
bivalent ligands in blocking MAPK-P for mGluR5. DAP-based bivalent ligand 4.21a featuring an
identical linker as 4.20a displayed a higher potency (0.11 £ 0.05 uM) than the other DAP-bond ligands
in the cells monoexpressing the mGluRS. In addition, DAP-based bivalent ligands with PEG linkers

showed lower antagonistic activity compared to DAP-based ligands with a tertiary amine linker.

Interestingly, bivalent ligands 4.20a and 4.21a exhibited 7- and 2-fold higher potency (ICso = 0.62
uM and 1.8 uM) in mGluR5-D2R compared with their monovalent precursor 4.19a (ICso = 4.5 pM).

Table 5. Potency (ICso) of mGluRS antagonists blocking MAPK-P activated by L-Glu (10 uM) in
HEK?293 mGIuRS5 and HEK293 mGIluR5-D:R stable cell lines.

Compd X R Linker MAPK MAPK
1Cso uM 1Cso M
mGluR5 mGluR5-D,R

4192 N - -OCH,CONH(CH,)sNCH3(CHz)s- 2.6 +0.8 45+1.1

416 N DPAT -OCH,CONH (CH,)s- 1.6+0.7 nd

4202 N  DPAT -OCH,CONH(CH:)sNCH3(CHa)s-  0.17+0.02 0.62+0.15

4200 N DPAT -OCH,CONH (CH,)sNCH3(CHa)io- 0.32+0.06 nd

421a N DAP  -OCH,CONH (CH,)sNCH;(CHy)s- 0.11£0.05 1.8+0.5
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421b N DAP  -OCH,CONH (CH,)sNCH3(CHa)- 0.45+0.15 nd
421c CH DAP -OCH,CONH (CH,)sNCHs(CHp)s- 0.24 +0.08 nd
421d CH DAP  -OCH,CONH (CH.)sNCH3(CHa)- 0.31+0.11 nd
4182 CH DAP  -OCH,CONH-PEG;- 12403 nd

418b CH DAP -OCH,CONH-PEGs- 0.90+0.32 nd

Data shown represent the mean = SEM of three independent experiments. nd, not determined.

1VV.3.3.6 Computational modeling of a bivalent ligand bound to an mGIluR5-D2R
heterodimer

The binding pose of compound 4.20a was investigated in silico through protein-protein docking of
crystal structures: transmembrane domains (TMD) of mGIluRS and D,R, followed by docking of the
bivalent ligand into the modeled heterodimer (see Experimental Section). As both receptors are co-
crystallized with either negative allosteric modulator (NAM)[46] or antagonist,[47] they can be
considered to be in their respective inactive states. As the bivalent ligand 4.20a is a fusion of mGluRS
NAM and D;R agonist, this means mGIluRS5 is in an ideal conformation but not D:R, which would
theoretically be active in such a heterodimer-ligand complex. Furthermore, as the original crystal
structure of mGluRS5 has no clear entrance or exit for NAMs because of its tightly closed extracellular
loops and TMD,[46] a modified conformation of the receptor was deemed necessary to correctly bind a
bivalent compound. Such a conformation has been observed previously, firstly with a Monte Carlo
sampling technique employed for the purposes of docking photo-sensitive[48] and long linear[49]
mGIluR5 NAMs, and secondly during molecular dynamics (MD) simulations of mGluRS with bound
NAM.[50] In summary, this alternative mGluR5 conformation is in an inactive state and similar to the
original mGIluRS5 crystal structure[46] but undergoes a partial separation of the extracellular ends of
TMS and TM6, which are highly flexible.[50] This potentially allows NAMs to enter or leave and is
conducive for the linker of a bivalent ligand to pass outside of the receptor. As such, we utilized this
MD-generated mGluRS5 conformation[50] for modeling interactions with D,R, whose crystal structure

has no such limitations regarding the binding of a bivalent ligand.

In terms of modeling an mGluR5-D;R heterodimer, referring to experimental information is important
as these proteins can potentially interact in a number of ways. Interestingly, TM5 and TM6 have been
experimentally observed to dynamically participate in the interface(s) of an mGluR2 homodimer,[51]
as well as TMS5 involved in cross-talk between mGIuR2 and the Class A GPCR, 5-HTaa
receptor.[52],[53],[54] Based on homology between mGIluR2 and mGluR5 TMDs (sequence identity

of 51%), physical interaction between mGluR5 and D;R may follow a similar pattern. In addition,
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participation of mGIluRS TMS5 and/or TM6 in a direct interaction with D,R would provide a means of
passing a bivalent ligand between receptors. Likewise for D2R, TM5 and TM6 have been observed to
participate in its experimentally characterized homodimeric and heteromeric receptor
interactions.[55],[56],[57],[58] As such, we modeled an mGluR5-D;R heterodimer via its respective
TMS5-TM6 helices by using the mu-opioid homodimer crystal structure as a template,[ 59]which contains
an analogous interface. This initial mGluR5-D;R model was refined with protein-protein docking to
identify an optimal interaction between the receptors (see Experimental Section). The best docked
mGIluR5-D:R conformation results in close packing of residues at the TM5-TM6 interface (Figure 5B).
However, as D3R is in an inactive state with its TM6 in an inward rather than outward orientation,[47]
the contact surface between receptors is possibly not as extensive as it could be. Nevertheless, the
reported docking score is respectable, suggesting a favorable interaction (I_sc of -6.6 on a scale of 0 to

-10, where better than -5 is considered satisfactory[60]).

Compound 4.20a was bound to the mGluR5-D,R heterodimer model by first, automatically docking
its separate mGIuRS NAM (MTEP) and D;R agonist (DPAT-alkyne, 1) components, second, by
manually connecting these with the appropriate linker, and third, energy minimizing the resulting
complex (see Experimental Section). It was found that by following this process, 4.20a is able to
simultaneously bind both receptors, passing between TMS and TM6 of each (Figure 5A) with the linker
residing at the membrane surface or just beneath (Figure 5B). In the modeled complex, compound 22a
is able to make six protein-ligand H-bonds: two with mGluR5 and four with D2R (Figure 4C). In
mGluRS5, these H-bonds involve residues S805 and S809 on TM?7, both of which interact with the MTEP
component of 4.20a (Figure 5C). These observed protein-ligand H-bonds are consistent with known
mGIluR5 NAM binding modes previously identified in mGIluRS5 crystal structures,[46],[61] and
published mGIluRS MD simulations.[48],[50] In D,R, the DPAT component of 4.20a makes an H-bond
with D114 on TM3 in the same manner as co-crystallized risperidone in the original D,R crystal
structure.[47] However, in line with its potential D>R agonism and unlike risperidone, 4.20a makes
additional H-bonds with the backbone oxygen of S193 on TMS5 and Y408 hydroxyl group on TM7
(Figure 5C). The importance of S193 for the binding of D2R agonists has been noted before,[62] along
with neighboring residues, S194 and S197. Due to the closeness of these three particular serine residues
in the D2R crystal structure, only moderate conformational changes in TM5 (due to receptor activation,
for example) would be required for 4.20a to make H-bonds with the sidechain hydroxyl groups of either
S193, S194 or S197. Finally, the tertiary amine on the linker of 4.20a makes an H-bond with D400
located on extracellular loop 3 (ECL3) of D2R (Figure 5C). This interaction is likely conducive to the
conformational stability of this particular linker, which might otherwise (e.g. PEG-linkers) become a

destabilizing factor.
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Overall, due to the number of observed protein-ligand H-bonds with both receptors, as well as
consistency with known mGIluRS5 and D;R ligand binding modes, the modeled heterodimer-ligand

complex appears to be compatible with the reported biological activity of compound 4.20a.
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Figure 5. The modeled mGluR5-D2R-compound 4.20a complex. A) Extracellular top-view of the interaction
between mGIluRS (blue ribbon, derived from PDB id: 4009) and DR (green ribbon, PDB id: 6CM4) via
symmetrical TM5-TM6 interface, including bound compound 4.20a (carbons as pink spheres). B) Side-view of
mGluRS5-D;R heterodimer with bound 4.20a (carbon, nitrogen, oxygen and sulphur atoms as pink, dark blue, red
and yellow spheres, respectively), showing contact interface (carbons as blue and green spheres, respectively)
within a model membrane (red dots and blue lines, representing upper and lower leaflets, respectively). C) Modeled
binding mode of compound 4.20a (pink) within respective allosteric and orthosteric pockets of mGluR5-D>R
heterodimer (blue and green ribbons, respectively). Protein-ligand H-bonds are displayed as solid black lines (S805
is partially obscured by the ligand). Selected residues on mGluR5: TM6, TM7 and D2R: TM3, TMS5, TM7 and
ECL3 are displayed (mGluR5: TM3, TMS5 and D2R: TM6 are transparent for visualization purposes).

1VV.4. Conclusion

In summary, we have designed and synthesized nine potential heterobivalent ligands based on the
chemical structure of two distinct D,-likeR agonist/antagonist and two mGluR5 NAMSs. Ligation of D»-
likeR ligands shows that bivalent ligands with PEG (PEG4 and PEGs) and hexamethylene linkers exhibit

relatively low affinity for D2R and D4R, contrary to bivalent ligands with alkylamine spacers, while all
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can still activate MAPK phosphorylation in D4R cells. Interestingly, bivalent ligand 4.20a, with a 20-
atom alkylamine spacer, showed a 4-fold affinity increase for the D;R in cells expressing both the DR
and the mGluRS5, compared to cells only expressing D2R, suggesting that 4.20a may bridge the binding
sites of the D2R and mGIluR5 receptors. Moreover, 4.20a shows a 5-fold higher affinity for the mGluR5
than its MTEP azido precursor 4.19a in D,R-mGIuRS5 cells, also pointing towards its capacity to
simultaneously occupy both binding sites of the heteromer. From a functional point of view, 4.20a
displays 4- and 7-fold higher potency compared to the monomeric precursors 3.07 and 4.19a in MAPK
phosphorylation, respectively, in cell lines stably expressing DR and mGIluR5 receptors. Moreover,
4.20a inhibits forskolin stimulated cAMP formation with a 4-fold higher potency compared to alkyne
3.07 in the coexpressing cells, indicating that the bivalent binding requires a lower receptor occupation
to exert signaling. In addition, a docking study reveals that 4.20a is indeed able to simultaneously bind
both receptors by passing between the heterodimeric interface, comprised of TM5 and TM6 of both

receptors, and establishing six protein-ligand H-bonds.

Overall, we demonstrated that the length and composition of the linker between the two receptor
pharmacophores strongly affect binding affinity and functional potency both from a D,R and from a
mGIluRS5 viewpoint. Most importantly, this study allowed to identify bivalent ligand 4.20a, which

emerges as a promising molecular probe to further investigate D,R and mGluRS5 heterodimerization.
IV.5. Experimental Section

IV.5.1. Chemistry

IV.5.1.1 General

All reactions described were performed under an N, atmosphere and at ambient temperature unless
stated otherwise. All reagents and solvents were purchased from Sigma-Aldrich (Diegem, Belgium),
Fisher Scientific (Merelbeke, Belgium), TCI Europe (Zwijndrecht, Belgium) or Apollo Scientific
(Bredbury, Stockport, United Kingdom) and used as received. NMR solvents were acquired from
Eurisotop (Saint-Aubin, France). Reactions were monitored by TLC analysis using TLC aluminium
sheets (Macherey-Nagel, Alugram Sil G/UV254) with detection by spraying with a solution of
(NH4)6M07024-4H0 (25 gL") and (NH4)4Ce(SO4)4-2H,0 (10 gL') in H,SO4 (10 % aq.) followed by
charring or an aqueous solution of KMnO7 (20 gL!") and K»COs (10 gL!) or an ethanolic solution of
ninhydrin (2 gL™") and acetic acid (1% v/v) followed by charring. Solution pH values were estimated
using universal indicator paper (Merck). Silica gel column chromatography was performed using a
Grace Reveleris X2 system and the corresponding silica gel cartridges. ESI-HRMS spectra were
measured with a Waters LCT Premier XE Mass spectrometer calibrated using leucine enkephalin as an

external standard. 'H- and '*C-APT-NMR spectra were recorded with a Varian Mercury-300BB (300/75
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MHz) spectrometer. Chemical shifts are given in ppm (J) relative to tetramethylsilane as an internal
standard ("H NMR) or the NMR solvent (*C NMR). Coupling constants are given in Hertz (Hz). Weak
signals in 3C NMR are indicated as (w). LC-MS analyses were carried out on a Waters AutoPurification
System equipped with PDA and ESI-MS detection and using a Waters CORTECS C18 Column
(4.6x100 mm, 2.7um) and a water/acetonitrile/formic acid linear gradient system at a flow rate of 1.44

mLmin.
1VV.5.1.2 General Procedure for the Carbodiimide-Mediated Amide Formation.

To a solution of (3-Dimethylaminopropyl)-N-ethylcarbodiimide hydrochloride (1.5 eq.) and 1-
hydroxybenzotriazole (1.4 eq.) in CH,Cl, was added a solution of the PEG spacer (1.2 eq.) in CH2Cl»
(0.2 M) and cooled to 0 °C under an argon atmosphere. After 15 min at 0 °C, amines (1.0 eq.) were
added and triethylamine (2 eq.) was added dropwise; the reaction was slowly warmed to room
temperature and stirred overnight. The reaction was diluted with CH>Cl,, washed successively with
water, HCI (5% aq.), NaHCO;j (sat. aq.), NaCl (sat. aq.), dried over Na>SOs, filtered and solvent was
evaporated under reduced pressure. The crude product was purified by silica gel chromatography

(NH4OH/MeOH/CH,Cl,, 1:5:94 v/v/v) to yield the amides.
IV.5.1.3 General Procedure for Copper Mediated Azide-Alkyne Cycloaddition.

To a solution of the intermediate azide (1.0 eq.) in dimethylformamide (0.1 M) was added the alkyne
(1.5 eq.), sodium ascorbate (1.0 eq., 0.5 M), CuSO4 (0.2 eq., 0.05 M), triethylamine (3.0 eq.) and a
catalytic amount of tris[(1-benzyl-1,2,3-triazol-4-yl)methyl]amine. The reaction mixture was stirred
overnight at room temperature in the dark under an argon atmosphere. The solvent was evaporated under
reduced pressure and the residue was redissolved in water and extracted with CH2Cl,. Then combined
organic fractions were pooled, washed with brine and dried over Na>SOs4. The crude compound was
purified by silica gel chromatography (NHsOH/MeOH/CH:Cl,, 1:5:94 v/v/v) to give the final compound

as a white solid.

Ethyl 2-((5-((2-methylthiazol-4-yl)ethynyl)pyridin-3-yl)oxy)acetate (4.09a). To a solution of
compound 4.06 (1.95 g, 10 mmol) in DMF was added esters 4.08a (2.8 g, 11 mmol), Cul (190 mg, 1
mmol) and triethylamine (2.1 ml, 15 mmol). Pd(PPh;),Cl, (350 mg, 0.5 mmol) was added to the reaction
solution and the argon flow was continued for 10 min to remove air. Then a solution of TBAF (11 mmol,
1.0 M in THF) was added dropwise over 30 min. The mixture was heated at 85 °C for 1 h. After reaction,
the mixture was filtrated and concentrated under reduced pressure. The residue was purified by silica
gel chromatography (Hexane/EtOAc, 3:1-1:1 v/v) to yield compound 4.09a as a brown solid (1.82 g,
60.2%). '"H NMR (300 MHz, CDCl;) & ppm 8.43 (d, J= 1.6, 1H), 8.30 (d, J=2.9 Hz, 1H), 7.42 (s, 1H),
7.30 (dd, J=2.9, 1.6 Hz, 1H), 4.65 (s, 2H), 4.28 (q, J = 7.1 Hz, 2H), 2.74 (s, 3H), 1.30 (t, /= 7.1 Hz,
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3H). BC NMR (75 MHz, CDCl;) § 167.8, 166.0, 153.4, 145.6, 138.2, 136.1, 123.2 (d,J= 4.5 Hz), 119.9,
86.7, 85.0, 65.4, 61.7, 19.2, 14.1. HRMS (ESI) m/z: calculated for C;sH;sN>OsS [M+H]" 303.0803;
found 303.0807.

Ethyl 2-(3-((2-methylthiazol-4-yl)ethynyl)phenoxy)acetate (4.09b). Compound 4.09b was
prepared using the procedure described as 4.09a. Yellow oil (3.88 g, 64%). '"H NMR (300 MHz, CDCl5)
d ppm 7.36 (s, 1H), 7.28 — 7.22 (m, 1H), 7.18 (dt,J=7.6, 1.3, 1H), 7.07 — 7.04 (m, 1H), 6.95 — 6.90 (m,
1H), 4.61 (s, 2H), 4.27 (q, J = 7.1 Hz, 2H), 2.73 (s, 3H), 1.29 (t, J = 7.2 Hz, 3H). *C NMR (75 MHz,
CDCl3) & ppm 168.5, 165.6, 157.5, 136.7, 129.5, 125.3, 123.6, 122.3, 117.0, 116.0, 88.3, 83.4, 65.3,
61.4,19.2, 14.1. HRMS (ESI) m/z: calculated for C1sHisNOsS [M+H]" 302.0851; found 302.0850.

2-((5-((2-Methylthiazol-4-yl)ethynyl)pyridin-3-yl)oxy)acetic acid (4.01a). To a solution of ester
4.09a (2.3 g, 7.6 mmol) in methanol was added 4 M NaOH (38 mmol, aq.) and then stirred at room
temperature for 2 h. Then 1 M HCI (aq.) was added to the solution to acidify it till pH=2. Next the
solvent was removed under reduced pressure and the residue was purified by silica gel chromatography
(AcOH/Hexane/EtOAc 1:49:50 v/v/v) to yield acid 4.01a as a pale yellow solid (1.8 g, 86%). 'H NMR
(300 MHz, DMSO-ds) & ppm 12.37 (br s., 1H), 8.29 (br s, 2H), 7.90 (s, 1H), 7.52 (s, 1H), 4.82 (s, 2H),
2.63 (s, 3H). °C NMR (75 MHz, DMSO-ds) & ppm 172.4, 166.3, 151.6, 144.4, 138.8, 135.2, 125.6,
123.1, 119.1, 87.4, 85.1, 65.1, 19.0. HRMS (ESI) m/z: calculated for Ci3Hi1N>O3S [M+H]" 275.0490;
found 275.0478.

2-(3-((2-Methylthiazol-4-yl)ethynyl)phenoxy)acetic acid (4.01b). Compound 4.01b was prepared
using the procedure described as 4.01a. Pale yellow solid (2.5 g, 82%). '"H NMR (300 MHz, DMSO-ds)
o ppm 12.88 (brs., 1H), 7.88 (s, 1H), 7.32 (t,J= 8.4 Hz, 1H), 7.14 — 7.09 (m, 1H), 7.03 (dt, J=2.5, 0.9
Hz, 1H), 6.98 (ddd, J=8.3,2.7, 1.0 Hz, 1H), 4.71 (s, 2H), 2.64 (s, 3H). 1*C NMR (75 MHz, DMSO-d;)
0 170.4, 166.1, 158.1, 135.7, 130.4, 124.9, 124.6, 123.0, 117.0, 116.5, 88.2, 84.4, 64.9, 19.1. HRMS
(ESI) m/z: calculated for C14H12NOsS [M+H]" 274.0538; found 274.0544.

tert-Butyl (5-((8-azidooctyl)(methyl)amino)pentyl)carbamate (4.14a). To a solution of 4.13a (1.7
g, 10 mmol) in CH,Cl, (50 ml) was added the compound 4.11 (2.4 g, 11 mmol) and Na(OAc);BH (4.2
g, 20 mmol) and stirred at room temperature for 6 h. The mixture was quenched by NaHCO; (sat.) and
extracted with CH>Cl, (3x 50 ml), washed with brine and dried over Na,SO4. The mixture was filtered
and concentrated under reduced pressure. The crude was purified by silica gel chromatography
(MeOH/CHCl, 5:95 v/v) to yield 4.14a as a colorless o0il (2.3 g, 62%). 'H NMR (300 MHz, CDCl5) §
4.65 (s, 1H), 3.22 (t, J = 6.9, 2H), 3.08 (q, J = 6.4 Hz, 2H), 2.74 — 2.63 (m, 4H), 2.50 (s, 3H), 1.73 —
1.43 (m, 6H), 1.40 (s, 9H), 1.36 — 1.23 (m, 12H). 3C NMR (75 MHz, CDCl;) § 156.1, 80.6, 56.2, 51.3,
45.6, 40.3, 29.6, 29.0, 28.9, 28.7, 28.3, 26.9, 26.5, 24.6, 24.3, 24.1. HRMS (ESI) m/z: calculated for
Ci9H4oNsO> [M+H]" 370.3182; found 370.3175.
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tert-Butyl (5-((10-azidodecyl)(methyl)amino)pentyl)carbamate (4.14b). Compound 4.14b was
obtained according to the procedure described for compound 4.14a. Colorless oil (3.3 g, 83%). 'H NMR
(300 MHz, CDCl;3) 6 4.62 (s, 1H), 3.23 (t,J= 6.9 Hz, 2H), 3.08 (q, /= 6.6 Hz, 2H), 2.64 — 2.52 (m, 4H),
2.41 (s, 3H), 1.68 — 1.43 (m, 6H), 1.41 (s, 9H), 1.38 — 1.20 (m, 16H). 1*C NMR (75 MHz, CDCl;) &
156.0, 79.4, 56.5 (d, J = 16.0 Hz), 51.4, 45.6, 40.8, 40.2, 29.6, 29.2 (d, J = 5.1 Hz), 29.1, 28.7, 28.3,
27.1,26.6,25.1 (d, J=25.6 Hz), 24.3. HRMS (ESI) m/z: calculated for C2;H44NsO, [M+H]" 398.3495;
found 398.3427.

N'-(8-Azidooctyl)-N'-methylpentane-1,5-diamine (4.04a). To a solution of 4.14a (2.3 g, 6.2 mmol)
in CH2Cl, (20 ml) was added TFA (10 ml) and stirred at RT for 6 h. After reaction, the solution was
basified with 4 M NaOH (aq.) till pH=8. The mixture was filtered and concentrated under reduced
pressure to give the amine liner 4.04a as a colorless oil (1.6 g, 96%). 'H NMR (300 MHz, CDCl;) §
5.81 (brs., 2H), 3.24 (t, J= 6.9 Hz, 2H), 2.78 (t,J = 7.1 Hz, 2H), 2.58 — 2.45 (m, 4H), 2.37 (s, 3H), 1.56
(dt, J = 13.9, 7.0 Hz, 6H), 1.37-1.24 (m, 12H). *C NMR (75 MHz, CDCls) § 55.1, 51.0, 45.6, 40.7,
38.9, 29.6, 29.0, 28.7, 26.4, 26.2, 24.6, 24.1, 23.2, 23.1. HRMS (ESI) m/z: calculated for Ci4H3:Ns
[M+H]" 270.2658; found 270.2648.

N'-(10-Azidodecyl)-N'-methylpentane-1,5-diamine (4.04b). Compound 4.04b was obtained
according to the procedure described for compound 4.04a. Colorless oil (2.3 g, 93%). 'H NMR (300
MHz, DMSO-ds) 6 3.25 (t,J = 6.9 Hz, 2H), 3.83 (t, J= 6.9 Hz, 2H), 2.61 — 2.52 (m, 4H), 2.43 (s, 3H),
1.69 —1.42 (m, 6H), 1.38 — 1.21 (m, 16H). *C NMR (75 MHz, DMSO-ds) & 56.5, 51.4, 45.6,40.8, 40.2,
29.7,29.3, 28.7, 28.4, 27.2, 26.6, 25.1, 23.5, 23.1. HRMS (ESI) m/z: calculated for Ci¢H3¢Ns [M+H]*
298.2971; found 298.2966.

N-(6-Azidohexyl)-2-((5-((2-methylthiazol-4-yl)ethynyl)pyridin-3-yl)oxy)acetamide (4.15).
Compound 4.15 was subjected to general procedure 1. Offwhite solid, 72%. 'H NMR (300 MHz, CDCI3)
0 8.32 (br s., 2H), 7.71-7.68 (m, 1H), 7.35 (s, 1H), 6.78 (t, J = 5.9 Hz, 1H), 4.43 (s, 2H), 3.23 (td, J =
7.2, 6.1 Hz, 2H), 3.17 — 3.10 (m, 2H), 2.62 (s, 3H), 1.53 — 1.41 (m, 4H), 1.31-1.24 (m, 4H). '*C NMR
(75 MHz, CDCls) & 166.8, 166.0, 137.8, 135.8, 132.6, 123.1, 87.0, 84.6, 67.4, 51.2, 45.8, 43.1, 38.9,
29.3,28.6,26.3,26.2,19.2, 8.6. HRMS (ESI) m/z: calculated for Ci190H23N6O>S [M+H]" 399.1603; found
399.1613.

N-(5-((8-Azidooctyl)(methyl)amino)pentyl)-2-((5-((2-methylthiazol-4-yl)ethynyl)pyridin-3-
yl)oxy)acetamide (4.19a). Compound 4.19a was subjected to general procedure 1. Offwhite solid, 65%.
"HNMR (300 MHz, CDCls) 6 8.44 (d, J= 1.6 Hz, 1H), 8.30 (dd, J=2.9, 0.4 Hz, 1H), 7.44 (s, 1H), 7.33
(dd, J=12.9, 1.6 Hz, 1H), 6.54 (t, /= 6.0 Hz, 1H), 4.50 (s, 2H), 3.35 (td, J= 7.1, 5.9 Hz, 2H), 3.23 (t, J
= 6.9 Hz, 2H), 2.73 (s, 3H), 2.33 — 2.23 (m, 6H), 2.17 (s, 3H), 1.57 (p, /= 7.2 Hz, 6H), 1.50 — 1.38 (m,
2H), 1.38 — 1.15 (m, 12H), 0.92 — 0.67 (m, 3H). '3*C NMR (75 MHz, CDCls) § 166.7, 152.7, 145.9,
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137.9, 135.9, 123.5, 123.1, 120.2, 87.1, 84.6, 67.4, 57.8, 57.6, 51.4, 42.3, 39.1, 29.6, 29.5, 29.4, 29.1,
28.7,27.4,27.2,26.9,26.6,24.8, 19.2. HRMS (ESI) m/z: calculated for C,7H4N70,S [M+H]" 526.2964;
found 526.2967.

N-(5-((10-Azidodecyl)(methyl)amino)pentyl)-2-((5-((2-methylthiazol-4-yl)ethynyl)pyridin-3-
yl)oxy)acetamide (4.19b). Compound 4.19b was subjected to general procedure 1. Offwhite solid, 51%.
"H NMR (300 MHz, CDCl;) & 8.40 (s, 1H), 8.29 (s, 1H), 7.42 (s, 1H), 7.33 (dd, J = 2.9, 1.4 Hz, 1H),
6.95-6.87 (m, 1H), 5.26 (s, 1H), 4.49 (s, 2H), 3.37 - 3.27 (m, 2H), 3.21 (t,J= 6.9 Hz, 2H), 2.94 — 2.85
(m, 5H), 2.71 (s, 3H), 1.75-1.64 (m, 4H), 1.55 (dt, J = 14.7, 7.4 Hz, 3H), 1.38-1.16 (m, 16H). HRMS
(ESI) m/z: calculated for C20H4N70,S [M+H]" 554.3277; found 554.3276.

N-(5-((8-Azidooctyl)(methyl)amino)pentyl)-2-(3-((2-methylthiazol-4-
yl)ethynyl)phenoxy)acetamide (4.19¢). Compound 4.19¢ was subjected to general procedure 1.
Offwhite solid, 76%. "H NMR (300 MHz, CDCl3) 6 7.37 (s, 1H), 7.30 — 7.24 (m, 1H), 7.20 (dt, J = 7.6,
1.3 Hz, 1H), 7.08 (ddd, J = 2.7, 1.4, 0.5 Hz, 1H), 6.90 (ddd, J = 8.1, 2.7, 1.2 Hz, 1H), 6.61 — 6.51 (m,
1H), 4.46 (s, 2H), 3.33 (td, /= 7.1, 5.9 Hz, 2H), 3.22 (t, J = 6.9 Hz, 2H), 2.72 (s, 3H), 2.33 — 2.24 (m,
6H),2.17 (s, 3H), 1.62 — 1.39 (m, 4H), 1.28 (td, J=13.0, 11.3, 7.1 Hz, 12H). *C NMR (75 MHz, CDCI;)
0 167.6, 156.9, 129.7, 125.6, 123.9, 122.5, 117.5, 115.4, 88.1, 83.8, 67.3, 57.8, 57.6, 51.4, 42.2, 39.0,
29.5,29.4,29.1, 28.8, 27.4,27.2, 26.8, 26.6, 24.8, 19.2. HRMS (ESI) m/z: calculated for C23H41N6O,S
[M+H]" 525.3012; found 525.3027.

N-(5-((10-Azidodecyl)(methyl)amino)pentyl)-2-(3-((2-methylthiazol-4-
yl)ethynyl)phenoxy)acetamide (4.19d). Compound 4.19d was subjected to general procedure 1.
Offwhite solid, 55%. '"H NMR (300 MHz, CDCls) 8 7.37 (s, 1H), 7.30 — 7.24 (m, 1H), 7.20 (dt, J = 7.6,
1.3 Hz, 1H), 7.08 (dd, J=2.7, 1.3 Hz, 1H), 6.89 (ddd, J=8.1, 2.7, 1.3 Hz, 1H), 6.55 (t, /= 6.0 Hz, 1H),
4.46 (s, 2H), 3.33 (td, J= 7.1, 6.0 Hz, 2H), 3.22 (t, J = 6.9 Hz, 2H), 2.72 (s, 3H), 2.34 — 2.23 (m, 6H),
2.17 (s, 3H), 1.62 — 1.40 (m, 4H), 1.35 — 1.20 (m, 16H). '*C NMR (75 MHz, CDCl;) 8 167.6, 165.7,
156.9, 136.6, 129.8, 125.6,123.9, 122.5,117.6, 115.4, 88.1, 83.9, 67.4,57.8,57.6,51.4,42.2, 39.0, 29.5,
29.5, 29.4, 29.4, 29.1, 28.8, 27.5, 27.2, 26.9, 26.6, 24.8, 19.2. HRMS (ESI) m/z: calculated for
C30H4sN6O2S [M+H]" 553.3325; found 553.3311.

N-(2-(2-(2-(2-Azidoethoxy)ethoxy)ethoxy)ethyl)-2-(3-((2-methylthiazol-4-
yl)ethynyl)phenoxy)acetamide (4.17a). Compound 4.17a was subjected to general procedure 1.
Offwhite solid, 87%. '"H NMR (300 MHz, CDCls) 8 7.35 (s, 1H), 7.27 — 7.21 (m, 1H), 7.17 (dt, J = 7.6,
1.3 Hz, 1H), 7.05 (ddd, J=2.7, 1.4, 0.5 Hz, 1H), 6.96 (wide peak, 1H), 6.88 (ddd, J= 8.1, 2.7, 1.2 Hz,
1H), 4.45 (s, 2H), 3.62 — 3.47 (m, 14H), 3.31 (t, J = 5.6 Hz, 2H), 2.69 (s, 3H). *C NMR (75 MHz,
CDCl3) 6 167.8, 165.8, 157.0, 136.5, 129.7, 125.6, 123.9, 122.5, 117.5, 115.5, 88.1, 83.8, 70.6, 70.5,
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70.3, 69.9, 69.6, 67.4, 50.6, 38.76, 19.2. HRMS (ESI) m/z: calculated for CH2sNsOsS [M+H]"
474.1811; found 474.1817.

N-(17-Azido-3,6,9,12,15-pentaoxaheptadecyl)-2-(3-((2-methylthiazol-4-
yl)ethynyl)phenoxy)acetamide (4.17b). Compound 4.17b was subjected to general procedure 1.
Offwhite solid, 94%. '"H NMR (300 MHz, CDCl3) & 7.35 (s, 1H), 7.27 — 7.21 (m, 1H), 7.17 (dtd, J =
7.6, 1.3, 0.5 Hz, 1H), 7.06 (dd, J = 2.7, 1.4 Hz, 1H), 6.89 (dddd, /= 8.1, 2.7, 1.2, 0.5 Hz, 1H), 4.46 (s,
2H), 3.65 — 3.46 (m, 22H), 3.32 (t, J= 5.1 Hz, 2H), 2.69 (s, 3H). *C NMR (75 MHz, CDCl;) § 167.8,
165.7, 157.0, 136.5, 129.7, 125.5, 123.8, 122.6, 117.4, 115.6, 88.1, 83.7, 70.6, 70.6, 70.5, 70.5, 70.4,
70.30, 69.9, 69.6, 67.4, 50.6, 38.7. HRMS (ESI) m/z: calculated for C2sH3sNsO7S [M+H]" 562.2335;
found 562.2363.

N-(4-(2-((5-Hydroxy-1,2,3,4-tetrahydronaphthalen-2-yl)(propyl)amino)ethyl)phenyl)-3-(1-(6-
(2-((5-((2-methylthiazol-4-yl)ethynyl)pyridin-3-yl)oxy)acetamido)hexyl)-1H-1,2,3-triazol-4-
yl)propanamide (4.16). Compound 4.16 was subjected to general procedure 2. White solid, 51%. LC-
HRMS: tz=7.09 min (10-100% MeCN, 15 min run), purity 95.09 %.HRMS (ESI) m/z: calculated for
C4sHseNsO4S [M+2H]*" 402.2067; found 402.2058.

N-(4-(2-((5-Hydroxy-1,2,3,4-tetrahydronaphthalen-2-yl)(propyl)amino)ethyl)phenyl)-3-(1-(8-
(methyl(5-(2-((5-((2-methylthiazol-4-yl)ethynyl)pyridin-3-yl)oxy)acetamido)pentyl)amino)octyl)-
1H-1,2,3-triazol-4-yl)propanamide (4.20a). Compound 4.20a was subjected to general procedure 2.
White solid, 38%. LC-HRMS: tzg=6.21 min (10-100% MeCN, 15 min run), purity 96.64 %. '"H NMR
(300 MHz, DMSO-dp) 6 9.82 (s, 1H), 8.35 (br s, 2H), 8.21 (br s, 1H), 8.17 — 8.09 (m, 1H), 7.95 (s, 1H),
7.78 (s, 1H), 7.51 (dd, J = 2.8, 1.7 Hz, 1H), 7.47 — 7.40 (m, 2H), 7.10 (d, J = 8.4 Hz, 2H), 6.84 (t, J =
7.7 Hz, 1H), 6.53 (dd, J=8.0, 1.1 Hz, 1H), 6.48 (dd, J= 7.6, 1.1 Hz, 1H), 4.61 (s, 2H), 4.24 (t, J= 6.8
Hz, 2H), 3.10 (q, /=6.54 Hz, 2H), 2.96 — 2.69 (m, 6H), 2.68 — 2.55 (m, 10H), 2.43 — 2.31 (m, 5H), 2.20
(s, 3H), 1.91 (brd, J=11.6 Hz, 1H), 1.77 — 1.66 (m, 2H), 1.51 — 1.25 (m, 10H), 1.17 (br s, 10H), 0.81
(t, J = 7.3 Hz, 3H). *C NMR (75 MHz, DMSO-ds) 6 170.4, 167.2, 166.5, 155.2, 154.0, 146.2, 144.6,
139.1, 138.0, 137.5, 135.7, 135.2, 129.3, 126.3, 125.8, 123.4, 123.3, 122.3, 120.2, 119.4, 111.9, 87.4,
85.1, 67.5, 56.8, 56.6, 52.8, 52.2, 49.6, 41.4, 38.6, 36.3, 35.0, 32.4, 30.2, 29.3, 29.1, 28.8, 27.0, 26.2,
26.1,25.8,24.4,23.9,22.1,21.5,19.2, 12.2. HRMS (ESI) m/z: calculated for Cs3H73NoO4S [M+2H]**
465.7747; found 465.7756.

N-(4-(2-((5-Hydroxy-1,2,3,4-tetrahydronaphthalen-2-yl)(propyl)amino)ethyl)phenyl)-3-(1-(10-
(methyl(5-(2-((5-((2-methylthiazol-4-yl)ethynyl)pyridin-3-yl)oxy)acetamido)pentyl)amino)decyl)-
1H-1,2,3-triazol-4-yl)propanamide (4.20b). Compound 4.20b was subjected to general procedure 2.
White solid, 45%. LC-HRMS: tz=6.47 min (10-100% MeCN, 15 min run), purity 96.97 %. HRMS
(ESI) m/z: calculated for CssH77N9O4S [M+2H]*" 479.7904; found 479.7895.
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N-(5-((8-(4-((2-Methoxy-4-((4-(2-methoxyphenyl)piperazin-1-yl)methyl)phenoxy)methyl)-1H-
1,2,3-triazol-1-yl)octyl)(methyl)amino)pentyl)-2-((5-((2-methylthiazol-4-yl)ethynyl)pyridin-3-
yl)oxy)acetamide (4.21a). Compound 4.21a was subjected to general procedure 2. White solid, 47%.
LC-HRMS: tz=6.25 min (10—-100% MeCN, 15 min run), purity 96.54 %. HRMS (ESI) m/z: calculated
for C49He7NoOsS [M+2H]** 446.7487; found 446.7470.

N-(5-((10-(4-((2-Methoxy-4-((4-(2-methoxyphenyl)piperazin-1-yl)methyl)phenoxy)methyl)-1H-
1,2,3-triazol-1-yl)decyl)(methyl)amino)pentyl)-2-((5-((2-methylthiazol-4-yl)ethynyl)pyridin-3-
yl)oxy)acetamide (4.21b). Compound 4.21b was subjected to general procedure 2. White solid, 49%.
LC-HRMS: tz=6.92 min (10—-100% MeCN, 15 min run), purity 96.47 %. HRMS (ESI) m/z: calculated
for CsiH71NoOsS [M+2H]*" 460.7643; found 460.7631.

N-(5-((8-(4-((2-Methoxy-4-((4-(2-methoxyphenyl)piperazin-1-yl)methyl)phenoxy)methyl)-1H-
1,2,3-triazol-1-yl)octyl)(methyl)amino)pentyl)-2-(3-((2-methylthiazol-4-
yl)ethynyl)phenoxy)acetamide (4.21c). Compound 4.21¢ was subjected to general procedure 2. White
solid, 52%. LC-HRMS: trg=6.96 min (10-100% MeCN, 15 min run), purity 97.07 %. HRMS (ESI) m/z:
calculated for CsoHesNsOsS [M+2H]? 446.2511; found 446.2488.

N-(5-((10-(4-((2-Methoxy-4-((4-(2-methoxyphenyl)piperazin-1-yl)methyl)phenoxy)methyl)-1H-
1,2,3-triazol-1-yl)decyl)(methyl)amino)pentyl)-2-(3-((2-methylthiazol-4-
yl)ethynyl)phenoxy)acetamide (4.21d). Compound 4.21d was subjected to general procedure 2. White
solid, 54%. LC-HRMS: tg=6.87 min (10—-100% MeCN, 15 min run), purity 92.29 %. HRMS (ESI) m/z:
calculated for Cs;H72NsOsS [M+2H]?* 460.2667; found 460.2644.

N-(2-(2-(2-(2-(4-((2-Methoxy-4-((4-(2-methoxyphenyl)piperazin-1-yl)methyl)phenoxy)methyl)-
1H-1,2,3-triazol-1-yl)ethoxy)ethoxy)ethoxy)ethyl)-2-(3-((2-methylthiazol-4-
yl)ethynyl)phenoxy)acetamide (4.18a). Compound 4.18a was subjected to general procedure 2. White
solid, 51%. LC-HRMS: tg=7.37 min (10—-100% MeCN, 15 min run), purity 97.82 %. HRMS (ESI) m/z:
calculated for C44HssN-,OsS [M+2H]** 420.6911; found 420.6891.

N-(17-(4-((2-Methoxy-4-((4-(2-methoxyphenyl)piperazin-1-yl)methyl)phenoxy)methyl)-1H-
1,2,3-triazol-1-yl)-3,6,9,12,15-pentaoxaheptadecyl)-2-(3-((2-methylthiazol-4-
yl)ethynyl)phenoxy)acetamide (4.18b). Compound 4.18b was subjected to general procedure 2. White
solid, 58%. LC-HRMS: tg=7.24 min (10-100% MeCN, 15 min run), purity 97.78 %. HRMS (ESI) m/z:
calculated for C4sHe3N-O10S [M+2H]*" 464.7173; found 464.7140.
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IVV.5.2. Generation of the stable D2s-mGIuR5 co-expressing cell line

Production of the stable D2s-mGIluR5 co-expressing cell line was conducted by a retroviral
transduction of D2s (human) into the mGIluR5a-HEK293-TREXx stable cell line (a kind gift of Janssen
Pharmaceutical Companies of Johnson & Johnson), stably transfected with the mGluR5a/pcDNA4-TO
construct (RefSeq NM_000842; RefSeqP NP _000833).

The retroviral construct of D2s was generated by PCR-amplifying the D2s sequence (RefSeq
NM 016574.3) flanked by the SnaBI/Nofl restriction enzyme sites and cloned into the digested
retroviral vector pLZRS-IRES-EGFP. The integrity of the insert was confirmed by DNA sequencing.
The pLZRS-D2s-IRES-EGFP plasmid leads to co-expression of the D2s and eGFP, the latter can be

used as a marker for cell sorting and to check the stability of the cell lines by flow cytometry.

For the production of retrovirus and retroviral transduction the Phoenix-Amphotropic packaging cell
line[33] was used (a kind gift from prof. Bruno Verhasselt, Department of Clinical Chemistry,
Microbiology, and Immunology, Ghent University, Belgium). The cells were transfected with LZRS-
D2s-IRES-EGFP, by calcium phosphate precipitation (Invitrogen, San Diego, CA, USA). After
puromycin selection of 2 weeks, the retroviral supernatant was harvested, spun down (10 min at 350 x
g) and aliquots of the supernatant were stored at —80 °C until use. For transduction of human embryonic
kidney (HEK) 293T cells, 10* cells/well were seeded in a transparent 96-well plate. After 24 h, the
medium was refreshed with the retroviral supernatant, which had been preincubated for 10 min with
Dotap (Roche Diagnostics). To increase transduction efficiency, the plates were spun down (90 min,
950 x g, 32 °C). Transduction efficiency was measured by flow cytometry 48 h after transduction, via
assessment of expression of EGFP. Cell sorting was done on a BD FACSAria 111, equipped with 405,
488, 561, and 640 nm lasers (BD Biosciences, Erembodegem, Belgium).

All cells were cultured at 37 °C, 5% CO,, under humidified atmosphere in DMEM (high glucose)
supplemented with 10% heat inactivated fetal bovine serum (FBS), 2 mM of glutamine, 100 IU/ml of
penicillin, 100 pg/mL of streptomycin, and 0.25 pg/ mL of amphotericin B. Stability of the cell line was

followed up by flow cytometric analysis.
1V.5.3. Cell culture and transfection

Human embryonic kidney (HEK) 293T cells and HEK 293 mGIluRS5 cells (Janssen Pharmaceutica,
Belgium) were cultured in Dulbecco's modified Eagle's medium (DMEM; Invitrogen), supplemented
with 10% fetal bovine serum, penicillin (100 U/ml), and streptomycin (100 pg/ml) in a controlled
environment (37 °C, 98% humidity, 5% CO,). For ligand binding experiments, HEK293T cells were
transiently transfected using the Polyethylenimine (PEI) method as described before.[43],[63] A total

amount of 10 pg of DNA was used for transfection of cells in one 10-cm dish. HEK293S cells stably
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expressing HA D4,R[43] were grown in DMEM/F12 (Gibco, Invitrogen) supplemented with 10% fetal
bovine serum, penicillin (100 U/ml), streptomycin (100 pg/ml), and 0.5 mg/ml G418 (Geneticin, Gibco)
in a controlled environment (37 °C, 98% humidity, 5% CO,).

IV.5.4. Membrane Preparation and Protein Determination.

Membrane suspensions from HEK293T cells transiently transfected with the receptors of interest were
prepared as described previously.[29] Cells were disrupted with a Polytron homogenizer for two 10 s
periods in 10 volumes of ice-cold Tris-HCI buffer (50 mM, pH 7.4). Membranes were obtained by
centrifugation at 16500g for 20 min at 4 °C, and the pellet was resuspended and centrifuged under the
same conditions. The resulting pellet was stored at -80 °C and was washed once more as described above
and resuspended in Tris-HCI buffer (50 mM, pH 7.4) for immediate use. Protein was quantified by the

BCA method using bovine serum albumin dilutions as the standard.
IV.5.5. [*H]Spiperone Binding.

Saturation binding assay for [*H]spiperone was performed as previously described.[64],[65] For
competition binding assays, membranes (20 ug) were incubated in binding buffer (50 mM Tris-HCI
containing 5 mM KCI, 1 mM EDTA, 1.5 mM CaCl, and 4 mM MgCl,, pH 7.4) with 0.2 nM
[*H]spiperone (specific activity = 76 Ci/mmol, PerkinElmer, USA) in the absence or presence of varying
concentrations (0.1 nM-10 uM) of unlabeled ligands for 1 h at 22 °C. Nonspecific binding was
determined in the presence of 1 pM haloperidol. Incubation was terminated by rapid filtration through
GF/C glass-fiber filters (Whatman Schleicher and Schuell, Keene, NH) embedded in 0.1%
polyethylenimine and mounted on a Brandel cell harvester. Filters were washed three times with cold
50 mM Tris-HCI, pH 7.4 buffer and transferred to vials containing 3 mL of scintillation cocktail to soak
the filter overnight. The radioactivity counts were measured with a Tri-Carb 2800TR liquid scintillation

analyzer (PerkinElmer).

IV.5.6. [*H]Raclopride Binding.

[*H]raclopride saturation binding assay was performed as described before.[66] Briefly, a suspension
of whole cells or cell membranes (corresponding a total protein amount of 20 ug) were incubated with
different concentrations (020 nM) of [*H]raclopride in 50 mM Tris-HCI, pH 7.4 buffer (containing 5
mM KCI, 100 mM NaCl, 1.5 mM CaCl,, 4 mM MgCl, and 1 mM EDTA) at 37 °C for 1 h. For
competitive binding experiments, 2.0 nM [*H]raclopride (specific activity = 73.8 Ci/mmol,
PerkinElmer, USA) was incubated with 20 pg of cell membranes in the absence or presence of varying
concentrations (0.1 nM-10 pM) of unlabeled ligands at 37 °C for 1 h. Nonspecific binding was

determined in the presence of 1 uM haloperidol. Filtration and measuring were as described above.
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IV.5.7. [*FH]MPEP Binding.

[*’H]MPEP saturation binding assay was adapted from a published protocol.[67] Membranes (20 pg)
were incubated with different concentrations (0—10 nM) of [*HJMPEP in 50 mM Tris-HCI and 2 mM
MgCl,, pH 7.4 buffer at 25 °C for 1 h. For competitive binding experiments, 3.0 nM [*H]MPEP (specific
activity = 60 Ci/mmol, American Radiolabeled Chemicals, Inc.) was incubated with 20 pg of
membranes in the absence or presence of varying concentrations (0.1 nM-100 uM) of unlabeled ligands
at 25 °C for 1 h. Nonspecific binding was determined in the presence of 10 uM MPEP. Filtration and

measuring were as described above.
IVV.5.8. Data Analysis.

Results are expressed as means + SEM for at least three experiments, each performed in duplicate.
Statistical analysis and curve fits of dose-response curves were performed using GraphPad Prism 7. Ki

values were calculated by using the Cheng-Prusoff equation.[68]
IVV.5.9. MAPK phosphorylation

HEK?293S cells stably expressing HA D4.2R were seeded in 6-well plates with 400,000 cells per well.
When the cells were 70% confluent, cells were starved overnight with serum free medium. The ligands
(1 nM-10 uM) were added sequentially to the cells at the concentrations indicated in the legend for 5
min. To stop the reaction, medium was aspirated, the cells were placed on ice and washed with ice-cold
PBS. RIPA buffer [150 mM NaCl; 50 mM Tris/HCI pH 7.5; 1 % NP-40; 0.1 % SDS; and 0.5 %
deoxycholic acid sodium salt (Acros Organics: 218591000); protease inhibitors: aprotinin (2.5 pg/ml,
Sigma-Aldrich: A6279), pefablock (1 mM, Sigma-Aldrich: 76307), leupeptin (10 pg/ml, Acros
Organics: 328350050), and phosphatase inhibitor B-glycerol phosphate disodium salt pentahydrate (10
mM, Fluka BioChemika: 50020)] was used to prepare the cell lysate for western blotting according to
the protocol described before.[69] After western blotting, the membrane was incubated with blocking
buffer (LI-COR Biosciences) for 1h at RT. Then, primary antibody rabbit polyclonal phospho-p44/42
MAPK (1/2000) (Cell Signaling, cat. no. 9101L) or mouse monoclonal p44/42 MAPK (1/2000) (clone
L34F12; Cell Signaling, cat. no. 4696S) was added to develop the blot overnight at 4 °C. Next, the blot
was washed with washing buffer (PBS + 0.05% Tween 20 from Sigma-Aldrich) for three times and then
secondary antibodies goat anti-rabbit IRDye680 LT (1/10000) (cat. no. 926-68021, LI-COR
Biosciences) or goat anti-mouse IRDye800 (1/10000) (cat. n0.926-32210, LI-COR Biosciences) were
added for 1h at RT in the dark. The blot was washed with washing buffer for three times and the
fluorescent signal was detected with the Odyssey Infrared Imaging system. In the analysis, the phospho-
p44/42 MAPK signal is normalized against the total p44/42 MAPK signal after quantification by Image
J.

148



Chapter IV

IVV.5.10. GloSensor cAMP protocol

HEK293T D2s-mGIluR5 co-expressing cells and HEK293T D2s cells were seeded in 6-well plates at
500 000 cells/well. The day after, cells were transfected with the pGloSensor-22F cAMP plasmid, using

the FuGene transfection reagent (as described previously).[44]

Cells were first washed with CO,-independent medium and afterwards incubated with equilibration
medium containing 2% v/v GloSensor cAMP reagent stock solution in 10% FBS CO:-independent
medium. After an incubation of 30 min at 37 °C, the luminescence signal was measured until a steady-
state basal signal was obtained. Serial concentrations of monovalent agonist DPAT-alkyne (3.07) or
bivalent ligand (4.20a) (0.1 nM-10 puM) were added. After 15 min, 10 pM Forskolin (FSK) was added.
The agonist profile of the compounds was evaluated by assessing their ability to counteract the
Forskolin-induced increase of cAMP accumulation. Therefore, the maximal luminescent responses were

used for generating dose-response curves and ECso-values.
IV.5.11. Computational modeling

IVV.5.11.1 Receptor structure preparation

Crystallographic missing residues and/or atoms in the human D,R crystal structure[47] (PDB id:
6CM4) were added using CHIMERA v1.11.2 software[70] by selecting the most probable rotamer at
relevant positions with fewest possible steric clashes. Mutated residues: 1122A, L375A, L379A were
converted back to wild-type using the same procedure. The four-residue missing segment of intracellular
loop 2 (ICL2) was ab initio modeled with MODELLER v9.18.[71] Co-crystallized risperidone and
endolysin fusion protein were removed from the D;R structure. Energy minimization was then

performed on added residues/loops and any clashing atoms in the AMBER14SB force-field.[72]

From a previously published MD simulation of mGlu5 with bound NAM,[50] a conformation of
mGlu5 was extracted which has a larger extracellular gap between TMS and TM6 than the original

crystal structure[46] (PDB id: 4009). The simulated NAM was removed from this structure.
IVV.5.11.2 Protein-protein docking

For construction of an mGluR5-D2R heterodimer model, where D,R and mGIluR5 interact via a
symmetrical TM5-TM6 interface, both receptors were systematically superimposed onto relevant
monomers of the mu-opioid receptor homodimer crystal structure[59] (PDB id: 4DKL). The mGluR5-
D;R heterodimer model was then submitted to the ROSIE webserver[60] for protein-protein docking
using default parameters. The best docked heterodimer structure was identified by two factors: best

interface score (“I_sc”) and best membrane-compatible orientation.
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IVV.5.11.3 Bivalent ligand docking

Coordinates for MTEP and 5-OH-DPAT were downloaded from PubChem.[73] Autodock v4.2[74] was
used to dock MTEP into mGluRS5 and 5-OH-DPAT into D;R in the heterodimer model. Grid points were
extended to cover total allosteric and orthosteric pocket volumes, respectively. The selected docked
conformation of each ligand in its receptor represents the top hit identified by best predicted affinity in
the largest docking cluster. The linker between MTEP and 5-OH-DPAT components, corresponding to
compound 4.20a, was modeled with CHIMERA by manually extending the chain from both sides and
connecting at the heterodimer interface between TM5 and TM6 of both receptors. The 4.20a linker was
modeled to follow the shortest path possible between receptors whilst avoiding steric clashes. The
heterodimer-ligand complex was energy minimized without restraints with CHIMERA in the AMBER-

14SB force-field[72] to relax the 4.20a linker and optimize protein-ligand interactions.
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Synthesis of tertiary amine linker
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Scheme 2. Reagents and conditions: i) (3-dimethylaminopropyl)-N-ethylcarbodiimide hydrochloride, 1-
hydroxybenzotriazole, triethylamine, CH,Cly; ii) sodium ascorbate, CuSQOa, triethylamine, tris[(1-benzyl-1,2,3-
triazol-4-yl)methyl]amine, dimethylformamide.
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S2
Table 1 Binding affinities (K;) for D4R

Compound X R Linker Ki (nM)
for D4R

3.07 - DPAT - 15+6.1
3.03 - DAP - 1.6+0.2
4.16 N DPAT -OCH,;CONH (CHa)s- 62 +8.3
4.20a N  DPAT -OCH>CONH(CH3)sNCH3(CH,)s- 21+2.4
4.20b N  DPAT -OCH2CONH (CH2)sNCH3(CHz2)10- 64+29
4.21a N DAP -OCH2CONH (CH2)sNCH3(CH2)g- 43+0.2
4.21b N DAP -OCH,CONH (CH2)sNCH3(CH2)10- 94+16
4.21c CH DAP -OCH2CONH (CH2)sNCH3(CH2)g- 56+1.8
4.21d CH DAP -OCH2CONH (CH2)sNCH3(CHz)10- 7.3+£0.8
4.18a CH DAP -OCH,CONH-PEG;- 189 +12
4.18b CH DAP -OCH,CONH-PEGs- 23 +3.7

Binding affinities (Ki) were obtained by competitive displacement of radiolabeled [*H]spiperone binding
to HEK293T D4R cell membranes. All values are expressed as the mean £ SEM of three independent
assays performed in duplicate.
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Saturation assay for mGIuR5

mGIuRS5 Gl
m uRS5-D,R
B Total 2
o B Total
17507 A non-specific 000 -
A non-specific
1500_' Specific binding P
o a V  specific binding
w w
o 1250 o
= =
~ 1000 Y f -~
T T
) ®
— 750 —
=] =]
o c
5 500 - S
o o
; 250_}“//" 3
0 T T T T T T T T T 1

(’HI-MPEP (nM)

Entry Bmax fmol/mg Kd nM
mGIuR5 1488 + 153 22+0.7
mGIuR5-D2R 522 +19 20+0.2

All values are expressed as the mean £ SEM of two independent assays performed in duplicate.
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Figure 1. Efficacy of bivalent ligands to phosphorylate MAPK in HEK293 D4R cells. Cells were treated
with serum-free media (SFM) for 12 h. Next, D,-likeR agonists and SFM were added for 5 min. Cells
were washed and lysed as explained in the Experimental section. Phosphorylated MAPK was detected
by immunoblotting using rabbit anti-phospho-p44/42 MAPK antibody and mouse anti-p44/42 MAPK
antibody was used for demonstrating equal protein loading. Cells treatment with SFM served as control.
The panels A and C show a representative result from three independent experiments; the panels B and
D are given as mean + SEM. DA=dopamine.

164



Chapter IV

MAPK phosphorylation for D,R-mGIuR5

HEK293 D,R-mGIuRS5
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Figure 2. Efficacy of bivalent ligands to phosphorylate MAPK in HEK293 D>R-mGIuR5 cells. Cells
were treated with serum-free media (SFM) for 12 h. Next, D,-likeR agonists and SFM were added for
5 min. Cells were washed and lysed as explained in the Experimental section. Phosphorylated MAPK
was detected by immunoblotting using rabbit anti-phospho-p44/42 MAPK antibody and mouse anti-
p44/42 MAPK antibody was used for demonstrating equal protein loading. Cells treatment with SFM
served as control. The left panel shows a representative result from three independent experiments; the
right panel is given as mean = SEM. DA=dopamine. *p < 0.05 and **p < 0.01. ns, not significant.

MAPK phosphorylation for mGIuRS

HEK 293 mGIuRS

*kkk *
.- 1l

P-p4d4/d2 MAPK o~ Sl o mmm ifa %
PHRMAK I A S == . : % i
‘é&@ é‘é @\\\ Q@\Q %@s $$ : 0 '.ﬂ 2 - /A D
O-@ \\;\Q QCJ\ (}\\ QC; 9{(@ @‘3& . K o”o O\f QO@
Q$ S & v <& o
Qio o .

Figure 3. Time-dependent response on activity of MAPK-P by L-Glu and CHPG in HEK293 mGIuR5
cells. Cells were treated with serum-free media (SFM) for 12 h. Next, mGIuR5 agonists, SFM or vehicle
control were added for 5 min or 10 min. Cells were washed and lysed as explained in the Experimental
section. Phosphorylated MAPK was detected by immunoblotting using rabbit anti-phospho-p44/42
MAPK antibody and mouse anti-p44/42 MAPK antibody was used for demonstrating equal protein
loading. Cells treatment with SFM served as control. The left panel shows a representative result from
three independent experiments; the right panel is given as mean + SEM. L-Glu = L-Glutamic acid.
CHPG = (RS)-2-Chloro-5-hydroxyphenylglycine. *p < 0.05, ****p < 0.0001.
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HEK293 mGIuRS
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Figure 4. Efficacy of one bivalent ligand 4.20a and MTEP to inhibit phosphorylation of MAPK
activated by L-Glu in HEK293 mGIuR5 cells. Cells were treated with serum-free media (SFM) for 12
h and then pretreated with or without MTEP and 4.20a (10 uM) for 30 min before treatment with L-Glu
(10 uM, 10 min). Cells were washed and lysed as explained in the Experimental section. Phosphorylated
MAPK was detected by immunoblotting using rabbit anti-phospho-p44/42 MAPK antibody and mouse
anti-p44/42 MAPK antibody was used for demonstrating equal protein loading. Results are expressed
as the fold of control. Cells treatment with SFM served as control. The left panel shows a representative
result from three independent experiments; the right panel is given as mean = SEM. L-Glu = L-Glutamic
acid.
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Figure 5. Efficacy of bivalent ligands to inhibit phosphorylation of MAPK activated by L-Glu in
HEK293 mGIuRS5 cells. Cells were treated with serum-free media (SFM) for 12 h and then pretreated
with or without MTEP and bivalent ligands (10 puM) for 30 min before treatment with L-Glu (10 uM,
10 min). Cells were washed and lysed as explained in the Experimental section. Phosphorylated MAPK
was detected by immunoblotting using rabbit anti-phospho-p44/42 MAPK antibody and mouse anti-
p44/42 MAPK antibody was used for demonstrating equal protein loading. Results are expressed as the
fold of control. Cells treatment with SFM served as control. The top panel shows a representative result
from three independent experiments; the bottom panel is given as mean + SEM. L-Glu = L-Glutamic
acid.
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Figure 6. Time-dependent response on activity of MAPK-P by 10 pM L-Glu in HEK293 mGIuR5-D2R
cells. Cells were treated with serum-free media (SFM) for 12 h. Next, SFM and mGIuR5 agonist were
added for 3 min, 5 min 7 min, 10 min or 15 min. Cells were washed and lysed as explained in the
Experimental section. Phosphorylated MAPK was detected by immunoblotting using rabbit anti-
phospho-p44/42 MAPK antibody and mouse anti-p44/42 MAPK antibody was used for demonstrating
equal protein loading. Cells treatment with SFM served as control. The left panel shows a representative
result from three independent experiments; the right panel is given as mean £ SEM. L-Glu = L-Glutamic
acid. *p < 0.05, ***p < 0.001 and ****p < 0.0001. ns, not significant.
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Table 2. Overview of MAPK-P for D4R and mGIuR5.

Entry X R Linker MAPK for  MAPK for
D4R mGIuRS5
3.03 - - - + -
3.07 - - - + -
MTEP - - - - +
4.20a N DPAT -OCH:CONH(CH2)sNCH3(CH2)g- + +
4.20b N DPAT -OCH:CONH (CH2)sNCH3(CHz)10- + +
4.20c N DPAT -OCH;CONH (CH2)sNCH3(CH2)12- + +
4.20d CH DPAT -OCH:CONH(CH2)sNCH3(CH2)g- + +
4.20e CH DPAT -OCH:CONH (CH2)sNCHs(CHz2)10- + +
4.20f CH DPAT -OCH>CONH (CH2)sNCH3(CH:)12- + +
4.21a N DAP  -OCH>CONH (CH2)sNCH3(CH>)e- + +
4.21b N DAP  -OCH2CONH (CH2)sNCH3(CH?2)10- + +
4.21e N DAP  -OCH2CONH (CH2)sNCH3(CH2)12- + +
4.21c CH DAP  -OCH2CONH (CH2)sNCH3(CH:)s- + +
4.21d CH DAP -OCH2CONH (CH2)sNCH3(CH2)10- + +
4.21f CH DAP -OCH:CONH (CH2)sNCH3(CHz2)12- + +
4.16 N DPAT -OCH;CONH (CH)s- + +
4.16b N DAP -OCH;CONH (CH)s- + +
4.16a CH DPAT -OCH,CONH (CHz)s- + +
4.16¢ CH DAP -OCH,CONH (CH2)s- + +
4.18d N DAP -OCH;CONH-PEGs- + +
4.22a N DPAT -OCH;CONH-PEGs- + +
4.18c N DAP -OCH,CONH-PEGs- + +
4.22b N DPAT -OCH,CONH-PEGs- + +
4.18b CH DAP -OCH,CONH-PEGs- + +
4.22¢c CH DPAT -OCH,CONH-PEGs- + +
4.18a CH DAP -OCH,CONH-PEGs- + +
4.22d CH DPAT -OCH,CONH-PEG4- + +

“+” means MAPK works for D4R or mGIuRb.
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Experimental Section
General procedure 1: Carbodiimide-mediated amide formation.

To a solution of (3-Dimethylaminopropyl)-N-ethylcarbodiimide hydrochloride (1.5 eq.) and 1-
hydroxybenzotriazole (1.4 eq.) in CH>Cl, was added a solution of the PEG spacer (1.2 eq.) in CH2Cl;
(0.2 M) and cooled to 0°C under an argon atmosphere. After 15 min at 0°C, amines (1.0 eq.) were added
and triethylamine (2 eq.) was added dropwise; the reaction was slowly warmed to room temperature and
stirred overnight. The reaction was diluted with CH,Cl,, washed successively with water, HCI (5% aqg.),
NaHCOzs (sat. aqg.), NaCl (sat. aq.), dried over Na.SOj, filtered and solvent was evaporated under reduced
pressure. The crude product was purified by silica gel chromatography (NHsOH/MeOH/CH,CI;, 1:5:94
v/vIv) to yield the amides.

General procedure 2: Copper mediated azide-alkyne cycloaddition.

To a solution of the intermediate azide (1.0 eq.) in dimethylformamide (0.1 M) was added the alkyne
(1.5 eq.), sodium ascorbate (1.0 eqg., 0.5 M), CuSO4 (0.2 eq., 0.05 M), triethylamine (3.0 eq.) and a
catalytic amount of tris[(1-benzyl-1,2,3-triazol-4-yl)methyl]Jamine. The reaction mixture was stirred
overnight at room temperature in the dark under an argon atmosphere. The solvent was evaporated under
reduced pressure and the residue was redissolved in water and extracted with CH,Cl,. Then combined
organic fractions were pooled, washed with brine and dried over Na.SO.. The crude compound was
purified by silica gel chromatography (NH,OH/MeOH/CH,Cl,, 1:5:94 v/v/v) to give the final compound

as a white solid.
12-azidododecanal (4.13c)

Compound 4.13c was prepared using the procedure described as 4.13a. Colorless oil (3.4 g, 89%). H
NMR (300 MHz, CDCls) § 9.71 (s, 1H), 3.21 (t, J = 6.9 Hz, 2H), 2.37 (td, J = 7.4, 1.9 Hz, 2H), 1.68 —
1.48 (m, 4H), 1.37 — 1.16 (m, 14H). C NMR (75 MHz, CDCls) & 202.9, 51.4, 43.8, 29.4, 29.3, 29.3,
29.1,29.1, 29.1, 28.8, 26.6, 22.0.

tert-butyl (5-((12-azidododecyl)(methyl)amino)pentyl)carbamate (4.14c)

Compound 4.14¢ was obtained according to the procedure described for compound 4.14a. Colorless oil
(3.31 g, 78%). *H NMR (300 MHz, CDCl3) 6 4.61 (s, 1H), 3.22 (t, J = 6.9 Hz, 2H), 3.08 (¢, J = 6.6 Hz,
2H), 2.53 — 2.42 (m, 4H), 2.33 (s, 3H), 1.63 — 1.43 (m, 6H), 1.41 (s, 9H), 1.37 — 1.17 (m, 20H). 3C
NMR (75 MHz, CDCls) & 155.9, 79.0, 56.8 (d, J = 17.9 Hz), 51.4, 41.2, 40.3, 29.7, 29.4, 29.4, 29.4,
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29.3, 29.1, 28.7, 28.4, 27.3, 26.6, 25.7 (d, J = 26.6 Hz), 24.5. HRMS (ESI) m/z: calculated for
CasHigNs02 [M+H]* 426.3808; found 426.3807.

N!-(12-azidododecyl)- N!-methylpentane-1,5-diamine (4.04c)

Compound 4.04c was obtained according to the procedure described for compound 4.04a. Colorless oil
(2.4 g, 95%). 'H NMR (300 MHz, DMSO-ds) & 3.27 (t, J = 6.8 Hz, 2H), 2.81 — 2.74 (m, 2H), 2.48 (dq,
J = 3.1, 1.5 Hz, 4H), 2.41 (s, 3H), 1.70 — 1.39 (m, 6H), 1.36 — 1.17 (m, 20H). **C NMR (75 MHz,
DMSO-ds) 6 55.4, 51.0, 48.6, 40.7, 39.0, 38.9, 32.8, 31.0, 29.4, 28.9, 28.6, 26.8, 26.5, 26.3, 26.2, 25.7,
23.7, 23.2. HRMS (ESI) m/z: calculated for C1sH4oNs [M+H]* 326.3284; found 326.3288.

N-(6-azidohexyl)-2-(3-((2-methylthiazol-4-yl)ethynyl)phenoxy)acetamide (4.15a)

Compound 4.15a was subjected to general procedure 1. Offwhite solid, 78%. *H NMR (300 MHz,
CDCls) 5 7.37 (s, 1H), 7.30 — 7.24 (m, 1H), 7.20 (dt, J = 7.7, 1.3 Hz, 1H), 7.09 (ddd, J = 2.7, 1.4, 0.4
Hz, 1H), 6.90 (ddd, J = 8.1, 2.7, 1.2 Hz, 1H), 6.54 (br s, 1H), 4.47 (s, 2H), 3.33 (td, J = 7.1, 6.0 Hz, 2H),
3.23 (t, J = 6.8 Hz, 2H), 2.72 (s, 3H), 1.81 (br s., 1H), 1.63 — 1.48 (m, 4H), 1.44 — 1.27 (m, 3H). C
NMR (75 MHz, CDCls) 6 167.7, 165.8, 156.9, 136.5, 129.8, 125.6, 124.1, 122.6, 117.6, 115.4, 88.0,
83.9, 67.4, 51.3, 38.8, 29.4, 28.7, 26.3, 19.1. HRMS (ESI) m/z: calculated for CzH2:Ns0,S [M+H]*
398.1651; found 398.1637.

N-(5-((12-azidododecyl)(methyl)amino)pentyl)-2-((5-((2-methylthiazol-4-yl)ethynyl) pyridin-3-
yl)oxy)acetamide (4.19¢)

Compound 4.19e was subjected to general procedure 1. Offwhite solid, 69%. *H NMR (300 MHz,
CDCls) 6 8.44 (d, J = 1.6 Hz, 1H), 8.29 (d, J = 2.9 Hz, 1H), 7.43 (s, 1H), 7.33 (dd, J = 2.9, 1.6 Hz, 1H),
6.55 (t, J = 6.2 Hz, 1H), 4.50 (s, 2H), 3.34 (q, J = 7.0 Hz, 2H), 3.22 (t, J = 7.0 Hz, 2H), 2.72 (s, 3H),
2.30 (dt, J = 8.2, 5.4 Hz, 4H), 2.19 (s, 3H), 1.64 — 1.54 (m, 4H), 1.52 — 1.39 (m, 2H), 1.39 — 1.18 (m,
20H). C NMR (75 MHz, CDCls) 6 166.7, 152.7, 145.9, 138.0, 123.5, 123.1, 120.2, 87.1, 84.7, 67.5,
57.8,57.5,51.4,42.1, 39.1, 29.8 — 29.3 (wide peak), 29.1, 28.8, 27.5, 27.1, 26.8, 26.7, 24.7, 21.0, 19.3,
14.1. HRMS (ESI) m/z: calculated for C31HsN7O2S [M+H]* 582.3590; found 582.3596.

N-(5-((12-azidododecyl)(methyl)amino)pentyl)-2-(3-((2-methylthiazol-4-
yl)ethynyl)phenoxy)acetamide (4.19f)

Compound 4.19f was subjected to general procedure 1. Offwhite solid, 75%. *H NMR (300 MHz, CDCls)
8 7.37 (s, 1H), 7.31 - 7.25 (m, 1H), 7.21 (dt, J = 7.6, 1.3 Hz, 1H), 7.11 — 7.08 (m, 1H), 6.91 (ddd, J =
8.1, 2.6, 1.2 Hz, 1H), 6.55 (t, J = 5.9 Hz, 1H), 4.47 (s, 2H), 3.39 - 3.29 (m, 2H), 3.23 (t, J = 7.0 Hz, 2H),
2.73 (s, 3H), 2.30 (ddd, J=7.8, 6.5, 3.6 Hz, 4H), 2.19 (s, 3H), 1.64 — 1.40 (m, 6H), 1.38 — 1.20 (m, 20H).
13C NMR (75 MHz, CDCls) 6 167.6, 165.7, 156.9, 136.6, 129.7, 125.6, 124.0, 122.5, 117.6, 115.5, 115.4,
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88.1, 83.8, 67.4, 57.8, 57.5, 51.4, 42.2, 39. 1, 29.6, 29.5, 29.4, 29.4, 29.1, 28.8, 27.5, 27.1, 26.8, 26.7,
24.7,19.2, 14.2. HRMS (ESI) m/z: calculated for Cs2HasNsO2S [M+H]* 581.3638; found 581.3651.

N-(2-(2-(2-(2-azidoethoxy)ethoxy)ethoxy)ethyl)-2-((5-((2-methylthiazol-4-yl)ethynyl) pyridin-3-
yl)oxy)acetamide (4.17c)

Compound 4.17c was subjected to general procedure 1. Offwhite solid, 65%. *H NMR (300 MHz,
CDCls) § 8.40 (d, J = 1.6 Hz, 1H), 8.30 (d, J = 2.9 Hz, 1H), 7.45 (s, 1H), 7.36 (dd, J = 2.9, 1.6 Hz, 1H),
7.07 (brs., 1H), 4.53 (s, 2H), 3.67 — 3.57 (m, 14H), 3.35 (t, J = 5.6 Hz, 2H), 2.73 (s, 3H). 3C NMR (75
MHz, CDCls) 6 167.1, 166.4, 153.1, 145.2, 137.6, 126.8, 125.6, 123.7 (d, J = 18 Hz), 120.4, 87.2, 84.6,
70.6, 70.6, 70.5, 70.3, 69.9, 69.5, 67.5, 50.6, 38.9, 19.2. HRMS (ESI) m/z: calculated for C:H27NsOsS
[M+H]" 475.1764; found 475.1756.

N-(17-azido-3,6,9,12,15-pentaoxaheptadecyl)-2-((5-((2-methylthiazol-4-yl)ethynyl)pyridin-3-
yl)oxy)acetamide (4.17d)

Compound 4.17d was subjected to general procedure 1. Offwhite solid, 54%. 'H NMR (300 MHz,
CDCl3) 6 8.41 (d, J=1.6 Hz, 1H), 8.30 (d, J = 2.9 Hz, 1H), 7.43 (s, 1H), 7.35 (dd, J = 2.9, 1.6 Hz, 1H),
7.14 (brs., 1H), 4.52 (s, 2H), 3.66 — 3.50 (m, 22H), 3.34 (t, J = 5.6 Hz, 2H), 2.72 (s, 3H). 3C NMR (75
MHz, CDCls) 8 167.0, 166.1, 153.0, 145.5, 137.9, 135.9, 123.4 (d, J = 9.9 Hz), 120.2, 87.1, 84.7, 70.6,
70.6, 70.5, 70.5, 70.5, 70.4, 70.3, 69.9, 69.6, 67.5, 50.6, 38.9, 19.2. HRMS (ESI) m/z: calculated for
C2sH35N607S [M+H]* 563.2288; found 563.2297.

N-(4-(2-((5-hydroxy-1,2,3,4-tetrahydronaphthalen-2-yl)(propyl)amino)ethyl)phenyl)-3-(1-(12-
(methyl(5-(2-((5-((2-methylthiazol-4-yl)ethynyl)pyridin-3-
yl)oxy)acetamido)pentyl)amino)dodecyl)-1H-1,2,3-triazol-4-yl)propanamide (4.20c)

Compound 4.20c was subjected to general procedure 2. White solid, 46%. LC-HRMS: tzg=6.78 min (10—
100% MeCN, 15 min run), purity 96.21%. HRMS (ESI) m/z: calculated for Cs7HgiNgQ4S [M+2H]%*
493.8061; found 493.8052.

N-(4-(2-((5-hydroxy-1,2,3,4-tetrahydronaphthalen-2-yl)(propyl)amino)ethyl)phenyl)-3-(1-(8-
(methyl(5-(2-(3-((2-methylthiazol-4-yl)ethynyl)phenoxy)acetamido)pentyl)amino)octyl)-1H-1,2,3-
triazol-4-yl)propanamide (4.20d)

Compound 4.20d was subjected to general procedure 2. White solid, 51%. LC-HRMS: tg=6.56 min (10—
100% MeCN, 15 min run), purity 99.86 %. HRMS (ESI) m/z: calculated for CssH74NsO4S [M+2H]?
465.2771; found 465.2751. Calculated for Cs4sH73NgO4S [M+H]*929.5475; found 929.5485.
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N-(4-(2-((5-hydroxy-1,2,3,4-tetrahydronaphthalen-2-yl)(propyl)amino)ethyl)phenyl)-3-(1-(10-
(methyl(5-(2-(3-((2-methylthiazol-4-yl)ethynyl)phenoxy)acetamido)pentyl)amino)decyl)-1H-
1,2,3-triazol-4-yl)propanamide (4.20e)

Compound 4.20e was subjected to general procedure 2. White solid, 57%. LC-HRMS: tzg=6.80 min (10—
100% MeCN, 15 min run), purity 94.16 %. HRMS (ESI) m/z: calculated for CssH7sNsO4S [M+2H]?
479.2927; found 479.2912. Calculated for CssH77NsO4S [M+H]* 957.5788; found 957.5829.

N-(4-(2-((5-hydroxy-1,2,3,4-tetrahydronaphthalen-2-yl)(propyl)amino)ethyl)phenyl)-3-(1-(12-
(methyl(5-(2-(3-((2-methylthiazol-4-yl)ethynyl)phenoxy)acetamido)pentyl)amino)dodecyl)-1H-
1,2,3-triazol-4-yl)propanamide (4.20f)

Compound 4.20f was subjected to general procedure 2. White solid, 49%. LC-HRMS: tg=7.11 min (10—
100% MeCN, 15 min run), purity 93.69 %. HRMS (ESI) m/z: calculated for CssHg2NsO4S [M+2H]%*
493.3084; found 493.3036. Calculated for CssHg1NsO4S [M+H]* 985.6101; found 985.6149.

N-(5-((12-(4-((2-methoxy-4-((4-(2-methoxyphenyl)piperazin-1-yl)methyl)phenoxy)methyl)-1H-
1,2,3-triazol-1-yl)dodecyl)(methyl)amino)pentyl)-2-((5-((2-methylthiazol-4-yl)ethynyl) pyridin-3-
yl)oxy)acetamide (4.21¢)

Compound 4.21e was subjected to general procedure 2. White solid, 43%. LC-HRMS: tzg=6.86 min (10—
100% MeCN, 15 min run), purity 84.61 %. HRMS (ESI) m/z: calculated for CssHzsNgOsS [M+2H]?*
474.7800; found 474.7725. Calculated for CssH74NgOsS [M+H]* 948.5534; found 948.5563.

N-(5-((12-(4-((2-methoxy-4-((4-(2-methoxyphenyl)piperazin-1-yl)methyl)phenoxy)methyl)-1H-
1,2,3-triazol-1-yl)dodecyl)(methyl)amino)pentyl)-2-(3-((2-methylthiazol-4-
yl)ethynyl)phenoxy)acetamide (4.21f)

Compound 4.21f was subjected to general procedure 2. White solid, 61%. LC-HRMS: tg=7.14 min (10—
100% MeCN, 15 min run), purity 84.89 %. HRMS (ESI) m/z: calculated for CssH7sNgOsS [M+2H]%*
474.2824; found 474.2807.

N-(6-(4-((2-methoxy-4-((4-(2-methoxyphenyl)piperazin-1-yl)methyl)phenoxy)methyl)-1H-1,2,3-
triazol-1-yl)hexyl)-2-((5-((2-methylthiazol-4-yl)ethynyl)pyridin-3-yl)oxy)acetamide (4.16b)

Compound 4.16b was subjected to general procedure 2. White solid, 55%. LC-HRMS: tg=7.24 min (10—
100% MeCN, 15 min run), purity 89.88 %. HRMS (ESI) m/z: calculated for C41HsoNgOsS [M+2H]%*
383.1806; found 383.1803. Calculated for C41H49NgOsS [M+H]* 765.3540; found 765.3564.
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N-(4-(2-((5-hydroxy-1,2,3,4-tetrahydronaphthalen-2-yl)(propyl)amino)ethyl)phenyl)-3-(1-(6-(2-
(3-((2-methylthiazol-4-yl)ethynyl)phenoxy)acetamido)hexyl)-1H-1,2,3-triazol-4-yl)propanamide
(4.16a)

Compound 4.16a was subjected to general procedure 2. White solid, 46%. LC-HRMS: trg=7.49 min (10—
100% MeCN, 15 min run), purity 80.18 %. HRMS (ESI) m/z: calculated for CsHs7N704S [M+2H]*
401.7090; found 401.7073. Calculated for C4sHssN70S [M+H]* 802.4114; found 802.4108.

N-(6-(4-((2-methoxy-4-((4-(2-methoxyphenyl)piperazin-1-yl)methyl)phenoxy)methyl)-1H-1,2,3-
triazol-1-yl)hexyl)-2-(3-((2-methylthiazol-4-yl)ethynyl)phenoxy)acetamide (4.16c)

Compound 4.16c¢ was subjected to general procedure 2. White solid, 65%. LC-HRMS: tzg=7.56 min (10—
100% MeCN, 15 min run), purity 89.99 %. HRMS (ESI) m/z: calculated for C42HsiN7OsS [M+2H]?
382.6830; found 382.6814. Calculated for C42HsoN7OsS [M+H]* 764.3594; found 764.3611.

N-(17-(4-((2-methoxy-4-((4-(2-methoxyphenyl)piperazin-1-yl)methyl)phenoxy)methyl)-1H-1,2,3-
triazol-1-yl)-3,6,9,12,15-pentaoxaheptadecyl)-2-((5-((2-methylthiazol-4-yl)ethynyl)pyridin-3-
yl)oxy)acetamide (4.18d)

Compound 4.18d was subjected to general procedure 2. White solid, 59%. LC-HRMS: tg=7.03 min (10—
100% MeCN, 15 min run), purity 75.07 %. HRMS (ESI) m/z: calculated for C47Hg2NsO10S [M+2H]?*
465.2149; found 465.2128. Calculated for C42HsoN7OsS [M+H]* 929.4231; found 929.4214.

N-(4-(2-((5-hydroxy-1,2,3,4-tetrahydronaphthalen-2-yl)(propyl)amino)ethyl)phenyl)-3-(1-(1-((5-
((2-methylthiazol-4-yl)ethynyl)pyridin-3-yl)oxy)-2-0x0-6,9,12,15,18-pentaoxa-3-azaicosan-20-yl)-
1H-1,2,3-triazol-4-yl)propanamide (4.22a)

Compound 4.22a was subjected to general procedure 2. White solid, 47%. LC-HRMS: tz=7.03 min (10—
100% MeCN, 15 min run), purity 91.52 %. HRMS (ESI) m/z: calculated for CsiHegsNgOsS [M+2H]%*
484.2409; found 484.2378.

N-(2-(2-(2-(2-(4-((2-methoxy-4-((4-(2-methoxyphenyl)piperazin-1-yl)methyl)phenoxy)methyl)-
1H-1,2,3-triazol-1-yl)ethoxy)ethoxy)ethoxy)ethyl)-2-((5-((2-methylthiazol-4-yl)ethynyl) pyridin-3-
yl)oxy)acetamide (4.18c)

Compound 4.18c was subjected to general procedure 2. White solid, 56%. LC-HRMS: tz=7.00 min (10—
100% MeCN, 15 min run), purity 82.61%. HRMS (ESI) m/z: calculated for Ca3HssNgOsS [M+2H]*
421.1887; found 421.1826. Calculated for C43Hs3sNgOsS [M+H]*841.3707; found 841.3729.
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N-(4-(2-((5-hydroxy-1,2,3,4-tetrahydronaphthalen-2-yl)(propyl)amino)ethyl)phenyl)-3-(1-(1-((5-
((2-methylthiazol-4-yl)ethynyl)pyridin-3-yl)oxy)-2-ox0-6,9,12-trioxa-3-azatetradecan-14-yl)-1H-
1,2,3-triazol-4-yl)propanamide (4.22b)

Compound 4.22b was subjected to general procedure 2. White solid, 53%. LC-HRMS: tr=6.65 min (10—
100% MeCN, 15 min run), purity 91.17%. HRMS (ESI) m/z: calculated for C47HsoNsO7S [M+2H]?*
440.2147; found 440.2118. Calculated for C47HssNsO7S [M+H]* 879.4221; found 879.4232.

N-(4-(2-((5-hydroxy-1,2,3,4-tetrahydronaphthalen-2-yl)(propyl)amino)ethyl)phenyl)-3-(1-(1-(3-
((2-methylthiazol-4-yl)ethynyl)phenoxy)-2-0x0-6,9,12,15,18-pentaoxa-3-azaicosan-20-yl)-1H-
1,2,3-triazol-4-yl)propanamide (4.22c)

Compound 4.22c was subjected to general procedure 2. White solid, 60%. LC-HRMS: tg=7.12 min (10—
100% MeCN, 15 min run), purity 90.88 %. HRMS (ESI) m/z: calculated for Cs,HgeN7OeS [M+2H]%*
483.7433; found 483.7411. Calculated for Cs,HgsN7OeS [M+H]* 966.4799; found 966.4840.

N-(4-(2-((5-hydroxy-1,2,3,4-tetrahydronaphthalen-2-yl)(propyl)amino)ethyl)phenyl)-3-(1-(1-(3-
((2-methylthiazol-4-yl)ethynyl)phenoxy)-2-ox0-6,9,12-trioxa-3-azatetradecan-14-yl)-1H-1,2,3-
triazol-4-yl)propanamide (4.22d)

Compound 4.22d was subjected to general procedure 2. White solid, 53%. LC-HRMS: tg=7.05 min (10—
100% MeCN, 15 min run), purity 85.91%. HRMS (ESI) m/z: calculated for CssHgiN7O7S [M+2H]?*
439.7171; found 439.7152.
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S5

Chromatographic analyses

LC-MS analyses were carried out on a Waters Alliance 2695 XE separation Module by using a
Phenomenex Kinetex EVO C18, 5um 100x2.1mm and a gradient system of HCOOH in H>O (0.1 %,
v/V)/HCOOH in MeCN (0.1%, v/v) at a flow rate of 0.6 mLmin, 100:0 to 0:100 (0 to 100 % MeCN)
in 15 minutes. High-resolution spectra were recorded on a Waters LCT Premier XE Mass spectrometer
and a 2996 Photodiode Array Detector, range 220 nm-400 nm.
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Compound 4.16

180ul; stock 0.45 mg/1.5ml
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Compound 4.20a
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Compound 4.21a
75ul h20/MeCN
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Compound 4.21c
100 ul, stock 0.47 mg/1 ml
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Compound 4.18a

50ul
MQ2085+1004_LC2 3: Diode Array
203.9350 254
1.4e-14 Range: 1.469e-1
’ Time  Height Area  Area%
] 737 143818 11355.87 97.82
791 800 5731 049
1.2e-14 835 1839 19525 168
1.0e-14
8.0e-2
2
I E
5.06-2
4.0e-2
2 0e-2
1 219.9350
0.0 '"n:‘l'"'I""I""I""I""I""I' L L B L B
2.00 4.00 6.00 5.00 10.00
MQ2085+1004_LC2 1: TOF MS ES+
4206837 BPI
100+ 1.50e5
n a
531.2733
e
§86.2242
J e
0 '"'|'"'l""|""|""|"{q\'_ﬁ"w""|""|""|"' Time
2.00 4.00 6.00 5.00 10.00

181



Chapter IV

NMR spectra

S6

The 'H NMR and *C NMR spectra of compound 4.20a are given below.
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CHAPTER V

Synthesis and biological evaluation of fluorescent ligands targeting
the metabotropic glutamate 5 receptor

Victor Fernandez Duefias performed all the biological assays under supervision of Prof.
Francisco Ciruela (Universitat de Barcelona). Dr. Martijn Risseeuw synthesized the BODIPY
dye reagents.






Chapter V

V. SYNTHESIS AND BIOLOGICAL EVALUATION OF FLUORESCENT LIGANDS

TARGETING THE METABOTROPIC GLUTAMATE 5 RECEPTOR

V.1. Abstract

In this study, we described the design and synthesis of a series of fluorescent mGIuR5 ligands based on
BODIPY fluorophores. The preliminary evaluation via NanoBRET suggests that all the fluorescent
ligands are able to bind to the mGIuRS5. In addition, the affinity of compound 5.03 to mGIuR5 seems
modestly higher than that of 5.10 in the saturation assay. Hence, 5.03 could be a promising tool for

further investigating D,R-mGIuR5 dimerization at the surface of living cells by NanoBRET.
V.2. Introduction

The metabotropic glutamate receptors (mGIuRs) constitute a family of G-protein coupled receptors
(GPCR) in the mammalian central nervous system (CNS) and are characterized by the presence of large,
extracellular, N-terminal orthosteric binding domains, which are activated by L-glutamate [1][2][3].
Group I mGluRs (mGIuR1 and mGIuRb5) are principally localized postsynaptically and are extensively
distributed in many brain regions, including the hippocampus, thalamic nuclei, and spinal cord.
Stimulation of mGIuRS5 leads to phosphoinositide (P1) hydrolysis and formation of two intracellular
second messengers: inositol triphosphate (IP3), which induces intracellular Ca?" release, and
diacylglycerol (DAG), which stimulates protein kinase C activity (PKC), via Gq protein coupling to
phospholipase C [3][4][5].

Fluorescently labeled ligands have proven their utility as pharmacological tools to study receptor
localization, trafficking, and signaling processes via fluorescence imaging [6]. They are also employed
in fluorescent binding assays to study ligand/receptor interactions [6]. In such competition assays,
fluorescent ligands offer advantages over radioligands, which suffer from health risks and legal and

disposal costs.
V.3. Design of fluorescent mGIuRS5 ligands

Boron dipyrromethene (BODIPY) is a fluorescent dye with diverse properties, such as photochemical
stability, high molar absorptivity, high fluorescence quantum yield, and the fact that its fluorescence
property can be altered by varying the substitution pattern on the core and the flanking pyrroles. Alkyne
functionalized BODIPY dyes can be used to fluorescently label an azido functionalized ligand in a
chemo selective manner employing the copper-catalyzed azide—alkyne cycloaddition (CUAAC) reaction
[7]. Here we exploited alkyne functionalized BODIPY (496/503) and BODIPY (573/607) to construct

a small set of fluorescent mGIURS ligands (Figure 1). Towards this end, we employed the earlier
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synthesized MTEP derivatives and linkers as used for the bivalent D,R-mGIuR5 ligands. These
fluorescent ligands were tested by NanoBRET. NanoBRET is a relatively new bioluminescence
resonance energy transfer (BRET) variant for the analysis of protein-protein interactions, which was
developed by Promega by combining an extremely bright luciferase (Nanoluc) with BRET to increase
detection sensitivity and dynamic range over current BRET technologies [8].

—

X

MTEP analogues

BODIPY

Figure 1. Designed fluorescent mGIuR5 ligands based on BODIPY

V.4. Results and discussion
V.4.1. Chemistry
V.4.1.1 Synthesis of fluorescent mGIuRS5 ligands

The fluorescent ligands were generated by first condensing the mGIuR5 carboxylate derivatives with
different spacers in the presence of the coupling agent EDC and triethylamine to yield the six
intermediate azides, which were described in Chapter IV. The synthesis of the fluorescent ligands was
accomplished by reacting each of these azides with both alkyne modified BODIPY green and BODIPY

red through CuUAAC (Scheme 1). This afforded a concise series of twelve mGIuR5 fluorescent ligands.
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Scheme 1. Reagents and conditions: a) sodium ascorbate, CuSQ., triethylamine, tris[(1-benzyl-1,2,3-

triazol-4-yl)methyl]amine, dimethylformamide.
V.4.2. Preliminary evaluation of the synthesized fluorescent mGIuR5 ligands
V.4.2.1 Characterization of fluorescent properties

We first determined the excitation and emission spectra of the fluorescent mGIuR5 ligands. All BODIPY
green labeled ligands exhibited comparable spectral separation (10 nm) between excitation and emission
wavelength (Figure 2). Interestingly, spectral separation exceeding more than 30 nm was achieved for
the three measured BODIPY red labeled ligands, with 5.03 even displaying spectral separation of 40
nm.
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Figure 2. Excitation and emission wavelength for the mGIuR5 fluorescent ligands.

Next, we tested the emission intensity for all the BODIPY labeled ligands. Compound 5.01 (Figure 3)
showed higher emission intensity than the other BODIPY green labeled ligands. Within the red labeled
ligands compounds 5.03 and 5.10 displayed the highest emission intensity. Of note, compounds 5.01
and 5.03 share the same length and composition of spacer (PEGs).
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Figure 3. Relative emission at 560 nm or 649 nm of a 10 uM solution of the different BODIPY-conjugates in
0.05% DMSO upon excitation at 480 nm or 550 nm, respectively. This value is somehow related to the quantum
yield of each fluorophore.
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V.4.2.2 Fluorescent mGIuRS5 ligands in the NanoBRET assay

Using a mGIuR5 that is tagged at its N-terminus with a small, bright Nanoluciferase as a luminescent
donor we evaluated the intensity of the NanoBRET signal upon incubation with the different synthesized
fluorescent mGIuRS ligands as acceptors. This signal originates from the bioluminescence resonance
energy transfer between the NanoLuc and BODIPY labeled ligand in the presence of coelenterazine.[8]

First a binding assay was performed to assess the ability of the fluorescent mGIuRS5 ligands (10 uM) to
generate NanoBRET signals. BODIPY green labeled compounds had a comparable signal at 554 nm
except for 5.02 and 5.11, which gave a considerably lower NanoBRET signal. Amongst the BODIPY
red labeled ligands, compound 5.03 exhibited the highest efficacy to generate NanoBRET signal at 610

nm.
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Figure 4. Represents the binding of 10 uM of each ligand to mGIuR5N" (a single concentration binding assay).
Binding conditions: HEK-293 transiently transfected with mGIuR5N" were incubated with 10 uM fluorescent
ligands in the absence or presence of 100 uM MTEP during 1h at 22°C.

Subsequently, a saturation assay was performed to assess the binding affinity of fluorescent ligands to
mGIuURS5. Preliminary results indicate that the binding affinity of compound 5.03 (0.84 = 0.74 pM) is
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modestly higher than that of 5.10 (1.4 £ 1.2 uM). However, the Bmax values for these two compounds

are reversed. In addition, we also tested the expression of the receptor mGIuR5NY, which was constructed
in HEK 293T cells.
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Figure 5. Saturation binding assay for the fluorescent mGIuR5 ligands via NanoBRET.

V.5. Conclusion

In summary, we have designed and synthesized twelve novel fluorescent mGIuR5 ligands based on
BODIPY fluorophores. The preliminary biological assessment via NanoBRET indicates that all the
fluorescent ligands are capable of binding to the mGIuR5. Furthermore, although the saturation assay
needs to be optimized, the affinity of compound 5.03 to mGIuR5 seems modestly higher than that of
5.10. Therefore, 5.03 could be a promising tool for investigating D.R-mGIuR5 dimerization at the
surface of living cells by NanoBRET (Figure 6).

554 nm BRET

BRET

(\\

mGIuR5 D,RN-

Figure 6. A NanoBRET approach will be used to assess mGIuR5-D2R oligomerization.
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V.6. Experimental
V.6.1 Chemistry

All reactions described were performed under an N, atmosphere and at ambient temperature unless
stated otherwise. All regents and solvents were purchased from Sigma-Aldrich (Diegem, Belgium),
Fisher Scientific (Merelbeke, Belgium), TCI Europe (Zwijndrecht, Belgium) or Apollo Scientific
(Bredbury, Stockport, United Kingdom) and used as received. NMR solvents were acquired from
Eurisotop (Saint-Aubin, France). Reactions were monitored by TLC analysis using TLC aluminium
sheets (Macherey-Nagel, Alugram Sil G/UV254) with detection by spraying with a solution of
(NH4)6sM07024-4H20 (25 gL ) and (NH4)4Ce(S04)s-2H,0 (10 gL?) in H2SO4 (10 % aq.) followed by
charring or an aqueous solution of KMnO- (20 gL!) and K2COs; (10 gL}) or an ethanolic solution of
ninhydrin (2 gL ™) and acetic acid (1% v/v) followed by charring. Solution pH values were estimated
using universal indicator paper (Merck). Silica gel column chromatography was performed using a
Grace Reveleris X2 system and the corresponding silica gel cartridges. ESI-HRMS spectra were
measured with a Waters LCT Premier XE Mass spectrometer calibrated using leucine enkephalin as an
external standard. *H- and **C-APT-NMR spectra were recorded with a Varian Mercury-300BB (300/75
MHz) spectrometer. Chemical shifts are given in ppm (J) relative to tetramethylsilane as an internal
standard (*H NMR) or the NMR solvent (**C NMR). Coupling constants are given in Hertz (Hz). Weak
signals in *3C NMR are indicated as (w). LC-MS analyses were carried out on a Waters AutoPurification
System equipped with PDA and ESI-MS detection and using a Waters CORTECS C18 Column
(4.6x100 mm, 2.7um) and a water/acetonitrile/formic acid linear gradient system at a flow rate of 1.44

mLmin.
General procedure 1: Copper mediated azide-alkyne cycloaddition.

To a solution of the intermediate azide (1.0 eq.) in dimethylformamide (0.1 M) was added the alkyne
(1.5 eq.), sodium ascorbate (1.0 eq., 0.5 M), CuSO4 (0.2 eq., 0.05 M), triethylamine (3.0 eq.) and a
catalytic amount of tris[(1-benzyl-1,2,3-triazol-4-yl)methyl]amine. The reaction mixture was stirred
overnight at room temperature in the dark under an argon atmosphere. The solvent was evaporated under
reduced pressure and the residue was redissolved in water and extracted with CH,Cl,. Then combined
organic fractions were pooled, washed with brine and dried over Na,SO.. The crude compound was
purified by silica gel chromatography (NH4OH/MeOH/CH,Cl,, 1:5:94 v/v/v) to give the final compound

as a white solid.

N-(17-(4-(4-(5,5-difluoro-1,3,7,9-tetramethyl-5H-4)* 5)*-dipyrrolo[1,2-c:2',1'-
f][1,3,2]diazaborinin-10-yl)butyl)-1H-1,2,3-triazol-1-yl)-3,6,9,12,15-pentaoxaheptadecyl)-2-((5-
((2-methylthiazol-4-yl)ethynyl)pyridin-3-yl)oxy)acetamide (5.01)
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Compound 5.01 was subjected to general procedure 1. Brown semi-solid, 42%.
LC-HRMS: tg=6.77 min (10-100% MeCN, 15 min run), purity 92.98 %.

HRMS (ESI) m/z: calculated for C4HseBF2NsO7S [M+2H]?* 446.2138; found 446.2120. Calculated for
Cu4HssBFNsO7S [M-F+H]?* 436.2113; found 436.2084. Calculated for CasHssBF:NgO;S [M+H]*
891.4204; found 891.4258.

5,5-difluoro-1,3,7,9-tetramethyl-10-(4-(1-(1-(3-((2-methylthiazol-4-yl)ethynyl)phenoxy)-2-oxo-
6,9,12-trioxa-3-azatetradecan-14-yl)-1H-1,2,3-triazol-4-yl)butyl)-5H-4A*-dipyrrolo[1,2-c:2",1'-
f][1,3,2]diazaborinin-5-uide (5.02)

Compound 5.02 was subjected to general procedure 1. Brown semi-solid, 48%.
LC-HRMS: tr=7.92 min (10-100% MeCN, 15 min run), purity 95.49 %.
HRMS (ESI) m/z: calculated for Cs1Hs1BF2N7OsS [M+H]* 802.3733; found 802.3759.

N-(17-(4-(4-(5,5-difluoro-3,7-bis(4-methoxyphenyl)-5H-41% 50*-dipyrrolo[1,2-c:2',1'-
f][1,3,2]diazaborinin-10-yl)butyl)-1H-1,2,3-triazol-1-yl)-3,6,9,12,15-pentaoxaheptadecyl)-2-((5-
((2-methylthiazol-4-yl)ethynyl)pyridin-3-yl)oxy)acetamide (5.03)

Compound 5.03 was subjected to general procedure 1. Blue solid, 48%.
LC-HRMS: tg=7.99 min (10-100% MeCN, 15 min run), purity 95.44 %.

HRMS (ESI) m/z: calculated for CssHssBF2NsOeS [M+2H]?* 524.2244; found 524.2223. Calculated for
Cs4Hg:BFNgOsS [M-F+H]?* 514.2219; found 514.2209.

N-(2-(2-(2-(2-(4-(4-(5,5-difluoro-3,7-bis(4-methoxyphenyl)-5H-4A* 5)*-dipyrrolo[1,2-c:2',1'-
f][1,3,2]diazaborinin-10-yl)butyl)-1H-1,2,3-triazol-1-yl)ethoxy)ethoxy)ethoxy)ethyl)-2-(3-((2-
methylthiazol-4-yl)ethynyl)phenoxy)acetamide (5.04)

Compound 5.04 was subjected to general procedure 1. Blue solid, 52%.
LC-HRMS: tr=7.62 min (10-100% MeCN, 15 min run), purity 96.84 %.

HRMS (ESI) m/z: calculated for CsiHssBF2N707S [M+2H]?* 479.7006; found 479.6974. Calculated for
Cs1HssBF2N707S [M+H]* 958.3939; found 958.3953.
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N-(5-((12-(4-(4-(5,5-difluoro-1,3,7,9-tetramethyl-5H-4A* 5A*-dipyrrolo[1,2-c:2',1"-
f][1,3,2]diazaborinin-10-yl)butyl)-1H-1,2,3-triazol-1-yl)dodecyl)(methyl)amino) pentyl)-2-(3-((2-
methylthiazol-4-yl)ethynyl)phenoxy)acetamide (5.05)

Compound 5.05 was subjected to general procedure 1. Brown semi-solid, 41%.
LC-HRMS: tg=6.79 min (10-100% MeCN, 15 min run), purity 97.85 %.

HRMS (ESI) m/z: calculated for CsiH7sBF2NsO-S [M+2H]?* 455.2813; found 455.2817. Calculated for
Cs1H72BFNsO,S [M-F+H]?" 445.2788; found 445.2754. Calculated for CsiH72BF:NgO.S [M+H]*
909.5560; found 909.5597.

5,5-difluoro-1,3,7,9-tetramethyl-10-(4-(1-(12-(methyl(5-(2-((5-((2-methylthiazol-4-
yhethynyl)pyridin-3-yl)oxy)acetamido)pentyl)amino)dodecyl)-1H-1,2,3-triazol-4-yl)butyl)-5H-
5)x4-dipyrrolo[1,2-c:2',1'-f][1,3,2]diazaborinin-4-ium (5.06)

Compound 5.06 was subjected to general procedure 1. Brown semi-solid, 39%.
LC-HRMS: tg=6.14 min (10-100% MeCN, 15 min run), purity 90.67 %.

HRMS (ESI) m/z: calculated for CsoH72BF2NoO-S [M+2H]?* 455.7787; found 455.7772. Calculated for
CsoH71BFNgO,S [M-F+H]?" 445.7764; found 445.7726. Calculated for CsoH7:1BF:NoO.S [M+H]*
910.5501; found 910.5561.

N-(5-((8-(4-(4-(5,5-difluoro-1,3,7,9-tetramethyl-5H-4)* 5)*-dipyrrolo[1,2-c:2',1'-
f][1,3,2]diazaborinin-10-yD)butyl)-1H-1,2,3-triazol-1-yl)octyl)(methyl)amino)pentyl)-2-((5-((2-
methylthiazol-4-yl)ethynyl)pyridin-3-yl)oxy)acetamide (5.07)

Compound 5.07 was subjected to general procedure 1. Brown semi-solid, 36%.
LC-HRMS: tg=4.71 min (10-100% MeCN, 15 min run), purity 88.11%.

HRMS (ESI) m/z: calculated for C4sHssBF2NoO2S [M+2H]?* 427.7476; found 427.7487. Calculated for
CusHesBFNgO,S [M-F+H]?** 417.7451; found 417.7420. Calculated for CusHesBF2NgQ2S [M+H]*
854.4880; found 854.4893.

N-(5-((12-(4-(4-(5,5-difluoro-3,7-bis(4-methoxyphenyl)-5H-41* 50*-dipyrrolo[1,2-c:2',1'-
f][1,3,2]diazaborinin-10-yl)butyl)-1H-1,2,3-triazol-1-yl)dodecyl)(methyl)amino) pentyl)-2-(3-((2-
methylthiazol-4-yl)ethynyl)phenoxy)acetamide (5.08)

Compound 5.08 was subjected to general procedure 1. Blue solid, 46%.
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LC-HRMS: tzg=9.53 min (10-100% MeCN, 15 min run), purity 85.42 %.

HRMS (ESI) m/z: calculated for CeiH77BF2NsO4S [M+2H]?* 533.2919; found 533.2914. Calculated for
Ce1H76BFN3O.S [M-F+H]?* 523.2893; found 523.2885.

N-(5-((12-(4-(4-(5,5-difluoro-3,7-bis(4-methoxyphenyl)-5H-41* 50*-dipyrrolo[1,2-c:2',1'-
f][1,3,2]diazaborinin-10-yl)butyl)-1H-1,2,3-triazol-1-yl)dodecyl)(methyl)amino) pentyl)-2-((5-((2-
methylthiazol-4-yl)ethynyl)pyridin-3-yl)oxy)acetamide (5.09)

Compound 5.09 was subjected to general procedure 1. Blue solid, 39%.
LC-HRMS: tg=6.86 min (10-100% MeCN, 15 min run), purity 90.79 %.

HRMS (ESI) m/z: calculated for CeoH7eBF2NoO4S [M+2H]?* 533.7895; found 533.7896. Calculated for
CeoH7sBFNgO4S [M-F+H]?* 523.7870; found 523.7874.

N-(5-((8-(4-(4-(5,5-difluoro-3,7-bis(4-methoxyphenyl)-5H-41* 50*-dipyrrolo[1,2-c:2',1"-
f][1,3,2]diazaborinin-10-yl)butyl)-1H-1,2,3-triazol-1-yl)octyl)(methyl)amino)pentyl)-2-((5-((2-
methylthiazol-4-yl)ethynyl)pyridin-3-yl)oxy)acetamide (5.10)

Compound 5.10 was subjected to general procedure 1. Blue solid, 37%.
LC-HRMS: tg=5.93 min (10-100% MeCN, 15 min run), purity 82.47 %.

HRMS (ESI) m/z: calculated for CsgHssBF2NoQ4S [M+2H]?* 505.7582; found 505.7570. Calculated for
CssHe7BFNgO4S [M-F+H]?* 495.7557; found 495.7557.

N-(6-(4-(4-(5,5-difluoro-1,3,7,9-tetramethyl-5H-4)* 5)*-dipyrrolo[1,2-c:2',1'-
f][1,3,2]diazaborinin-10-yl)butyl)-1H-1,2,3-triazol-1-yl)hexyl)-2-((5-((2-methylthiazol-4-
yl)ethynyl)pyridin-3-yl)oxy)acetamide (5.11)

Compound 5.11 was subjected to general procedure 1. Brown semi-solid, 41%.
LC-HRMS: tr=6.08 min (10-100% MeCN, 15 min run), purity 98.75 %.

HRMS (ESI) m/z: calculated for CssHasBFNsO,S [M-F+H]?* 354.1796; found 354.1721. Calculated for
C3sH4sBF2NgO>S [l\/H‘H]Jr 727.3519; found 727.3538.

N-(6-(4-(4-(5,5-difluoro-3,7-bis(4-methoxyphenyl)-5H-4A* 5)*-dipyrrolo[1,2-c:2',1'-
f][1,3,2]diazaborinin-10-yl)butyl)-1H-1,2,3-triazol-1-yl)hexyl)-2-((5-((2-methylthiazol-4-
yDhethynyl)pyridin-3-yl)oxy)acetamide (5.12)
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Compound 5.12 was subjected to general procedure 1. Blue solid, 45%.
LC-HRMS: tg= 7.32 min (10-100% MeCN, 15 min run), purity 81.53 %.

HRMS (ESI) m/z: calculated for CssHs1BF2NgO4S [M+2H]?* 442.1902; found 442.1881. Calculated for
CasHsoBF2NsO4S [M+H]* 883.3731; found 883.3779.

V.6.2 Spectra

The fluorescent ligands were re-suspended in DMSO, to a final concentration of 20 mM. Next, a
working solution of 10 uM was prepared and dispensed (100 pL) into a 96-wells plate. The protocols
for excitation and emission spectra were selected in the CLARIOstar plate reader (BMG Labtech,
Durham, NC, USA).

V.6.3 Relative emission

The relative emission of the different ligands was assessed by exciting the fluorophores at the
wavelength corresponding to the excitation peak. Accordingly, a working solution of 10 uM was
prepared and dispensed (100 pL) into a 96-wells plate. Then, BODIPY green compounds were excited
at 480-10 nm and emission read at 560-20 nm; while BODIPY red compounds were excited at 550-10
nm and emission read at 650-20 nm, using the CLARIOstar plate reader (BMG Labtech).

V.6.4 Single binding NanoBRET assay

The NanoBRET assay was performed on transfected (mGlusRN") HEK 293T cells. In brief, cells were
re-suspended in HBSS, and seeded into poli-ornitine coated white 96-well plates. After 24 hours, cells
were challenged with the fluorescent ligands and the plate returned to 37°C for 1 h. Finally, h-
Coelenterazine (Life Technologies Corp) was added at a final concentration of 5 uM, and readings were
performed after 5 min using a CLARIOstar plate reader (BMG Labtech). The donor and acceptor
emission was measured at 490-10 nm and 560-80 for the BODIPY green compounds and 650-80 nm for
the BODIPY red compounds, respectively. The raw NanoBRET ratio was calculated by dividing the
560 nm or 650 nm emission by the 490 nm emission. Results were expressed as a percentage of the

maximum signal obtained (mBU; miniBRET Units).
V.6.5 Saturation binding NanoBRET assay

The NanoBRET assay was performed on transfected (mGlusRNY) HEK 293T cells. In brief, cells were
re-suspended in HBSS, and seeded into poli-ornitine coated white 96-well plates. After 24 hours, cells
were challenged with/without the non-labelled mGlusR selective allosteric antagonist (MTEP) and

incubated for 1 h at 37°C. Subsequently, the increasing concentrations of the fluorescent ligands (5.03
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and 5.10) were added and the plate returned to 37°C for 1 h. Finally, h-Coelenterazine (Life

Technologies Corp) was added at a final concentration of 5 uM, and readings were performed after 5

min using a CLARIOstar plate reader (BMG Labtech). The donor and acceptor emission was measured

at 490-10 nm and 650-80 nm, respectively. The raw NanoBRET ratio was calculated by dividing the

650 nm emission by the 490 nm emission. Results were expressed as a percentage of the maximum
signal obtained (mBU; miliBRET Units).
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V.7. Supporting Information

V.7. 1. Generation of a mGlus receptor NanoLuc

Figure 1 clearly shows a protein concentration-dependent expression of mGIuR5N- in HEK 293T cells.

MW

(kDa)
180 -

150 - «— mGlusRN:

75 -

Figure 1. Expression of the mGIuRsN- construct in HEK293T cells.
Gel electrophoresis and immunoblotting

Total membrane extracts from transiently transfected HEK-293T cell were prepared as previously
described.[1],[2] Protein concentration was determined using the BCA protein assay kit (Thermo Fisher
Scientific, Inc., Rockford, IL, USA).

Extracts were analyzed by sodium dodecyl sulfate—polyacrylamide gel electrophoresis (SDS/PAGE)
using 7% polyacrylamide gels. Separated proteins were transferred to polyvinylidene difluoride (PVDF)
membranes using a semi-dry transfer system (Bio-Rad, Hercules, CA, USA), immunoblotted with the
indicated antibody and then with the horseradish peroxidase (HRP)-conjugated corresponding
secondary antibody. The immunoreactive bands were developed using a chemiluminescent detection kit
(Thermo Fisher Scientific, Waltham, MA, USA) and detected with an Amersham Imager 600 (GE
Healthcare Europe GmbH, Barcelona, Spain).[3]
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V.7. 2. Chromatographic analyses

LC-MS analyses were carried out on a Waters Alliance 2695 XE separation Module by using a
Phenomenex Kinetex EVO C18, 5um 100x2.1mm and a gradient system of HCOOH in H,O (0.1 %,
v/V)/HCOOH in MeCN (0.1%, v/v) at a flow rate of 0.6 mLmin, 100:0 to 0:100 (0 to 100 % MeCN)
in 15 minutes. High-resolution spectra were recorded on a Waters LCT Premier XE Mass spectrometer
and a 2996 Photodiode Array Detector, range 220 nm-400 nm.
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Compound 5.02
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Compound 5.03
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Compound 5.04
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V1. GENERAL CONCLUSION

Firstly, we designed and synthesized a series of novel heterobivalent ligands based on the chemical
structure of two distinct D2-likeR ligands and a HOR agonist, as well as a HOR antagonist. The ketone
group from HM and NTX was converted to the corresponding 6’-R-amino derivatives 3.02a and 3.02b
to allow coupling with the linker via an amide bond. As D,-likeR ligands we used the antagonist 1,4-
DAP and agonist 5-OH-DPAT that were equipped with an appropriate alkyne, which allowed facile
connection to the azido group on the PEG linker via a copper-catalyzed azide—alkyne cycloaddition
(CuAAC) reaction. The dimeric D2-likeR-UOR ligands were constructed around PEG spacers of variable
length that were equipped with a carboxylic acid on one and an azide on the other end (Figure 1). The
use of PEG linkers precludes cumulative incremental increases in hydrophobicity that would occur upon
homologation if an alkyl chain were employed. The choice of the position and nature of the attachment
points for linking the two pharmacophore units to the spacer relied on two criteria: the feasibility of the
chemical modification and the compatibility of the modification with the biological activity of the
pharmacophore.

Bivalent ligand

7z N\

MOR ligands PEG linkers D2-likeR ligands
HO o oH
H OMe
O Ns\/\éo/\%o\)kOH N__O OMe (\N/\C[
@ “ 0 ! \/L @/N\) 0N
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Figure 1. Schematic overview of strategies, monovalent ligands and spacers with appropriate ligation handles.

Ligation of pOR ligands did not perturb the affinity for pOR. pOR bivalent ligands derived from the
HM agonist are still capable of activating the pOR signaling pathway as demonstrated by -arrestin2
recruitment. Furthermore, bivalent ligand 3.12d containing the shortest linker (18-atom) showed

excellent potency and high efficacy both in p-arrestin2 recruitment for HOR and MAPK-P for D4R. On
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the other hand, ligation of D,-likeR ligands negatively influenced the affinity for D;R and D4R in a
competition experiment with [*H]spiperone. However, a biphasic competition-binding curve was
observed for 3.12d to D4R-HOR, which indicates a bivalent binding mode. Hence, compound 3.12d
could bridge the D4sR-pOR heterodimer.

Unexpectedly, we were unable to identify bivalent ligands that show a biphasic binding mode or a
significant increase in affinity for cells expressing both the D2R and the pOR, compared to cells that
only express D2R. This indicates that none of the bivalent ligands is capable of binding both receptors
simultaneously, possibly owing to a suboptimal length or nature of the selected linkers, which, however,
were based on the spacers of class A GPCR bivalent ligands. On the other hand it cannot be excluded
that subtle differences such as differences in the dissociation rate of the ligands remain undetected by
comparing equilibrium dissociation constants. In a study investigating adenosine As receptors, it was
found that ligand binding kinetics is found to be influenced in membrane microdomains as a

consequence of receptor dimerization.

While future studies may try to address these shortcomings, the current study already gives access to the
monomeric ligands that are equipped with appropriate ligation handles to construct second-generation
bivalent ligands with alternative spacers. In conclusion, the present results provide useful insights into

development of new bivalent ligands as tools to investigate the HOR-D4R heterodimer.

In order to overcome the above shortcomings, we have designed and synthesized twenty four potential
heterobivalent ligands of D.-likeR and mGIuR5 using three different types of linkers, as described in
Chapter IV. As depicted in Figure 1, bivalent ligands were derived from the selective and potent
noncompetitive mGIuRS5 antagonist 3-[(2-methyl-4-thiazolyl)ethynyl]pyridine (MTEP). As D»-likeR
ligands we used the previously synthesized antagonist 1,4-DAP and the agonist 5-OH-DPAT with an
alkyne ligation handle. Bivalent ligands were built with three different types of spacers of variable length
(PEG, polyalkyl and tertiary amine liners) with a primary amine on one and an azide on the other end
(Figure 1).

Ligation of D--likeR ligands showed that bivalent ligands with PEG (PEG. and PEGg) and
hexamethylene linkers exhibit relatively low affinity for D4R, contrary to bivalent ligands with
alkylamine spacers, while all can still activate the D4R. Interestingly, we identified a bivalent ligand
with a 20-atom alkylamine spacer (4.20a) that showed 4-fold affinity increase for the D;R in cells
expressing both the D2R and the mGIuR5, compared to cells only expressing D2R, suggesting that 4.20a
could bridge the D;R and mGIuRS5 receptors. On the other hand, ligation of mGIuR5 ligands reveals that
4.20a shows 5-fold higher affinity for DR-mGIuR5 compared to its corresponding monovalent ligand
4.19a, which further supports the bridging hypothesis. Furthermore, 4.20a displays 4- and 7-fold higher

potency compared to the monomeric compounds 3.07 and 4.19a as determined in MAPK-P for D;R-

214



Chapter VI

MGIuURS5, respectively. Interestingly, 4.20a inhibits the forskolin stimulated cAMP formation with a 4-
fold higher potency compared to the monovalent agonist 3.07 in the coexpressing cells, indicating that
the bivalent binding requires a lower receptor occupation to exert signaling.

Overall, the length and composition of the linker between the two receptor pharmacophores affected
binding affinity and potency both at the D»-likeR and the mGIuR5. Compound 4.20a could be a
promising molecular probe to further investigate the protein-protein interaction of D>-likeR and mGIuRS5.

To further study the ligand-receptor interaction, we synthesized twelve novel fluorescent mGIuR5
ligands based on alkyne functionalized BODIPY fluorophores (Figure 1) that were used to fluorescently
label an azido functionalized mGIuR5 negative allosteric modulator in a chemoselective manner
employing CuAAC reaction. The preliminary biological results indicate that all the fluorescent ligands
are capable of binding to the mGIuR5 via NanoBRET. Although the saturation assay needs to be
optimized, the affinity of compound 5.03 to mGIuR5 is modestly higher than that of 5.10. Therefore,
5.03 could be a promising fluorescent ligand for the further study and an in-depth evaluation is still

going on.

In summary, we successfully synthesized the bivalent ligands with different length and composition of
spacers to bridge the D:sR-pOR and D;R-mGIuR5 heterodimers, respectively. Although radioligand
binding assays indicate that we did not identify a bivalent ligand with an optimal spacer to bridge the
D2R-uOR dimer, all tested ligands could still activate or block the signaling pathway as determined in
the MAPK-P assay and B-arrestin2 recruitment. In the article on the successful PEG-conjugated bivalent
melanocortin ligands, the nature of the ligands (although also targeting class A GPCRs) themselves is
also very hydrophilic (such as peptide). Maybe in our case, characterized by two relatively hydrophobic
pharmacophores, the PEG-linker is less suitable.
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VI1Il. BROADER INTERNATIONAL CONTEXT, RELEVANCE, AND FUTURE

PERSPECTIVES

VI1.1. Marketed small-molecule drugs targeting GPCRs

Rhodopsin-like G protein-coupled receptors (12%), ion channels (19%), protein kinases (10%) and
nuclear hormone receptors (3%) account for almost half of all human protein drug targets (Figure 1a).
Due to the variable number of approved drugs per target family, these privileged target families are
responsible for the therapeutic effect of 70% of small-molecule drugs, while 33% of small-molecule
drugs modulate GPCRs.[1]

The highly biased distribution in successfully ‘drugged’ protein families is reflected in the biased
distribution of bioactivity data in the ChEMBL database when considered at the target class level (Figure
1b). Figure 1b demonstrates that the discovery-phase investment in rhodopsin-like GPCRs has paid off
so far, with the proportion of approved drugs being slightly higher than that of compounds in ChEMBL
targeting this family.[1]

a Proportion of human protein drug Proportion of small-molecule drugs
targets in major families that target major families

B GPCRs (7TM1)

H Ion channels

[ Kinases

[ Nuclear receptors

H Other

M Percentage of compounds in ChREMBL
[ Percentage of drugs

Figure 1. Major protein families as drug targets.[1] a. Distribution of human drug targets by gene family (left

pie chart) and distribution by the fraction of drugs targeting those families (right pie chart). b. Clinical success of
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privileged protein family classes. Distribution of non-approved compounds in ChEMBL 20 (extracted from the
medicinal chemistry literature, with bioactivity tested against human protein targets) per family class, and
distribution of approved drugs (small molecules and biologics) per human protein family class. 7TM, seven
transmembrane family; GPCR, G protein-coupled receptor; LGIC, ligand-gated ion channel; NTPase, nucleoside

triphosphatase; VGIC, voltage-gated ion channel.
VI11.2. Bivalent ligands: tools par excellence to study receptor dimers

GPCRs are a remarkably multifaceted family of transmembrane proteins that exert a variety of
physiological effects. Although family A GPCRs are able to operate as monomers, there is increasing
evidence that dimerization (or oligomerization) represents a fundamental aspect of GPCR function,
trafficking and pharmacology. Hence, it has been suggested that GPCR dimers may represent crucial
new molecular targets for bivalent and/or dimer-selective ligands. Bivalent GPCR ligands are single
chemical entities designed to selectively interact with binding sites of two separate GPCRs. The
increased interest for targetting GPCR dimers with bivalent ligands stems from the superior potency and
safety profiles one may achieve as compared with single target agents. Hitherto, bivalent ligands have
been utilized mainly as pharmacological tools to investigate GPCR dimerization in vitro and in vivo as
discussed in Chapter 1.2.[2][11]

Gmeiner et al.[103] reported bivalent 1,4-DAP and/or aminoindane ligands with various types of spacers,
including PEG, polyalkyl and ferrocene spacers, targeting dopamine receptors.[2-5] Bivalent ligands
with an optimal spacer displayed higher Hill slopes than the monomeric ligand 1.20 for the human Dashort
receptor (see Chapter | Figure 26).

1.21a: X = (CHy)g, ny = 2.0;
7.01: X = CH,(CH,0CH,),CH;, ny = 1.0

Figure 2. Bivalent D2R ligands with different kinds of linkers.[5]

As described in chapter I, Portoghese et al.[6][12] synthesized homo- and hetero-bivalent ligands of
opioid receptors that exhibited in vitro and in vivo properties that differ from those of the corresponding
monovalent ligands. Their pioneering work demonstrated that spinal administration of bivalent ligands
capable of bridging the GPCR dimers, may lead to superior drug candidates for the treatment of chronic,

intractable pain.
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While successful bivalent ligands have been constructed targeting dopamine or opioid receptor dimers,
we are the first to report bivalent ligands targeting heterodimeric dopamine (D.-like) and opioid (L)
receptors.[13] Heterodimerization of D,R—-pOR and DsR—pOR was formerly suggested by co-
immunoprecipitation (co-IP) and bioluminescence resonance energy transfer (BRET) studies in
mammalian transfected cells, but further substantiated with our newly synthesized bivalent ligands.

Indeed, bivalent ligand 3.12d (Figure 3) shows a biphasic binding curve for H.OR-D.R and a 170-fold
increased “bivalent affinity” for the DsR/MOR heterodimer compared to that for the D4R. Unfortunately,
no bivalent interaction D-R-pOR dimers seems to take place with any of the synthesized ligands, which
warrants further optimization with regard to pharmacophore selection, attachment point, length and
nature of the spacer. Furthermore, alternative assays (besides radioactive ligand binding) might be
explored to assess if the bivalent DR-UOR ligands effectively bridge the GPCR dimers. Together, these
results indicate that the D4R and HOR form heterodimers that could become a new therapeutic targets,

e.g. for the treatment of addiction and chronic pain.

/
o

P,

3.12d: n=3, Ry=H, R,=CHj,

Figure 3. Structure of bivalent ligand 3.12d.

While the group of Portoghese developed bivalent ligands targeting the mGIuR5 and HOR
heterodimer,[14] we further corroborated the existence of heteromers of mGIuR5 and D;R, which may
represent new targets for the treatment of locomotion, neuropsychiatric disorders, and drug addiction.
Bivalent ligand 4.20a (Figure 4), consisting of a mGIuR5 negative allosteric modulator (NAM)
connected to the previously used D;R-ligand via a 20-atom alkylamine spacer showed 4-fold increased
affinity for the D;R in cells expressing both the D;R and the mGIuR5, compared to cells singly
expressing D;R. Likewise, it demonstrated significantly higher affinity and potency for D;R-mGIuR5
compared to its monovalent prcursor 4.19a. Interestingly, 4.20a inhibits the forskolin stimulated cCAMP
formation with a 4-fold higher potency than the monovalent agonist 3.07 in coexpressing cells,
indicating that the bivalent binding requires a lower receptor occupation to exert signaling. Overall,
compound 4.20a could be a promising molecular probe to further investigate the protein-protein

interaction of D-R and mGIuR5, e.g. in native tissues.
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Figure 4. Structure of bivalent ligand 4.20a.
VI11.3. From bivalent ligands to drug-like compounds targeting dimeric receptors
VI11.3.1. Disadvantages of bivalent ligands

The potential of bivalent ligands as possible therapeutics, as opposed to mere pharmacological tools,
remains a topic of discussion.[15] Some obvious hurdles exist in the development of bivalent ligands as
drugs, including potential absorption, distribution, metabolism, and excretion (ADME) issues, their
unlikeliness to cross the blood-brain barrier, and other issues. These issues are related to some general
unfavorable physicochemical properties, particularly their high molecular weight, which does not fit
Lipinski’s rule of 5 and hence limits the future use of bivalent ligands as potential drugs. Although these
barriers seems insurmountable, bivalent ligands may potentially become useful therapeutics by
alternative/advanced administration routes, or by converting them into integrated dual acting ligands
(see Chapter VI11.3.2). More success, however, is expected from “drug-like” compounds that selectively
bind and modulate altered binding pockets, which may originate from receptor heteromerization (see
Chapter V11.3.3).

VI11.3.2. From bivalent ligands to integrated dual acting ligands

A relatively new offshoot from the “classical” bivalent ligands are the so-called integrated dual acting
ligands. These molecules are potentially able to interact at two binding sites of a heterodimer
simultaneously, possibly resulting in improved subtype selectivity, higher binding affinity, boosted or

modified functional activity, and reduced dependence on multiple drug administration regimens.[16]
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Heterobivalent ligand
| .o
'. Ny

Receptorxngand- w

Integrated dual acting ligand

Figure 5. (left) Schematic representation of a heterobivalent ligand and integrated dual acting ligand consisting of
a receptor X and a receptor Y ligand. (right) Schematic examples of a heterobivalent ligand binding to a
heterodimer and an integrated dual acting ligand acting at the two orthosteric sites of two different types of receptor

monomers.

Jorg et al. pioneered this concept by converting classical heterobivalent ligands consisting the D;R
agonist ropinirole and the AzaR antagonist ZM 241385 into a so-called integrated and more drug-like
dual acting ligand (Figure 6), which maintained the potency of the original pharmacophores at both
receptors (A2aR and D2R).[16] Furthermore, preliminary tests suggest that the integrated dual acting
ligand is capable of crossing the blood—brain barrier contrary to the original heterobivalent ligands.

i“.ﬂg

Heterobivalent ligand 7.02

Dual actlng ligand 7.03

.-.

@Iﬁw Al

Bivalent binding mode Binding mode

Figure 6. An example of the conversion of a “classical” heterobivalent ligand incorporating the pharmacophores
ropinirole and ZM 241385 into an integrated dual acting ligands without the tyramine moiety originally present in
ZM 241385.

It is noteworthy that the paradigm of “multiple ligand” approach is not new and many of the drugs

originating from screening in animal models, were later found to modulate different targets.[17] Notable
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examples are the clinically used neuroleptics, which obviously do not obey to the “one-target, one-

disease” approach that dominated the pharmaceutical industry for a long time.

V11.3.3. Towards drug-like compounds that selectively activate heterodimeric receptors

N/\V

OH

O

LD

Figure 7. Molecular structure of N-naphthoyl-B-naltrexamine (NNTA).[18]

o N
HO N

7.04

While the integrated dual acting ligands described in V11.3.2 still share structural similarities with the
monovalent ligands that target both protomers, one step further would be the identification of
“monovalent-like” ligands that selectely target heterodimeric receptors. Yekkirala et al. [19] discovered
that N-naphthoyl-p-naltrexamine (NNTA) (Figure 7) selectively activates heteromeric u/x-opioid
receptors in HEK-293 cells. In a competition binding assay using [*H]diprenorphine, NNTA was found
to bind with very high affinity to cells that express p- (Ki = 0.077 pM) or k- (Ki = 0.084 pM) opioid
receptors. Interestingly, NNTA was found to be a potent antagonist in cells singly expressing p-opioid
receptor, but an exceptionally potent agonist in cells coexpressing p/x-opioid receptors. In the mouse
tail-flick assay, NNTA exhibited potent antinociceptive activity. Furthermore, it did not produce
significant physical dependence in mice. Taken together, this study afforded important proof-of-concept
that it is possible to identify small molecules that selectively activate heteromeric receptors. In this
particular case this might lead to the development of new potent analgesics with fewer deleterious side

effects.
VI11.4. Future Perspectives

In this PhD thesis, we successfully designed and synthesized bivalent D,-likeR-HOR and D;R-mGIuR5
ligands and identified 3.12d and 4.20a, which might be used as molecular probes to further investigate

D4R/UOR and D,R/mGIUR5 heteromers, respectively.

As mentioned before, we observed a biphasic competition binding curve for compound 3.12d in cells
coexpressing D4R and pOR, which is indicative of a bivalent binding mode. To further validate this, we

should perform an additional assay to confirm that addition of a pOR ligand converts the observed
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biphasic binding curve to a monophasic curve. Molecular modeling studies could further assist in
rationalizing the S.A.R. observed with the different bivalent ligands and assist in optimizing their

structure.

In our study on D.R-mGIuR5 bivalent ligands, 4.20a showed higher affinity and potency in D2R-
mGIURS5 coexpressing cells than the corresponding monomeric compounds. However, preliminary data
indicate that the poor water-solubility of 4.20a precludes reliable in vivo studies. Hence, the design
bivalent D:R/mGIuR5 ligands with enhanced water-solubility is desirable.

Furthermore to further validate the bridging binding mode of bivalent ligands consisting of an agonist
and an antagonist described in this thesis, additional assessment of receptor internalization may be the
most valuable approach as illustrated by a study of Daniels et al.[20] These authors discovered a bivalent
ligand (7.09, Figure 8) composed of a pOR agonist and a 3OR antagonist.

7.08 (n=2)
7.09 (n=7)

Figure 8. Structures of bivalent ligands (7.08 and 7.09), monovalent ligands (7.05 and 7.07), and naltrindole (7.06).

This bivalent ligand (7.09) was shown to inhibit endocytosis of the heteromeric receptors in HEK-293

cells, contrary to 7.08 and monomeric HOR agonist 7.05.[21] The concept is illustrated in Figure 9.
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Figure 9. Effect of 7.06 (NTI) on trafficking of p-5 heterodimer by 7.09. A cartoon illustrating the effect of delta

antagonist on the disruption of bridging protomers in the u-6 heterodimer.

Also Le Naour et al. assessed the absence of receptor internalization in HEK293 cells for bivalent ligands

containing both a pOR agonist and a CB1 antagonist.[22]

Very recently, Lensing et al. elegantly showed that bivalent ligands may induce biased signaling. They
constructed a so-called biased unmatched bivalent ligand (BUmBL) targeting melanocortin receptor
homodimers.[23] UmBLs also consist of an agonist (His-DPhe-Arg-Trp, 7.10) and an antagonist (His-
DNal(2’)-Arg-Trp, 7.11) pharmacophore connected via various spacers. A selected BUMBL of the
human melanocortin-4 receptor (hMC4R) exhibited biased agonism. It potently activated cAMP
production (ECsp = 1.9-5.9 nM), but minimally stimulated B-arrestin recruitment (<55% maximum
signal at 10 uM). From a medicinal chemistry perspective, this example demonstrates that targeting

receptor dimers may become an attractive approach to induce biased signaling.
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Figure 10. MCR agonist and antagonist pharmacophores and selected linkers used to construct the bivalent

MCR ligands. Red amine and green carboxylic acid represent the attachment points for the linkers.

The cartoon below (Figure 11) explains this concept.[23] Monomeric agonists (blue circle) bind both
receptors and activate the cCAMP as well as the B-arrestin signal transduction pathway (Figure 11A).
Homobivalent agonists (blue circle coupled with black spacer) induce similar signaling (Figure 11B).
BUmBLs comprising of an agonist (blue) and an antagonist (red) lead to biased signaling by agonizing
the cAMP signaling pathway and antagonizing [-arrestin recruitment upon binding to the

asymmetrically signaling homodimer (Figure 11C).

€3 |6

\'

t cAMP t cAMP ~ ' cAMP

Figure 11. A cartoon illustrating the interaction of ligands with asymmetrically signaling melanocortin

homodimers.[23]
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These results warrant further assessment of the bivalent ligands synthesized in this thesis to induce
biased signaling. In Chapter V, we successfully synthesized a series of fluorescent mGIuRS ligands.
Preliminary pharmacological evaluation showed that although the saturation assay via NanoBRET needs
to be optimized, the affinity of the red-labeled 5.03 to mGIuR5 seems modestly higher than that of 5.10.
Therefore, 5.03 could become a promising tool for investigating D,R-mGIuR5 dimerization at the
surface of living cells by NanoBRET.

To better understand the receptor-receptor interaction, the classical approaches such as ligand-induced
FRET, BRET or biased signaling and internalization studies are warranted to further assess the
correlation of bivalent ligands bridging GPCR dimers, as employed for opioid receptors by Portoghese
etal.

Finally, the construction of bivalent ligands 7.14 comprising a D;R agonist and muscarinic My
antagonist (Figure 12) is in progress and successful bivalent ligands may be assessed for reducing
locomotion symptoms in Parkinson’s disease. The above mentioned internalization will be applied to

study whether these bivalent ligands can bridge the D,R/M1R heterodimers.

NN
) OOt

D,R agonist O
” ™

M;R antagonist

Figure 12. Design of bivalent ligands consisting of a D2R agonist and MR antagonist.
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