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CHAPTER 1

General Introduction






General Introduction

ABOUT THIS THESIS

During the course of our lives we all come across the use of medicines at many points in
time. Given the enormous number of medicines taken today it is hard to imagine a world
with only a small number of medicines available. Yet back around a century in time this was
actually the case. The number of medicines available was much smaller and those available
were mostly derived from plants. Many diagnoses that were grim or even life threatening at
that time, are nowadays handled with relative ease using available medicines.

Drug research as we know it today, evolved from the maturation of chemistry and phar-
macology to a point where molecules could be designed and the effect on the human body
could be described and understood.! In 1905 John Newport Langley introduced the concept
of a drug receptor? and around the same time Paul Ehrlich aimed to understand the selectivity
of molecules and came up with the famous expression “corpora non agunt nisi fixata” (drugs
do not act unless they are bound).> Over the 20" and 21* century the art of drug discovery
progressed enormously to a point where large compound libraries are screened towards a
specific drug target in order to find a hit molecule. Subsequently, this hit compound can be
altered and improved through rational design to obtain a lead candidate which can be further

evaluated and may eventually become a new medicine.

Cell-cell communication in the central nervous system (CNS) occurs through secretion of
signaling molecules, so-called neurotransmitters. These neurotransmitters exert their action
via binding to different receptors, including the metabotropic glutamate receptor 2 (mGlu,).
For multiple CNS diseases involving a distorted glutamatergic signaling this receptor may be
a potential drug target. Therefore, pharmaceutical industry has embarked on the design and
synthesis of potential medicines acting via this receptor. Unfortunately this has not resulted
in a marketed drug so far. For a better understanding of the receptor, this thesis zooms in
at a molecular level to study the mechanism of action of the mGlu, receptor from different
perspectives with a focus on binding kinetics. This chapter provides a background for the

research presented followed by the aim and outline of this thesis.
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Chapter 1

GPCRs

G protein-coupled receptors (GPCRs) are critical signal transduction gatekeepers and
represent the largest protein family in the human genome with more than 800 members.*
Structurally, these receptors share a common architecture of seven transmembrane helices
connected by three intracellular and three extracellular loops, and are classified into five
subgroups: class A (thodopsin), class B (secretin), class C (glutamate), adhesion and frizzled/
taste2.5¢ Located in the cell membrane, GPCRs recognize a variety of extracellular stimuli
including photons, ions, small molecules, peptides and proteins. Upon receptor activation
by its endogenous agonist, a conformational change in receptor structure occurs inducing
downstream signalling events via different intracellular proteins including heterotrimeric G
proteins (hence the name GPCR), arrestins and kinases.” These signal-transduction pathways
are very diverse between individual GPCRs as different downstream signalling pathways can
be activated and multiple of these pathways can be activated at the same time. The pathways
that are being activated can even differ between receptor ligands, so-called biased signalling.®
Signalling events via GPCRs are vital for a good functioning of the human body, but may be
distorted in diseases. Therefore, many drugs have been successfully developed that target

these receptors and currently more than 30% of drugs on the market act via these receptors.’

Allosteric modulation

For decades, the development of drug substances for GPCRs was focused on the ortho-
steric binding site, which is the site where the endogenous receptor ligand binds. However,
like many proteins most GPCRs provide one or more other, so-called allosteric, binding sites
that are topographically distinct from the orthosteric binding site. Ligands that bind such a
secondary binding site are called “allosteric modulators” and in the case of GPCRs they may
alter the protein conformation of the receptor such that the affinity and/or signalling efficacy
of the endogenous orthosteric agonist is modulated as depicted in figure 1. The concept of
allosteric modulation was first described and formalized in the 1960s by Monod, Wyman and
Changeux when they observed enzyme inhibition by a compound that bound a secondary
binding site remote from the substrate binding site.” Ligands that potentiate the affinity and/
or efficacy of the endogenous agonist are referred to as positive allosteric modulators (PAMs),
ligands that inhibit these parameters are referred to as negative allosteric modulators (NAMs)
and ligands that bind the allosteric binding site without altering the action of any orthosteric
ligands are known as neutral or silent allosteric ligands (NALs/SALs)."" Across the five major
classes of GPCRs allosteric modulators have been described and at present there are two
marketed drugs that allosterically modulate GPCR function: Cinacalcet, a calcium sensing
receptor (CaSR) PAM and Maraviroc, a C-C chemokine receptor 5 (CCR5) NAM.'?

12
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Orthosteric Allosteric

Affinity modulation

Efficacy modulation
Orthosteric agonism (control)
Allosteric agonism

Response

Figure 1. Schematic representation of modes of action of allosteric modulators.

Allosteric ligands (blue) bind to a binding site topographically distinct from the orthosteric binding
site to modulate affinity (dark blue) and/or efficacy (red). Some allosteric modulators can directly
activate the receptor (purple). Figure was adapted from Conn et al. (2009)."

Metabotropic glutamate receptors

In contrast to the electrical signalling within neurons, communication between neurons
is performed by neurotransmitters, which are exchanged via synapses. Glutamate serves as
neurotransmitter at the majority of excitatory synapses in the central nervous system (CNS):
around 60% of neurons in the human brain use glutamate as their primary neurotransmitter.
Glutamate is the major mediator of sensory information, motor coordination, emotions and
cognition.” Upon neuronal repolarization, glutamate stored in specific vesicles is released
into the synapse where it exerts its fast action via ionotropic glutamate (iGlu) receptors and

modulates synaptic activity via metabotropic glutamate (mGlu) receptors.'®

Orthosteric —>
Venus Flytrap domain

Cysteine-rich domain

Allosteric ——> e 7TM domain
Cell membrane

J U U Ujjvu Intracellular

G protein
binding site 9

Figure 2. Schematic representation of an mGlu receptor dimer embedded in the cell membrane.
The large extracellular VFT domain is connected to the 7TM domain via a cysteine-rich domain.
The 7TM domain contains seven alpha-helices that cross the cell membrane and are connected by
three intracellular and three extracellular loops. Orthosteric ligands (green) bind in the glutamate
binding site which is located in the VFT domain. Allosteric modulators (blue) bind in an allosteric
binding pocket found in the 7TM domain. Upon receptor activation a single G protein is activated
and released from the receptor initiating subsequent downstream signalling events.
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Chapter 1

mGlu receptors are class C GPCRs and were first described in the 1980s as phospholipase
C-coupled receptors.”™* Structurally, class C GPCRs are characterized by a large extracel-
lular orthosteric ligand binding domain, the so-called Venus Flytrap domain (VFT), which
is connected to the typical seven transmembrane (7TM) domain via a cysteine-rich domain
(CRD),*?! as shown schematically in figure 2. They are obligatory dimers that are predom-
inantly expressed as homodimers linked by a disulfide bond in the VFT.?% Eight mGlu
receptors have been found that are divided into three subgroups, group I (mGlu, ), group II
(mGlu, ,) and group III (mGlu, , ), based on sequence homology, second messenger coupling
and pharmacology.*** In contrast to group I mGlu receptors that are mainly expressed on
post-synaptic neurons, groups II & III mGlu receptors are mainly presynaptic receptors that

inhibit neurotransmitter release at various types of synapses.'

The mGlu, receptor

Activation of the mGlu, receptor, which is expressed throughout the central nervous
system, reduces glutamate release into the synapse. Hence, it has emerged as a thera-
peutic target for psychiatric diseases characterized by glutamatergic dysfunction.?**
mGlu, receptor activation can reduce glutamate hyperfunction in diseases like schiz-
ophrenia and anxiety,”?* whereas mGlu, receptor blockade can decrease glutamate
hypofunction in depression and cognition.”*° Although the structure of the mGlu,
VFT domain is known,™ the current structural understanding of the 7TM domain
is based on NAM-bound crystal structures of the mGlu, and mGlu, receptors.’>
A varijety of glutamate-like agonists has been developed, of which LY2140023, a prodrug
of LY404039 showed improvement in positive and negative symptoms in schizophrenic
patients, which unfortunately could not be confirmed in later clinical studies.”** Inhibition
of the mGlu, receptor can be achieved by (orthosteric) antagonists of which LY341495 is the

most studied.””

Development of orthosteric ligands presents challenges for selectivity and brain pene-
tration and therefore discovery efforts have largely shifted to the development of allosteric
modulators that bind in a less conserved pocket in the 7TM domain.”” Many mGlu, PAMs
showed activity in in vivo experimentation'? and two PAMs have advanced into clinical trials:
AZD8529% and JNJ-40411813/ADX71149.¥% Reported negative allosteric modulators (NAMs)
include RO4491533* and decoglurant of which the latter has advanced into clinical trials as

well.®

Binding Kinetics
The idea that binding kinetics of the drug-receptor complex are important for drug effi-
cacy in addition to the occupied receptor binding sites was first described in 1961 by William

Paton in his ‘rate theory’.* However, since then the majority of new models describing drug
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efficacy, such as the ‘two-state receptor model’, considered efficacy in terms of the ability to
stabilize an active receptor conformation under equilibrium conditions.* Typically, affinity
and efficacy are measured under equilibrium conditions, whereas in open systems like the
human body both drug and target have fluctuating concentrations. Over the last decade it has
become increasingly apparent that not only a ligand’s affinity is crucial for a good efficacy,
but that also the ligand’s binding kinetics — described by the second order association rate
constant k  and the first order dissociation rate constant k , — are important parameters to be
optimized to improve efficacy.** In addition to classical equilibrium assays, affinity (K ) can
be determined by k ./ k,. Based on the k  the so-called drug-target residence time (RT) can
be calculated. This parameter is indicative for the lifetime of the drug-target complex and is

defined as the reciprocal of the dissociation rate constant, 1/k . (Fig. 3).%

Binding kinetics Residence time Affinity
k., 1 k
— off
R+L—RL RT:k_ KD:k_
koff off on

Figure 3. Binding of a ligand (L) to a receptor (R) is described by the association rate constant (k_ )
and dissociation of the ligand-receptor complex (LR) is described by the dissociation rate constant
(k,;). From these rate constants, residence time (RT) and affinity (K,) can be derived.

The relevance of RT was retrospectively shown for multiple marketed GPCR drugs.”

For example the successful anti-asthma drug tiotropium — the drug that was spent the most
money on in The Netherlands in 2016* — is a long RT muscarinic acetylcholine M, receptor
antagonist, which results in longer duration of action and subsequently a lower side-effect
burden.*” Although RT and k ;. have been the focus of most kinetic studies, k,, has also been
described to be important for fast drug action, a high receptor occupancy and even a longer
duration of action.”* Recently, the importance of k, was further emphasized when it was
shown that extrapyramidal side effects induced by D, receptor antagonists are linked to k

rather than k  as was the general consensus so far.”*

Covalent probes

A special kinetic profile can be obtained by changing a ligand such that it binds its target
covalently, resulting in ‘ultimate’ RT and continuous target occupancy. Such covalent ligands
have proven to be successful medicines for various indications, exemplified by well-known
drugs such as aspirin, penicillin and omeprazole. However, covalent molecules are generally
avoided in drug discovery due to safety concerns. The development of covalent ligands was
inspired by the rhodopsin receptor that forms a covalent bond with its native ligand 11-cis-ret-

inal.® As such, this covalent interaction is involved in our vision via rod cells in the eye.
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Introduction of covalent ‘warheads’ into ligands that were optimised for non-covalent
affinity may result in highly targeted, selective lead molecules that thereby overcome some
of the difficulties of off-target binding.** Generally, covalent GPCR ligands consist of a high
affinity pharmacophore and a reactive electrophilic warhead that is able to form a cova-
lent bond with a specific nucleophilic amino acid residue in the receptor binding pocket.
Commonly used warheads include reactive thiols, Michael acceptors, isothiocyanates and
the fluorosulfonyl moiety.” Over the last decade the structural understanding of GPCRs
has vastly increased by the great number of receptor crystal structures obtained. To facili-
tate this receptor crystallization, covalent ligands can be used to stabilize the receptor in a
specific conformation. This approach was successfully used to obtain the crystal structures
of the Adenosine Al and multiple (32 adrenergic receptors amongst others and could be of
special interest for crystallization of active state receptors as these are notoriously difficult to
crystallize.”* Further functionalisation of covalent ligands for affinity-based protein profiling
(AfBPP) can be achieved by photoaffinity labelling. As direct substitution of a photoreactive
tag likely decreases affinity, this is commonly accomplished via a ‘clickable’ handle on the
covalent ligand which can be used to attach a photoreactive tag following receptor binding
and covalent bond formation,* as was recently shown for an mGlu, NAM.®' In summary, over
the last years covalent GPCR ligands have emerged as valuable tool compounds for character-
ization of receptor structure, mechanism of action, expression patterns in native tissues and
binding kinetics.”” Additionally, covalent allosteric modulators are more likely to be used as
therapeutics due to their preferential safety profile as they only exert their effect whilst the

endogenous agonist is bound.®

Label-free assays

Within the field of in vitro pharmacology a wide variety of different assays for GPCRs is
used to characterize novel molecules. These assays can be divided into two groups: binding
assays that evaluate how well (affinity) and fast (binding kinetics) ligands bind the receptor
and functional assays that evaluate how well ligands exert their functional effect(s) (potency
and efficacy). The majority of these methods are dependent on labels that are attached to
ligands or the receptor itself. Radioligand binding is a robust and well-characterized method
within the field and is used in this thesis to evaluate ligand binding and functional responses
mediated by the G protein.®® These assays however require expensive and specialized labo-
ratories and careful handling regarding safety and waste disposal. Therefore, other methods
have been developed which often use fluorescent labels, such as BRET and FRET assays.**
Labelling of compounds or receptors with bulky fluorescent groups may alter the proper-
ties of these molecules thereby potentially leading to false positive or false negative results.
Furthermore classical functional assays are mostly pathway-biased as they often focus on a

single signalling pathway.
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New assays are emerging that lack the need for any kind of label. These so-called label-
free assays can be used to assess ligand binding and functional responses in real-time. To
measure binding kinetics and affinity, surface plasmon resonance (SPR) and surface acoustic
wave (SAW) biosensors have been developed, which were followed more recently by ligand
binding assays using mass spectrometry (MS).®® Whereas these assays use isolated protein or
membrane preparations, other biosensor-based label-free assays assess functional responses
of GPCR ligands on whole cells by via ligand-induced morphological changes.® These biosen-
sors measure changes in cell morphology either optically, such as EPIC,” or by changes in
impedance, such as xCELLigence.®® Cell types used include recombinant cell lines, cell lines
endogenously expressing the receptor of interest and even cells derived from patients.® By
eliminating the need for labels, these whole cell biosensor-based assays have the capability
of assessing endogenous receptor function in real-time under more physiologically relevant
conditions.” Hence, label-free assays may provide more translational insights into the in vitro

— in vivo translation.

OBJECTIVES AND OVERVIEW OF THIS THESIS

Aim

During the drug development process many potential medicines are withdrawn as they
are unsafe or lack efficacy. The translational step between in vitro and in vivo experiments is
not as predictive as one would desire. Therefore, many promising compounds fail during in
vivo experiments or even in later stages of the drug development process, thereby spilling lab
animals, time and money. This is not different for the mGlu, receptor for which no marketed
drug is available so far, despite huge discovery efforts. Taken together, there is a need to
improve the understanding of key in vitro parameters that drive in vivo efficacy. Hence, the
aim of this thesis was to provide detailed insights into binding kinetics of PAMs at the mGlu,
receptor and to evaluate the potential of kinetic profiling of an established mGlu, PAM library
for prediction of in vivo efficacy. This required in depth understanding of the mechanism of
allosteric modulation from a functional and a kinetics perspective. An additional aim was to
develop a label-free assay which allows evaluation of functional kinetics, constitutive receptor
activity and inverse agonism. The last aim was to design, synthesize and characterize a novel
covalent mGlu, PAM.

Outline of this thesis
Chapter 2 focuses on the characterization of the PAM JNJ-46281222 that is used throughout
this thesis as pharmacological tool compound. Additionally, the molecular mechanism

of allosteric modulation of the mGlu, receptor is evaluated. In Chapter 3 this mechanism
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is further evaluated from a binding kinetics perspective. Kinetic parameters for orthosteric
mGlu, ligands including endogenous glutamate are determined in the absence and presence
of allosteric modulators and functional assays are performed to study the interplay between
the orthosteric and allosteric binding sites. Chapter 4 describes the synthesis and biological
evaluation of a novel series of novel mGlu, PAMs. Affinity, potency and binding kinetics
are determined followed by extensive structure-kinetics relationships (SKR) in addition to
the more classical structure-activity relationships (SAR). The kinetic profiles of the PAMs are
evaluated by comparison of kinetic parameters with in vitro equilibrium parameters and ulti-
mately with in vivo efficacy data. Chapter 5 describes the design, synthesis and pharmaco-
logical evaluation of the first covalent PAM probe within the family of class C GPCRs, which
presents a novel pharmacological tool with “ultimate” binding kinetics and a wide range of
applications in the mGlu, receptor field. Additionally, the binding mode of this pharmaco-
logical tool compound is studied using computational and receptor mutagenesis approaches.
In Chapter 6 an impedance-based label-free biosensor assay is developed in order to study
mGlu, pharmacology and in particular constitutive receptor activity and inverse agonism.
The results and forthcoming future opportunities are summarized in chapter 7. Hopefully,
the results obtained in this thesis will contribute to an increased understanding of the key in
vitro parameters necessary for in vivo and in patient efficacy, ultimately resulting in novel safe

and efficacious drugs.
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ABSTRACT

Background and purpose:

Allosteric modulation of the mGlu, receptor is a potential strategy for treatment of various
neurological and psychiatric disorders. Here we describe the in vitro characterization of the
mGlu, PAM JNJ-46281222 and its radiolabelled counterpart [*H]JNJ-46281222. Using this
novel tool, we also describe the allosteric effect of orthosteric glutamate binding and the pres-
ence of a bound G protein on PAM binding and use computational approaches to further
investigate the binding mode.

Experimental approach:

We have used radioligand binding studies, functional assays, site-directed mutagenesis,
homology modelling and molecular dynamics to study the binding of JNJ-46281222.
Key results:

JNJ-46281222 is an mGlu,-selective, highly potent PAM with nanomolar affinity (K, =1.7
nM). Binding of [PH]JNJ-46281222 was increased by the presence of glutamate and greatly
reduced by the presence of GTP, indicating the preference for a G protein bound state of the
receptor for PAM binding. Its allosteric binding site was visualized and analysed by a compu-
tational docking and molecular dynamics study. The simulations revealed amino acid move-
ments in regions expected to be important for activation. The binding mode was supported
by [*PH]JNJ-46281222 binding experiments on mutant receptors.

Conclusion and implications:

Our results obtained with JNJ-46281222 in unlabelled and tritiated form further contribute
to our understanding of mGlu, allosteric modulation. The computational simulations and
mutagenesis provide a plausible binding mode with indications of how the ligand permits
allosteric activation. This study is therefore of interest for mGlu, and class C receptor drug

discovery.
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Chapter 2

INTRODUCTION

The metabotropic glutamate (mGlu) receptors modulate cell excitability and synaptic
transmission when activated by endogenous glutamate. They belong to the glutamate-like
subfamily (class C) of G protein-coupled receptors (GPCRs) and are divided into three

subgroups, Group I (mGlu, ,), Group II (mGlu, ,) and Group III (mGlu based on their

4, 6-8)’
sequence homology, second messenger coupling and pharmacology."*
Structurally, class C GPCRs are characterized by a large extracellular orthosteric binding
domain, the so called Venus Flytrap Domain (VFT), which is connected to the seven trans-
membrane (7TM) domain by a cysteine-rich domain (CRD).** They are obligatory dimers and

mainly exist as homodimers linked by a disulfide bond in the VFT.>¢

Activation of the mGlu, receptor is a potential strategy for the treatment of psychiatric disor-
ders such as schizophrenia, anxiety and depression.” Interestingly, mGlu, receptor activation
can be enhanced by positive allosteric modulators (PAMs), which have little or no intrinsic
efficacy and enlarge the effect exerted by endogenously released glutamate.® The orthosteric
binding site is highly conserved between mGlu receptors and it is thus hard to develop
selective orthosteric ligands. Next to that, allosteric ligands are more capable of crossing the
blood brain barrier as they are less polar, due to their binding in the more hydrophobic 7TM
domain.? For these reasons the number of PAMs described has increased tremendously over
the last decade.’ These include compounds such as LY487379", BINA'?, THIIC (also known
as LY2607540)" and JNJ-40068782', which have been extensively characterized both in vitro
and in vivo. Importantly, two mGlu, PAMs have reached clinical trials so far. Development of
AZD8529 (described in patent WO2008150233)"° from AstraZeneca was discontinued after a
Phase 2a study in schizophrenic patients due to a lack of efficacy.® JNJ-40411813 (also known
as ADX71149) from Janssen Pharmaceuticals and Addex Therapeutics failed to meet the crite-
rion for efficacy signal in patients with major depressive disorder with significant anxiety
symptoms. In contrast, in an exploratory Phase 2a study in schizophrenia, not powered to
determine statistical significance of effects rather a signal generation study, JNJ-40411813 met
the primary objectives of safety and tolerability and also demonstrated an effect in patients

with residual negative symptoms."”

The mGlu, allosteric binding pocket has been elucidated by mutagenesis studies, which
revealed an overlap between PAM and negative allosteric modulator (NAM) binding sites.'®*
The recent crystallization of the first Class C GPCRs mGlu, and mGlu, 7TM in complex with
NAM molecules enables accurate mGlu homology modelling.?*
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Here, the in vitro properties of JNJ-46281222 are described and we characterize
[PH]JNJ-46281222 as a high affinity mGlu, PAM. Its binding was studied in order to gain a
better understanding of the relation between orthosteric and allosteric binding sites at the
mGlu, receptor. In addition, molecular dynamics simulations based on an active state 7TM
mGlu, receptor model were performed to analyse the binding mode of JNJ-46281222, which
was validated experimentally in subsequent mutagenesis experiments. Altogether this work
offers new insights into the functioning of the mGlu, receptor, which might contribute to

development of new and improved PAMs.

METHODS

Chemicals and reagents

BINA, THIIC (a.k.a. LY2607540), RO4491533%, AZD8529, JNJ-40068782, JNJ-46281222 (Fig.
1)* and [PH]JNJ-46281222 were synthesized at Janssen Research and Development. DCG-IV
was purchased at R&D systems Europe (Abingdon, United Kingdom). PH]DCG-IV and
[PH]LY341495 were obtained from American Radiolabeled Companies (St. Louis, MO, USA).
GTP and glutamate were purchased from Sigma-Aldrich (St. Louis, MO, USA). Chinese
hamster ovary cells (CHO-K1, ATCC: CCL-61) were from ATCC (Rockville, MD, USA). Other

chemicals were from standard commercial sources.

CF3 Figure 1. Chemical structure of JNJ-46281222. The
position of the tritium label in [*H]JNJ-46281222 is
N =N, denoted by *.

XX N\<N\ﬁ

*
Tritiation of JNJ-46281222

A solution of triethylamine (110uL) in ethanol (5 mL) was prepared. From this solu-
tion 0.2 mL was added to a tritiation reaction vial which contained the brominated
precursor  7-((4-(4-bromophenyl)piperidin-1-yl)methyl)-3-(cyclopropylmethyl)-8-(trifluoro-
methyl)-[1,2,4]triazolo[4,3-a]pyridine (1.9 mg) and palladium on carbon (10%, 1.9 mg). The
reaction mixture was attached to a tritium manifold (RC Tritec, Teufen, Switzerland) and
degassed. Next tritium gas was placed on top of the reaction mixture (approximately 180
mbar) and was stirred for 8 minutes at room temperature. The remaining tritium gas was

trapped on a uranium bed and all volatile compounds were lyophilized to a waste ampoule.

The crude reaction mixture was rinsed with methanol (3x150 uL), dissolved in ethanol
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(4xImL), and filtered over an Acrodisc filter, yielding 2.04 GBq crude material. A portion (0.5
GBq) of this material was further purified and analyzed by high-performance liquid chroma-
tography to obtain 0.36 GBq tritiated compound 7-((4-(4-trittumphenyl)piperidin-1-yl)meth-
yl)-3-(cyclopropylmethyl)-8-(trifluoromethyl)-[1,2,4]triazolo[4,3-a]pyridine  (radiochemical
purity of 97.4%; specific activity of 25 Ci/mmol).

Cell Culture

CHO-K1 cells stably expressing the wildtype (WT) hmGlu, receptor (CHO-K1_hmGlu,)
were grown in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% (v/v)
fetal calf serum, 88 IU-mL" penicillin, 88 pg-mL"streptomyecin, 30.5 pg-mL"' L-proline and 400
ugmL* G418 at 37°C and 5% CO,. CHO-K1 cells were cultured in the same medium without

G418. Cells were subcultured at a ratio of 1:10 twice every week.

Cell Membrane Preparation

CHO-K1_hmGilu, cells were plated into 15 cm @ plates in DMEM without G418. When
cells were grown to 70% confluency sodium butyrate (final concentration 5 mM) was added
to the plates.” After 24 hours cells were detached from the plates by scraping them into 5 ml
of PBS and subsequently centrifuged for 5 min at 1500 rpm. The pellets were resuspended
into ice-cold Tris buffer (50 mM Tris-HCl pH 7.4) and homogenized using an Ultra Turrax
homogenizer (IKA-Werke GmbH & Co.KG, Staufen, Germany). Membranes and the cytosolic
fraction were separated by centrifugation at 31,000 rpm in an Optima LE-80 K ultracentri-
fuge (Beckman Coulter, Fullerton, CA) at 4°C for 20 min. Pellets were resuspended in 10 ml
Tris buffer and the centrifugation and homogenization steps were repeated. The remaining
pellets were suspended into assay buffer (50 mM Tris-HCI pH 7.4, 2 mM CaCl,, 10 mM MgCl,)
and the homogenization step was repeated. Aliquots of membrane suspension were stored at
-80°C. Membrane protein concentrations were determined using a BCA protein determina-

tion.?

Transient Transfection

Transient transfections were performed as previously described.”

Western blot analysis

hmGlu, receptor membrane samples were thawed and homogenized using an Ultra Turrax
homogenizer at 24,000 rpm. For each membrane suspension sample 200 pl was transferred
to an eppendorf tube and 400 pl of RIPA buffer (150 mM NaCl, 1.0% IGEPAL® CA-630, 0.5%
sodium deoxycholate, 0.1% SDS, 50 mM Tris, pH 8.0, Sigma-Aldrich) complemented with
phosphatase and protease inhibitors (Roche, Basel, Switzerland) was added. Homogenates
were incubated for 30 min on ice and centrifuged at 14,000 rpm (20 min, 4°C). The super-

natants were collected and protein concentrations were determined using the BCA method
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(Smith et al., 1985). Samples were diluted with RIPA buffer (0.15 ug/ml) and denatured by
LDS sample buffer and reducing agent (Life Technologies, Invitrogen, Carlsbad, CA, USA)
(final concentration 0.1 pg/ml). The membrane protein samples were electrophoresed (3 ug),
using an 18-well 4-12% polyacrylamide gel (Bio-Rad, Hercules, CA, USA) at 90-160V. The
proteins on the gels were then electroblotted onto a Trans blot turbo 0.2 pm nitrocellulose
membrane (Bio-Rad), by using a Trans-blot Turbo transfer system (Bio-Rad). Membranes
were blocked for 1 hour at room temperature in Tween-20 Tris-buffered Saline (TBS-T: 10 mM
Tris-HCI pH 8.0, 150 mM NaCl, 0.05% Tween-20) containing 5% non-fat dry milk (Santa Cruz
Biotechnology, Dallas, TX, USA), and incubated with the primary antibody overnight at 4 °C
allowing gentle shaking at a final concentration of 0.75 pg/ml (specific monoclonal mouse
anti-hmGlu2 antibody, Abcam ab15672, Cambride, United Kingdom). Blots were washed five
times with TBS-T buffer and incubated with the secondary antibody for 1h at room temper-
ature (polyclonal HRP-linked sheep anti-mouse IgG whole antibody, GE healthcare, little
Chalfont Buckinghamshire, United Kingdom). Immunostaining was revealed after washing
with TBST buffer via SuperSignal West Dura Extended Duration Substrate (Thermo scientific,
Cramlington, United Kingdom). Signals were captured and quantified by chemiluminescence
(G-box Syngene, Syngene, Cambridge, United Kingdom). For reprobing, membranes were
stripped of using Restore™ Western Blot Stripping Buffer (Thermo scientific) for 15 min with
agitation at room temperature. Before incubation with anti actin antibody (Millipore, Bill-
erica, CA, USA, MAB1501, dilution 1:10000), the membranes were washed 3 times (5 min) in
TBS-T and blocked 1h in 5% non-fat dry milk.

Radioligand binding assays

[FHJINJ-46281222 Binding

After thawing, membranes were homogenized using an Ultra Turrax homogenizer at
24,000 rpm. Samples were diluted in ice-cold assay buffer (50 mM Tris-HCl pH 7.4, 2 mM
CaCl,, 10 mM MgCl,) to a total reaction volume of 100 ul and incubated at 15°C. Nonspecific
binding was determined using 10 uM JNJ-40068782, DMSO concentrations were <0.25%.

For saturation experiments CHO-K1_hmGlu, membrane aliquots, containing 30 ug protein,
and nine increasing concentrations of radioligand, ranging from 0.4 to 20 nM, were incu-
bated for 60 minutes to allow equilibrium to be reached for all concentrations of radioligand.
Nonspecific binding was determined at three concentrations of radioligand.

Association experiments were carried out by incubation of 6 nM of radioligand and
membrane aliquots, containing 20 or 30 pg of protein for assays in presence or absence of 1
mM glutamate, respectively. The amount of receptor-bound radioligand was determined at
different time points up to 180 minutes.

Dissociation experiments were performed by a 60 minute pre-incubation of 6 nM radioli-
gand and membrane aliquots containing 30 ug protein or for assays in the presence of 1 mM

glutamate or GTP, 20 or 50 ug respectively. Dissociation was initiated by addition of 10 pM
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JNJ-40068782 (final concentration) in 5 ul. and the amount of remaining receptor-bound radi-
oligand was determined at different time points up to 120 minutes.

Displacement experiments were performed using 6 nM of radioligand and 10 concen-
trations of competing ligand, diluted by an HP D300 digital dispenser (Tecan, Giessen, The
Netherlands) and incubated for 60 minutes. Membrane protein aliquots containing 30 or 40
ug were used for membranes stably expressing the hmGlu, receptor or for transiently trans-
fected hmGlu, receptor constructs, respectively.

For all assays, incubation was terminated by rapid filtration over GF/C filters through a
Brandel harvester 24 (Brandel, Gaithersburg, MD, USA) or over GF/C filterplates (Perkin-
Elmer, Groningen, The Netherlands) on a PerkinElmer filtermate harvester. Filters were
subsequently washed at least three times using ice-cold wash buffer (50 mM TRIS-HCI pH
7.4). Filter-bound radioactivity was determined using liquid scintillation spectrometry on
a TRI-Carb 2810 TR counter (PerkinElmer) or a P-E 1450 Microbeta Wallac Trilux scintilla-
tion counter (PerkinElmer). [PH]JNJ-46281222 did not bind to CHO-K1 membranes without
hmGlu, receptor expression (data not shown). For all radioligand binding experiments, radi-

oligand concentrations were chosen such that <10% of the amount added was receptor-bound.

PHILY341495 Binding

For saturation experiments, various concentrations of [PH]LY341495 from 0.5 to 30 nM
were incubated with 10 ug membrane protein from the same batch of membranes as used for
[PH]JNJ-46281222 saturation binding experiments at 15°C for 60 minutes in a total volume of
100 pl. Nonspecific binding was determined at three concentrations of radioligand in the pres-
ence of 1 mM glutamate. Incubations were terminated and samples obtained and analysed as
described under ‘[°HJJNJ-46281222 Binding’.

[PHIDCG-IV Binding

For saturation experiments, unlabelled DCG-IV was spiked with 20% [PH]DCG-1V, resulting
in final concentrations from 50 to 1500 nM. DCG-IV was incubated with 75 pg membrane
protein from the same batch of membranes as used for [°’H]JNJ-46281222 saturation binding
experiments at 15°C for 60 minutes in a total volume of 100 pl. Nonspecific binding was deter-
mined at three concentrations of radioligand in presence of 10 uM LY341495. Incubations
were terminated and samples obtained and analysed as described under ‘[*H]JNJ-46281222
Binding’.

[?*SIGTPyS Binding

[*S]GTPYS binding experiments were performed as previously described.™

30



Mechanism of allosteric modulation

Data analysis
Data analyses were performed using Prism 5.00 (GraphPad software, San Diego, CA, USA).
xK_/
D

(K, +X). pIC,, values were obtained using non-linear regression curve fitting into a sigmoidal

K,and B, were determined by a saturation binding analysis, using the equation Y =B,
concentration-response curve using the equation: Y=Bottom + (Top-Bottom)/(1+10*L0s!0),
pK, values were obtained from plIC, values using the Cheng-Prusoff equation.” Dissociation
rate constants k . were determined by using an exponential decay analysis of radioligand
of
binding. Association rate constants k, were determined using the equation k = (k, -k )/
[L], in which L is the concentration of radioligand used for association experiments and k
is determined using exponential association analysis. Data shown are the mean + SEM of at
least three individual experiments performed in duplicate, unless stated otherwise. Statistical
analysis was performed if indicated, using a two-tailed unpaired Student’s t-test or one-way
ANOVA with Dunnett’s post-test. Observed differences were considered statistically signifi-

cant if p-values were below 0.05.

Building an mGlu, receptor homology model

An active state model of the 7TM domain of human mGlu, receptor (Uniprot code Q14416)
bound to G protein was built using a combination of structural templates. The crystal struc-
ture of the human mGlu, (PDB 4009)* was used to model all 7TM helices except TM6. Extra-
cellular loop 2 (ECL2) is not refined in the mGlu, X-ray structure therefore this important loop
was modelled based on the mGlu, receptor crystal structure (PDB 4OR2).” Finally, the 3,AR
(PDB ID 3SN6)* active structure was used to model both TM6 in its distinct open conforma-
tion as well as the corresponding G protein. This monomer 7TM has been shown experimen-
tally to be activated upon PAM binding® The sequence identity between mGlu, and mGlu,
7TM’s was 51%. The initial model was constructed in MOE v2014.9 (Chemical computing
group Inc., Montreal, QC, Canada) and then Maestro (Schrodinger LLC, New York, NY, USA)
was used for structure preparation. The Protein Preparation tool was used to fix any missing
sidechains/atoms, PROPKA assigned protonation states, the hydrogen bonding network
was optimized, and brief minimisation to RMSD 0.5 A was applied to remove any structural

clashes. Amino acid numbering is based on recent recommendations.*

Docking of JNJ-46281222

The ligand was prepared for docking using Maestro. Its basic pK  value was measured
experimentally as 6.6. The structure activity relationship (SAR) of molecules from this series
doesnot require a charged centre for mGlu, PAM activity.” Hence, JNJ-46281222 was modelled
in an unionised state. Conformational sampling was performed with ConfGen and multiple
conformers were docked into the mGlu, active state model using Glide XP. The docking grid

was centered on the ligand position in the mGlu, receptor structure. Sampling was increased
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in the Glide docking by turning on expanded sampling and passing 100 initial poses to post-

docking minimisation. All other docking parameters were set to the defaults.

Molecular Dynamics Simulations

Molecular dynamics (MD) simulations were performed with GROMACS v4.6.5. Ligand-re-
ceptor complexes were embedded in a pre-equilibrated box (10x10x19 nm) containing a lipid
bilayer (297 POPC molecules) with explicit solvent (~47000 waters) and 0.15 M concentration
of Na* and CI" (~490 ions). The total size of the system was 174000 atoms. Each system was
energy minimized and subjected to a 5 step MD equilibration of 10, 5, 2, 2 and 2 ns respec-
tively. In the first step the whole system was fixed except for the hydrogens. In the second, the
protein loops were released from restraints. In the final three steps the restraints on the ligand
and proteins were relaxed from 100, 50 and 10 kJ.mol'nm? respectively. Production simula-
tions were performed for time periods between 200 and 500 ns without restraints using a 2 fs
time step. Constant temperature of 300K using separate v-rescale thermostats for Protein-Li-
gand, lipids, and water plus ions was used. The LINCS algorithm was applied to freeze bond
lengths. Lennard-Jones interactions were computed using a 10 A cut-off, and the electrostatic
interactions were treated using PME also with a 10 A cut-off. The AMBER99SD-ILDN force
field® was used for the protein, the parameters described by Berger et al. (1997)% for lipids,
and the general Amber force field (GAFF) and HF/6-31G*-derived RESP atomic charges for

the ligand. This combination of protein and lipid parameters has recently been validated.?”

RESULTS

Characterization of [*H]JNJ-46281222

Firstly, the affinity of [’H]JNJ-46281222 for the mGlu, receptor was determined by performing
saturation binding experiments on membranes of CHO-K1 cells stably expressing the hmGlu,
receptor (Fig. 2A). Receptor binding was saturable and defined by a K, of 1.7 nM witha B, _of
1.1 pmol/mg protein. Homologous displacement experiments with [PH]JNJ-46281222 resulted
in a pK value of 8.33 for JNJ-46281222. In addition, a series of reference PAMs and a NAM
based on various chemical scaffolds fully displaced [PH]JN]J-46281222 binding, resulting in
pK, values ranging from 6.43 to 8.09 (Table 1), while pseudo-Hill coefficients were all close to
unity. Secondly, kinetic association and dissociation experiments were performed to deter-
mine the association (k) and dissociation (k

)
ff
binding of [PH]JNJ-46281222 was reached within 30 minutes as assessed by kinetic association

rate constants (Fig. 2B; Table 2). Equilibrium

experiments and best fit with a one-phase model, whereas the dissociation curve was best fit

with a two-phase model. This resulted in a k, value of 0.24 min™ describing the association
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and two values describing the dissociation, i.e. a k., value of 0.040 min™ and a k,z, value of

0.77 min™.
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Figure 2. Characterization of [*H]JNJ-46281222
binding to mGlu, receptors stably expressed
at CHO-K1 membranes.

(A) Saturation analysis of [*H]JNJ-46281222
binding. A representative experiment is
shown with similar data being obtained in
two additional experiments.

(B) Association and dissociation kinetics of 6
nM [*H]JNJ-46281222 at the mGlu, receptor
at 15°C. Association data was best fitted
using a one-phase exponential association
model, whereas data for dissociation curves
were best fitted using a two-phase expo-
nential decay model. Data are expressed
as percentage of specific [*H]JNJ-46281222
binding and are shown as mean + SEM of
at least four individual experiments. Where
bars are not shown SEM values are within the
symbol.

Table 1. Receptor affinity of mGlu, allosteric modulators determined by [*H]JNJ-46281222 displace-

ment experiments.

Compound pK;

JNJ-46281222 8.33+0.14
JNJ-40068782 7.58 +0.08
BINA 7.22 £ 0.15
THIIC 7.10 £ 0.04
AZD8529 6.43 = 0.03
RO4491533 8.09 +0.09

Data are shown as mean + SEM of at least three individual experiments performed in duplicate.

Table 2. Kinetic binding parameters for [*H]JNJ-46281222 binding to human mGlu, receptors in
absence or presence of 1 mM glutamate.

k.. (min) k., (nM.min")®  k__(min")° K, (nM)*
koff,1 koff,Z
[H]JNJ-46281222 0.24 +0.019 - 0.040 + 0.0061 0.77 £0.18 -
3 -
[PHUNJ-46281222 0.19 £0.031 0.019 £ 0.0051 0.070 £ 0.0056 - 3.6 +0.99

+ 1 mM glutamate

Data are shown as mean + SEM of at least three individual experiments performed in duplicate. “k_ was deter-

mined using the formula k= (k,

obs

- kML ® All parameters were determined by computer analysis using a

one-phase model, except for dissociation of [*H]JNJ-46281222 in absence of glutamate which was best described

by a two-phase model. K was determined as the ratio k

off

Ik,
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§Azso v Gutamats The effect of glutamate on [*H]JNJ-46281222
g ™ e binding to the mGlu, receptor

.,% §‘°° Increasing  concentrations of  glutamate
: 2 enhanced [*H]JNJ-46281222 binding by more
= " tog tmoduator 0 than 2-fold (Fig. 3A; Table 3) with a modu-
B latory potency (pEC,) for glutamate of 5.27.

> m e

3

300 control [PH]JNJ-46281222 displacement assays in the
250 +1mM Glutamate
a0 i . MM GTP absence or presence of glutamate were performed
I with JNJ-46281222 and JNJ-40068782, which did
° x not result in a significant change in affinity for

log LINJ-46251222] () both compounds (Fig. 3B; Table 4).

% specific [*H]JNJ-46281222
°

In addition, saturation  binding of
[PH]JNJ-46281222 in the absence or presence of

120 e Control
. = " rimioiemee glutamate was performed (Fig. 4A), showing that
E . the number of mGlu, PAM binding sites (B, )
o was increased more than 2-fold in the presence
! 30 60 920 120

Time (min) of 1 mM glutamate, whereas the affinity (K) was

(]

% specific [*H]JNJ-46281222

not significantly affected (Table 5).

o

Next, the effect of glutamate on the kinetic asso-

o . e Ciation and dissociation rates of [PH]JNJ-46281222
g - was examined. Glutamate decreased both rate
: . % constants to a small non-significant extent (Fig. 3C

L . 8

and 3D, Table 2). Moreover, whereas dissocation

% specific [*H]JNJ-46281222

Time (min)

in the absence of glutamate was best described

using a two-phase model, dissociation in the

m

presence of 1 mM glutamate was best described

— with a one-phase model, with a koﬂ value of 0.070
min™. This presence of glutamate enabled further
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determination of the association rate constant

% specific [*HIJNJ-46281222
binding 9 min after dissociation
o 3

& ‘J,«“ k,, which was 0.019 nM" min. Based on these
&
Figure 3. The effects of glutamate and GTP on [*H]JNJ-46281222 binding. (A) Increasing concen-
trations of glutamate enhance the specific binding of 6 nM [*H]JNJ-46281222 to mGlu, receptors
expressed at CHO-K1 cell membranes, whereas GTP inhibits specific [*H]JNJ-46281222 binding.
(B) Effects of glutamate and GTP on homologous displacement of [*H]JNJ-46281222 from mGlu,
receptors expressed at CHO-K1 membranes. Data are normalized to specific binding in absence of
glutamate or GTP (set at 100%). (C, D) The effect of glutamate on mGlu, receptor association and
dissociation of [*H]JNJ-46281222. Data are expressed as specific binding of the respective curve,
association plateaus are fixed at 100% specific [*(H]JNJ-46281222 binding, dissociation plateau fixed
at 0% specific [*H]JNJ-46281222 binding. (E) Specific [*H]JNJ-46281222 binding after nine minutes
of dissociation in absence or presence of GTP. * p-value <0.05 versus control, determined using a
two-tailed unpaired Student’s t-test. All graphs are shown as mean + SEM of three to six individual
experiments performed in duplicate. Where bars are not shown SEM values are within the symbol.

o}
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kinetic parameters, the kinetic K, was determined according to the equation K = koﬁ /'k,,

resulting in a K, value of 3.6 nM for [?’H]JNJ-46281222 in the presence of glutamate (Table 2),

which was in good agreement with the K, value obtained from saturation experiments.

Table 3. Pharmacological characterization of the effects of glutamate or GTP on specific
[*H]JNJ-46281222 binding to mGlu, receptors.

PEC,, / pIC,, E_ . (%) Hill slope
Glutamate 5.27 + 0.08 125+ 9.0 0.49 + 0.04
GTP 5.95 +0.21 -65 = 8.0 -0.58 £ 0.03

Data are shown as mean + SEM of three individual experiments performed in duplicate. °E__ was determined as
difference in total specific binding compared to binding in absence of glutamate or GTP (set at 100%).

The effect of GTP on [*H]JNJ-46281222 binding to the mGlu, receptor

Radioligand displacement assays in the presence of increasing GTP concentrations were
performed to evaluate the importance of the presence of abound G protein for [PH]JN]J-46281222
binding. As depicted in Figure 3A, GTP inhibits [*'H]JNJ-46281222 binding by 65% with a pIC,
value of 5.95. The affinity of JNJ-46281222 was significantly decreased in the presence of 1 mM
GTP, whereas this was not the case for JNJ-40068782 (Table 4). Subsequently, the effect of 1
mM GTP on the dissociation rate of [’H]JNJ-46281222 was examined. Since it was impossible
to obtain reliable full curves with the vastly decreased [PH]JNJ-46281222 window under these
conditions, ["H]JN]J-46281222 dissociation in the presence of 1 mM GTP was only determined
at a single time point (i.e. after nine minutes) and compared to the extent of dissocation in the
absence of GTP at that same time point (Fig. 3E). In the presence of 1 mM GTP the relative
amount of [PHJJN]J-46281222 still bound to the receptor after nine minutes was significantly

lower than in its absence, indicating an increased dissociation rate.

Table 4. Displacement of [*H]JNJ-46281222 by mGlu, PAMs JNJ-46281222 and JNJ-40068782 from
human mGlu, receptors in absence (control) or presence of 1 mM glutamate or GTP.

pICSO Emax (%)a

Control + 1mM Glu + 1TmM GTP + 1mM Glu + TmM GTP
JNJ-46281222 7.71 £ 0.17 7.63 +0.14 7.00 = 0.16* 150 + 24 -71+x4.4
JNJ-40068782 6.89 = 0.06 7.15+0.10 6.85 = 0.06 127 £ 20 -77 £ 4.5

Data are shown as mean + SEM of at least three individual experiments performed in duplicate.  Emax was
determined as difference in total specific binding compared to binding in absence of glutamate or GTP (set at
100%). * p-value < 0.05 compared to plC, control, determined using one-way ANOVA with Dunnett’s post-test.

Saturation binding of orthosteric radioligands to the mGlu, receptor

For comparison of the number of accesible orthosteric and allosteric binding sites, satu-
ration experiments were performed using the orthosteric radioligands [PH]DCG-IV and
[PH]LY341495 (Fig. 4B and 4C, Table 5). The mGlu, agonist [P[H]DCG-IV had a low affinity of
365 nM and a B, _value of 1.2 pmol/mg that corresponded to the B, _value of 1.1 pmol/mg
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Figure 4. Saturation binding of radi-
oligands to mGlu, receptors expressed
at CHO-K1 membranes. (A) Saturation
binding of [*H]INJ-46281222 to the mGlu,
allosteric binding site in absence or pres-
ence of glutamate. (B) Saturation binding
of [PHIDCG-IV to the mGlu, orthosteric
binding site, determined by “spiked” satu-
ration (see text). (C) Saturation binding of
[*HILY341495 to the orthosteric binding
site. Graphs shown are from a representa-
tive experiment performed in duplicate in
each case.

obtained for [PH]JNJ-46281222. The high affinity
antagonist [PH]LY341495 had a K, value of 2.4
nM and a B, value of 5.1 pmol/mg, approxi-
mately 5-fold higher than for the PAM and for

the agonist.

Quantification of potency of JNJ-46281222 at
the mGlu, receptor

Figure 5A shows data from a representative
determination of the concentration-effect curve
of the glutamate-induced binding of [*S]GTPyS
in the absence and presence of various concentra-
tions of JNJ-46281222; similar data were obtained
in a second experiment. A 100 nM concentration
of JNJ-46281222 enhanced the maximum gluta-
mate-induced [®S]JGTPyS binding, i.e. gluta-
mate’s efficacy, by approximately 2-fold, shifting
the curve upward, and increased the glutamate
potency 5-fold, shifting the curve leftward. The
potency of JNJ-46281222 was determined by
quantifying the increase in response to a fixed
EC,, glutamate concentration (4 uM), as depicted
in Figure 5B. A pEC, of 7.71 + 0.02 was calcu-
lated while the maximal response, 193 + 5%, was
almost 2-fold higher compared to the maximal
glutamate response exerted by 1 mM glutamate
alone. In the absence of glutamate JNJ-46281222
shows a submaximal receptor activation of 42 +
3% with a 10-fold lower pEC, value of 6.75+0.08.

Table 5. Characteristics of saturation binding of [*H]JNJ-46281222 in absence or presence of gluta-
mate, and the orthosteric radioligands [*H]DCG-IV and [*H]LY341495

Radioligand K, (nM) B, (pmol/mg protein)
[H]JNJ-46281222 1.7 +0.17 1.1+£0.12
+ 1 mM glutamate 2.5+0.26 2.7 +£0.25
[FH]IDCG-IV 330/400 1.1/1.2
[*HILY341495 2.4 +0.71 5.1+0.39

Data for [*H]JNJ-46281222 and [*H]LY341495 are shown as mean + SEM of at least three individual experiments
performed in duplicate. The same parameters measured for [*H]DCG-IV are from two independent experiments

(values of both experiments are given).
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Docking of JNJ-46281222 into the mGlu, 7TM
Model

JNJ-46281222 was docked into the active state
mGlu, homology model (Fig. 6A and 6B). The most
energetically favourable binding pose is shown.
The triazopyridine scaffold and lipophilic side
chain substituent interact with the hydrophobic
cluster formed between amino acids 16393323
F6433.36a,40c, L7325,43a44c/ W7736,48a50c and F7766A51a.53c.
The cyclopropylmethyl substituent goes deepest
into the receptor and interacts closely with
F776¢5125% The hydrophobic residues cluster tightly
around the triazopyridine scaffold with L6393
and F643%324¢ interacting on one face of the scaf-
fold and L732>%4c and W773%4%3 on the other.
Amino acid N735°#7247¢ acts as an H-bond donor to
the nitrogen acceptor (2.0 A) in the triazo ring of the
scaffold. The sidechain of tryptophan WZ773642%,
which is conserved in the mGlu receptors, points
into the membrane in the same orientation as in
the mGlu, inactive state 7TM crystal structure. The
cyclopropyl group makes a steric interaction at 2.3
A distance. The CF, group of the scaffold enters
between TM3 and TM5 above N735°#24¢ and
interacts with S731%#24< The 4-phenylpiperidine
substituent is directed towards the extracellular

side of the binding site and the distal phenyl sits

A
10000 [JNJ-46281222]
1000 nM
8000 100 nM
6000 - 30nM
- 10nM
o 4000 - 3nM
& 1nM
2000 - 0.1nM
N -e- control
"3 7 & 5 4 3
log [Glutamate] (M)
B

a
S

(% 1mM glutamate)
g 3

[*°*S]GTPyS binding

L

A1 0 9 8 7 6 5
log [JNJ-46281222] (M)

Figure 5. Characterization of potency
of JNJ-46281222. (A) Stimulation of
[*SIGTPyS binding to mGlu, recep-
tors induced by increasing concentra-
tions of JNJ-46281222. A representa-
tive experiment is shown, with similar
data obtained in a second experiment.
Data are expressed as the percentage
of maximal response induced by 1 mM
glutamate. (B) Dose-response curve
of JNJ-46281222 in presence of gluta-
mate (EC,, 4 pM) on the binding of
[**SIGTPyS binding. Data are expressed
as the percentage of maximal response
induced by 1 mM glutamate and are
shown as mean + SEM of thirteen indi-
vidual experiments performed in trip-
licate. Where bars are not shown SEM
values are within the symbol.

between F623%¢'2%< and H723"2, The predicted binding mode overlaps with the allosteric site

in mGlu, whereas the mGlu, modulator goes deeper into the receptor (Fig. S1).

The location of the allosteric binding pocket of JNJ-46281222 at the mGlu, receptor
In order to validate the suggested location of the JNJ-46281222 binding site, radioligand

binding assays were performed on transiently transfected mGlu, wild-type and mutant recep-

tors. For the latter, mutations F643A330240c and N735D>4247¢ were selected, since molecular

docking studies indicated that these amino acids (amongst others) had important interactions

with JNJ-46281222. Receptor expression was confirmed by Western blot analysis (Fig.7B).

[PH]INJ-46281222 binding to the selected mGlu, receptor mutants, was significantly decreased

by approximately 10-fold compared to WT, as shown in Figure 7A.
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Figure 6. Molecular dynamics (MD) simulations of the binding of JNJ-46281222 to the mGlu,
receptor. (A) The complete system used for MD simulations, including mGlu, receptor 7TM monomer,
G protein, ligand (JNJ-46281222, magenta), lipids and solvent. (B) Close up of 7TM binding site
showing interaction with a subset of important amino acids. MD starting position for ligand is
coloured magenta; snapshot after 200 ns is turquoise. Movement of \W773648250c from outwards
orientation (magenta) at start of simulation to inwards orientation (turquoise) is highlighted. (C)
RMSD of mGlu, receptor monomer during the simulation.

Molecular dynamics simulations of JNJ-46281222 and mGlu, 7TM Model

MD simulations of JNJ-46281222 docked in the WT active state mGlu, receptor model
together with the G protein were performed for 500 ns. The overall structure was stable
throughout the simulation with little fluctuation in RMSD of the 7TM (Fig. 6C). The G protein
also showed little structural fluctuation and remained bound to the intracellular side of the
receptor keeping TM6 in an open conformation. The ligand maintained key interactions
with amino acids such as L6393336c, F643%3%240c and N735°%*#¢ (Fig. 6B). Amino acids in
the vicinity of JNJ-46281222 moved, and adopted alternative orientations which remained
stable throughout the rest of the simulation. For instance, W773¢4%25 made a large rotational
movement inwards after 20 ns which was permitted by adjustment of the cyclopropylmethyl
away from TM5 and towards F64333%4 The tryptophan W77364525 then rotated into the 7TM
binding site to maintain interaction with the ligand whilst forming a new H-bond interaction
via its indole NH donor to the phenolic oxygen of Y647°%**%¢ Three additional replica simu-
lations were performed for 200 ns using the same input but different starting velocities. Two
of these showed consistent behaviour of W7736425% Additional MD simulations performed
on the same system but without ligand did not display the inward rotation of W773648a:30,

Likewise, the sidechain remained outwards during a separate simulation with ligand but
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without G protein. Regarding the distal tail of JNJ-46281222, the phenyl moiety moved
deeper into the 7TM binding site during the 500 ns simulation and continued to interact with
F623%6123% but no longer had contacts with H723 (mutation of which had previously shown
no effect on JNJ-46281222 functional activity.)* Simulations performed on F643A%3*24< and
N735D#247¢ mutant receptors were also stable with respect to the overall 7TM. However, for
the N735D%#*# mutant, the ligand made a significant departure from its starting orienta-
tion. In summary, the MD simulations revealed the predicted binding mode to be stable and

consistent with amino acids making key interactions.

Figure 7. (A) Radioligand binding to mGlu,

NA . receptor mutants F643336a40c and N735547a47
§ " Y Specific [*H]JNJ-46281222 binding to WT or
S 100- | —— . .

S mutant mGlu, receptors, transiently transfected in
3 80 CHO-K1 cells. Data were normalized to % specific
- 60 binding compared to binding to WT mGlu, recep-
E5 tors and are expressed as mean = SEM of three
;-}:: 401 individual experiments performed in duplicate. (B)
g 209 Representative immunoblot of WT (left panel) and
< 0 mutant mGlu, receptors (middle, F643, and right,

3

Fe43A N735D N735, panel) and actin. * p-value < 0.05 compared
B to WT, analysis was done using unnormalized data
mGlu, - p— W | 200 kDa and determined using one-way repeated-meas-
ures ANOVA with Dunnett’s post-test.
actin — — 40 kDa
WIT F64ISA N7ZIi5D

DISCUSSION

We describe JNJ-46281222 as a high affinity mGlu, PAM (K = 1.7 nM) with a high modu-
latory potency (pEC,, = 7.71 + 0.02) on the effect of the endogenous agonist glutamate in a
[**S]GTPYS binding assay, where it increased glutamate’s maximum effect by approximately
2-fold to its ‘ceiling’ allosteric effect.” These data are in line with previously reported affinity
data for JNJ-46281222.2 JNJ-46281222 on its own displayed a submaximal receptor activation
of 43 + 3% in the [*S]GTPyS binding assay, with a potency (pEC, = 6.75 + 0.08) that is 10-fold
lower compared to its potency to modulate glutamate activity. However, we prefer to refer
to JNJ-46281222 as a PAM and not as a PAM-agonist for at least two reasons. First, we cannot
fully rule out the presence of endogenous receptor-bound glutamate. Secondly, the cell line
used has a high receptor density, potentially amplifying receptor responses. The potency and
affinity of this PAM are higher than any other extensively reported mGlu, PAMs including
JNJ-40068782 (Table 1).1* In addition to its valuable properties for in vitro experiments,
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[PH]JNJ-46281222 can also be used for ex vivo mGlu, receptor occupancy studies, whereas this
cannot be done with [*PH]JNJ-40068782.%

To investigate the relation between the orthosteric, allosteric and G protein binding sites,
we performed [*H]JNJ-46281222 binding experiments in the absence and presence of either
glutamate or GTP. The observation by Lavreysen et al. (2013)" and Lundstrom et al. (2011)*
- binding of an mGlu, PAM is enhanced in the presence of a high concentration of the ortho-
steric agonist glutamate - was taken as a starting point for our work. In our case, the total
amount of sites accesible for JNJ-46281222 binding was significantly enlarged by approxi-
mately 2.5-fold by the addition of glutamate (Fig. 3B and 4A). This indicates a conformational
change in receptor structure that increases the population of receptors in a more favour-
able state for PAM binding and recognition. In addition, we performed [PH]JNJ-46281222
binding experiments in the presence of increasing concentrations of glutamate, confirming
the increase in specific binding with a micromolar potency for glutamate (pEC, = 5.27)
and a pseudo-Hill slope of less than unity (n, = 0.49), indicative of allosteric enhancement
of JNJ-46281222 binding by the agonist. Thereby, this experiment clearly revealed two-way
allosterism between orthosteric and allosteric binding sites.*

We showed that the presence of glutamate does not significantly change the affinity of
mGlu, PAMs, as was observed previously for mGlu, PAMs.*! Specifically, the affinity of
JNJ-46281222 was not affected by the presence of glutamate, as both K, values were similar
(1.7 and 2.4 nM, Table 5), just like the pIC_ values of 7.71 and 7.63 (Table 4). For JNJ-40068782
we did not find a significant increase in affinity, as shown by the pIC,, values, whereas
Lavreysen et al. (2013)" showed an increase in K values. This could be indicative for between
membrane pool or between lab variations. The presence of glutamate decreased the rate
of both association and dissociation of [PH]JNJ-46281222 to a small non-significant extent.
Most striking was the ability of glutamate to change the two-phasic character of dissociation
towards a one-phase dissociation. In general, a two-phasic character can be explained by the
presence of two binding sites, known as the high- and low affinity binding sites within a
receptor population.® In this case, one could postulate that glutamate increases the number
of PAM binding sites and fixes the receptor into a single conformational state resulting in a

single dissociation rate.

Previous studies showed that binding of only one PAM per dimer is sufficient for enhance-
ment of receptor activity.*? It was hypothesized that upon receptor activation only one of the
7TM domains is turned on and activates a G protein.** Whereas these studies came to their
conclusions using changes in the receptor structure, we evaluated the number of orthosteric
and allosteric binding sites using radioligand saturation binding assays on the WT mGlu,
receptor. Interestingly, saturation binding of the orthosteric agonist [PH]DCG-IV revealed a
B, . similar to [PH]JNJ-46281222 (Table 5), indicating the same number of binding sites for

ma;
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both orthosteric agonists and PAMs. So, whereas only one PAM per receptor dimer is neces-
sary for efficacy,” it seems that two PAMs actually bind the receptor in the absence of gluta-
mate. On the other hand, presence of glutamate increases the number of allosteric binding
e Of PH]JNJ-46281222 (Table 5). This indicates that addition
of glutamate might lead to [PH]JNJ-46281222 binding to both glutamate-bound and -unbound
receptors. Interestingly, the increase in accesible PAM binding sites induced by the pres-
ence of glutamate was not seen the other way around. Both mGlu, PAMs JNJ-40068782 and
JNJ-40411813 increased the affinity of P[H][DCG-IV but not its B, value.'**

sites, as shown by the increased B

The presence of GTP decreased [PH]JNJ-46281222 binding by 65%, indicating that PAM
binding is dependent on the availability of receptors that are coupled to a G protein. More-
over, the pseudo-Hill coefficient of less than unity (n, = -0.58), confirms an allosteric rather
than competitive effect of GTP on JNJ-46281222 binding. The necessity of a coupled G
protein for PAM binding was further confirmed by saturation binding experiments with
[PH]JNJ-46281222, the orthosteric agonist [PH]DCG-IV and antagonist [’H]LY341495, showing
that approximately 5-fold more receptors are labeled by an antagonist than an agonist or PAM
radioligand (Fig. 4, Table 5). Decades ago, the presence of GTP has already been shown to
decrease agonist but not antagonist binding in class A GPCRs (e.g., Williams and Lefkowitz,
1977).# For the mGlu, receptor this was also shown for the orthosteric agonists DCG-IV and
LY354740, where GTPYyS decreased their binding up to 80% with nanomolar potency.** In
our hands, in addition to a reduction of the total binding level, GTP also induced a signifi-
cant decrease in binding affinity of JNJ-46281222, whereas it did not change the affinity of
JNJ-40068782 (Table 4). These findings contribute to the idea that different PAMs can have
different effects on the interplay between receptor binding sites. To our knowledge we are the
first to describe the necessity for a G protein bound state of the receptor for PAM binding, as
shown by the effects of GTP on the binding of [’H]JNJ-46281222 to the mGlu, receptor.

Previous mutagenesis studies revealed the molecular determinants vital for mGlu, PAM
functional activity.’®?*? However, PAM binding on mutant receptors has not been previously
examined. Docking of JNJ-46281222 into the 7TM mGlu, receptor model revealed direct inter-
actions with, amongst others, F643%%4% and N735%724¢_ In order to confirm the proposed
binding pose of JNJ-46281222 within the mGlu, 7TM domain, we performed [*H]JNJ-46281222
binding experiments to transiently transfected mGlu, receptor mutants F643A>%4 and
N735D547247¢ Their binding was reduced evenly and significantly compared to the transiently
transfected WT mGlu, receptor, showing that these amino acid residues are vital for mGlu,
PAM binding. Together, these results indicate that the loss in mGlu, PAM functional effi-
cacy, exerted by mGlu, receptor mutants F643A3%*4% and N735D°#7*%", is caused by a loss of

receptor binding.
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We have presented hypotheses for the overlap and possible binding mode of mGlu,
PAMs. ¥ Here we used MD simulations of JNJ-46281222 in an active state 7TM mGlu, model
which confirmed the binding mode was stable throughout the simulation. We observed move-
ment of W773648230¢ which is part of a WLAFxPI sequence on TM6 that is conserved across
mGlu receptors. The sidechain rotated inwards and interacted with the ligand and Y6474,
The 6.48a.50c position is located on TM6 in the transmission switch for class A GPCRs.*
Rotamer movements of this tryptophan in rhodopsin along with the kink induced by the
neighbouring proline, contribute to the outward movement of TM6 to permit activation. Also,
the movement of W773%45230¢ to disturb H-bonding in the cluster of amino acids involving
Y6473%%243¢ and the conserved water molecule may play a role in the functional activity of
class C allosteric modulators.* This is just above the important region for Na* ion modulation
of A, AR receptors.” Finally, a recent report suggests activation of mGlu, dimers proceeds
from inactive TM4/5-TM4/5 interaction to TM6-TM6 interaction in the active state.”® It seems
plausible that inward movement of large sidechains on TM6 will enable the rotation of the
monomers to the active state. Further work is needed to provide a deeper understanding of

the allosteric modulator action on this mGlu, monomer and the full length dimeric receptor.

In conclusion, we have characterized the selective and highly potent mGlu, PAM
JNJ-46281222 and its corresponding radioligand [PH]JNJ-46281222. Its characteristics make
it the preferred PAM radioligand for studying the mGlu, receptor. The orthosteric agonist
glutamate was shown to increase the number of PAM binding sites without affecting the
affinity of JNJ-46281222. The necessity of a coupled G protein was shown by the fact that GTP
induced a large decrease of PAM binding and that the number of PAM binding sites, like the
orthosteric agonist, was much lower than the number of G protein independent antagonist
binding sites. Both mutations F643A%¥*4c and N735D>#24 caused a large decrease in PAM
binding, thereby experimentally confirming the binding site as determined from the model-
ling and molecular dynamics studies. Together, these results contribute to the understanding
of the mechanism of PAM binding and effect, which will hopefully contribute to current and

future mGlu, PAM drug discovery programs.
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Supporting figure S1
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Figure S1. Comparison of the predicted JNJ-46281222 binding mode (purple) with that of NAMs in
the mGlu, (A, yellow) and mGlu, (B, orange) receptor X-ray structures. A) mGlu, (yellow) compared
to mGlu, model (purple). Position of allosteric ligand and selected amino acid side chains can be
seen. mGlu1 X-ray structure is from PDB code 40R2. B) mGlu, (orange) compared to mGlu, model
(purple). Position of allosteric ligand and selected amino acid side chains can be seen. mGlu, X-ray
structure is from PDB code 40009.
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ABSTRACT

While many orthosteric ligands have been developed for the mGlu, receptor, little is known
about their target binding kinetics and how these relate to those of the endogenous agonist
glutamate. Here, the kinetic rate constants, i.e. k and knﬁ, of glutamate were determined for
the first time followed by those of the synthetic agonist LY354740 and antagonist LY341495.
To increase the understanding of the binding mechanism and impact of allosteric modu-
lation thereon, kinetic experiments were repeated in the presence of allosteric modulators.
Functional assays were performed to further study the interplay between the orthosteric and
allosteric binding sites, including an impedance-based morphology assay.

We found that dissociation rate constants of orthosteric mGlu, ligands were all within a
small 6-fold range, whereas association rate constants were ranging over more than three
orders of magnitude and correlated to both affinity and potency. The latter showed that target
engagement of orthosteric mGlu, ligands is k -driven in vitro. Moreover, only the off-rates of
the two agonists were decreased by a positive allosteric modulator (PAM), thereby increasing
their affinity. Interestingly, a PAM increased the duration of a glutamate-induced cellular
response. A negative allosteric modulator (NAM) increased both on- and off-rate of glutamate
without changing its affinity, while it did not affect these parameters for LY354740, indicating
probe-dependency.

In conclusion, we found that affinity- or potency-based orthosteric ligand optimization
primarily results in ligands with high k values. Moreover, positive allosteric modulators
alter the binding kinetics of orthosteric agonists mainly by decreasing k , which we were able
to correlate to a lengthened cellular response. Together, this study shows the importance of
studying binding kinetics in early drug discovery, as this may provide important insights

towards improved efficacy in vivo.
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INTRODUCTION

Glutamate is the most important excitatory neurotransmitter in the central nervous system
where it modulates synaptic responses via activation of ionotropic glutamate receptors and
metabotropic glutamate (mGlu) receptors.! mGlu receptors are class C G protein-coupled
receptors (GPCRs) that structurally consist of a large extracellular glutamate binding domain,
the so-called Venus Flytrap (VFT) domain, which is connected via a cysteine-rich domain to
the typical seven-transmembrane (7TM) domain.”> The mGlu, receptor, which is expressed
presynaptically in the periphery of the synapse, is of interest in drug discovery as it negatively
modulates the release of glutamate into the synapse.’ Hence, mGlu, receptor activation can
reduce glutamate hyperfunction in diseases like schizophrenia and anxiety,** whereas mGlu,
receptor blockade can be beneficial for glutamate hypofunction in depression and impaired
cognition.®”

A variety of glutamate-like ligands targeting the orthosteric binding site in the VFT domain
was developed including the reference agonist LY354740 and antagonist LY341495.5° Until
the recent disclosure of the mGlu, selective agonist LY2812223,'° development of orthosteric
ligands presented challenges for receptor subtype selectivity and therefore discovery efforts
shifted to allosteric modulators that bind in a less conserved pocket in the 7TM domain."
Allosteric modulators enhance or inhibit the potency and/or efficacy of the endogenous/ortho-
steric agonist with little or no intrinsic activity.”? . Two positive allosteric modulators (PAMs)
have advanced into clinical trials: AZD8529% and JNJ-40411813/ADX71149.151¢ Reference
PAMs in the field include BINAY, JNJ-40068782' and JNJ-46281222." A number of negative
allosteric modulators (NAMs) have been characterized in vivo, including a recent series of
Janssen, RO4491533 and decoglurant of which the latter has advanced into clinical trials.”?*

Over the last decade it has become increasingly clear that in vivo efficacy is not only
depending on optimized in vitro affinity and efficacy parameters, but also on optimized
kinetics of both receptor binding and activation.” The dissociation rate constant k . and its
derived parameter residence time (RT = 1/k ) have received increasing attention since the
in vivo efficacy of multiple marketed GPCR drugs was shown to be related to long RT at the
target, such as the long-acting M, receptor antagonist tiotropium.** Although most kinetic
studies have emphasized dissociation rate constants, association rate constants have also been
described to be important for fast onset of drug action, a high receptor occupancy and even a
longer duration of action.”**” The importance of k  was further underscored for its potential
in drug safety by Sykes ef al. (2017) who showed that extrapyramidal side effects induced
by dopamine D, receptor antagonists are linked to k,, rather than k  as had been the general

hypothesis so far.?
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We have recently shown the importance of k, and kaﬁ for mGlu, PAMs, where their affinity
was k -driven and their kgﬂ was linked to in vivo efficacy, as shown in Chapter 4. Except for
this study, no previous studies have extensively focused on binding kinetics of mGlu, ligands.
Understanding of binding kinetics may also be helpful in drug discovery of novel ortho-
steric mGlu, ligands. Moreover, appreciating the kinetic binding parameters of the endog-
enous agonist is important when designing orthosteric ligands as they have to compete for
the same binding site.*® Furthermore, determination of alterations of the kinetic parameters
of the endogenous ligand induced by an allosteric modulator will provide valuable mech-
anistic insights. Since kinetic binding parameters of the endogenous mGlu, agonist gluta-
mate have not been quantified before we set up a kinetic radioligand binding assay to enable
quantification of kinetic parameters for orthosteric ligands. The major mechanism of action of
many allosteric modulators is to modulate endogenous agonist affinity by affecting its kinetic
binding parameters, as affinity is determined by K = knff/ k, . Therefore, kinetic binding exper-
iments with orthosteric ligands were also performed in the presence of a PAM or NAM. Addi-
tionally, we performed functional assays, i.e. [*S]GTPyS binding assays measuring G protein
activation and a label-free biosensor assay that measures changes in cell morphology repre-
senting a more integral cellular response. These functional assays were used to further study
the interplay between the orthosteric and allosteric binding sites, and its effect on the level
of functional efficacy. Importantly, the cell morphology assay enabled recording in real-time,
thereby providing the opportunity to evaluate functional receptor-induced responses over
time in addition to the time-dependent binding kinetics assays.

This work provides insights on the binding kinetics of orthosteric ligands at the mGlu,
receptor and modulation thereof by PAMs or NAMs. As such, it contributes to increased
molecular understanding which may strengthen future drug discovery projects focusing on
the development of both orthosteric ligands or allosteric modulators for the mGlu, receptor
as well as for other GPCRs.

MATERIALS AND METHODS

Chemicals and Reagents

LY354740, JNJ-46281222, JNJ-40068782, BINA, RO4491533, and [*H]JNJ-46281222 were
synthesized at Janssen Research and Development. LY341495 was from Tocris BioScience
(Bristol, UK). [PH]LY341495 was obtained from American Radiolabeled Companies (St. Louis,
MO, USA) and [*S]GTPYS from PerkinElmer (Groningen, The Netherlands). Dulbecco’s
modified Eagle’s medium (DMEM), glutamate, GDP and Glutamate-pyruvate transaminase
(GPT) were from Sigma Aldrich (St. Louis, MO, USA). Penicillin, streptomycin, L-Proline and
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G418 were obtained from Duchefa Biochemie (Haarlem, The Netherlands). Fetal calf serum
(FCS) was from Biowest (Nuaill¢, France). CHO-K1 cells stably expressing the wildtype (WT)
hmGlu, receptor (CHO-K1_hmGlu,) were from Janssen Research and Development. Other

chemicals were from standard commercial sources.

Cell culture

CHO-K1_hmGlu, cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM)
supplemented with 10% (v/v) fetal calf serum, 200 IU-mL" penicillin, 200 pg-mL™" strepto-
myecin, 30.5 pg-mL" L-proline and 400 ug-mL" G418 at 37°C and 5% CO,. Cells were subcul-

tured twice every week at a ratio of 1:10.

Membrane preparation
Membrane preparation was performed as in Chapter 2.

Radioligand binding assays

[PH]LY341495 binding assays

Membranes were thawed and subsequently homogenized using an Ultra Turrax homog-
enizer at 24,000 rpm (IKA-Werke GmbH & Co.KG, Staufen, Germany). Assay buffer (50 mM
Tris-HCl pH 7.4, 2 mM CaCl,, 10 mM MgCl,) was used to dilute the samples to a total reaction
volume of 100 pl containing 5 pug membrane protein and 4 nM [PH]LY341495. Incubations
were performed at 0°C. Nonspecific binding was determined using 1 mM glutamate and
DMSO concentrations were <0.25%.

Displacement experiments were carried out using radioligand and a competing ligand at
multiple concentrations. Samples were incubated for 60 minutes, after which receptor-bound
radioactivity was determined.

Association experiments were performed by incubation of radioligand in the absence or
presence of allosteric modulator at 1 uM with membrane aliquots. The amount of recep-
tor-bound radioligand was determined at different time points up to 60 minutes.

Dissociation experiments were carried out by a 60 minute pre-incubation of radioligand and
membrane aliquots in the absence or presence of allosteric modulator at 1 uM. The amount
of receptor-bound radioligand was determined after dissociation at different time points up
to 60 minutes which was initiated by addition of 5 ul assay buffer containing LY341495 (final
concentration 10 uM).

Competition association experiments were performed by incubation of radioligand,
competing ligand at its IC, concentration in the absence or presence of allosteric modulator
at 1 uM with membrane aliquots. The amount of receptor-bound radioligand was determined
at different time points up to 60 minutes.

For all assays, incubations were terminated by rapid filtration over GF/C filter plates

(PerkinElmer) using a PerkinElmer 96w Filtermate harvester. Subsequently filters were
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washed five times using ice-cold wash buffer (50 mM Tris-HCI pH 7.4). Filter-bound reac-
tivity was determined using liquid scintillation spectrometry on a Microbeta 2450* microplate
counter (PerkinElmer).

[PH]INJ-46281222 binding assays

Experiments were performed as described under ‘[°H]LY341495 binding assays’ with the
following alterations: [PH]JNJ-46281222 was used at 6 nM, membrane aliquots contained 30
ug, incubations were performed at 15°C and non-specific binding was determined using 10
UM JNJ-40068782. Incubations were terminated by rapid filtration over Whatman GF/C filters
(GE Healthcare Life Sciences, Buckinghamshire, UK) on a Brandel harvester 24 (Brandel,
Gaithersburg, MD, USA). Filters were washed three times with ice-cold wash buffer (50 mM
Tris-HCl pH 7.4). Filter-bound reactivity was determined using a TriCarb 2810 TR counter
(PerkinElmer).

[?*S]GTPyS binding assays

Membrane homogenates (10 pg) were diluted in assay buffer (50 mM Tris-HCI pH 7.4, 100
mM NaCl, 3 mM MgCl,) supplemented with 5 ug saponin and 10 uM GDP to a total volume
of 80 ul containing increasing concentrations of ligand of interest in the absence or presence of
a glutamate concentration equivalent to its EC, value (60 uM), if indicated. Basal and maximal
receptor activity was determined in the presence of only assay buffer or 1 mM glutamate,
respectively. After a 30 minute pre-incubation at 25°C, 20 pl [**S]GTPYS (final concentration
0.3 nM) was added. Reactions were stopped after 90 minutes incubation at 25°C. Filtration
was performed and filter-bound radioactivity determined as described under ‘[PH]LY341495
binding assays’ except that GF/B filter plates were used and the wash-buffer consisted of 50
mM TRIS-HCl and 5 mM MgCl,.

Impedance-based morphology assays

Impedance-based morphology assays were performed using the real-time cell analyser
(RTCA) xCELLigence SP system (ACEA Biosciences, San Diego, CA, USA),*** as previously
described.” The system measures electrical impedance generated by adherence of cells to
gold-coated electrodes at the bottom of 96 wells PET E-plates (obtained from Bioké, Leiden,
the Netherlands). Changes in impedance (Z) are measured continuously and are displayed as
Cell Index (CI), which is defined as (Z, - Z,) Q / 150Q). Z is the impedance at a given time and
Z, is the baseline impedance measured at the start of the experiment in the absence of cells.
Baseline impedance was determined using 45 ul culture medium (as described under “cell
culture’) per well in a 96 well E-plate. 40,000 CHO-K1_hmGlu, cells were added in a volume
of 50 pl per well. After resting at room temperature for 30 minutes, the plate was mounted in
the recording station within a humidified 37°C, 5% CO, incubator. Impedance was measured
every 15 minutes overnight. 18 hours after cell seeding, wells were stimulated with increasing
concentrations of glutamate in the absence or presence of 1 uM PAM JNJ-46281222, resulting

in final well volumes of 100 ul. DMSO concentrations were 0.025% and constant between wells.
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Data analysis

Data analyses were performed using Prism 7.00 (GraphPad software, San Diego, CA, USA).
plIC,, values in radioligand displacement assays were obtained by non-linear regression
curve fitting into a sigmoidal concentration-response curve using the equation: Y=Bottom +
(Top-Bottom)/(1+100"8'=9), pK values were obtained from pIC, values using the Cheng-Pru-
soff equation.* Dissociation rate constant k . was obtained using an exponential decay anal-
ysis of radioligand binding. Association rate constant k  was determined using the equation
k,, = (k,,,—k,/[L], in which L is the concentration of radioligand and k,, was determined using
an exponential association analysis of radioligand binding.

Association and dissociation rate constants for unlabelled mGlu, PAMs were determined
by nonlinear regression analysis of competition association data as described by Motulsky
and Mahan.®

K, =k[L]-107” +k,

Ky =k;[1]-107 +k,
S=\(K,-K,)*+4-k -k -L-1-10"
K,=05K,+K,+S)

K¢ =05K,+K,-S5)

Q:Bmm~k1~L~10’9
K, -K;
Y=Q~(k4 'IEKFIEKS)_'_I%];KF e(*K;‘X)_kAl];KS e(—KA-X))
F By F N

pEC, and pIC, values in the [S]GTPvyS binding assays were determined using non-linear
regression curve fitting into a sigmoidal concentration-response curve using the equation:
Y=Bottom + (Top-Bottom)/(1+10"( LogEC,-X)*Hill Slope)). The same equation was used to
determine pEC,, values from the impedance-based morphology assay. Baseline-corrected
AClI levels at indicated time points were used to obtain these concentration-response curves.
Data are shown as mean + SEM of at least three individual experiments performed in dupli-
cate. Statistical analyses were performed as indicated. If p-values were below 0.05, observed

differences were considered statistically significant.

RESULTS

Affinity of orthosteric compounds in the absence or presence of allosteric modulators
The affinities of orthosteric agonists glutamate and LY354740 and antagonist LY341495

were determined by [’H]LY341495 displacement assays in the absence and presence of PAMs

JNJ-46281222 (1 uM), BINA (10 uM) and JNJ-40068782 (1 uM) or NAM RO4491533 (1 pM)
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(Fig. 1A-C, Table 1). The affinity of both the endogenous agonist glutamate and the synthetic
agonist LY354740 was significantly increased in the presence of all PAMs. Specifically, in pres-
ence of JNJ-46281222, glutamate affinity was increased by 7-fold (pK, 4.52 + 0.04 to 5.40 + 0.08
in the absence and presence of JNJ-46281222, respectively), while the affinity of LY354740 was
increased by 5-fold (pK; 6.79 +0.01 to 7.51 + 0.15 in the absence and presence of ]NJ-46281222,
respectively). The affinity of antagonist LY341495 (pK, 8.39 + 0.09) was not affected by any of
the PAMs. The presence of 1 pM NAM R0O4491533 did not affect the affinity of glutamate,
LY354740 or LY341495, which shows that the presence of the NAM does not inhibit the ortho-
steric agonists and antagonist from binding to the receptor. Since JNJ-46281222 induced the
highest shift in agonist affinity it was used as representative PAM for further experimentation,
along with RO4491533 as a representative NAM. Of note, both JNJ-46281222 and RO4491533
were not able to displace the radiolabelled orthosteric antagonist [PH]LY341495 by themselves

(Fig. 1D), which indicates that they bind to an allosteric site at the mGlu, receptor.
Figure 1. Effect of allosteric modulators on the affinity of orthosteric ligands. [*H]LY341495
displacement by orthosteric agonists A) glutamate and B) LY354740 and antagonist C) LY341495 in
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the absence or presence of PAMs or NAM. D) [*H]LY341495 binding in the presence of increasing
concentrations of the PAM JNJ-46281222 or NAM R0O4491533. Data represent the mean + SEM of
three individual experiments performed in duplicate. If not shown, error bars are within the symbol.

Table 1. Affinity (pK) of orthosteric ligands in the absence and presence of allosteric modulators
determined in [*H]LY341495 displacement assays.

Glutamate LY354740 LY341495
Vehicle 4.52 = 0.04 6.79 £ 0.01 8.39 £ 0.09
+ 1 uM INJ-46281222 5.40 + 0.08*** 7.51 £ 0.15* 8.54 = 0.02
+ 10 uM BINA 5.30 £ 0.09*** 7.38 £ 0.03* 8.57 £ 0.08
+ 1 uM JNJ-40068782 5.23 £ 0.04*** 7.43 £ 0.19* 8.59 £ 0.05
+ 1 uM RO4491533 4.56 = 0.03 6.93 £ 0.15 8.65+0.10

Values represent the mean + SEM of three individual experiments performed in duplicate. Statistical analyses
were performed using a one-way ANOVA with Dunnett’s post-test. * < 0.05, *** < 0.001.
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Binding kinetics of orthosteric compounds

We set-up radioligand binding assays allowing the determination of binding kinetics
of orthosteric compounds in the absence or presence of allosteric modulators. The kinetic
binding parameters k, and k. of ["H]LY341495 were determined using classical (direct) asso-
ciation and dissociation assays (Fig. 2A, Table 2). [PH]LY341495 associated rapidly to the
mGlu, receptor, where complete association was reached within 5 minutes, resulting inak ,_
value of 0.015 + 0.0007 s™'. Dissociation induced by 10 uM unlabelled LY341495 yielded a k,,
value of 0.0066 + 0.0001 s™. Based on these k , and k  values and the concentration of the radi-
oligand used, k, was calculated as 2.2+ 0.17 x 10° M' s™. To obtain kinetic binding parameters
for unlabelled orthosteric compounds, a competition association assay was performed (Fig.
2B-D). The assay was first validated using unlabelled LY341495, for which k, and k . values
were comparable to those obtained in the classical association and dissociation assays (Table
2). Subsequently, the kinetic binding parameters of glutamate and LY354740 were assessed
(Fig. 2C,D; Table 3). Compared to LY341495, glutamate had a significantly lower k  value of
1.6 £ 0.3 x 10°* M's™! and a faster dissociation rate (kqﬁ 0.036 + 0.008 s*). Interestingly, LY354740
had a k ;value similar to that of glutamate, but a 40-fold higher k , value (k . 0.045 + 0.010 min*
and k, 7.1 +2.9 x10* M''s”, respectively). Of note, the K values, i.e. calculated based on their
k, and koﬁ values, for glutamate, LY35470 and LY341495, were in good agreement with the K,
values obtained from equilibrium displacement assays (compare Tables 1 and 3).
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Figure 2. Binding kinetics of orthosteric ligands and the effects of allosteric modulators thereon.
A) Association and dissociation kinetics of 4 nM [*H]LY341495 at the mGlu, receptor at 0°C in the
absence or presence of PAM JNJ-46281222 or NAM RO4491533 at 1 uM. Competition association of
the agonists B) glutamate and C) LY354740 and D) antagonist LY341495 in the absence or presence
of PAM JNJ-46281222 or NAM RO4491533 at 1 uM. Data represent the mean + SEM of at least three
individual experiments performed in duplicate.
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Table 2. Comparison of kinetic binding parameters (k_, k_.) antagonist LY341495 in the absence or
presence of JNJ-46281222 (PAM) or RO4491533 (NAM), determined by direct [3H]LY341495 associa-
tion and dissociation assays.

K, (nM)? k,, (M"s7) k,, (s

LY341495 29023 (22+0.17)x 105 0.0066 + 0.0001
+1 uM PAM 2.9+0.24 2.2+0.67)x10°  0.0063  0.0003
+1 uM NAM 322017 (2.1%0.65)x 105 0.0068 + 0.0002

2Kinetic K values, defined by K, = k ./ k. Values represent the mean = SEM of three individual experiments
performed in duplicate.

Table 3. Kinetic binding parameters (k_, k_.) for agonists glutamate and LY354740 and antagonist
LY341495 in the absence or presence of JNJ-46281222 (PAM) or RO4491533 (NAM) obtained from
competition association assays using [*H]LY341495.

K, (nM)* (pK.) k,, (M) Ky (5)

Glutamate 23000 + 6900 (4.65) (1.6 £0.3) x 10° 0.036 + 0.008

+ 1 uM PAM 4700 = 600* (5.33) (2.4+£0.18) x 10° 0.012 £ 0.001*
+ 1 uM NAM 23500 + 2400 (4.63) (5.2 £ 0.37) x 103*** 0.12 £ 0.009***
LY354740 630 = 290 (6.20) (7.1 £2.9) x 10* 0.045 + 0.010

+ 1 uM PAM 180 = 20 (6.74) (7.3 £0.56) x 10* 0.013 £ 0.001*
+ 1 uM NAM 550 + 200 (6.26) (8.5+2.1) x 10* 0.047 £0.013
LY341495 3.5+ 0.46 (8.45) (2.4 £0.18) x 108 0.0087 + 0.0009
+ 1 uM PAM 2.8 +0.40 (8.56) (3.5 £ 0.46) x 10° 0.0096 + 0.0006
+ 1 uM NAM 3.4+ 1.2(8.46) (3.9 £0.93) x 10° 0.013 + 0.003

2 Kinetic K, values, defined by K, =k ../ k. Values represent the mean + SEM of three individual experiments
performed in duplicate. Statistical analyses were performed using a one-way ANOVA with Dunnett’s post-test.
* <0.05, ** < 0.01, *** < 0.001.

The effect of allosteric modulators on the binding kinetics of orthosteric compounds

The kinetic binding parameters k  and koﬁ of glutamate, LY354740 and LY341495 were deter-
mined in the presence of PAM JNJ-46281222 or NAM RO4491533 at 1 uM (Fig. 2B-D; Table 3).
The k,, value for glutamate in the presence of 1 uM JNJ-46281222 was slightly but not signifi-
cantly increased to 2.4 +0.18 x 10° M's compared to its value obtained in the absence of PAM.
The k,, value on the other hand was significantly decreased by 3-fold to 0.012 + 0.001 min™.
Together, this resulted in an approximately 5-fold increased ‘kinetic” affinity (K, for gluta-
mate from 23 * 6.9 to 4.7 = 0.6 uM, which was also observed in the equilibrium displacement
assays (K, values, compare Tables 1 and 3). In the presence of 1 uM RO4491533, the k  value
of glutamate was significantly increased by 3-fold to 5.2 + 0.37 x 10° M's”, while the k ; value
was also significantly increased by 3-fold to 0.12 + 0.009 s™. As a result, the kinetic K, value
did not change compared to glutamate in the absence of NAM (24 + 2.4 uM and 23 + 6.9 uM
in absence or presence of NAM, respectively).

The k,, value of LY354740 was left unchanged in the presence of 1 uM JNJ-46281222 (7.3 +
0.56 x 10* M''s™), whereas the k ,value was decreased by 3-fold to 0.013 + 0.001 s™. Together
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this led to an increased kinetic K, value of 180 + 20 nM of the agonist LY354740 in the presence
of PAM JNJ-46281222. Interestingly, in contrast to glutamate, no significant shifts in k or k "
values were seen for the agonist LY354740 in the presence of 1 uM RO4491533, and therefore
the kinetic K, was also unaffected (630 + 290 and 550 + 200 nM in absence or presence of NAM,
respectively). Lastly, both k  and k, values of the antagonist LY341495 were not significantly
altered by the presence of PAM or NAM. This was the case for both the direct [PH]LY341495
association and dissociation assays (Fig. 2A, Table 2), as well as for the competition associa-
tion assays (Fig. 2D, Table 3). Hence, K, values were similar to those obtained in the absence

of allosteric modulator.

Potency and efficacy of orthosteric ligands, effects of allosteric modulators on LY354740
potency and efficacy

To evaluate the effects of JNJ-46281222 and RO4491533 on the functional responses induced
by orthosteric compounds, a functional [**S]JGTPyS binding assay was used that measures
compound-induced G protein activation. Firstly, concentration-response curves of the
agonists glutamate and LY354740 were made (Fig. 3A), which led to pEC,; values of 4.95 +
0.01 and 6.94 + 0.04, respectively. The maximum level of [®*S]GTPyS binding induced by the
synthetic agonist LY354740 was 83.5 + 1.2% compared to the maximum response induced by
the endogenous agonist glutamate (100% at 1 mM) (Table 4). The potency of the antagonist
LY341495 was determined in the presence of an EC,, concentration of glutamate (60 uM).
LY341495 inhibited glutamate-induced [*S]GTPyS binding with a pIC, value of 7.40 + 0.04
(Fig. 3A). Secondly, the effects of increasing concentrations of JNJ-46281222 or RO4491533 on
the concentration-response curves of LY354740 were assessed (Fig. 3B, Table 4). Increasing
concentrations of the PAM JN]J-46281222 induced a concentration-dependent increase in E
up to approximately 220% at a concentration of 30 nM or higher. Moreover, the potency of
LY354740 was increased significantly from 6.94 + 0.04 in the absence of PAM to 7.69 + 0.07 in
the presence of 100 nM JNJ-46281222. In contrast, when LY35470 was treated with increasing
concentrations of the NAM RO4491533, the E, _values of the concentration-response curves
were reduced concentration-dependently. At a concentration of 30 nM RO4491533 or higher,
LY354740-induced [®S]GTPYS binding was completely abolished (Fig. 3C, Table 4). Inter-
estingly, the potency of LY354740 did not change significantly in the presence of increasing
NAM concentrations.

Effect of PAM JNJ-46281222 on duration of glutamate-induced cellular response using
an impedance-based morphology assay

To gain further insights in the functional impact of allosteric modulation, receptor activa-
tion by glutamate was evaluated using an impedance-based morphology assay (i.e. XCEL-
Ligence). This method can record receptor-specific cellular responses in real-time, and thus

compound-induced changes in cellular dynamics can be measured over time.
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Figure 3. Effect of allosteric modulators on intrinsic agonist potency and efficacy. A) Concentra-
tion-response curves of glutamate- and LY354740-induced [**S]GTPyS binding and concentration-re-
sponse curve of inhibition of glutamate induced (EC,: 60uM) [*S]GTPYS binding by LY341495.
Effects of increasing concentrations of B) JNJ-46281222 and C) RO4491533 on concentration-re-
sponse curves of LY354740 in the [**S]GTPYS binding assay. Data are expressed as the percentage
of maximal response induced by 1 mM glutamate (100%) and represent the mean + SEM of three
individual experiments performed in duplicate. If not shown, error bars are within the symbol.

Table 4. Effect of allosteric modulators JNJ-46281222 (PAM) and RO4491533 (NAM) on LY354740-in-
duced [**S]GTPyS binding.

PEC,, E, .. (%)
LY354740 6.94 + 0.04 83.5+1.2
+ 1 nM INJ-46281222 7.04 £0.10 117 £4.2
+ 3 nM INJ-46281222 7.14 £ 0.08 154 + 11**
+ 10 nM JNJ-46281222 7.35£0.10** 178 + 16***
+ 30 nM JNJ-46281222 7.50 £ 0.07**** 215 & 22%***
+ 100 nM JNJ-46281222 7.69 £ 0.07**** 222 & 22%***
+ 1 nM RO4491533 6.91 + 0.07 74.5 £ 1.3**
+ 3 nM RO4491533 6.87 £ 0.11 55.5 + 2. 5%***
+ 10 nM RO4491533 6.69 + 0.05 30.0 = 1.6%***

2Expressed as percentage of [**S]GTPyS binding induced by 1 mM glutamate (set at 100%). Values represent the
mean = SEM of three individual experiments performed in duplicate. Statistical analyses were performed using a
one-way ANOVA with Dunnett’s post-test. ** < 0.01, *** < 0.001, **** < 0.0001.

Glutamate-induced responses were recorded at increasing concentrations in the absence
and presence of 1 pM PAM JNJ-46281222 resulting in a concentration-dependent increase in
impedance, depicted as Cell Index (Fig.4A,B). Similar to the [®*S]GTPyS assay, the glutamate
potency was significantly (p <0.05, student’s t-test) increased from pEC,  5.27 +0.19 to 5.99 +
0.12 in the absence and presence of PAM, respectively. Furthermore, the PAM-induced shift
in potency for glutamate in the morphology assay was comparable to the shift for LY354740 in
the [*S]GTPYS assay (Table 4). Interestingly, the duration of the glutamate-induced response
in the presence of PAM was also increased from approximately 45 to over 60 minutes. To
further evaluate this effect, concentration-response curves of glutamate in the absence and
presence of the PAM were obtained at two different time points after stimulation, i.e. 15
and 45 minutes (Fig. 4C,D). Comparison of these concentration-response curves yielded a
2-fold decrease in efficacy for the curve from the later time point (Fig. 4C), congruent with the

almost loss of glutamate signal in the absence of PAM at 45 minutes (Fig. 4A). In contrast, the
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glutamate efficacy in the presence of PAM did not change significantly, when comparing the
concentration-response curves of 15 and 45 minutes after stimulation. This is in line with the
observation that the duration of the glutamate-induced response is prolonged by the PAM to
approximately 60 minutes, and thus a decrease in cellular impedance was not yet observed
at 45 minutes (Fig. 4B). Of note, when comparing the potencies for each condition, i.e. gluta-
mate in the absence or presence of PAM, these were not significantly different at the two time
points selected (Fig. 4C,D).
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Figure 4. Effect of PAM JNJ-46281222 on the duration of glutamate-induced signalling, as deter-
mined by an impedance-based morphology assay. A,B) 18 hours after seeding, CHO-K1_hmGlu,
cells (40,000 cells/well) were stimulated by increasing concentrations of the agonist glutamate in
absence (A) or presence of 1 pM of the PAM JNJ-46281222 (B). Medium with 0.025% DMSO was
used as vehicle control. DMSO concentrations were 0.025% in all cases. A representative example is
shown of a baseline-corrected response, the so-called A cell index (ACI), which was repeated at least
three times in duplicate. C,D) Concentration-response curves were obtained from the ACI values at
15 or 45 minutes after stimulation. pEC, values are mentioned in the results section. xCELLigence
traces (A, B) are from a representative experiment. Curves (C, D) represent mean + SEM of at least
three individual experiments performed in duplicate.

Correlations and kinetic map

To compare the parameters obtained from the different radioligand binding assays, corre-
lation plots were made (Fig. 5A-C). As mentioned above, the affinity values obtained from
[PH]LY341495 equilibrium displacement assays (K)) and [PH]LY341495 competition association
assays (K,) were in very good agreement, as exemplified by a high linear correlation (Fig.
5A, R? = 0.95), further corroborating the robustness of the latter assay. A significant corre-
lation was also found between affinity (K,) and association rate constants (k) (Fig. 5B, R* =

0.99). Such a correlation, however, was not found between affinity (K) and dissociation rate
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constants (koﬁ) (Fig. 5C, R?=0.29), indicating that affinities of these orthosteric compounds are

predominantly k -driven.
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Figure 5. Correlations between affinity, potency and kinetic parameters. A,B,C) Correlation between
affinity of glutamate (green), LY354740 (blue) and LY341495 (red) determined in [*H]LY341495 equi-
librium displacement assays (K) and affinity determined based on kinetic parameters k_ and k_.
obtained from [®*H]LY341495 competition association assays (K,) (A); affinity (K) and association
rate constant (k, ) (B); affinity (K) and dissociation rate constant (k_.) (C). D) Kinetic map with the
association rate constant (k ) plotted on the x-axis and the dissociation rate constant (k_.) on the
y-axis. Identical affinity (K,) values may result from different combinations of k_ and k . (K, =k ./
k... diagonal dashed lines). E,FG) Correlation between potency of glutamate and LY354740 deter-
mined in [*S]GPTYS assays (EC,)) and affinity determined based on kinetic parameters k, and k .
obtained from [®*H]LY341495 competition association assays (K,) (E). The EC,; of glutamate in the
presence of 1 uM PAM is from '; potency (EC, ) and association rate constant (k_ ) (F); potency (EC,))
and dissociation rate constant (k_.) (G).
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A kinetic map was made, to further compare the kinetic and affinity parameters (Fig. 5D).
In this map k  (x-axis), koﬂ (y-axis) and K, (diagonal lines) values were plotted. k and K,
values ranged over more than three orders of magnitude, whereas k . values were only spread
within a single order of magnitude and therefore appeared at a similar horizontal level in the

kinetic map (Fig. 5D).

As shown in Table 3, k  and kaﬁvalues of glutamate were affected by both PAM and NAM,
which was exemplified in the kinetic map by a spread in symbols. Specifically, in the pres-
ence of PAM, the k ; of glutamate was decreased by 3-fold. In the presence of NAM both k ,
and k. were increased 3-fold resulting in the same affinity as illustrated by a diagonal shift
of the NAM symbol, i.e. a shift along the line of similar K,. In the presence of PAM, the k
of LY354740 was similarly affected compared to glutamate, i.e. in both cases this resulted in
a downward shift on the kinetic map, whereas in the presence of NAM no significant shifts
were observed, resulting in nearly overlapping symbols. Since the k, and k, ﬁvalues of LY34195
were not affected by PAM or NAM all three symbols are overlapping in the kinetic map.

To compare the functional potency of agonists in the absence or presence of PAM to the
kinetic parameters k, and k. further correlation plots were made (Fig. 5E-G). Firstly, the
potencies (EC,)) obtained in [®S]GTPYS assays of agonists glutamate and LY354740 were
shown to be strongly correlated (Fig. 5E, R? = 0.99) to the affinity obtained from competition
association assays (K,), showing that potencies are driven by the agonist binding affinities
although the absolute values differed by approximately one log unit. As the affinities were
shown to be correlated to on-rates, a correlation was also found between agonist potencies
and k  values (Fig. 5F, R?=0.84), showing that a high agonist potency is obtained from a high
on-rate. No correlation was found between agonist potency and dissociation rate constant
(k, 5 (Fig. 5G, R? = 0.28). However, in the presence of PAM the agonist knff was decreased for
both glutamate and LY354740, which then was the driver for an increased agonist potency, as

was also observed for agonist affinity in the presence of PAM.

DISCUSSION

Traditionally, affinity and potency are the main parameters studied in in vitro drug
discovery. In addition, a ligand’s target binding kinetic parameters are nowadays commonly
appreciated as valuable information for the early phases of drug discovery.” For the devel-
opment of novel and effective orthosteric mGlu, ligands it is valuable to know their kinetic
binding parameters, but also to understand how these relate to the binding kinetics of the

endogenous agonist glutamate.*® Moreover, a variety of high affinity and selective PAMs and
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NAMs have been developed that modulate glutamate potency, efficacy and/or affinity. As
for orthosteric compounds, it is equally useful to know the allosteric modulator’s binding
kinetics, as was shown in Chapter 4. Likewise it is also relevant to know how a modulator
affects the kinetic binding parameters of the endogenous ligand glutamate. Hence, in the
present study we aimed to increase the understanding of binding kinetics of orthosteric

mGlu, ligands both on their own and upon modulation by an allosteric ligand.

The orthosteric ligands used in this study were the endogenous agonist glutamate and
reference orthostertic ligands LY354740 (agonist) and LY341495 (antagonist). Radioligand
displacement experiments (Fig.1, Table 1) showed that these ligands bind the same orthosteric
binding site, which is in line with previous observations.** The kinetic parameters k and k
of glutamate were quantified for the first time, using competition association experiments.
To allow the set-up of this assay kinetic ["TH]LY341495 binding experiments were performed
which showed that this ligand associates to its binding site within four minutes and disso-
ciates in approximately ten minutes (Fig. 2A). For the set-up of the competition association
assay, the association and dissociation of the radioligand should ideally be slower allowing
more data points on the steep part of the curves.® This is often achieved by a temperature
reduction. However, in these assays the temperature could not be lowered, since it had to
be set at 0°C already to allow quantification of kinetic measurements using this commer-
cially available radioligand. Still we could produce robust data between the different binding
assays indicating their validity. To obtain values for kon and koff of unlabelled ligands in
the absence and presence of allosteric modulators, the Motulsky and Mahan model was used
[35,38]. This model requires input for the values of k, and kaﬁ (k, and k, in the model) of the
labelled radioligand (i.e. [PH]LY341495). Importantly, these values should remain constant
throughout the experiments, as was the case here for [PH]LY341495 which provided similar
values for k and k  both in the absence and presence of allosteric modulators (Table 2). Due
to the nature of the radioligand (i.e. fast receptor association) there is not much resolution in
the association phase of the curves, making it difficult to observe differences in the rates by
eye. However, by analysis of the data with the Motulsky and Mahan model we were able to

obtain robust binding kinetic parameters between different experiments.*>*

We found that glutamate dissociation (0.036 s*, Table 3) is fast in comparison to the series
of mGlu, PAMs we studied in Chapter 4, which dissociate on a minute-range at 28°C (k "
values between 0.00033 and 0.0040 s!), which would be even slower at 0°C. The observation
of fast glutamate binding kinetics is in line with studies using FRET sensors that found mGlu,
receptor conformational changes upon glutamate binding within seconds.”* Fast receptor
dissociation of glutamate relates to its physiological role as a neurotransmitter, where short
bursts of glutamate at high concentrations are released into the synapse where it should

evoke its function during that burst only.* Similarly, fast off-rates were obtained for other
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endogenous neurotransmitters as exemplified by 2-AG and anandamide on the CB, receptor
(k, 5= 0.053 s and 0.012 s™ at 25°C, respectively)” and acetylcholine on the M, receptor (k, "
=0.093 s at 37°C).* Comparison of these values is troublesome, since for practical reasons
experiments were performed at different temperatures. Still, they all share off-rates on the
second to minute scale, indicating fast receptor dissociation particularly when comparing to

synthetic ligands at the same receptors.**

It is generally acknowledged that allosteric modulators may change the affinity and/or
potency of agonists by modulating their k, and/or k . values.* Generally this has been deter-
mined by radioligand dissociation experiments in the presence of allosteric modulators that
enable quantification of modulated off-rates.*? Limitations of such assays are that it is impos-
sible to detect effects on a radioligand’s on-rate and that the orthosteric/endogenous ligand of
interest needs to be radiolabelled. This is not suitable for most endogenous agonists including
glutamate due to a too low target affinity, or too high non-specific binding. Therefore, we used
the competition association assay for quantification of both k  and k . values of unlabelled
orthosteric ligands in the absence or presence of PAM or NAM, as was recently published
for an adenosine A, receptor PAM.* The presence of PAM JNJ-46281222 at 1 uM significantly
reduced the k  of glutamate and LY354740, resulting in an increased affinity for both these
agonists. This was in line with the results from the radioligand displacement assay (Table
1) and can be considered a typical PAM effect.** A similar effect was also seen in the func-
tional [*S]GTPYS binding assay where the potency of LY354740 was increased by the PAM
JNJ-46281222 by almost 6-fold and its efficacy was more than doubled in line with the results
obtained using glutamate in Chapter 2. Furthermore, a decreased k , i.e. increased residence
time, for glutamate in the presence of 1 uM PAM JNJ-46281222 results in a prolonged receptor
occupancy, which correlated to a prolonged cellular response in the morphology assay (Fig.
4). This functional assay is performed on whole cells under physiologically more relevant
conditions (i.e. in culture medium, at 37°C, in a CO, incubator) and is therefore considered to

be more translational than classical functional assays.**

Furthermore, the assay can be performed in real-time, which enabled translation from
kinetic binding parameters towards functional efficacy over time. Previous studies have also
used this assay to study the link between receptor binding kinetics, functional activation
kinetics and duration of signalling for agonist-induced responses on the dopamine D, and
neurokinin 1 receptors.*** Of note, we have shown in Chapter 6 that culture medium contains
100 uM endogenous glutamate,* and therefore the enzyme glutamate-pyruvate transaminase
(GPT) is often used to reduce this level. In the current study we were interested in the effect
of a PAM on glutamate-responses, as this is the endogenous ligand and thus most relevant
for PAM drug discovery. Therefore, GPT could not be used as this would deplete exogenous

glutamate in addition to endogenous glutamate.

64



Orthosteric binding kinetics

The NAM RO4491533 at 1 uM positively modulated both k  and k, of glutamate (Table
3), resulting in an unchanged affinity. Of note, these effects on glutamate kinetics cannot be
observed in the classical radioligand displacement assays at equilibrium conditions, and
would therefore be missed (Table 1). On the other hand, RO4491533 was not able to change
k, and kﬂﬁ of LY354740, which shows that the effects of this NAM on binding kinetics of
agonists were probe-dependent.”? This finding highlights the importance of using endoge-
nous agonists in studies of allosteric modulation, since results on other (synthetic) agonists
may provide different conclusions as a result of probe-dependency. The observation that a
high 1 uM concentration of NAM RO4491533 did not modulate the affinity of both agonists
indicated that these ligands still bind the orthosteric binding site in the presence of this NAM,
which is therefore behaving as a silent or neutral allosteric ligand (NAL) concerning ortho-
steric ligand binding." On the contrary, RO4491533 displayed a strong negative cooperativity
in the functional [*S]GTPYS binding assay as it concentration-dependently decreased the effi-
cacy of the agonist LY354740 without changing its potency, eventually resulting in abolished
LY354740 efficacy (Fig. 3; Table 4), similar to its effects on glutamate activity.?? This mode of
negative allosteric modulation, i.e. only affecting efficacy, has been found across the class C
GPCR family. NAMs such as CPCCOEt (mGlu,) and MPEP (mGlu,) also abolished agonist
efficacy without modulation of binding affinity.**” The absence of cooperativity between
LY341495 and both PAM and NAM was further illustrated by the observation that k, and k,,
of LY341495 were not affected by any allosteric modulator (Table 3).

The kinetic parameters of glutamate, LY354740 and LY341495 were most different in k ,
ranging over more than three orders of magnitude (from 1.6 + 0.3 x 10° to 2.4 + 0.18 x 10°
M"min") as did their affinity values, whereas k,, values were all within a 6-fold range (from
0.0087 £ 0.0009 to 0.045 + 0.010). The correlation plots figure 5 show that k| is strongly corre-
lated to the agonist affinity and potency, which indicates that target engagement of ortho-
steric mGlu, ligands is k, -driven. Recent simulation studies have emphasized the role of high
k, values for receptor occupancy and drug dosing.**” A mechanism responsible for these
effects may be receptor rebinding, which is described as the binding of newly dissociated
ligand from the local environment of the receptor.”® The interstitial localization of the mGlu,
receptor may result in more rebinding due to less diffusion and therefore higher local concen-
trations. However, rebinding to the mGlu, receptor seems less likely for glutamate due to its
low k  value (both in the absence and presence of a PAM — Table 3) and the active lowering
of local glutamate concentrations by glutamate transporters expressed on the neuronal cell
membrane and surrounding glial cells.* In contrast, rebinding may play a more prominent
role in binding of synthetic ligands which have higher k  values and are not actively trans-
ported away from their site of action, resulting in higher in vivo receptor occupancy.* The
plots in figure 5 furthermore showed that whereas between different PAMs a higher affinity
is obtained from a higher k_, the higher agonist affinity and potency obtained in the presence
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of a PAM results from a lowered knff value as has been shown to be a common mechanism
of action for many PAMs at different GPCRs.*' As shown in figure 5, kuﬂ is not correlated to
both affinity and potency. This is similar to our recent work on mGlu, PAMs presented in
Chapter 4 and this may therefore be a receptor-specific property. Furthermore, this earlier
study provided a first indication that PAM k. values may be correlated to in vivo efficacy,
as measured by effects on sleep-wake architecture in rats, more specifically suppression of
Rapid Eye Movement (REM) sleep.” In the light of the current observation that the presence
of a PAM prolonged glutamate-induced cellular responses by decreasing its k ;, it may be
speculated that k ;. values of both the PAM and the endogenous agonist are important for the
duration of action and thus also for in vivo efficacy. As such, this information is valuable for

the design of novel orthosteric and allosteric ligands in early drug discovery.

CONCLUSION

In conclusion, the set-up of a competition association radioligand binding assay enabled
quantification of the parameters of binding kinetics for glutamate for the first time. k,, values
of the orthosteric compounds were within a single order of magnitude, whereas k  values
were spread over more than three orders of magnitude and were strongly correlated to
affinity, indicating that mGlu, target engagement is driven by k rather than k . Binding
kinetics of agonists were modulated by the PAM, showing a decrease in k,; of both agonists
and a prolonged functional response for glutamate. The NAM altered k , and k . of glutamate
without changing glutamate’s affinity, but did notinduce such alterations for agonist LY354740,
which indicates probe-dependency. These results show that affinity or potency-only optimi-
zation of orthosteric ligands will result in a high k, value but not necessarily optimized k,,
values, which is essential for optimal in vivo efficacy, as shown by previous studies. Together,
this work contributes to an increased understanding of the molecular processes that underlie
the mechanism of GPCR allosteric modulation, specifically how allosteric modulators affect
the kinetic parameters of the endogenous agonist. Therefore, this study further emphasizes
the need for evaluation of binding kinetics during drug discovery of both orthosteric and

allosteric drug candidates for the mGlu, receptor as well as for other GPCRs.
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ABSTRACT

We report the synthesis and biological evaluation of a series of 7-aryl-1,2,4-triazolo[4,3-a]
pyridines with mGlu, positive allosteric modulator (PAM) activity and affinity. Besides tradi-
tional in vitro parameters of potency and affinity, kinetic parameters k , k . and residence
time (RT) were determined. The PAMs showed various kinetic profiles; k  values ranged over
two orders of magnitude, whereas RT values were within a 10-fold range. Association rate
constant k, was linearly correlated to affinity. Evaluation of a short, medium and long RT
compound in a label-free assay indicated a correlation between RT and functional effect. The
effects of long RT compound 9 on sleep-wake states indicated long RT was translated into
sustained inhibition of rapid eye movement (REM) in vivo. These results show that affini-
ty-only driven selection would have resulted in mGlu, PAMs with high values for k, , but not
necessarily optimized RT, which is key to predict optimal efficacy in vivo.
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Chapter 4

INTRODUCTION

Glutamate is an important neurotransmitter in the human central nervous system (CNS),
where it modulates synaptic responses by activating ionotropic glutamate receptors (iGlu)
and metabotropic glutamate receptors (mGlu).! The eight known mGlu receptors, which
belong to the class C G protein-coupled receptors (GPCRs), have been divided into three
subclasses based on sequence homology, signaling pathway and pharmacological profile:
2 Structurally, class C GPCRs

consist of a large extracellular orthosteric binding domain, the so-called venus flytrap (VFT), a

group I (mGlu, ), group II (mGlu, ,) and group III (mGlu, , ).
cysteine-rich domain connecting the VFT to the seven-transmembrane (7TM) domain.>* Group
II mGlu receptors are coupled to the G, protein and are generally expressed presynaptically
in the periphery of the synapse where they inhibit the release of glutamate upon activation.*
The activation of mGlu, receptors has been shown to be a potential strategy for the treatment
of psychiatric diseases involving abnormal glutamatergic neurotransmission, such as schiz-
ophrenia and anxiety disorder.>® Drug discovery efforts include the development of positive
allosteric modulators (PAMs) for which subtype-selectivity can be more easily obtained as
they bind within the less conserved 7TM domain and have little or no intrinsic activity on their
own.”® The mGlu, PAMs N-(4-(2-Methoxyphenoxy)phenyl)-N-(2,2,2-trifluoroethylsulfonyl)
pyrid-3-ylmethylamine (1, LY487379)°, Biphenyl-indanone A (2, BINA)", N-(4-((2-(Trifluo-
romethyl)-3-Hydroxy-4-(Isobutyryl)phenoxy)methyl)benzyl)-1-Methyl-1H-Imidazole-4-Car-
boxamide (3, THIIC, also known as LY2607540)" and 3-cyano-1-cyclopropylmethyl-4-(4-phe-
nyl-piperidin-1-yl)-pyridine-2(1H)-one (4, JNJ-40068782)"* have been characterized both in
vitro and in vivo. To date, two mGlu, PAMs have reached clinical trials. The development of
7-methyl-5-[3-(piperazin-1-ylmethyl)-1,2,4-oxadiazol-5-yl]-2-[[4-(trifluoromethoxy)phenyl]
methyl]-3H-isoindol-1-one (5, AZD8529) by AstraZeneca was discontinued after a phase 2
schizophrenia trial in which it did not show clinical efficacy when tested as monotherapy.'**
Compound 5 recently finished a phase II clinical trial to study smoking cessation in female
smokers."

Meanwhile, the Janssen/Addex mGlu, PAM 1-butyl-3-chloro-4-(4-phenyl-1-piperidinyl)-
(1H)-pyridone (6, JNJ-40411813/ADX71149) met the primary objectives of safety and toler-
ability in an exploratory phase Ila study in schizophrenia. Moreover, patients treated with
antipsychotics who experience residual negative symptoms were identified as the subgroup
that may potentially benefit from add-on treatment with 6, although this is yet to be estab-
lished in a formal proof-of-concept study. In addition, in a second phase Ila study with 6
as adjunctive therapy in patients having major depressive disorder (MDD) with significant
anxiety symptoms, 6 did not meet the criterion for efficacy vs placebo. Although 6 showed

efficacy signals on several anxiety and depression measures, the primary end point was
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not met and overall the results did not suggest efficacy for 6 as an adjunctive treatment for
patients with MDD with significant anxious symptoms.'*

To understand more about the key in vitro parameters that could drive in vivo efficacy, we
have focused on the ligand binding kinetics in addition to more classical in vitro parameters. It
is now becoming increasingly apparent that in vivo efficacy can depend on optimized kinetic
behavior.” Indeed, in the last decade the concept of ligand binding kinetics has received an
increasing amount of interest.** Both the association and dissociation rate constants k, and
k,; have been studied for various drug targets including GPCRs.* The relevance of residence
time (RT), defined as the reciprocal of the dissociation rate constant (RT = 1/k0ﬁ,), for in vivo effi-
cacy was retrospectively shown for multiple marketed GPCR drugs, such as the long acting
M, receptor antagonist tiotropium and fast dissociating D, antagonists with lower side-effect
burden.?-* Whereas dissociation rates have been the focus of most kinetic studies, association
rates have also been described to be important for fast drug action and high receptor occu-
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Figure 1. Structures of reference mGlu, PAMs. The position of the tritium label of [*H]JNJ-46281222
(7) is denoted by *.

Here, we report the synthesis and biological evaluation of a novel series of 7-aryl-1,2,4-
triazolo[4,3-a]pyridines, which evolved from a pyridone series (4 and 6) through a scaffold
hopping drug-design strategy previously described.®* These compounds were characterized
as mGlu, PAMs in a functional assay and additionally, radioligand binding experiments were
performed to determine their affinity and kinetic binding parameters. We demonstrate that
the differentiated binding kinetics result in a varied response in a label-free assay on whole
cells. In this way we have been able for the first time to obtain both structure-activity/affinity

relationships and structure-kinetic relationships for a class C GPCR.
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CHEMISTRY

The target compounds 8-48 were prepared via Suzuki cross coupling of the corresponding
7-halotriazolopyridines (49a,b; 50a-c and 51a,b) with an array of boronic esters (52a-v) as
shown in Scheme 1. The chemical structures of compounds 8-48 are shown in Tables 3-6).

The key 7-halotriazolopyridines (49a,b; 50a-c and 51a,b) and non-commercially available

boronic esters (52a-v) were prepared following the procedures previously described.”?*

Scheme 1. Synthesis of Final Compounds 8 — 482

-N
R2 / >\R1 R4

N

a

X %

49a,b R* 8-48

50a-c

51a,b

49a: R" = °propylmethyl; R? = CF5; X = CI 52a: R® = 2,6-dimethylpyridyl-3-oxy; R* = F
49b: R = ethoxymethyl; R? = CF3; X = Cl 52b: R® = 2,6-dimethylpyridyl-3-oxy; R* = CI
50a: R' = °propylmethyl; R? = Cl; X = | 52c: R® = 2-methylpyridyl-4-oxy; R* = F
50b: R = ethoxymethyl; R> = CI; X = | 52d: R® = 2-ethylpyridyl-4-oxy; R* = F

50c: R = trifluoroethyl; R? = Cl; X = | 52e: R® = 2,6-dimethylpyridyl-4-oxy; R* = F

51a:
51b:

R = °propylmethyl; R? = Me; X = Cl
R' = °propylmethyl; R? = °propyl; X = Cl

52f: R® = 2-°propylpyridyl-4-oxy; R* = F

52g: R® = ipropylamino; R* = F

52h: R® = ipropylamino; R* = CI

52i: R® = °propylamino; R* = F

52j: R3 = °propylamino; R* = CI

52k: R® = 2-methoxypyridyl-5-methyloxy; R* = F
52I: R® = 2-methoxypyridyl-5-methyloxy; R* = H
52m: R® = 3-methoxypyridyl-5-methylamino; R* = F
52n: R® = 3-methoxypyridyl-5-methylamino; R* = H
520: R® =tetrahydro-pyranyl-4-oxy; R* = Cl

52p: R® =tetrahydro-pyranyl-4-amino; R* = CI

52q: R® =tetrahydro-pyranyl-4-aminomethyl; R* = CI
52r: R® =trans-4-hydroxy-cyclohexylamino; R* = CI
52s: R =cis-4-hydroxy-cyclohexylamino; R* = CI
52t: R® =cis-4-°propyl-4-hydroxy-cyclohexylamino; R* = CI
52u: R® =trans-4-hydroxy-cyclohexyloxy; R* = CI
52v: R =cis-4-hydroxy-cyclohexyloxy; R* = Cl

2 Reagents and conditions: (a) Pd(PPh,),, NaHCO,, H,0/1,4-dioxane, 150°C, 5-30 min, microwave.
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BIOLOGY

The potency of the compounds was determined by quantifying the increase in response of a
fixed EC, glutamate concentration (4 uM) observed in a functional [*S]GTPvyS binding assay.
The affinity of all compounds was determined in a full curve radioligand displacement assay
in the presence of 6 nM of the mGlu, PAM 3-(Cyclopropylmethyl)-7-[(4-phenyl-1-piperid-
inyl)methyl]-8-(trifluoromethyl)-1,2,4-triazolo[4,3-a]pyridine (7, JNJ-46281222), which was
radioactively labelled with tritium and extensively characterized in chapter 2. In order to
determine the kinetic parameters k, and k , we performed a radioligand competition associ-
ation assay characterized by the equations of Motulsky and Mahan that describe the binding
between two ligands competing for the same receptor binding site.*’ For this purpose, first the
association rate constant k, and dissociation rate constant k,, of 7 were determined in radioli-
gand association and dissociation experiments using a scintillation proximity assay (SPA).*!
Kinetic parameters were determined at 28°C, presumably these will increase at 37°C. All
kinetic assays were performed in the presence of 1 mM glutamate; as was shown in chapter
2, this condition induced a monophasic association process of the PAM, which is required
for the determination of the kinetic parameters of unlabeled PAMs.* Chapter 2 also showed
that the presence of glutamate was shown to not affect affinity and kinetic parameters of 7.%
Ultimately, three compounds with representative RT values were selected for comparison in a
label-free, impedance based assay (xCELLigence) which measures ligand-induced responses
on whole cells. This assay provided further understanding of the influence of RT on the dura-

tion of PAM-induced receptor activation.

RESULTS AND DISCUSSION

Kinetic rate constants k  and kgﬁ for 7 were similar when obtained in the association and
dissociation assays compared to the competition association assay (Table 1), which validated
the use of the competition association assay for all other compounds. Kinetic K values were

comparable to the values reported in chapter 2.

Reference mGlu, PAMs 2-5 (Table 2) showed moderate to good potency and affinity at the
mGlu, receptor, in agreement with previous reports including chapter 2.* Kinetic param-
etersk , kaff and RT were also determined. Reference compound 2 was shown to have a RT of
11.6 minutes. The other reference PAMs had RTs in the same range, from 7.8 minutes for 5 to
17.3 minutes for 7 (Table 1).
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Table 1. Comparison of kinetic parameters of compound 7 determined by two different methods?

Assay K, (nM)* k,, (M min”) k_, (min") RT (min)

Association and dissociation® 1.1+£0.22 (7.1+£0.43)x 107 0.080+£0.015 125+2.3

Competition association? 2.5+0.71 (2.3+0.60) x 107 0.058 £0.005 17.3+1.6

*Values represent the mean + SEM of at least three individual experiments performed in duplicate. “Kinetic K,
values, defined by K, = k . / k. “Association and dissociation rate constants of [*H]-7 in a classical radioligand
kinetic binding assay at 28°C using SPA. 9Association and dissociation rate constants of 7 measured in a competi-
tion association assay using SPA at 28°C.

Table 2. Functional activity (pECSO), affinity (pK; and K,) and kinetic parameters (kon, koﬂ, RT) for
reference mGlu, PAMs 2-5
PEC,, pK? k,, (M min') k,, (min7)? RT (min)e K, (nM)*

2 7.03+0.14° 7.22+0.15 (4.6+2.3)x10° 0.086 +0.022 11.6+29 190+ 100
3 6.97+0.08 7.10+0.04 (1.2+0.38)x10° 0.120+0.020 84=x1.4 100 + 36
4 7.1=x0.1° 7.58+0.08 (1.7+0.70)x10® 0.090+0.015 11.1+1.9 5122

5 6.25+0.06 6.43+0.03 (2.1+0.65)x10° 0.128+0.040 7.8+24 600 + 260

As previously described in @ Farinha et al. (2015)%, ® Chapter 2%°. <#=fValues represent the mean + SEM of at least
three individual experiments. ¢RT = 1/k .. *Kinetic K values, defined by K, =k ../ k_ .

The analysis of the triazolopyridines containing a substituted pyridine (Table 3) began with
elaboration of the R! substitution. Compound 8 was taken as the starting point. Substitution
of chlorine at the R' position by trifluoromethyl (9) resulted in an increase in potency, while
affinity remained the same. Introduction of methyl (10) or iso-propyl (11) led to an approx.
10-fold decrease in affinity and potency. Interestingly both k, and RT values were similar for
8, 10 and 11 but 2-fold (k) and approx. 3-fold (RT) higher for 9. Substitution of fluorine by
chlorine at the R? position resulted in increased potency and affinity for 12, 13 and 14. In both
cases, the PAMs with CF, at R' (9 and 13) showed modestly longer RTs of 30 and 23 minutes,
respectively, along with highest potency and affinity.

Exploration of the pyridine R’ revealed the importance of the position of the nitrogen.
Compound 15 showed decreased potency and affinity compared to 8. A similar trend was
seen for 16 that showed values comparable to those reported previously which revealed
decreased potency and affinity compared to 9. Values for k  followed this trend whereas RTs
remained the same for 15, but decreased from 30 to 11 minutes for 16. Subsequently the alkyl
substituents on the pyridine ring were evaluated. Substitution of methyl in 15 by ethyl in 17,
led to an increased potency and affinity. Addition of a methyl group on the 5-position of 16,
did not change affinity or potency in 18, nor were large changes seen in kinetic parameters.
Introduction of the bulky and lipophilic iso-propyl in 19 and 20 increased potency, affinity
and k  slightly. Interestingly, the RT of 20 was reduced to only 5 minutes.
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Substitution of the cyclopropylmethyl substituent at the R* position by 2,2,2-trifluoroethyl
(21) resulted in a slight decrease in affinity, similar values for potency and RT, and a 5-fold
increase in k, compared to 8. Next, the ethoxymethyl substituent was evaluated at R* (22),
which yielded a slight decrease in potency, a 10-fold decrease in k, and similar values for
affinity and RT compared to 21. Substitution of F in 22 by CF, at R did not yield a drastic
increase in affinity and potency (23). Together, 21-23 showed that a cyclopropyl methyl
substituent at R* is preferred, as in all three cases the analogue bearing cyclopropyl methyl at
R* showed a higher affinity (8 or 9).

The structure of substituted pyridine of 8 was changed to the short aliphatic iso- or cyclo-
propyl substituent, yielding 24-30 (Table 4). Potency and affinity of 24 were relatively low
(pEC,, 6.65; pK, 7.21). Changing the R substituent to CF, (25) increased affinity and potency
again (pEC,, 7.03; pK, 8.05). Substitution of the fluorine on R? to chlorine (26) resulted in a
03-fold increase in affinity and potency.

Substitution of i-Pr at the R® position by a c-Pr induced an increase in affinity and potency
in all cases (27-29). As observed in Table 3, replacing F at R?in 27 by Clin 30 led to an increased
affinity and potency and a concomitant increase in k. The data in Table 4 show that k  values

followed affinity, whereas RT values were all within a narrow range (8.2 — 11.9 min).
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Allosteric binding kinetics

In addition to the results obtained with the first sub-series of triazolopyridines 8-23, a
4-methoxy-3-pyridine moiety connected by a methylene spacer was introduced, leading to
compounds 31-35 (Table 5). These molecules share a moderate to good potency and affinity
(pEC,, 6.8 - 7.8; pK, 7.9 — 8.7). Removal of the fluorine at the R* position (32) did not signif-
icantly change affinity, potency or kinetic parameters when compared to 31. Changing the
ether linker in 31 and 32 to an amine in 33 and 34 resulted in an approx. 3-fold increase in
affinity and potency. A moderate increase in k, was observed and interestingly a 4- and 2-fold
increase in RT for 33 and 34, respectively. This may be explained by the increased flexibility
given by the methylene bridge between the triazolopyridine core and the pyridine substit-
uent. As seen in many examples, substitution of CF, in 34 to Cl in 35 led to a decrease in

affinity, potency and kinetic parameter values.

Reducing aromaticity and introducing more aliphatic and sp3 character can sometimes be
beneficial for physicochemical properties and drug-likeness.* In order to evaluate the effects
of aromaticity, the 4-methoxy-3-pyridyl substituent was replaced with a 4-tetrahydropyranyl
ring (36, Table 6). This change resulted in a (pK)) and potency (pEC,)) of 6.65 and 7.64, respec-
tively, which were increased in 37 by the introduction of CF, in the R' position. Compound
37 has a high affinity (pK, 8.28) and increased k,, (2.0 x 10’ M'min™), however, contrary to the
high affinity, its RT (4.1 min) was the shortest found throughout this study. As seen in the
first series of ligands (Table 2), affinity and potency did not change by altering the linker atom
from ether to amine (38, 39). Increasing the linker length by a single methylene unit resulted in
an approx. 10-fold loss in affinity, (40; pK, 7.21). Values for k  followed affinity, but RT values
were all in the same range.

The tetrahydropyran moiety was then replaced by a cyclohexanol ring, leading to 41-48.
Again, compounds bearing CF, at R' (42, 46) showed better affinity and potency than their
chlorine analogues (41, 45). Molecule 42 not only showed a high potency (pEC, 8.03), affinity
(pK, 8.66) and k (1.1 x 107 M'min), but also a longer RT of 31 minutes. Its cis-diastereomer
43 showed a 3-fold reduction in potency (pEC, 7.38) and affinity (pK, 8.03), a 2-fold reduction
ink (5.7 x 10° M'min™) and a small reduction in RT (17 min). Introduction of a c-Pr substit-
uent at R? (44) led to an increase in potency (pEC,, 8.95), affinity (pK, 9.05) and k, (1.4 x 10
M'min™), and also to a prolonged RT of 50 minutes, which was the highest value observed in
this study. It may be that the cyclopropyl at R® directs the hydrophilic hydroxyl into a better
position for interaction with the receptor. Changing R* from c-Pr to CF, (45) did not change
any parameter compared to 41. Changing the linker group from amine in 43 to ether in 46 did
not affect affinity and potency. However, RT seemed to be somewhat increased. Differences
between diastereomers were seen again in 47 and 48. Whereas the potencies were similar,
affinity was decreased 3-fold and k , remained similar, while RT was prolonged by 2-fold

when moving from a trans to cis configuration.
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Chapter 4

In general, CF, was shown to be the preferred substituent at R'. Compounds bearing this
substituent typically had a higher potency and affinity. Interestingly, all PAMs with a RT
longer than 20 minutes bear this moiety, including 44 with the longest RT seen in this study
(50 min). On the other hand, molecule 37 had the shortest RT (4.1 min) and also contains the
CF, group, indicating that CF, in itself is not the driver for long RT. At the R* position chlorine
was shown to be the best substituent for high potency and affinity. PAMs bearing a substi-
tuted pyridine revealed the importance of its substitutions in combination with the position
of the nitrogen in the ring for potency, affinity and kinetic parameters.

The rather small differences in RT induced by substitutions at the R' and R* position at
the central triazolopyridine core indicated that this region does not induce large differences
in RT. On the other hand, small differences in the distal tail of the compounds induced large
differences in RT. As shown in chapter 2, this triazolopyridine series binds with the scaf-
fold and R* substituent in the deepest part of the receptor, whilst the distal tail points to the
extracellular side.” These differences in RT may be explained by the tight receptor-ligand
interactions of the triazolopyridine core compared to looser interactions on the extracellular
side. Certain molecules may trap the more flexible ECL2 (or the tops of TMs 3 and 5) in
conformations leading to longer RT. Such induced fit modulation of RT can involve ordering
of loops to partially block the binding pocket and prevent ligand escape. This mechanism has
been seen for multiple targets from different classes, amongst which the 5-HT,, receptor as
reported in the recently published LSD-bound crystal structure.** Selectivity of this series of
mGlu, PAMs for other members of the mGlu family was good. Representatives (12, 27, 37 and
45) showed no activity at mGlul, 3, 4, 5, 6, 7 or 8, see table S1.

In order to compare the kinetic parameters and affinity, a kinetic map was generated (Fig.
2). In this map k , (x-axis), knﬁ( (y-axis) and K, (diagonal lines) were plotted. Whereas koﬁ values
were all within a small range of about one order of magnitude between 0.020 min™ (44) and
0.241 min™ (37), k,, values were more diverse and were spread over almost two orders of
magnitude between 1.7 x 10° M'min (40) to 7.7 x 10" M'min™ (28 and 29). The molecules were
plotted per subgroup, as presented in the different tables. This revealed that 8-23 and 24-30
were mostly diverse in on-rates (8-23: 0.17 - 6.2 x 10" M'min; 24-30: 0.48 — 7.7 x 10’ M'min™),
whereas 31-35 and 36-48 were more diverse in off-rates (31-35: 0.044 — 0.17 min™; 36-48: 0.020
- 0.24 min™), indicating that an increased affinity between close analogues may be achieved
by optimizing one kinetic parameter at a time. Interestingly, the five reference mGlu, PAMs
2-5 and 7, which are very diverse in structure and affinity, differed mostly in terms of on-rate
(0.21 — 4.6 x 10° M'min™), whereas off-rates were very close (0.086 — 0.13 min™). As expected,
the compounds with the highest affinity either have a long RT (44) or a fast k , (28-29). Ideally,
these optimized parameters may be combined leading to an mGlu, PAM with even more
increased affinity, which would be represented in the top right corner of the kinetic map.
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For further comparison, the compounds were arbitrarily divided in short RT (RT < 10 min),
medium RT (10 — 20 min) and long RT (> 20 min) (Fig. 2).

Kin pKp
7 8 9
2.0 L L L L L
e Table1+2:2-5,7
440 v Table 3: 8-23
1.5 L ¢ Table4: 24-30
. 'H‘ A, Ao Table5: 31-35
S 20 min able o: -
o ° vy o Table6: 36-48
1.0 Lyl -10 min
[ ]
370
0-5 T T T T T
50 55 60 65 70 7.5 8.0
log ko,

k .. min”) is plotted on

Figure 2. Kinetic map of all tested compounds. The dissociation rate (pk_,, k..
k_.: M''min”) on the x-axis. Identical affinity (pK) values may

the y-axis; the association rate (log k, , k_
result from a different combination of k, and k . (K =k _./k_, diagonal blue lines). Horizontal lines

indicating a RT of 10 and 20 minutes divide the compounds in short, medium and long RT.

To gain more insight in the relationships between the different parameters studied, corre-
lation plots were made (Fig. 3). First, the affinity (pK)) and potency (pEC,) were shown to
be linearly correlated (Fig. 3A). Secondly, the affinity obtained from the classical radioligand
displacement assay (pK)) and affinity obtained from kinetic parameters (pK,), were shown to
be correlated (Fig. 3B). This further supported the use of the kinetic SPA radioligand binding
assay. Long RT PAMs were shown to share a high affinity and potency, but by itself a high
potency or affinity does not predict a long RT (Fig. 3A, 3B, S1). Then, the dissociation rate
constants (pk,,) were plotted against the kinetic affinity data (pKp) (Fig. 3C), which did not
show correlation. Interestingly, the association rate constants (log k) were strongly corre-
lated to affinity (pK,) (Fig 3D). These parameters were both within a similar range of roughly
two orders of magnitude for the compounds of our series. Interestingly, although having
different structures and in some cases lower affinities and k , values, the reference mGlu,
PAMs (2-5) also fitted well in this correlation (Fig. 3D). This indicated that this correlation has
likely revealed a general trend for PAMs and how they bind at the mGlu, receptor.

Correlations between kinetic parameters and affinity have been made before. Most of these
studies found a correlation between k  values and affinity or efficacy, for instance on the M,
and A, receptors.*** However, a correlation between association rate constants and affinity,
as was shown here for mGlu, PAMs, has also been observed before. Exemplary GPCRs are

the OX, receptor and 3,-adrenoreceptors,” and other targets such as the hERG channel.”"**
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Figure 3. Correlation between affinity (pK)) and potency (pEC, ) (A); affinity determined from [*H]-7
displacement assays (pK)) and affinity determined based on kinetic parameters k_ and k_ obtained
from [*H]-7 competition association experiments (pK) (B); affinity (pK_) and dissociation rate (pk_,)
(O); affinity (pK,) and association rate (log k_ ) (D); association rate (log k_ ) and partition coefficient
(clogP) (E).

These correlations are receptor-specific and may therefore be caused by differences in receptor
structure, dynamics, or local environment of the receptor.

Recent simulation studies have stipulated the importance of fast association rates for
receptor occupancy and drug dosing.**** One of the mechanisms which may be responsible
for these effects is receptor rebinding, which is described as the binding of freshly dissociated
ligands from the local environment of the receptor.* These high local concentrations may
lead to a prolonged activity of the drug, even when concentrations within the effect compart-
ment have fallen below therapeutic levels.”> For the mGlu, receptor, rebinding may play a
role. The physiological synaptic environment of the receptor may permit more rebinding as
its interstitial location will result in less diffusion and therefore higher local ligand concen-
trations.>**” Another reason for receptor rebinding would be binding of compound to or in
the cell membrane close to the receptor which may then act as a repository and facilitate
the approach of the compound to the receptor.® This would, however, require a correlation
between lipophilicity and association rate constants, as lipophilic compounds are more likely
to bind to the cell membrane. Since the plot in figure 3E shows no such correlation for the

studied mGlu, PAMs, membrane binding is not likely to be involved for these compounds.
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xCELLigence

We used a label-free, impedance-based technology (xCELLigence) to evaluate whether
a long receptor binding RT leads to a prolonged functional activity. This method is based
on the measurement of cellular impedance, expressed as Cell Index, and enables real-time
recordings.’® Responses induced by compound addition can thus be measured and quan-
tified. Earlier studies have shown that results obtained were comparable to more classical
endpoint assays.” As the assay is performed on whole cells at 37°C it is considered a valu-
able translational step towards in vivo experiments.® Endogenous glutamate levels at time of
experiments were around 90 pM. Compound-induced responses therefore represent the PAM
effects. As a control, reference compound 7 was used to check the response on CHO-K1 WT
cells compared to CHO-K1_hmGlu, cells (Fig. S2). No response was found on the WT cells,
indicating that the responses were mGlu, receptor-mediated. For further experiments we
selected compounds with diversity in RT (measured at 28°C): 37 (4.1 min), its close analogue
39 with 3-4 -fold longer RT (15 min) and 44 with again a 3-fold longer RT compared to 39
(50 min; Fig. 4A-D). We determined their potency in the label-free assay using CHO-K1_
hmGlu, cells and found pEC, values of 7.05 + 0.04, 7.73 + 0.23 and 7.95 + 0.12, respectively.
Then we performed a wash-out assay, in order to evaluate differences in compound-induced
responses after washing. This enabled us to trace the remaining response exerted by only
receptor-bound compound. To this end we first determined the EC,, concentrations of short
RT 37, medium RT 39 and long RT 44, which were 600, 200 and 60 nM, respectively. Then,
cells were stimulated with this EC,, concentration and just before maximal response was
reached, after 5 minutes, cells were washed and fresh medium was added (Fig. 4E-G). By
comparing these traces with control traces of unwashed wells, we evaluated the differences in
responses between 37, 39 and 44 as the ratio between the AUC of washed and unwashed wells
(Fig. 4H). The functional effect of 37 and 39 were partially lost in this experimental set-up,
while the effect of 44 remained almost unchanged. The wash-out assay showed a significant
difference between short RT 37 and long RT 44. The value for 39 was in between those of 37
and 44, in agreement with its RT. Together, these data showed that a longer RT also leads to
an increased functional effect under non-equilibrium conditions and that these parameters
are positively correlated. Since equilibrium conditions are not always present in physiological
conditions, these findings may be considered a translational step from in vitro towards in vivo

experiments.

In vivo sleep-wake effects

Glutamate neurotransmission plays a key role in sleep-wake mechanisms and these
processes have translational value for central activity and target engagement. Previous in vivo
studies have repeatedly shown that positive allosteric modulation of the mGlu, receptor results
in distinct changes in rodent sleep-wake organization, more specifically in a dose-dependent

reduction in so-called Rapid Eye Movement Sleep or REM sleep.®* Changes in sleep-wake
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Figure 4. Concentration-dependent effects of 37 (A), 39 (B) and 44 (C) on CHO-K1 cells stably
expressing the human mGlu, receptor. A representative example is shown of a baseline-corrected
response, which was repeated three times in duplicate. (D) Concentration-effect curve of 37, 39 and
44, derived from the AUC up to 150 minutes. Data are from three individual experiments performed
in duplicate and are expressed as percentage of maximum AUC. Responses in a label-free, imped-
ance-based assay induced by an ECy equivalent concentration of 37 (600 nM) (E), 39 (200 nM) (F)
and 44 (60 nM) (G) with and without washing-step induced 5 minutes after stimulation. A represent-
ative example is shown of a baseline-corrected response, which was repeated three times in dupli-
cate. (H) Ligand-induced response that is left after washing step. Data are expressed as the ratio
between the AUC of the trace of the washed and unwashed wells. Data are from three individual
experiments performed in duplicate and are expressed as the mean = SEM. * p < 0.05.

states in the rat are of a dynamic nature, i.e. with more frequent transitions between sleep-
wake states as compared to humans: therefore the effects of mGlu, PAM compounds on REM
sleep are expressed as averages over for example 2 hour or 4 hours periods after compound
administration. In order to investigate whether the different RT values are reflected in the

sleep-wake related pharmacodynamic read-out, sleep-wake analysis of 9 and 20 (selected as
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Figure 5. Average amount of REM sleep in minutes for 24 consecutive 5-min period during the first
2 hours of the recording session after oral administration of 9 (top panel) and 20 (bottom panel),
each at 1, 3, 10 mg/kg, p.o. to Sprague-Dawley rats (n=8 for each condition). Black lines indicate
control vehicle condition (20% CD), while the green, blue, and red lines indicate doses 1, 3, 10 mg/
kg, respectively. Error flags indicate SEM values: please note that the higher time resolution of 5
minute bins also causes REM sleep changes to be expressed more dynamically and less ‘consistent’ as
compared to reduction score averaged over the whole 2 hour post-administration period. * indicate
p < 0.05 vehicle compared to 10 mg/kg, Mixed Model ANOVA.

examples with long versus short in vitro RT, respectively, yet having appropriate and
similar pharmacokinetic behavior) was even done on a 5 minute basis to optimally capture
sleep changes in function of time. All methods, (circadian) timings and analyses otherwise
were similar to those reported earlier by Ahnaou et al. (2016).

Figure 5 shows the effects of 9 and 20 on REM sleep reduction in rats for 24 consecutive
5-min periods after a single oral administration of 1, 3, and10 mg/kg and 20% CD vehicle
control. The first 6 consecutive 5-minute periods can be discarded due to the confounding
arousing effect of the oral administration procedure per se, the animal returning to undis-
turbed REM sleep baseline values after about 30 minutes. Molecule 9 showed a longer in vitro
RT of 30 minutes whilst for 20 it was 5 minutes. Correspondingly, at the higher dose of 10 mg/
kg, the effect of 9 on REM reduction seemed more immediate and constant compared to 20.

For both compounds no effects on total sleep were seen.
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Compound 9 and 20 showed similar in vitro binding affinities with pK; values of 8.59 and
8.44, respectively. At 10 mg/kg, estimated free levels in brain 1 hour post-administration
are 5 and 3.5 ng/g for 9 and 20, respectively. Hence the two molecules show similar affinity
and roughly similar range of free concentrations in brain. While the underlying mechanism
causing this different in vivo effect is still to be elucidated, this finding provides a first hint that
different RT’s may impact the in vivo effect. The interplay of RT with elimination/clearance
from brain is important for the resulting in vivo effect, but with similar levels of 9 and 20 after
1 hour, it seems that RT may play a role in this case. To strengthen these observations, future
experiments could include the synthesis of PET ligands with different residence times and
further in vivo studies with a different endpoint such as cognition.

While potent GPCR antagonists can act via a long RT with expected improved clinical effi-
cacy there is limited published data assessing the relationship between agonist/PAM RT and
in vivo efficacy. Agonist responses are usually regulated by receptor desensitization and inter-
nalization, which can act to limit the effect and duration of receptor signaling. PAMs do not
activate receptors in the absence of agonist, and hence allosteric modulators with prolonged
action may not be negated by internalization and loss of function due to longer RT of the

PAM-receptor complex.

CONCLUSIONS

In this study we described a series of 7-aryl-1,2,4-triazolo[4,3-a]pyridines with potent mGlu,
PAM activity and a high affinity. An SPA radioligand binding assay was developed to study
the kinetic parameters of these compounds. We showed that association rate constants range
within three orders of magnitude, whereas RT values are more confined, from 4.1 minutes
(37) up to 50 minutes (44). Correlation plots between affinity and kinetic parameters revealed
a strong correlation between affinity and association rate constants, whereas no such correla-
tion was found between RT and affinity.

Structure-kinetics relationships were explored in addition to the more traditional struc-
ture-activity/affinity relationships analysis. We learned that a CF, substituent at R' increased
potency and affinity and was also important for RT, but did not lead to a long RT per se
as shown by its presence in 37 (‘short’ RT) and 44 (‘long’ RT). Chlorine was the preferred
substituent for R? it increased potency and affinity but not RT. Differences in the distal tail
of the molecules, such as small changes in the pyridine moiety or single substitutions to the
cyclohexanol, induced the biggest differences in RT. This was exemplified by the introduction

of ¢-Pr in 44, leading to a 3-fold increase in RT compared to 43.
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To evaluate whether along RT also leads to a prolonged functional effect, 37, 39 and 44 were
evaluated in a wash-out assay using the label-free impedance based xCELLigence technique.
The response of 44 on whole cells at physiological temperature remained more sustained after
washing than that of 37 and 39. These data suggested that an increased lifetime of the recep-
tor-ligand complex (RT) is correlated to an increased functional effect under non-equilibrium
conditions.

Together, these results show for the first time for a class C GPCR that optimization of ligand
binding kinetics in addition to potency and affinity is possible. Given that pure PAMs do not
exert an effect in the absence of glutamate and are thus less likely to induce on-target toxicity,
a long RT seems a promising strategy for these ligands. As rebinding may be involved in
mGlu, receptor occupancy, a RT for 44 in our system of 50 minutes may be prolonged in
the interstitial synaptic environment. Without any on-target toxicity occurring, the design of
mGlu, PAMs with even longer RTs may be a logical next step. Lastly, a first attempt was made
to relate the compound’s RT to its in vivo pharmacodynamic effect. Ultimately, this study may
contribute to the development of compounds with a high affinity and efficacy in vitro and in

vivo, not only for the mGlu, receptor but also for other GPCRs.

EXPERIMENTAL SECTION

Chemistry

Unless otherwise noted, all reagents and solvents were obtained from commercial suppliers
and used without further purification. Thin layer chromatography (TLC) was carried out on
silica gel 60 F254 plates (Merck). Flash column chromatography was performed on silica gel,
particle size 60 A, mesh of 230-400 (Merck) under standard techniques. Microwave assisted
reactions were performed in a single-mode reactor, Biotage Initiator Sixty microwave reactor
(Biotage), or in a multimode reactor, MicroSYNTH Labstation (Milestone, Inc.). Nuclear
magnetic resonance (NMR) spectra were recorded with either a Bruker DPX-400 or a Bruker
AV-500 spectrometer (Bruker AG) with standard pulse sequences, operating at 400 and 500
MHz, respectively, using CDCl, and DMSO-d, as solvents. Chemical shifts (0) are reported
in parts per million (ppm) downfield from tetramethylsilane (o = 0). Coupling constants are
reported in hertz. Splitting patterns are defined by s (singlet), d (doublet), dd (double doublet),
t (triplet), q (quartet), quin (quintet), sex (sextet), sep (septet), or m (multiplet). Liquid chro-
matography combined with mass spectrometry (LCMS) was performed on either a HP 1100
HPLC system (Agilent Technologies) or Advanced Chromatography Technologies system
composed of a quaternary or binary pump with degasser, an autosampler, a column oven, a

diode array detector (DAD), and a column as specified in the respective methods below. Flow
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from the column was split to a MS spectrometer. The MS detector was configured with either
an electrospray ionization source or an ESCI dual ionization source (electrospray combined
with atmospheric pressure chemical ionization). Nitrogen was used as the nebulizer gas. Data
acquisition was performed with MassLynx-Openlynx software or with Chemsation-Agilent
data browser software. Melting point values are peak values and were obtained with exper-
imental uncertainties that are commonly associated with this analytical method. Melting
points were determined in open capillary tubes on a Mettler FP62 apparatus with a tempera-
ture gradient of 10 °C/min. Maximum temperature was 300 °C.

Purities of all new compounds were determined by analytical RP HPLC using the area
percentage method on the UV trace recorded at a wavelength of 254 nm, and compounds

were found to have 295% purity unless otherwise specified.

8-Chloro-3-cyclopropylmethyl-7-{4-[(2,6-dimethylpyridin-3-yl)oxyl-3-fluorophenyl}[1,2,4]triazolo[4,3-
a]-pyridine (8). To a stirred suspension of 50a (1.7 g, 5.09 mmol) and 52a (2.1 g, 6.12 mmol) in a satu-
rated aqueous solution of NaHCO, (18 mL) and 1,4-dioxane (36 mL) was added Pd(PPh,), (0.589 g,
0.51 mmol). The mixture was heated at 150 °C for 10 min under microwave irradiation. The mixture
was cooled to room temperature and filtered through a Celite pad. The filtrate was diluted with
water (20 mL) and extracted with EtOAc (2 x 15 mL). The organic layer was washed with brine (15
mL), dried over anhydrous Na,SO,, and concentrated in vacuo. The crude was purified by flash
column chromatography (silica gel, EtOAc in DCM, 0/100 to 20/80) to give the desired product 8 as a
white solid (1.3 g, 60%). Mp 207.2 °C. "H NMR (500 MHz, CDCL,) § ppm 0.32-0.42 (m, 2H), 0.61-0.69
(m, 2H), 1.17-1.28 (m, 1H), 2.54 (s, 3H), 2.55 (s, 3H), 3.13 (d, | = 6.9 Hz, 2H), 6.87 (d, ] = 6.9 Hz, 1H), 6.92
(t, J=8.4Hz, 1H),7.02 (d, ] = 8.4 Hz, 1H), 7.16 (d, ] =8.4 Hz, 1H), 7.25 (d, ] =9.2 Hz, 1H), 7.41 (dd, ] =
11.3, 1.7 Hz, 1H), 7.98 (d, ] = 6.9 Hz, 1H). LC-MS m/z 423 [M + HJ", t, = 2.86 min.
8-Trifluoromethyl-3-cyclopropylmethyl-7-{4-[(2,6-dimethylpyridin-3-yl)oxyl-3-fluorophenyl}[1,2,4]
triazolo[4,3-a]-pyridine (9). Starting from 49a (0.150 g, 0.54 mmol) and 52a (0.242 g, 0.707 mmol) and
following the procedure described for 8, compound 9 was obtained as a white solid (0.139 g, 56%).
"H NMR (400 MHz, CDCL,)  ppm 0.31-0.43 (m, 2H), 0.61-0.70 (m, 2H), 1.16-1.30 (m, 1H), 2.53 (s, 3H),
2.55 (s, 3H), 3.15 (d, = 6.7 Hz, 2H), 6.79 (d, ] = 7.2 Hz, 1H), 6.89 (t, | = 8.3 Hz, 1H), 7.01 (d, ] =8.3 Hz,
1H), 7.05 (br d, ] = 8.6 Hz, 1H), 7.14 (d, | = 8.3 Hz, 1H), 7.22 (dd, ] = 10.9, 2.1 Hz, 1H), 8.11 (d, [=7.2
Hz, 1H). LC-MS m/z 457 [M + HJ", t, = 3.03 min.
8-Methyl-3-cyclopropylmethyl-7-{4-[(2,6-dimethylpyridin-3-yl)oxy]-3-fluorophenyl}[1,2,4]triazolo[4,3-
a]-pyridine (10). Starting from 51a (0.250 g, 1.127 mmol) and 52a (0.464 g, 1.35 mmol) and following
the procedure described for 8, compound 10 was obtained as a white solid (0.103 g, 23%). Mp 147.4
°C.'HNMR (500 MHz, CDCl,) 8 ppm 0.32 - 0.39 (m, 2H), 0.60 - 0.67 (m, 2H), 1.16 - 1.29 (m, 1H), 2.55
(s, 6H), 2.65 (s, 3H) 3.11 (d, ] = 6.65 Hz, 2H), 6.78 (d, ] =7.22 Hz, 1H), 6.93 (t, ] = 8.38 Hz, 1H), 7.00 (d, |
=8.38 Hz, 1H), 7.07 (d, ] = 8.38 Hz, 1H), 7.13 (d, ] = 8.09 Hz, 1H), 7.23 (dd, ] = 11.27, 2.02 Hz, 1H), 7.89
(d, J=6.94 Hz, 1H). LC-MS m/z 403 [M + HJ", t, = 2.07 min.
8-Cyclopropyl-3-cyclopropylmethyl-7-{4-[(2,6-dimethylpyridin-3-yl)oxyl-3-fluorophenyl}[1,2,4]
triazolo[4,3-a]-pyridine (11). Starting from 51b (0.230 g, 0.93 mmol) and 52a (0.382 g, 1.11 mmol) and
following the procedure described for 8, compound 11 was obtained as a white solid (0.269 g, 68%).
Mp 166.4 °C. '"H NMR (400 MHz, CDCL,) § ppm 0.29 - 0.38 (m, 2H), 0.58 - 0.67 (m, 2H), 0.90 - 1.00
(m, 2H), 1.14 - 1.31 (m, 1H), 1.55 - 1.70 (m, 2H) 2.10 (tt, ]=8.64, 5.46 Hz, 1H), 2.54 (s, 3H), 2.55 (s, 3H),
3.06 (d, J=6.70 Hz, 2H), 6.73 (d, ]=7.17 Hz, 1H), 6.93 (t, ]=8.44 Hz, 1H), 7.00 (d, ]=8.32 Hz, 1H), 7.13 (d,
J=8.32 Hz, 1H), 7.15 - 7.20 (m, 1H), 7.32 (dd, ] = 11.21, 1.97 Hz, 1H), 7.80 (d, ] = 7.17 Hz, 1H). LC-MS
m/z 429 [M + HJ, t, =2.24 min.
8-Chloro-3-cyclopropylmethyl-7-{4-[(2,6-dimethylpyridin-3-yl)oxyl-3-chlorophenyl}[1,2,4]triazolo[4,3-
a]-pyridine (12). Starting from 50a (0.250 g, 0.75 mmol) and 52b (0.385 g, 0.75 mmol) and following
the procedure described for 8, compound 12 was obtained as a white solid (0.100 g, 70%). Mp 182.7
°C.'HNMR (400 MHz, CDCl,) 8 ppm 0.31 - 0.41 (m, 2H), 0.57 - 0.70 (m, 2H), 1.21 - 1.33 (m, 1H), 2.51
(s, 3H), 2.56 (s, 3H), 3.13 (d, ] = 6.94 Hz, 2H), 6.82 (d, ] = 8.55 Hz, 1H), 6.87 (d, ] = 6.94 Hz, 1H), 7.03 (d,
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J=8.32 Hz, 1H), 7.16 (d, ] =8.09 Hz, 1H), 7.37 (dd, ] = 8.55, 2.31 Hz, 1H), 7.66 (d, ] =2.31 Hz, 1H), 7.97
(d, ] =7.17 Hz, 1H). LC-MS m/z 439 [M + HJ", t, = 3.08 min.
8-Trifluoromethyl-3-cyclopropylmethyl-7-{4-[(2,6-dimethylpyridin-3-yl)oxy]-3-chlorophenyl}{1,2,4]
triazolo[4,3-a]-pyridine (13). Starting from 49a (0.2 g, 0.73 mmol) and 52b (0.26 g, 0.72 mmol) and
following the procedure described for 8, compound 13 was obtained as a white solid (0.217 g, 61%).
Mp >300°C. '"H NMR (400 MHz, CDCl,) 6 ppm 0.34 - 0.41 (m, 2H), 0.62 - 0.70 (m, 2H), 1.16 - 1.30 (m,
1H), 2.50 (s, 3H), 2.56 (s, 3H), 3.15 (d, | = 6.70 Hz, 2H), 6.79 (d, ] = 8.09 Hz, 2H), 7.03 (d, ] = 8.09 Hz,
1H), 7.11 - 7.19 (m, 2H), 7.49 (d, | = 2.31 Hz, 1H), 8.10 (d, ] = 7.17 Hz, 1H). LC-MS m/z 473 [M + H]",
t,=3.22 min.
8-Methyl-3-cyclopropylmethyl-7-{4-[(2,6-dimethylpyridin-3-yl)oxyl-3-chlorophenyl}[1,2,4]triazolo[4,3-
a]-pyridine (14). Starting from 60a (0.250 g, 0.127 mmol) and 52b (0.464 g, 1.35 mmol) and following
the procedure described for 8, compound 14 was obtained as a white solid (0.107 g, 22%). Mp 121 °C.
"HNMR (500 MHz, CDCL,) 6 ppm 0.36 (q, ] =5.01 Hz, 2H), 0.58 - 0.67 (m, 2H), 1.17 - 1.30 (m, 1H), 2.52
(s, 3H), 2.56 (s, 3H), 2.64 (s, 3H), 3.11 (d, ] = 6.65 Hz, 2H), 6.78 (d, ] = 6.94 Hz, 1H), 6.83 (d, ] =8.67 Hz,
1H), 7.02 (d, ] =8.38 Hz, 1H), 7.13 (d, ] =8.09 Hz, 1H), 7.18 (dd, | = 8.38, 2.02 Hz, 1H), 7.49 (d, ] =2.31
Hz, 1H), 7.89 (d, ] = 6.94 Hz, 1H). LC-MS m/z 419 [M + HJ", t, = 2.23 min.
8-Chloro-3-cyclopropylmethyl-7-{4-[(2-methylpyridin-4-yl)oxy]-3-fluororophenyl}[1,2,4]triazolo[4,3-
a]-pyridine (15). Starting from 50a (1.71 g, 5.13 mmol) and 52¢ (1.4 g, 5.67 mmol) and following the
procedure described for 8, compound 15 was obtained as a white solid (0.100 g, 70%). Mp > 300°C.
'"HNMR (500 MHz, CDCL,) 5 ppm 0.34 - 0.41 (m, 2H), 0.63 - 0.70 (m, 2H), 1.18 - 1.28 (m, 1H), 2.55 (s,
3H), 3.14 (d, ] = 6.65 Hz, 2H), 6.73 (dd, ] =5.78, 2.31 Hz, 1H), 6.78 (d, ] =2.31 Hz, 1H), 6.91 (d, ] =7.22
Hz, 1H), 7.27 - 7.34 (m, 1H), 7.36 - 7.41 (m, 1H), 7.45 (dd, ] = 10.69, 2.02 Hz, 1H), 8.01 (d, ] = 6.94 Hz,
1H), 8.41 (d, ] =5.78 Hz, 1H). LC-MS m/z 409 [M + H[', t, = 2.57 min.
8-Trifluoromethyl-3-cyclopropylmethyl-7-{4-[(2-methylpyridin-4-yl)oxy]-3-fluororophenyl}[1,2,4]
triazolo[4,3-a]-pyridine (16). Starting from 49a (1.4 g, 5.08 mmol) and 52¢ (1.84 g, 5.59 mmol) and
following the procedure described for 8, compound 16 was obtained as a white solid (0.233 g, 10%).
Mp 194.6°C. 'H NMR (500 MHz, CDCL,) 6 ppm 0.34 - 0.44 (m, 2 H), 0.61 - 0.73 (m, 2H), 1.18 - 1.29 (m,
1H), 2.55 (s, 3H), 3.17 (d, ] =6.66 Hz, 2H), 6.70 (dd, | =5.8, 2.6 Hz, 1H), 6.76 (d, | =2.3 Hz, 1H), 6.83 (d,
J=72Hz, 1H), 8.20 (br d, J = 8.4 Hz, 1H), 7.23 - 7.31 (m, 2H), 8.14 (d, ] = 7.2 Hz, 1H), 8.41 (d, ] =5.8
Hz, 1H). LC-MS m/z 443 [M + HJ', t, = 2.70 min.
8-Chloro-3-cyclopropylmethyl-7-{4-[(2-ethylpyridin-4-yl)oxy]-3-fluororophenyl}{1,2,4]triazolo[4,3-a]-
pyridine (17). Starting from 50a (0.26 g, 0.78 mmol) and 52d (0.293 g, 0.857 mmol) and following the
procedure described for 8, compound 17 was obtained as a white solid (0.316 g, 96%). Mp > 300°C.
"HNMR (500 MHz, CDCl,) § ppm 0.31 - 0.43 (m, 2H), 0.60 - 0.72 (m, 2H), 1.15 - 1.29 (m, 1H), 1.31 (t,
J=7.7Hz, 3H), 2.82(q, ] =7.6 Hz, 2H), 3.14 (d, ] = 6.6 Hz, 2H), 6.72 (dd, | =5.8, 2.3 Hz, 1H), 6.81 (d,
J=23Hz 1H), 6.91 (d, ] = 6.9 Hz, 1H), 7.31 (t, ] = 8.2 Hz, 1H), 7.35 - 7.42 (m, 1H), 7.45 (dd, = 10.7,
2.0 Hz, 1H), 8.01 (d, ] = 6.9 Hz, 1H), 8.44 (d, ] = 5.8 Hz, 1H). LC-MS m/z 423 [M + HJ", t, = 2.04 min.
8-Trifluoromethyl-3-cyclopropylmethyl-7-{4-[(2,6-dimethylpyridin-4-yl)oxyl-3-fluororophenyl}[1,2,4]
triazolo[4,3-a]-pyridine (18). Starting from 49a (0.185 g, 0.67 mmol) and 52e (0.3 g, 0.874 mmol) and
following the procedure described for 8, compound 18 was obtained as a white solid (0.100 g, 33%).
Mp 232.5°C. 'TH NMR (500 MHz, CDCL,)  ppm 0.24 - 0.50 (m, 2H) 0.55 - 0.79 (m, 2H) 1.05 - 1.39 (m, 1H)
2.50 (s, 6H) 3.17 (d, J/=6.70 Hz, 2H) 6.56 (s, 2H) 6.84 (d, /=7.17 Hz, 1H) 7.16 - 7.21 (m, 1H) 7.22 - 7.29 (m,
2H) 8.14 (d, /=7.17 Hz, 1 H). LC-MS m/z 457 [M + HJ", t, = 2.94 min.
8-Chloro-3-cyclopropylmethyl-7-{4-[(2-cyclopropylpyridin-4-yl)oxy]-3-fluororophenyl}[1,2,4]
triazolo[4,3-a]-pyridine (19). Starting from 50a (0.103 g, 0.310 mmol) and 52f (0.22 g, 0.310 mmol)
and following the procedure described for 8, compound 19 was obtained as a white solid (0.06 g,
45%). Mp > 300°C. '"H NMR (500 MHz, CDCL,) 6 ppm 0.38 (q, J = 5.11 Hz, 2H), 0.62 - 0.71 (m, 2H),
0.95 - 1.09 (m, 4H), 1.16 - 1.29 (m, 1H), 1.94 - 2.03 (m, 1H), 3.14 (d, J = 6.65 Hz, 2H), 6.66 (dd, J = 5.64,
2.46 Hz, 1H), 6.78 (d, J=2.31 Hz, 1H), 6.90 (d, J = 6.94 Hz, 1H), 7.28 - 7.33 (m, 1H), 7.34 - 7.40 (m, 1H),
7.44 (dd, J = 10.69, 2.02 Hz, 1H), 8.00 (d, J= 6.94 Hz, 1H), 8.35 (d, J = 5.78 Hz, 1H). LC-MS m/z 435 [M
+HJ, t, =4.51 min.
8-Trifluoromethyl-3-cyclopropylmethyl-7-{4-[(2-cyclopropylpyridin-4-yl)oxyl-3-fluororophenyl}{1,2,4]
triazolo[4,3-al-pyridine (20). Starting from 49a (0.2 g, 0.725 mmol) and 52f (0.283 g, 0.798 mmol) and
following the procedure described for 8, compound 20 was obtained as a white solid (0.058 g, 17%).
Mp 211.1°C. '"H NMR (500 MHz, CDCL) & ppm 0.32-0.45 (m, 2H), 0.53 - 0.75 (m, 2H), 0.96 - 1.03 (m,
2H), 1.02 - 1.08 (m, 2H), 1.16 - 1.30 (m, 1H), 1.91 - 2.03 (m, 1H), 3.16 (d, /= 6.7 Hz, 2H), 6.63 (dd, /= 5.8,
2.3 Hz, 1H), 6.75 (d, J=2.3 Hz, 1H), 6.83 (d, /= 7.2 Hz, 1H), 7.15-7.22 (m, 1H), 7.22 - 7.31 (m, 2H), 8.15 (d,
J=6.9 Hz, 1H), 8.35 (d, /= 5.5 Hz, 1H). LC-MS m/z 469 [M + HJ", t, = 3.31 min.
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8-Chloro-3-(2,2,2-trifluoroethyl-7-{4-[(2,6-dimethylpyridin-3-yl)oxyl-3-fluorophenyl}[1,2,4]triazolol4,3-
a]-pyridine (21). Starting from 56¢ (0.2 g, 0.55 mmol) and 52a (0.228 g, 0.664 mmol) and following the
procedure described for 8, compound 21 was obtained as a white solid (0.032 g, 13%). Mp 164.5°C.
"HNMR (500 MHz, CDCL,) 3 ppm 2.53 (s, 3H), 2.55 (s, 3H), 4.11 (q, ] =9.9 Hz, 2H), 6.93 (t, /= 8.3 Hz,
1H), 6.98 (d, J=7.2 Hz, 1H), 7.02 (d, /= 8.3 Hz, 1H), 7.16 (d, J = 8.3 Hz, 1H), 7.23 - 7.28 (m, 1H), 7.42 (dd,
J=11.1,2.1 Hz, 1H), 8.01 (d, /= 7.2 Hz, 1H). LC-MS m/z 451 [M + H]', t, = 3.24 min.
8-Chloro-3-(ethoxymethyl-7-{4-[(2,6-dimethylpyridin-3-yl)oxyl-3-fluorophenyl}[1,2,4]triazolo[4,3-al-
pyridine (22). Starting from 50b (0.4 g, 1.19 mmol) and 52a (0.488 g, 1.42 mmol) and following the
procedure described for 8, compound 22 was obtained as a white solid (0.310 g, 61%). Mp 180.3°C.
"H NMR (500 MHz, CDCL) & ppm 1.23 (t, / = 6.94 Hz, 3H), 2.54 (s, 3 H), 2.55 (s, 3H), 3.58 (q, J = 6.94
Hz, 2H), 5.10 (s, 2H), 6.87 - 6.95 (m, 2H), 7.02 (d, J = 8.09 Hz, 1H), 7.16 (d, /= 8.09 Hz, 1H), 7.22 - 7.26 (m,
1H), 7.42 (dd, J= 11.27, 2.31 Hz, 1H), 8.25 (d, J=7.22 Hz, 1H). LC-MS m/z 427 [M + HJ", t, = 2.77 min.
8-Trifluoromethyl-3-(ethoxymethyl-7-{4-[(2,6-dimethylpyridin-3-yl)oxyl-3-fluorophenyl}(1,2,4]
triazolo[4,3-al-pyridine (23). Starting from 49b (0.150 g, 0.536 mmol) and 52a (0.239 g, 0.697 mmol)
and following the procedure described for 8, compound 23 was obtained as a white solid (0.150 g,
61%). Mp 142.2°C. '"H NMR (500 MHz, CDCL,) 5 ppm 1.23 (t, /=7.08 Hz, 3H), 2.53 (s, 3H), 2.54 (s, 3H),
3.59 (q,J =7.13 Hz, 2H), 5.12 (s, 2H), 6.82 (d, /= 7.22 Hz, 1H), 6.90 (t, / = 8.24 Hz, 1H), 7.01 (d, J=8.38
Hz, 1H), 7.06 (d, J = 8.09 Hz, 1H), 7.14 (d, J = 8.38 Hz, 1H), 7.23 (dd, /= 10.69, 2.02 Hz, 1H), 8.40 (d, J =
6.94 Hz, 1H). LC-MS m/z 461 [M + HJ", t, = 2.89 min.
8-Chloro-3-cyclopropylmethyl-7-[3-fluoro-4-(isopropylamino)-phenyl][1,2,4]triazolo[4,3-a]-pyridine
(24). Starting from 50a (0.350 g, 1.049 mmol) and 52g (0.381 g, 1.36 mmol) and following the proce-
dure described for 8, compound 24 was obtained as a white solid (0.097 g, 26%). Mp 196.4°C. 'H
NMR (500 MHz, CDCL,) § ppm 0.35 (q, / = 5.20 Hz, 2H), 0.60 - 0.67 (m, 2H), 1.15 - 1.26 (m, 1H), 1.29
(d,J=6.36 Hz, 6H), 3.10 (d, J= 6.65 Hz, H), 3.72 (dq, /= 13.19, 6.49 Hz, 1H), 3.98 (br d, /= 5.20 Hz, 1H),
6.70 - 6.81 (m, 1H), 6.87 (d, J=6.94 Hz, 1H), 7.17 - 7.31 (m, 2H) 7.91 (d, J = 7.22 Hz, 1H). LC-MS m/z 359
[M +HJ', t,=3.11 min.
8-Trifluoromethyl-3-cyclopropylmethyl-7-[3-fluoro-4-(isopropylamino)-phenyll[1,2,4]triazolo[4,3-a]-
pyridine (25). Starting from 49a (0.350 g, 1.27 mmol) and 52g (0.461 g, 1.65 mmol) and following the
procedure described for 8, compound 25 was obtained as a white solid (0.250 g, 50%). Mp 196.9°C. 'H
NMR (500 MHz, CDCL,) 5 ppm 0.28-0.42 (m, 2H), 0.57 - 0.71 (m, 2H), 1.12 - 1.26 (m, 1H), 1.29 (d, /= 6.4
Hz, 6H), 3.12 (d, J= 6.6 Hz, 2H), 3.64-3.77 (m, 1H), 3.96 (d, /= 4.9 Hz, 1H), 6.74 (t, /= 8.4 Hz, 1H), 6.80 (d,
J=72Hz, 1H), 7.02 (d,J=10.1 Hz, 2H), 8.04 (d, /= 6.9 Hz, 1H). LC-MS m/z 393 [M + HJ", t, = 3.33 min.
8-Trifluoromethyl-3-cyclopropylmethyl-7-[3-chloro-4-(isopropylamino)-phenyll[1,2,4]triazolo[4,3-a]-
pyridine (26). Starting from 49a (0.350 g, 1.27 mmol) and 52h (0.488 g, 1.65 mmol) and following the
procedure described for 8, compound 26 was obtained as a white solid (0.250 g, 50%). Mp 230°C. 'H
NMR (500 MHz, CDCl,) 8 ppm 0.29 - 0.42 (m, 2H), 0.55 - 0.71 (m, 2H), 1.11 - 1.27 (m, 1H), 1.31 (d, J =
6.36 Hz, 6H), 3.13 (d, J= 6.65 Hz, 2H), 3.73 (dq, J= 13.11, 6.51 Hz, 1H), 438 (br d, J=7.51 Hz, 1H), 6.71
(d,J=8.67Hz, 1H), 6.79 (d,J=7.22 Hz, 1H), 7.16 (dd, /= 8.38, 1.44 Hz, 1H), 7.30 (d, /= 2.02 Hz, 1H), 8.03
(d, /= 6.94 Hz, 1H). LC-MS m/z 409 [M + HJ", t, = 3.71 min.
8-Chloro-3-cyclopropylmethyl-7-[3-fluoro-4-(cyclopropylamino)-phenyll[1,2,4]triazolo[4,3-a]-pyridine
(27). Starting from 50a (0.30 g, 0.9 mmol) and 52i (0.3 g, 1.08 mmol) and following the procedure
described for 8, compound 27 was obtained as a white solid (0.147 g, 46%). 'H NMR (500 MHz,
CDCL,) 8 ppm 0.28 - 0.40 (m, 2H), 0.57 - 0.69 (m, 4H), 0.78 - 0.87 (m, 2H), 1.15 - 1.28 (m, 1H), 2.45 - 2.56
(m, 1H), 3.11 (d, J = 6.65 Hz, 2H), 4.60 (br s, 1H), 6.88 (d, /= 7.22 Hz, 1H), 7.13 - 7.20 (m, 1H), 7.21 - 7.31
(m, 2H), 7.92 (d, J = 6.94 Hz, 1H). LC-MS m/z 357 [M + HJ", t, = 3.30 min.
8-Trifluoromethyl-3-cyclopropylmethyl-7-[3-fluoro-4-(cyclopropylamino)-phenyll[1,2,4]triazolo[4,3-
a]-pyridine (28). Starting from 49a (0.20 g, 0.73 mmol) and 52i (0.221 g, 0.8 mmol) and following the
procedure described for 8, compound 28 was obtained as a white solid (0.169 g, 60%). Mp. > 300°C.
"H NMR (400 MHz, CDCL,) 3 ppm 0.28 - 0.43 (m, 2H), 0.51 - 0.72 (m, 4H), 0.75 - 0.91 (m, 2H), 1.12 - 1.31
(m, 1H), 2.50 (tt, J= 6.56, 3.27 Hz, 1H), 3.13 (d, /= 6.70 Hz, 2H), 4.58 (br s, 1H), 6.80 (d, /= 6.94 Hz, 1H),
6.98 - 7.09 (m, 2H), 7.10 - 7.18 (m, 1H), 8.05 (d, /= 7.17 Hz, 1H). LC-MS m/z 391 [M + HJ", t, = 3.18 min.
8-Trifluoromethyl-3-cyclopropylmethyl-7-[3-chloro-4-(cyclopropylamino)-phenyll[1,2,4]triazolo[4,3-
a]-pyridine (29). Starting from 49a (0.20 g, 0.73 mmol) and 52j (0.34 g, 0.8 mmol) and following the
procedure described for 8, compound 29 was obtained as a white solid (0.109 g, 37%). '"H NMR (400
MHz, CDCL) 8 ppm 0.31 - 0.40 (m, 2H), 0.59 - 0.69 (m, 4H), 0.81 - 0.89 (m, 2H), 1.15 - 1.27 (m, 1H), 2.46
-2.56 (m, 1H), 3.13 (d, /= 6.70 Hz, 2H), 4.93 (s, 1H), 6.80 (d, /= 7.17 Hz, 1H), 7.11 - 7.16 (m, 1H), 7.17 -
7.23 (m, 1H), 7.28 (d, J = 1.85 Hz, 1H), 8.05 (d, J = 7.17 Hz, 1H). LC-MS m/z 407 [M + HJ", t, = 3.48 min.
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8-Chloro-3-cyclopropylmethyl-7-[3-chloro-4-(cyclopropylamino)-phenyl][1,2,4]triazolo[4,3-a]-pyri-
dine (30). Starting from 50a (0.30 g, 0.9 mmol) and 52j (0.32 g, 1.08 mmol) and following the proce-
dure described for 8, compound 30 was obtained as a white solid (0.147 g, 46%). Mp > 300°C. 'H
NMR (500 MHz, CDCL,) § ppm 0.29 - 0.42 (m, 2H), 0.57 - 0.70 (m, 4H), 0.78 - 0.92 (m, 2H), 1.15 - 1.27
(m, 1H), 2.49 - 2.56 (m, 1H), 3.11 (d, /= 6.7 Hz, 2H), 4.60 (br s, 1H), 6.87 (d, /= 6.9 Hz, 1H), 7.18 (d, J =
8.3 Hz, 1H), 7.42dd, J=8.3,2.1 Hz, 1H), 7.47 (d, J= 1.8 Hz, 1H), 7.92 (d, J= 7.2 Hz, 1H). LC-MS m/z 373
[M +HJ', t, =3.83 min.
8-Trifluoromethyl-3-cyclopropylmethyl-7-{4-[(2-methoxypyridin-5-yl)methoxy]-3-fluorophenyl} [1,2,4]
triazolo[4,3-a]-pyridine (31). Starting from 49a (0.3 g, 1.088 mmol) and 52k (0.721 g, 1.306 mmol) and
following the procedure described for 8, compound 31 was obtained as a white solid (0.198 g, 38%).
Mp 148.5°C. "H NMR (400 MHz, CDCL,)  ppm 0.37 (q, J = 5.09 Hz, 2H), 0.56 - 0.74 (m, 2H), 1.09 - 1.32
(m, 1H), 3.14 (d, J = 6.70 Hz, 2H), 3.96 (s, 3H), 5.12 (s, 2H), 6.79 (dd, J = 13.87, 7.63 Hz, 2H), 7.00 - 7.19
(m, 3H), 7.71 (dd, J = 8.55, 2.54 Hz, 1H) 8.09 (d, J = 7.17 Hz, 1H), 8.24 (d, J = 2.31 Hz, 1H). LC-MS m/z
473 [M + HJ', t, =2.79 min.
8-Trifluoromethyl-3-cyclopropylmethyl-7-{4-[(2-methoxypyridin-5-yl)methoxyl- ~ phenyl  }[1,2,4]
triazolo[4,3-a]-pyridine (32). Starting from 49a (0.315 g, 1.15 mmol) and 521 (0.430 g, 1.26 mmol) and
following the procedure described for 8, compound 32 was obtained as a white solid (0.286 g, 60%).
Mp 159.1°C. 'H NMR (400 MHz, CDCL) § ppm 0.29 - 0.45 (m, 2H), 0.55 - 0.72 (m, 2H), 1.10 - 1.33 (m,
1H), 3.14 (d, /= 6.70 Hz, 2H), 3.96 (s, 3H), 5.04 (s, 2H), 6.67 - 6.87 (m, 2H), 7.00 - 7.12 (m, 2H), 7.32 (d, J =
8.55 Hz, 2H), 7.70 (dd, J = 8.55, 2.31 Hz, 1H), 8.08 (d, /= 7.17 Hz, 1H), 8.25 (d, /= 2.31 Hz, 1H). LC-MS
m/z 455 [M + HJ', t, =3.73 min.
8-Trifluoromethyl-3-cyclopropylmethyl-7-{4-[(2-methoxypyridin-5-yl)methylamino ]-3-fluorophenyl}
[1,2,4]triazolo[4,3-a]-pyridine (33). Starting from 49a (0.530 g, 1.92 mmol) and 52m (0.758 g, 2.11
mmol) and following the procedure described for 8, compound 33 was obtained as a white solid
(0.460 g, 51%). Mp 160.4°C. '"H NMR (400 MHz, CDCL,) 5 ppm 0.30 - 0.42 (m, 2H), 0.59 - 0.71 (m, 2H),
1.15 - 1.27 (m, 1H), 3.13 (d, J= 6.70 Hz, 2H), 3.95 (s, 3H), 4.36 (d, J = 4.86 Hz, 2H), 4.44 (br s, 1H), 6.69 -
6.83 (m, 3H), 6.95 - 7.12 (m, 2H), 7.62 (dd, J = 8.44, 2.43 Hz, 1H), 8.05 (d, /=7.17 Hz, 1H), 8.19 (d, J=2.54
Hz, 1H). LC-MS m/z 472 [M + HJ", t, = 2.67 min.
8-Trifluoromethyl-3-cyclopropylmethyl-7-{4-[(2-methoxypyridin-5-yl)methylamino ]-3-phenyl}[1,2,4]
triazolo[4,3-a]-pyridine (34). Starting from 49a (0.150 g, 0.544 mmol) and 52n (0.204 g, 0.6 mmol) and
following the procedure described for 8, compound 34 was obtained as a white solid (0.115 g, 46%).
Mp 127.5°C. '"H NMR (500 MHz, CDCL) § ppm 0.29 - 0.42 (m, 2H), 0.60 - 0.68 (m, 2H), 1.17 - 1.24 (m,
1H), 3.12 (d, J = 6.94 Hz, 2H), 3.95 (s, 3H), 4.20 (br s, 1H), 4.32 (d, /= 4.91 Hz, 2H), 6.70 (d, /= 8.38 Hz,
2H), 6.76 (d, J=8.38 Hz, 1H), 6.80 (d, /= 6.94 Hz, 1H), 7.21 (d, J=8.67 Hz, 2H), 7.61 (dd, J=8.53, 2.46 Hz,
1H), 8.03 (d, J=7.22 Hz, 1H), 8.18 (d, /= 2.31 Hz, 1H). LC-MS m/z 454 [M + HJ", t, = 2.05 min.
8-Chloro-3-cyclopropylmethyl-7-{4-[(2-methoxypyridin-5-yl) methylamino]-3-phenyl} [1,2,4]
triazolo[4,3-al-pyridine (35). Starting from 50a (0.150 g, 0.45 mmol) and 52n (0.168 g, 0.494 mmol)
and following the procedure described for 8, compound 35 was obtained as a white solid (0.098 g,
51%). Mp 158.1°C. '"H NMR (400 MHz, CDCL,)  ppm 0.30 - 0.40 (m, 2H), 0.57 - 0.70 (m, 2H), 1.13 - 1.39
(m, 1H), 3.10 (d, J= 6.70 Hz, 2H), 3.95 (s, 3H), 4.33 (s, 3H), 6.69 - 6.79 (m, 3H), 6.89 (d, J=7.17 Hz, 1H),
7.38 - 7.46 (m, 2H), 7.62 (dd, J = 8.55, 2.54 Hz, 1H), 7.91 (d, J = 7.17 Hz, 1H), 8.19 (d, J = 2.08 Hz, 1H).
LC-MS m/z 420 [M + HJ', t, = 1.93 min.
8-Chloro-3-cyclopropylmethyl-7-[3-chloro-4-(tetrahydro-pyran-4-yloxy)-phenyll[1,2,4]triazolo[4,3-a]-
pyridine (36). Starting from 50a (0.20 g, 0.6 mmol) and 520 (0.243 g, 0.72 mmol) and following the
procedure described for 8, compound 36 was obtained as a white solid (0.160 g, 64%). Mp. 189.1°C.
"HNMR (400 MHz, CDCL,) 3 ppm 0.30 - 0.43 (m, 2H), 0.56 - 0.73 (m, 2H), 1.15 - 1.30 (m, 1H), 1.92 (ddt,
J=17.05,7.28,3.55,3.55 Hz, 2H), 2.02 - 2.17 (m, 2H), 3.12 (d, /= 6.70 Hz, 2H), 3.65 (ddd, J = 11.44, 7.40,
3.58 Hz, 2H), 4.05 (ddd, J = 11.44, 7.40, 3.58 Hz, 2H), 4.66 (tt, J=7.11, 3.64 Hz, 1H), 6.86 (d, J = 6.94 Hz,
1H), 7.06 (d,J=8.55 Hz, 1H), 7.43 (dd, J=8.55,2.31 Hz, 1H), 7.58 (d,/=2.31 Hz, I1H), 7.96 (d,J =7.17 Hz,
1H). LC-MS m/z 418 [M + HJ', t, = 3.25 min.
8-Trifluoromethyl-3-cyclopropylmethyl-7-[3-chloro-4-(tetrahydro-pyran-4-yloxy)-phenyl][1,2,4]
triazolo[4,3-a]-pyridine (37). Starting from 49a (0.09 g, 0.33 mmol) and 520 (0.138 g, 0.41 mmol) and
following the procedure described for 8, compound 37 was obtained as a white solid (0.083 g, 56%).
Mp. 176.9°C. "H NMR (400 MHz, CDCl,) 6 ppm 0.30 - 0.43 (m, 2H), 0.58 - 0.73 (m, 2H), 1.16 - 1.28 (m,
1H), 1.86-1.97 (m, 2H), 2.02 - 2.12 (m, 2H), 3.14 (d, /= 6.70 Hz, H), 3.59-3.69 (m, 2H), 4-4.09 (m, 2H), 4.61-
4.68 (m, 2H), 6.78 (d, J=7.2 Hz, 1H), 7.02 (d, /= 8.6 Hz, 1H), 7.20 (dd, /= 8.6, 2.1 Hz, 1H), 7.41 (d, J=2.1
Hz, 1H), 8.09 (d,J =7.2 Hz, 1H). LC-MS m/z 452 [M + HJ', t, = 3.33 min.
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8-Chloro-3-cyclopropylmethyl-7-[3-chloro-4-(tetrahydro-pyran-4-ylamino)-phenyll[1,2,4]triazolo[4,3-
a]-pyridine (38). Starting from 50a (0.20 g, 0.6 mmol) and 52p (0.242 g, 0.72 mmol) and following the
procedure described for 8, compound 38 was obtained as a white solid (0.160 g, 64%). Mp. 221.3°C.
"HNMR (500 MHz, CDCL,) 8 ppm 0.28 - 0.41 (m, 2H), 0.56 - 0.71 (m, 2H), 1.13 - 1.29 (m, 1H), 1.45- 1.71
(m, 2H), 2.10 (br d, /= 13.29 Hz, 2H), 3.11 (d, /= 6.65 Hz, 2H), 3.52 - 3.60 (m, 2H), 3.62 (br dd, /= 6.94,3.18
Hz, 1H), 4.05 (dt, J=11.78, 3.65 Hz, 2H), 4.49 (br d, /= 7.80 Hz, 1H), 6.78 (d, /= 8.38 Hz, 1H), 6.86 (d, J=
7.22 Hz, 1H), 7.39 (dd, J = 8.53, 2.17 Hz, 1H), 7.51 (d, J = 2.31 Hz, 1H), 7.92 (d, J = 7.22 Hz, 1H). LC-MS
m/z 417 [M + HJ', t, = 4.08 min.
8-Trifluoromethyl-3-cyclopropylmethyl-7-[3-chloro-4-(tetrahydro-pyran-4-ylamino)-phenyl][1,2,4]
triazolo[4,3-a]-pyridine (39). Starting from 49a (0.07 g, 0.25 mmol) and 52p (0.107 g, 0.32 mmol) and
following the procedure described for 8, compound 39 was obtained as a white solid (0.045 g, 39%).
Mp. 198.4°C. "H NMR (400 MHz, CDCl,) § ppm 0.31 - 0.42 (m, 2H), 0.58 - 0.71 (m, 2H), 1.16 - 1.27 (m,
1H), 1.55 - 1.68 (m, 2H), 2.09 (br d, /= 12.7 Hz, 2H), 3.13 (d, /= 6.7 Hz, 2H), 3.56 (td, J = 11.8, 2.3 Hz, 1H),
3.56-3.67 (m, 1H), 4.05 (dt, /= 11.7, 3.7 Hz, 2H), 4.47 (d, J= 7.6 Hz, 1H), 6.74 (d, J = 8.6 Hz, 1H), 6.78 (d,
J=7.2Hz, 1H),7.16 (dd, J = 8.3, 1.8 Hz, 1H), 7.32 (d, J= 2.1 Hz, 1H), 8.05 (d, /= 7.2 Hz, 1H). LC-MS m/z
451 [M + HJ', t, =3.29 min.
8-Trifluoromethyl-3-cyclopropylmethyl-7-[3-chloro-4-(tetrahydro-pyran-4-ylaminomethyl)-phenyl]
[1,2,4]triazolo[4,3-a]-pyridine (40). Starting from 49a (0.2 g, 0.73 mmol) and 52q (0.306 g, 0.87 mmol)
and following the procedure described for 8, compound 40 was obtained as a white solid (0.060 g,
18%). "H NMR (400 MHz, CDCL,) 3 ppm 0.37 (q, /= 5.09 Hz, 2H), 0.59 - 0.74 (m, 2H), 1.10 - 1.32 (m, 2H),
1.41 - 1.73 (m, 2H), 1.92 (br dd, J = 12.60, 1.73 Hz, 2H), 2.69 - 2.86 (m, 1H), 3.15 (d, /= 6.70 Hz, 2H), 3.34 -
3.49 (m, 2H), 3.97 - 4.01 (m, 3H), 4.01 - 4.04 (m, 1H), 6.76 (d,J=7.17 Hz, 1H), 7.22 - 7.28 (m, 1H), 7.37 (d, J
=1.62 Hz, 1H), 7.56 (d, /= 7.86 Hz, 1H), 8.10 (d, /= 7.17 Hz, 1H). LC-MS m/z 465 [M + H]", t, = 2.09 min.
Trans-8-Chloro-3-cyclopropylmethyl-7-[3-chloro-4-(4-hydroxy-cyclohexylamino)-phenyl][1,2,4]
triazolo[4,3-a]-pyridine (41). Starting from 50a (0.13 g, 0.388 mmol) and 52r (0.15 g, 0.43 mmol) and
following the procedure described for 8, compound 41 was obtained as a white solid (0.087 g, 52%).
Mp 270.9°C. 'H NMR (400 MHz, CDCL) § ppm 0.29 - 0.42 (m, 2H), 0.56 - 0.71 (m, 2H), 1.17 - 1.25 (m,
1H), 1.47 (brs, 1H), 1.73 - 1.8 (m, 4H), 1.80-1.91 (m, 4H), 3.11 (d, J=6.7 Hz, 2H), 3.46 - 3.57 (m, 1H), 3.98 (br
s, 1H), 4.60 (br d, J=7.6 Hz, 1H), 6.76 (d, ]=8.8 Hz, 1H), 6.87 (d, J=7.2 Hz, 1H), 7.39 (dd, J=8.3, 2.3 Hz, 1H),
7.49 (d, J=2.1 Hz, 1H), 7.91 (d, J=7.2 Hz, 1H). LC-MS m/z 431 [M + HJ", t, = 3.49 min.
Trans-8-Trifluoromethyl-3-cyclopropylmethyl-7-[3-chloro-4-(4-hydroxy-cyclohexylamino)-phenyl]
[1,2,4]triazolo[4,3-a]-pyridine (42). Starting from 49a (0.3 g, 1.088 mmol) and 52r (0.459 g, 1.306
mmol) and following the procedure described for 8, compound 42 was obtained as a white solid
(0.209 g, 41%). Mp. 290.7°C. '"H NMR (400 MHz, CDCL) § ppm 0.3 - 0.43 (m, 2H), 0.58 - 0.71 (m, 2H),
1.16 - 1.25 (m, 1H), 1.29-1.42 (m, 2H), 1.42 - 1.53 (m, 3H), 2.03-2.12 (m, 2H), 2.20 (br d, /= 12.0 Hz, 2H),
3.13 (d, J/=6.7 Hz, 2H), 3.32 - 3.43 (m, 1H), 3.70-3.80 (m, 1H), 4.39 (d, J= 7.6 Hz, 1H), 6.72 (d, /= 8.6 Hz,
1H), 6.79 (d, J=7.2 Hz, 1H), 7.16 (dd, J= 8.6, 2.1 Hz, 1H), 7.30 (d, /= 2.1 Hz, 1H), 8.04 (d, /= 7.2 Hz, 1H).
LC-MS m/z 465 [M + HJ', t, = 2.50 min.
Cis-8-Chloro-3-cyclopropylmethyl-7-[3-chloro-4-(4-hydroxy-cyclohexylamino)-phenyl][1,2,4]
triazolo[4,3-a]-pyridine (43). Starting from 50a (0.13 g, 0.388 mmol) and 52s (0.15 g, 0.43 mmol) and
following the procedure described for 8, compound 43 was obtained as a white solid (0.060 g, 36%).
Mp. 273.7°C. 'H NMR (400 MHz, CDCL,) § ppm 0.27 - 0.43 (m, 2H) 0.57 - 0.70 (m, 2H), 1.02 - 1.32 (m,
2H), 1.68 - 1.98 (m, 8H), 3.11 (d, /= 6.70 Hz, 2H), 3.44 - 3.62 (m, 1H), 3.98 (br s, 1H), 4.60 (br d, J=7.63
Hz, 1H), 6.76 (d, J=8.79 Hz, 1H), 6.87 (d, J=7.17 Hz, 1H), 7.39 (dd, J = 8.44, 2.20 Hz, 1H), 7.49 (d, J=2.08
Hz, 1H), 7.91 (d, /= 7.17 Hz, 1H). LC-MS m/z 431 [M + HJ", t, = 3.08 min.
Cis-8-Trifluoromethyl-3-cyclopropylmethyl-7-[3-chloro-4-(4-hydroxy-4-cyclopropyl-cyclohexylami-
no)-phenyl][1,2,4]triazolo[4,3-a]-pyridine (44). Starting from 49a (0.143 g, 0.52 mmol) and 52t (0.235
g, 0.6 mmol) and following the procedure described for 8, compound 44 was obtained as a white
solid (0.047 g, 18%). Mp > 300°C. 'H NMR (500 MHz, CDCL,) 8 ppm 0.04 - 0.16 (m, 2H), 0.18 - 0.33 (m,
5H), 0.34 - 0.43 (m, 2H), 0.60 (tt, /= 8.31, 5.56 Hz, 1H), 0.80 - 1.00 (m, 1H), 1.11 - 1.25 (m, 2H), 1.31 - 1.56
(m, 4H), 1.63 - 1.79 (m, 2H), 2.49 (d, J = 6.65 Hz, 2H), 2.97 (tdt, /= 11.13, 11.13, 7.37, 3.97, 3.97 Hz, 1H),
4.45(d, J=17.51 Hz, 1H), 5.95 (d, J=7.22 Hz, 1H), 6.53 (d, J=8.67 Hz, 1H), 6.73 (d, /= 7.22 Hz, 1H), 7.16
(s, 1H) 7.28 (d, J=2.02 Hz, 1H). LC-MS m/z 465 [M + HJ', t, = 3.49 min.
Trans-8-Chloro-3-(2,2,2-trifluoroethyl)-7-[3-chloro-4-(4-hydroxy-cyclohexylamino)-phenyll[1,2,4]
triazolo[4,3-al-pyridine (45). Starting from 56¢ (0.11 g, 0.304 mmol) and 52r (0.128 g, 0.365 mmol)
and following the procedure described for 8, compound 45 was obtained as a white solid (0.054 g,
39%). Mp > 300°C. '"H NMR (400 MHz, CDCL,) 5 ppm 1.28 - 1.52 (m, 5H), 2.08 (br d, /= 10.63 Hz, 2H),
2.20 (brd, J=12.02 Hz, 2H), 3.26 - 3.46 (m, 1H), 3.62 - 3.85 (m, 1H), 4.08 (q,/=9.71 Hz, 2H), 4.44 (d, J =
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7.63 Hz, 1H), 6.77 (d, J = 8.55 Hz, 1H), 6.97 (d, /= 7.17 Hz, 1H), 7.39 (dd, J = 8.55, 2.08 Hz, 1H), 7.50 (d, J
=2.08 Hz, 1H), 7.94 (d, /= 7.17 Hz, 1H). LC-MS m/z 459 [M + HJ", t, = 3.23 min.
Trans-8-Trifluoromethyl-3-cyclopropylmethyl-7-[3-chloro-4-(4-hydroxy-cyclohexyloxy)-phenyll[1,2,4]
triazolo[4,3-a]-pyridine (46). Starting from 49a (0.119 g, 0.432 mmol) and 52u (0.183g, 0.518 mmol)
and following the procedure described for 8, compound 46 was obtained as a white solid (0.022 g,
27%). 'H NMR (400 MHz, CDCL)  ppm 0.31 - 0.41 (m, 2H), 0.61 - 0.71 (m, 2H), 1.09 - 1.32 (m, 2H),
1.42 - 1.56 (m, 2H), 1.67 - 1.80 (m, 2H), 2.05 - 2.23 (m, 4H), 3.14 (d, J = 6.70 Hz, 2H), 3.83 - 3.96 (m, 1H),
4.36-4.49 (m, 1H), 6.78 (d, J="7.17 Hz, 1H), 7.02 (d, /= 8.79 Hz, 1H), 7.20 (dd, J = 8.44,2.20 Hz, 1H), 7.39
(d,/=2.31Hz, 1H), 8.09 (d, /= 7.17 Hz, 1H). LC-MS m/z 466 [M + HJ", t, = 2.96 min.
Trans-8-Chloro-3-(2,2,2-trifluoroethyl)-7-[3-chloro-4-(4-hydroxy-cyclohexyloxy)-phenyl][1,2,4]
triazolo[4,3-a]-pyridine (47). Starting from 56¢ (0.190 g, 0.526 mmol) and 52u (0.222 g, 0.631 mmol)
and following the procedure described for 8, compound 47 was obtained as a white solid (0.065 g,
27%). Mp >300°C. 'H NMR (500 MHz, CDCL,) 8 ppm 1.42 (d, /= 3.76 Hz, 1H), 1.46 - 1.55 (m, 2H), 1.68
- 1.79 (m, 2H), 2.10 (td, J = 7.73, 3.61 Hz, 2H), 2.18 (td, J = 7.66, 3.47 Hz, 2H), 3.91 (td, J = 8.09, 4.05 Hz,
1H), 4.10 (q, /= 9.73 Hz, 2H), 4.46 (tt, /= 8.06, 3.79 Hz, 1H), 6.97 (d, J=7.22 Hz, 1H), 7.08 (d, /= 8.38 Hz,
1H), 7.42 (dd, J=8.53,2.17 Hz, 1H), 7.57 (d, J=2.31 Hz, 1H), 7.98 (d, J/=7.22 Hz, 1H). LC-MS m/z 460 [M
+HJ", t, =3.23 min.
Cis-8-Chloro-3-(2,2,2-trifluoroethyl)-7-[3-chloro-4-(4-hydroxy-cyclohexyloxy)-phenyll[1,2,4]
triazolo[4,3-a]-pyridine (48). Starting from 56c¢ (0.150 g, 0.415 mmol) and 52v (0.176g, 0.498 mmol)
and following the procedure described for 8, compound 48 was obtained as a white solid (0.044 g,
23%). Mp 196.7°C. '"H NMR (400 MHz, CDCL,) § ppm 1.39 - 1.48 (m, 1H), 1.66 - 1.93 (m, 6H), 2.06 - 2.21
(m, 2H), 3.81 (tq, J = 8.4, 4.24 Hz, 1H), 4.10 (q, J = 9.71 Hz, 2H), 4.56 (tt, J = 5.20, 2.77 Hz, 1H), 6.98 (d, J
=7.17Hz, 1H), 7.06 (d, J = 8.55 Hz, 1H), 7.43 (dd, J=8.55, 2.31 Hz, 1H), 7.57 (d, /= 2.31 Hz, 1H), 7.99 (d,
J=17.17 Hz, 1H). LC-MS m/z 460 [M + HJ, t, = 3.14 min.
8-Trifluoromethyl-3-(ethoxymethyl)-7-[3-chloro-1,2,4-triazolo[4,3-a]-pyridine (49b). Mp 104°C. 'H
NMR (400 MHz, CDCL,) 6 ppm 'H NMR (500 MHz, CHLOROFORM-d) & ppm 1.22 (t, J=6.94 Hz, 3 H)
3.57 (q, J=6.94 Hz, 2 H) 5.08 (s, 2 H) 6.95 (d, J=7.22 Hz, 1 H) 8.35 (d, J=7.51 Hz, 1 H). LC-MS m/z 280 [M
+HJ, t, = 1.32 min.

Biology

Membrane preparation

CHO-K1 cells stably expressing the wildtype hmGlu, receptor (CHO-K1_hmGlu,) were
grown in DMEM medium supplemented with 10% (v/v) fetal calf serum, 200 IU/mL peni-
cillin, 200 pg/mL streptomycin, 30.5 ug/mL L proline and 400 ug/mL G418 at 37°C and 5%
CO,. Sodium butyrate (final concentration 5 mM) was added to the plates when cells growth
reached 70% confluency.®® 24 hours later, cells were detached from the plates by scraping into
5 ml of PBS and centrifuged for 5 min at 1500 rpm. Pellets were resuspended into ice-cold Tris
buffer (50 mM Tris-HCl pH 7.4) and homogenized using an Ultra Turrax homogenizer (IKA
Werke GmbH & Co.KG, Staufen, Germany). An Optima LE 80 K ultracentrifuge (Beckman
Coulter, Fullerton, CA) at 31,000 rpm was used for separation of membranes and the cytosolic
fraction at 4°C for 20 min. Pellets were resuspended in 10 ml Tris buffer and the centrifuga-
tion and homogenization steps were repeated. Remaining pellets were suspended into assay
buffer (50 mM Tris-HCl pH 7.4, 2 mM CaCl,, 10 mM MgCl,) and the homogenization step was
repeated. Aliquots were stored at -80°C. BCA protein determination was used to determine

the membrane protein concentrations.
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[?*S]GTPyS Binding Assay
[**S]GTPYS binding experiments were performed as previously described.’

Radioligand Binding Assays

After thawing, membranes were homogenized by an Ultra Turrax homogenizer. 4 (10uM)
was used to determine nonspecific binding. DMSO concentrations were <0.25%. For all exper-
iments, radioligand concentrations were such that <10% of the amount added was recep-
tor-bound to avoid ligand depletion.

For displacement assays, membrane protein aliquots (30 pg) were incubated with 6 nM
[*H]-7 and 10 concentrations of competing ligand diluted by an HP D300 digital dispenser
(Tecan, Giessen, The Netherlands) in assay buffer to a total volume of 100 pl. After 60 minutes
at 15°C, incubation was terminated by rapid filtration over GF/C filterplates (PerkinElmer,
Groningen, The Netherlands) on a PerkinElmer filtermate harvester. Filterplates were washed
10 times with ice-cold wash buffer (50 mM Tris-HCI pH 7.4) and filter-bound radioactivity
was determined in a Microbeta 2450* microplate counter (PerkinElmer).

For association, dissociation and competition association experiments a scintillation
proximity assay (SPA) was developed and used. Membrane protein (20 pg) and pre-wetted
wheat-germ agglutinin coated SPA beads (0.2 mg; RPNQO001, PerkinElmer) were pre-cou-
pled in assay buffer while gently shaking at room temperature for 30 minutes. Then, this
membrane bead mixture was added to an Isoplate-96 (PerkinElmer) together with 6 nM
[*H]-7 and competing ligand in case of competition association. After addition, the plate was
rapidly placed in a Microbeta 2450 microplate counter. Plates were recorded for 120 minutes
measuring every 30 seconds at ambient temperature of 28°C. Binding values were determined
in corrected counts per minute (CCPM). For dissociation assays, radioligand dissociation was
initiated after 60 minutes of incubation by addition of 5 ul 4 (final concentration: 10 uM).

Subsequently, plates were recorded for 120 minutes being measuring every 30 seconds.

Label-free whole-cell assays

Label-free whole-cell assays were performed using the XxCELLigence real-time cell analyzer
(RTCA DP) system as described previously *. Baseline impedance was measured using 45
ul culture medium (as described under membrane preparation) per well in 16 well E-plates
(Westburg, Leusden, The Netherlands). 40,000 cells per well were added in a volume of 50
pl. After resting for 30 minutes at room temperature, E-plates were placed in the recording
station within a humidified 37°C, 5% CQO, incubator. Impedance (represented in the arbitrary
unit Cell Index) was measured every 15 minutes overnight. After 18 hours, cells were stim-
ulated with the indicated concentration of compound. Impedance was measured every 15
seconds for 20 minutes, then 5 minute intervals were used for the next 40 minutes, followed
by 15 minute intervals thereafter. For washing experiments, cells were stimulated with an EC

equivalent concentration of compound in a volume of 5 ul. Wells were washed after 5 minutes
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by aspiration of the medium, addition of 100 ul fresh medium, which was subsequently aspi-
rated and replaced by another 100 ul fresh medium. This washing step was chosen such that
it was just before the maximum Cell Index level. In control wells, medium was pipetted up

and down in order to induce similar mechanical cell stress.

Data Analysis

Data analyses were performed using Prism 6.04 (GraphPad software, San Diego, CA, USA).
plC,, values were acquired using non-linear regression curve fitting into a sigmoidal concen-
tration-response curve using the equation: Y=Bottom + (Top-Bottom)/(1+10%toel=0). pK.
values were acquired from pIC,_ values using the Cheng-Prusoff equation.®® Dissociation rate
constants k . were determined using an exponential decay analysis of radioligand binding.
k /L], in which

L is the concentration of radioligand used for association experiments and k, was determined

Association rate constants k  were determined using the equationk = (k, —
using exponential association analysis.

Association and dissociation rate constants for unlabelled mGlu, PAMs were determined
by nonlinear regression analysis of competition association data as described by Motulsky
and Mahan.*

K, =k[L]'107 +k,

K, =k[11-107 +k,
S=J(K,—K,) +4-k k,-L-1-10"
K, =05K,+K,+S)
K;=05K,+K,-S)

Q=Bmax'k1.L'1079
K, -K;
k, (K,-K -K, k,-K .
Y=Q-( 4 1(( FK s)+k4K F e(—KF-X)_ 4K s e(—[\;-){))
F s F s

Experimental data are reported as k, and kuﬂ and the corresponding conversion of koﬁ to
residence time (RT) is performed to be consistent with current state of the art.*

Data shown are the mean + SEM of at least three individual experiments performed in
duplicate unless stated otherwise. Statistical analysis was performed if indicated, using a
two-tailed unpaired Student’s t-test. Observed differences with p-values <0.05 were consid-
ered statistically significant. clogP values were calculated using ChemDraw Professional
v15.0.0.106 (PerkinElmer).
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Figure S1. Correlation between potency (pEC,) and dissociation rate (pk_.) (A); affinity (pK) and
dissociation rate (pk_,) (B).
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Figure S2. Comparison of PAM responses between CHO-K1 WT and CHO-K1_hmGlu, cells.
Compound 7-induced responses: 100 nM (green) and 1 pyM (purple) on CHO-K1 WT cells (ATCC) and
100 nM (blue) and 1 uM (red) on CHO-K1_hmGlu2 cells. 40,000 cells per well were added in a volume
of 50 pl. After resting for 30 minutes at room temperature, E-plates were placed in the recording
station within a humidified 37°C, 5% CO2 incubator. Impedance was measured every 15 minutes
overnight. After 18 hours, cells were stimulated with indicated concentration of compound. Imped-
ance was measured every 15 seconds for 20 minutes, then 5 minute intervals were used for 40
minutes, followed by 15 minute intervals. A representative example is shown of a baseline-cor-
rected response, which was repeated three times in duplicate.
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ABSTRACT

Covalentlabelling of G protein-coupled receptors (GPCRs) by small molecules is a powerful
approach to understand binding modes, mechanism of action, pharmacology and even facili-
tate structure elucidation. We report the first covalent positive allosteric modulator (PAM) for
a class C GPCR, the mGlu, receptor. Three putatively covalent mGlu, PAMs were designed
and synthesized. Pharmacological characterization identified 2 to bind the receptor cova-
lently. Computational modelling combined with receptor mutagenesis revealed T7917%** as
the likely position of covalent interaction. We show how this covalent ligand can be used
to characterize the PAM binding mode and that it is a valuable tool compound in studying
receptor function and binding kinetics. Our findings advance the understanding of the mGlu,

PAM interaction and suggest 2 is a valuable probe for further structural and chemical biology

approaches.
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INTRODUCTION

Over the last years covalent ligands for G protein-coupled receptors (GPCRs) have
re-emerged as valuable tool compounds to characterize the structure, expression pattern and
function of these proteins.! A major obstacle in GPCR structure elucidation using crystalliza-
tion is the dynamic behavior of their seven-transmembrane (7TM) domain, especially when
in the active state.” Covalent ligands can stabilize the 7TM domain of the receptor without
the likelihood of dissociation from the binding site. The use of covalent ligands for structure
elucidation has been taken as an approach to facilitate receptor crystallization, as was shown
recently for the crystal structures of the adenosine A, and multiple beta 2 adrenergic receptors
amongst others.** Beyond structural considerations, covalent molecules are valuable pharma-
cological tools useful for further understanding of binding modes, and other chemical biology

and proteomics applications.

The metabotropic glutamate (mGlu) receptors belong to the class C GPCRs and are acti-
vated by glutamate, the most abundant neurotransmitter.> The mGlu receptors are obligatory
dimers and are characterized by their large extracellular Venus flytrap (VFT) domain - binding
endogenous glutamate - which is connected to the 7TM domain via a cysteine rich domain.®
For mGlu receptors, allosteric modulators that bind in the 7TM domain are pursued widely
for drug discovery as they are typically more subtype-selective than orthosteric ligands and
only function in the presence of endogenous agonist.” Positive allosteric modulation of the
mGlu, receptor has been shown to be a potential strategy for the treatment of neurological
disorders such as schizophrenia and anxiety.® Although the structure of the extracellular
domain of the mGlu, receptor is known,’ the current understanding of the structure of the
7TM domain is based on the crystal structures of the mGlu, and mGlu, 7TM domains, which
were crystallized in an inactive state with a negative allosteric modulator (NAM) bound in

the allosteric binding pocket.’*2

We have had a long-standing interest in mGlu, receptor PAMs leading to characterization
of multiple medicinal chemistry series'>'* that were also studied with site-directed mutagen-
esis.”>'® We have further characterized the binding kinetics and pharmacology of selected
leads in chapters 2 and 4."** Robust in vivo pharmacodynamic effects were observed in several
animal models with some molecules such as 1-Butyl-3-chloro-4-(4-phenyl-1-piperidinyl)-
(1H)-pyridone (JNJ-40411813/ADX71149) advancing to human clinical trials.”-** Despite this,
further and more rigorous approaches to understand mGlu, PAM binding and receptor phar-
macology are needed. In this study we have designed and synthesized three novel putatively
covalent mGlu, PAMs based on computational approaches and previous understanding of

the PAM binding mode. These compounds were fully characterized in vitro, resulting in the
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identification of 4-[[4-[3-(Cyclopropylmethyl)-8-(trifluoromethyl)-[1,2,4]triazolo[4,3-a]pyri-
din-7-yl]phenyl]carbamoyl|benzenesulfonyl fluoride (2) as a covalently binding mGlu, PAM.
The binding mode was studied using computational docking, which identified several amino
acid residues that potentially formed the covalent interaction. Using site-directed mutagen-

esis T7917%%0 was confirmed as the residue responsible for the covalent interaction.

RESULTS AND DISCUSSION

CHEMISTRY

Based on a series of analogues of 3-(cyclopropylmethyl)-7-[(4-phenyl-1-piperidinyl)
methyl]-8-(trifluoromethyl)-1,2,4-triazolo[4,3-a]pyridine (1, JNJ-46281222)* we recently
developed a novel series of mGlu, PAMs bearing the 7-aryl-1,2,4-triazolo[4,3-a]pyridine as the
core structure, also including the molecules described in chapter 4."'” This scaffold was used
to design three novel putative covalent mGlu, PAMs for which the fluorosulfonyl moiety was
chosen as a reactive warhead. A 4-fluorosulfonyl-phenyl ring was connected to the 7-phenyl-
1,2,4-triazolo[4,3-a]pyridine-core via an amide linker to the phenyl ring at the 4-position (2),
the 3-position (3) or the 4-position with a methylene spacer in between to increase flexibility
(4), as depicted in figure 1. The synthesis of target compounds 2-4 is shown in Scheme 1. They
were prepared via Suzuki coupling of the 7-chlorotriazolopyridine 5* with the corresponding
commercially available boronic acids (6a-c) and subsequent amide formation of 7a-c with the
commercially available chemoreactive group. This electrophilic fluorosulfonyl moiety was
chosen as a warhead to achieve a covalent interaction with a nucleophilic amino acid at the
allosteric binding pocket of the mGlu, receptor. This moiety has been widely used and was
chosen for its wide reactivity to various nucleophilic residues: serine, threonine, tyrosine,

lysine, cysteine and histidine.”

JNJ-46281222 - \\O

0=8=0
F

Figure 1. Structure of 1 and novel mGlu, PAMs 2-4. The position of the tritium label of [*H]-1 is
denoted by *.
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Scheme 1. Synthesis of compounds 2-4. Reagents and conditions: (i) Pd(PPh,),, NaHCO,, H,0/1,4-di-
oxane, 150 °C, 10-15 min, microwave, 61-68% for 7a-c. (ii) a) 8a, HATU, DIPEA, DMF, rt, 3h, 68-75%
for 2 and 3 b) 8b, 1,4-dioxane, 90°C, 30 min, 33% for 4.

BIOLOGY AND STRUCTURE-REACTIVITY CONSIDERATIONS

Firstly, the potency of the compounds to enhance the effect of glutamate at its EC,, was
determined using a [*S]GTPYS assay. Reference PAM 1, showed a high potency (Table 1;
pEC,, 7.74 +0.03). Compounds 2-4 were all able to increase the response of the EC, glutamate
concentration to a similar level as 1 and thus behaved as functional mGlu, PAMs with poten-
cies of around 100 nM for 2 and 3 (pEC, values of 6.80 + 0.06 and 6.80 + 0.04, respectively). The
highest potency was found for 4, with a pEC, value of 7.82 + 0.06.

Subsequently, the apparent affinities of the compounds were determined in a
[PH]JN]J-46281222 displacement assay (Table 1). The pK, value of 8.12 + 0.19 for 1 was close to
its pEC,, value. Also, 2 and 3 had pK, values close to their pEC,, values, 7.21 +0.11 and 6.95 +
0.11, respectively. Compound 4 had the highest affinity with a pK, value of 8.24 + 0.08.

The pEC,, and pK values (7.74 + 0.03 and 8.12 + 0.13, respectively) of 1 were similar to those
reported in chapter 2."® The potency and affinity parameters of 2-4 compared favorably with
the well-studied 1, which was one of the most potent compounds identified from the same
triazolopyridine scaffold and was used as a control throughout the study. Even though the
fluorosulfonyl moiety at the distal tail in 2-4 was more bulky and hydrophilic than the unsub-
stituted phenyl of 1 and the other compounds studied previously and in chapter 4,7* the
affinity and potency values were only reduced approximately 10-fold for 2 and 3 compared to
1 and not at all for 4. The shift of the 4-fluorosulfonyl-phenyl ring from the 4-position in 2 to
the 3-position in 3 did not change the potency and affinity, whereas the greater flexibility of

the methylene spacer in 4 most likely resulted in its increased potency and affinity compared
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to 2. Selectivity of this series of mGlu, PAMs was good. Representative 3 showed no activity
atmGlu, ,. . (Table SI).

1,358

Table 1. Functional activity (pECSO), affinity (oK) and kinetic parameters (ko k.. RT) for mGlu, PAMs 1-4

n' " off'
PEC,; pK;? (3 hr pre- k (m1s)e k (s RT (min)=*
incubation)? on off

(1.2 +£0.072) x 0.0013 £

1 774:003 812:013 812x019 (12 o 12 £2.3¢

2 680006 7.21+011 821£0.14* ‘(3.2+1.2)x10" 1((3)_'3,1 31 x 1((()5(;)2, *4.9) x
. 0.00091 +

3 6802004 695:0.11 678009 (21:077)x10° O oo0as 18 £ 6.7

4 7.82:006 824008 8382010 (2.2£0.17)x10° g-ggg?é * 29+83

2Values represent the mean + SEM of at least three individual experiments, performed in duplicate. ?RT (min) =
1/(60*k ). < As described in chapter 4.7 * <0.01, unpaired student’s t-test compared to co-incubation.

Since a covalent interaction would induce insurmountable binding to the allosteric binding
site, we set up a radioligand displacement assay using a 3 hour pre-incubation of CHO-K1_
hmGlu, membranes with increasing concentrations of the four PAMs. This pre-incubation
was followed by addition of [PH]JNJ-46281222 and a subsequent incubation for 1 hour. Data
were compared to the control experiments with no pre-incubation, i.e. co-incubation of the
radioligand and the compounds studied.

Compound 1 showed no difference in affinity between the co-incubation and the pre-in-
cubation assays (Table 1; pK, 8.12 in both cases), indicating that 1 does not bind insurmount-
ably to the allosteric binding pocket. On the contrary, the addition of a pre-incubation step
resulted in a 10-fold increase in affinity for 2 (Table 1; Fig. 2A), indicating that this compound
binds the receptor insurmountably as no re-equilibration of 2 occurred after addition of [*H]
JNJ-46281222. Both 3 and 4 did not reveal a significant shift in receptor affinity when tested
in the two-step binding assay, indicating they do not bind the receptor insurmountably. The
observation of a shift in affinity of 2 after pre-incubation is in agreement with previously

described covalent ligands for the histamine H, and adenosine A,, receptors.***

Competition binding experiments are generally not the preferred method for evaluation
of covalent interactions with GPCRs.?** Therefore, the kinetic parameters k  and knff of 1-4
were determined (Table 1). The kinetic parameters for 1 were determined in classical [*H]
JNJ-46281222 association and dissociation experiments, yielding the association rate constant
k, (k,=1.2x10°M"'s") and dissociation rate constant k,; (k,=0.0013 s7), leading to a residence
., (k;) and koﬁ (k,) values

for 2-4 using a competition association assay based on the Motulsky and Mahan model.** In

time (RT) of 12 minutes. Using these values we determined the kinetic k

contrast to 1, 2 showed a much slower on-rate (3.2 x10° M's) and a negligible off-rate (3.2 x

10** s7), leading to an infinite RT, indicative for irreversible binding.
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Figure 2. A.) Displacement of [*H]JNJ-46281222 by 2 with and without a pre-incubation of 3 hours.
B.) Competition association assay of 2 at its IC,, concentration determined in the co-incubation
assay. C.) [*H]JNJ-46281222 binding after pre-incubation with a 10x IC,; concentration of mGlu,
PAM followed by 4 extensive washing cycles. D.) [?H]JNJ-46281222 binding after pre-incubation
with increasing concentrations of 2 followed by 4 extensive washing cycles. Data represent the
mean + SEM of at least three individual experiments performed in duplicate. * p<0.01; ** p<0.0001,
one-way ANOVA with Dunnett’s post-test compared to control.

The competition association curve of 2 shows an overshoot followed by a declining curve
that did not reach equilibrium (Fig. 2B). Compound 3 showed an on-rate of 2.1 x 10*Ms!
and an off-rate of 0.00091 s*, leading to a RT of 18 minutes, which is comparable to 1. The
on-rate of 4 was 10-fold faster (2.2 x 10°M's™) and off-rate slower than 3 (0.00057 s*), leading
to a RT of 29 minutes. The values for 3 and 4 indicate reversible binding behavior which is
in line with the displacement experiments. The shape of the competition association curve
of 2 (Fig. 2B) is typical for an irreversible interaction, similar to that seen recently with the
irreversibly binding FSCPX at the adenosine A, receptor.’ As the values determined for k |
and k of 2 are far from the kinetic parameters of the radioligand and beyond the duration of
the experiments, they should be considered approximate values. Still, this does not change
the conclusion of an infinite RT. Furthermore, 2 can be used as a tool compound for studying
binding kinetics of allosteric modulators at the mGlu, receptor, a strategy that was followed
before for the adenosine A receptor.”

To distinguish between irreversible and pseudo-irreversible interactions of 2-4 we
performed radioligand binding assays followed by extensive washing steps. A washout assay
was developed in which 1 hour pre-incubation with a 10 x IC,;, concentration of compound
was followed by at least three extensive wash and centrifugation cycles. After the subsequent
incubation with [*H]JNJ-46281222, radioligand displacement was assessed and compared to
the control condition without any competitor (100% radioligand binding). For 1 (unlabeled
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JNJ-46281222), no radioligand displacement was found, indicating that 1 was completely
washed away (Fig. 2C). For compound 3 and 4, [PH]JN]J-46281222 was displaced partially,
indicating that a portion of the receptor population was still bound but no persistent cova-
lent interactions occurred. This partial recovery of 3 and 4 was likely caused by their slower
binding kinetics compared to 1. Pre-incubation with compound 2 completely abolished [*H]
JNJ-46281222 binding after the washing cycles, indicating its irreversible binding to the mGlu,
receptor (Fig. 2C). This was further confirmed by pre-incubation with increasing concentra-
tions of 2, followed by four extensive washing cycles. For this effect a concentration-response
curve was established, with an apparent pK; value for 2 of 6.63 + 0.14 which is another quali-

tative assessment of the irreversible interaction.

To evaluate the effect of irreversible binding of 2 on the functional PAM response, the
following [®S]GTPYS set up was used. Increasing concentrations of 2 and a glutamate concen-
tration equivalent to its EC,| value were pre-incubated with membranes for three hours,
followed by a 1 hour incubation with [*S]GTPyS, resulting in a potency of 6.75 + 0.13, which
was 7-fold higher than when co-incubation only was performed (pEC,; 5.90 + 0.08) (Fig 3A).
The pEC,, value determined after 3 hour pre-incubation followed by 1 hour co-incubation
with [¥S]GTPYS (6.75 + 0.13) was similar to the potency assessed in the standard [®S]GTPyS
protocol (6.80 + 0.06), which also included a pre-incubation step.

The ability of bound 2 to behave as a PAM was studied by repeating the washout assay
but with a [**S]GTPyS binding assay subsequent to the washing cycles (Fig. 3B). Compound 2
was still able to induce [**S]GTPyS binding in the presence of an EC,, concentration of gluta-
mate after the washing steps. The level was comparable to the control situation in which
the compound was added after the washing steps. As a further control, the assay was also
performed using 1, which did not induce [*S]GTPyS binding as it was washed away (Fig. 2C),

in contrast to the situation in which 1 was added after washing (Fig. 3B).
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Figure 3. A.) Compound-induced [**S]GTPXS binding after 60 min of incubation with [**SJGTPKS with
or without a 3 hour pre-incubation in the presence of a glutamate concentration equivalent to
its EC,, value. B.) [**S]GTPXS binding after stimulation with a 10x IC,; concentration of mGlu, PAM
which was added either before or after 4 extensive washing cycles. All experiments were performed
in the presence of a glutamate concentration equivalent to its EC, value. Data represent the mean
+ SEM of at least three individual experiments performed in duplicate. ** p<0.0001, unpaired
student'’s t-test.
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COMPUTATIONAL MODELLING

It is well understood that allosteric modulators of mGlu receptors bind in the 7TM domain
in a similar conserved site as class A GPCRs.” Crystallography has shown variation in the
exact location of allosteric ligands in this site.*® Our previous experimental and computational
studies have helped to pinpoint the binding mode of mGlu, receptor PAMs of several chem-
ical series.’'® This work greatly helped the design of molecules 2 to 4. With a strong certainty
that the triazolopyridine core binds deepest in the receptor as described in chapter 2 and by
Pérez-Benito et al. (2017)'* we designed and docked multiple different candidate fluorosul-
fonyl-phenyl molecules. Idea molecules were docked into a homology model of the mGlu,
receptor allosteric binding site using a model and approach as described previously.'** Due
to flexibility and sequence differences there is increased uncertainty of the amino acid posi-
tion and conformation in the extracellular side of the receptor model. From the docking, 2 to
4 allowed the fluorosulfonyl to explore different vectors and depths of the extracellular side
of the binding site. Our approach relying upon a model of the ligand receptor binding mode,
and not a crystal structure, was more high risk. Therefore, we chose the fluorosulfonyl-phenyl
as the warhead because it can react with various nucleophilic amino acids as to increase the
chance to find a covalent ligand.

The docking results for molecule 2 showed the triazolopyridine core overlapped with that
of 1 (Fig. 4), which was included in earlier reports. As mentioned, this positioning and orien-
tation of the scaffold is consistent with previous SAR and mutagenesis work.** The flexible
distal tail of 2 containing the fluorosulfonyl moiety was pointing towards the top of trans-
membrane helices 3 or 7 and extracellular loop (ECL) 2. As suggested by the mGlu, structure,
ECL2 forms a lid on top of the 7TM pocket in all class C GPCRs, which is likely happening
to mGlu, as well.’** Whilst the scaffold consistently adopted the shown binding orientation,
two different binding modes were possible for the distal part of the molecule (Fig. 4). In the
first binding mode, the distal phenyl relaxes into the 7TM of the receptor. This is analogous
to the binding mode and behavior of 1 reported in the computational studies described in
chapter 2, as shown comparing pale blue and dark orange molecules in figure 4. The fluoro-
sulfonyl moiety is presented close to T7917?* located in our model at the top of TM-7. If the
ligand maintains a more linear orientation, it will present a second possible binding mode as
shown in pale orange in figure 4, where the fluorosulfonyl group points towards two alterna-
tive arginines: R635>*>32and R720 (ECL2).

RECEPTOR MUTAGENESIS

Based on the two potential binding modes of 2, multiple nucleophilic amino acid residues
were within a radius of 4 A to the fluorosulfonyl warhead and hence were potential candi-
dates to form the covalent bond with the fluorosulfonyl. Although arginines are not widely
reported to behave as nucleophiles the proximity of several in the extracellular region may

permit some to be less protonated and we therefore did not want to overlook this possi-

118



A covalent allosteric modulator

R720

two possible binding modes for 2 are distinguished using dark and pale orange coloring. The five
amino acids chosen as possible candidates for the covalent interaction are highlighted in salmon
color and labelled.

bility. The amino acids included R635*3*%?and R720 (ECL2), and T7917***. Meanwhile, Y787
(ECL3) and C7957%%% were further away but given the flexibility of the extracellular region of
the receptor they were still considered as possible candidates for interaction with the ligand

warhead.

For all these five residues alanine substitutions were made. These mGlu, receptor mutants
were transiently transfected into CHO-K1 cells and membrane preparations were made.

Control experiments confirmed the integrity and function of the mutant receptors, as shown
in the supporting information (Fig. S1; Table S2). [PH]LY341495 binding experiments were
performed to assess the expression of transiently transfected WT and mutant mGlu, recep-
tors, revealing a similar affinity of glutamate for the WT and all mutants, which confirmed the
integrity of the orthosteric binding pocket. All mutants were still able to induce [*S]GTPyS
binding upon stimulation by glutamate with similar potencies, which confirmed the func-

tion of the receptor was maintained. Furthermore, all mutants were still able to bind [*H]
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JNJ-46281222, which was displaced by unlabeled 1 with similar affinities, which confirmed
the integrity of the allosteric binding site (Fig. S1; Table S2).

To evaluate which of the amino acid residues was responsible for covalent binding of 2, the
washout assay was repeated (Fig 5A). Compound 1 was used as a control and showed around
maximal [*H]JN]J-46281222 binding after washing in all cases, confirming that 1 was washed
away during the washing cycles. The transiently transfected WT mGlu, showed a similar effect
of 2 after washing compared to the stable CHO-K1_hmGlu, cell line, i.e. complete inhibition
of [*H]JNJ-46281222 binding. Mutants R635*>32A, R720A, Y787A and C795"***A showed a
similar negligible level of [°’H]JNJ-46281222 binding, indicating that 2 was still binding cova-
lently. However, T7917%A showed [°PH]JNJ-46281222 binding to all available binding sites,

and thus a loss of covalent binding.

A full curve [PH]JNJ-46281222 displacement assay using the T7917***A mutant revealed
a pK, for 2 of 6.45 + 0.03 (Fig. 5C), which was similar to the transiently transfected WT
mGlu, receptor (Fig. 5B; 6.76 + 0.04), but lower than the pK, found at the CHO-K1_hmGilu,
membranes (Table 3). This discrepancy is likely caused by the difference in technique used, a
filtration binding assay in contrast to an SPA assay.

The loss of irreversible interaction for the T7917**%A mutant was further confirmed in
the displacement assay, as the [PH]JNJ-46281222 displacement curves of 2 with and without
pre-incubation step lost the large shift shown on the WT receptor (Fig. 5C) and were almost
overlapping for this mutant (Fig. 5B), indicating a loss of insurmountable binding behavior.
Together, these experiments indicated that T7917%** was the residue responsible for making
the covalent bond between the receptor and 2. A similar approach was used recently for the
adenosine A,, and neurotensin NTS1 receptors where a lysine and cysteine residue were
found to be responsible for the covalent interaction, respectively.”* The position of the cova-
lent bond was used to predict the binding mode of 2, which further increased the under-
standing of the binding of PAMs to the binding pocket in addition to our recent mutagenesis

and computational work described in chapter 2 and elsewhere.!>161

Compound 2 can be a useful structural biology tool as it would be expected to stabilize the
7TM domain in its active state, thereby potentially facilitating crystallization of the active state
receptor. This could be highly valuable for structure elucidation of an active state of a Class C
GPCR which up to now remains unreported. Furthermore, there is no crystal structure of the
7TM domain of the mGlu, receptor. Thus far the crystal structures of class C 7TM domains
were the NAM bound structures of mGlu, and mGlu, *** A PAM bound structure would
greatly enhance our understanding of the activation mechanism of class C GPCRs. Recently
Gregory et al. (2016) published the first clickable covalent photo-affinity ligands for the mGlu,

receptor.” These ligands are NAMs for the receptor and bind the receptor covalently upon
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Figure 5. A.) [*H]JNJ-46281222 binding to transiently transfected mGlu, mutants after pre-incuba-
tion with 1 or 2 at a 10x IC,;, concentration followed by 4 extensive washing cycles. B, C.) Displace-
ment of specific [*H]JNJ-46281222 binding from transiently transfected WT (B) and T79172%30A (C)
mGlu, receptor by 2 with and without a pre-incubation of 3 hours. Experiments were performed in
the presence of a glutamate concentration equivalent to its EC, value. Data represent the mean =
SEM of at least three individual experiments performed in duplicate. ** p<0.0001, one-way ANOVA
with Dunnett’s post-test compared to WT.

photo-activation. The ligands contain an alkyne click handle that can be used for conjugation
of clickable dyes. These probes can then be used for various purposes such as imaging in
native tissues.” Such a strategy is also of interest for the mGlu, receptor and 2 may be used as

a starting point for further chemical optimization.

Covalent ligands have proved to be successful medicines for various indications, but due
to safety concerns they are mostly neglected in drug discovery.® This is especially the case
for neuroscience indications that often require chronic treatment thus exacerbating such
fears. Nevertheless, the introduction of covalent warheads into ligands that were optimized
for non-covalent affinity may overcome some of the expected difficulties of off-target-activi-
ties. Such highly targeted, selective covalent inhibitors represent the current state of the art.”
Furthermore, covalent allosteric modulators are even more likely to be used as therapeutics
compared to orthosteric ligands since they lack intrinsic efficacy, thereby avoiding problems

due to on-target toxicity.*’
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CONCLUSION

In conclusion, this study reports the design, synthesis and pharmacological characteriza-
tion of the first covalent PAM for a class C GPCR. In addition, a combined computational and
mutagenesis approach enabled the identification of T7917***as the position of the covalent
interaction. Due to its favorable allosteric properties, this compound may be considered a tool
compound to further evaluate the use of covalent ligands as potential GPCR therapeutics.
Furthermore, it enhances the understanding of the binding mode of PAMs, may be consid-
ered a starting point of further development of a functionalized PAM probe, and could be a

valuable tool compound for structure elucidation of the mGlu, receptor.

EXPERIMENTAL SECTION

Chemistry

Unless otherwise noted, all reagents and solvents were obtained from commercial suppliers
and used without further purification. Thin layer chromatography (TLC) was carried out on
silica gel 60 F254 plates (Merck). Flash column chromatography was performed on silica gel,
particle size 60 A, mesh = 230-400 (Merck), under standard techniques. Microwave assisted
reactions were performed in a single-mode reactor, Biotage Initiator Sixty microwave reactor
(Biotage), or in a multimode reactor, MicroSYNTH Labstation (Milestone, Inc.). Nuclear
magnetic resonance (NMR) spectra were recorded with either a Bruker DPX-400 or a Bruker
AV-500 spectrometer (Bruker AG) with standard pulse sequences NMR data operating at
400 and 500 MHz, respectively, using CDCI, and DMSO-d, as solvents. Chemical shifts ()
are reported in parts per million (ppm) downfield from tetramethylsilane (3 = 0). Coupling
constants are reported in hertz. Splitting patterns are defined by s (singlet), d (doublet), dd (double
doublet), t (triplet), q (quartet), quin (quintet), sex (sextet), sep (septet), or m (multiplet). Liquid
chromatography combined with mass spectrometry (LC-MS) was performed either on a
HP 1100 HPLC system (Agilent Technologies) or Advanced Chromatography Technologies
system composed of a quaternary or binary pump with degasser, an autosampler, a column
oven, a diode array detector (DAD), and a column as specified in the respective methods. Flow
from the column was split to a MS spectrometer. The MS detector was configured with either
an electrospray ionization source or an ES-CI dual ionization source (electrospray combined
with atmospheric pressure chemical ionization). Nitrogen was used as the nebulizer gas. Data
acquisition was performed with MassLynx- Openlynx software or with Chemstation-Agilent

Data Browser software.
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Compounds are described by their experimental retention times (Rt) and ions. The reported
molecular ion corresponds to the [M+H]+ (protonated molecule) and/or [M-H]- (deprotonated
molecule). Purities of all new compounds were determined by analytical RP-HPLC using the
area percentage method on the UV trace recorded at a wavelength of 254 nm, and compounds
were found to have 295% purity unless otherwise specified. For (LC)MS-characterization of
the compounds of the present manuscript, the following method was used.

General procedure

The High Performance Liquid Chromatography (HPLC) measurement was performed
using an LC pump, a diode-array (DAD) or a UV detector and a column as specified in the
respective methods. If necessary, additional detectors were included (see table of methods
below). Flow from the column was brought to the Mass Spectrometer (MS) which was config-
ured with an atmospheric pressure ion source. It is within the knowledge of the skilled person
to set the tune parameters (e.g. scanning range, dwell time...) in order to obtain ions allowing
the identification of the compound’s nominal monoisotopic molecular weight (MW) and/or
exact mass monoisotopic molecular weight. Data acquisition was performed with appropriate
software. Compounds are described by their experimental retention times (R and ions. If
not specified differently in the table of data, the reported molecular ion corresponds to the
[M+H]" (protonated molecule) and/or [M-H] (deprotonated molecule). In case the compound
was not directly ionizable the type of adduct is specified (i.e. [M+NH,[J*, [M+HCOOJ, etc...).
For molecules with multiple isotopic patterns (Br, Cl..), the reported value is the one obtained
for the lowest isotope mass. All results were obtained with experimental uncertainties that
are commonly associated with the method used. Hereinafter, “DAD” means Diode Array
Detector, “SQD” Single Quadrupole Detector, “CSH”, Charged Surface Hybrid.

Method 1

In addition to the general procedure: Reversed phase HPLC was carried out on an Eclipse
Plus-C18 column (3.5 pm, 2.1 x 30 mm) from Agilent, with a flow rate of 1.0 ml/min, at 60°C
without split to the MS detector. The gradient conditions used are: 95 % A (0.5 g/l ammonium
acetate solution + 5 % acetonitrile), 5 % B (mixture of acetonitrile / methanol, 1/1), kept 0.2
minutes, to 100 % B at 1.0 minute, kept till 1.15 minutes and equilibrated to initial conditions
at 1.3 minutes, kept until 3.0 minutes. Injection volume 2 pl. Low-resolution mass spectra
(single quadrupole, SQD detector) were acquired by scanning from 100 to 1000 in 0.1 seconds
using an inter-channel delay of 0.08 second. The capillary needle voltage was 3 kV. The cone
voltage was 20 V for positive ionization mode and 30 V for negative ionization mode. This
method was used for compounds 7a-c.

Method 2

In addition to the general procedure: Reversed phase UPLC was carried out on an CSH
-C18 column (1.7 um, 2.1 x 50 mm) from Waters, with a flow rate of 1.0 ml/min, at 50°C
without split to the MS detector. The gradient conditions used are: 95 % A (0.5 g/l ammonium

acetate solution + 5 % acetonitrile), 5 % B (acetonitrile), to 95 % B at 4.6 minutes, kept until
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5.0 minutes. Injection volume 2 pl. Low-resolution mass spectra (single quadrupole, SQD
detector) were acquired by scanning from 100 to 1000 in 0.1 seconds using an inter-channel
delay of 0.08 second. The capillary needle voltage was 3 kV. The cone voltage was 25 V for
positive ionization mode and 30 V for negative ionization mode. This method was used for

compounds 2-4.

4-[[4-[3-(Cyclopropylmethyl)-8-(trifluoromethyl)-[1,2,4]triazolo[4,3-alpyridin-7-yl]phenyl]carbamoyl]
benzenesulfonyl fluoride (2). DIPEA (0.079 mL, 0.4514 mmol) was added to a stirred solution of 7a
(0.1 g, 0.301 mmol), 8a (0.074 mg, 0.3611 mmol) and HATU (0.195 mg, 0.512 mmol) in DMF (2 mL).
The mixture was stirred at room temperature for 3 hours. The mixture was diluted with CH,Cl, and
washed with sat. NH,Cl and NaHCO, aqueous saturated solution. The organic layer was separated,
dried (Na,SO,), filtered and the solvents evaporated in vacuo. The crude product was purified by
flash column chromatography (silica; CH,Cl, in MeOH 100/0 to 94/6). The desired fractions were
collected and the solvents evaporated in vacuo to yield 2 (0.116 g, 75%). "H NMR (500 MHz, DMSO-
d,) 510.84 (s, 1H), 8.75 (d, ]=7.22 Hz, 1H), 8.22-8.41 (m, 4H), 7.93 (d, ]=8.38 Hz, 2H), 7.47 (d, ]=8.67 Hz,
2H), 6.97 (d, J=6.94 Hz, 1H), 3.15 (d, J=6.94 Hz, 2H), 1.19-1.31 (m, 1H), 0.46-0.66 (m, 2H), 0.23-0.41 (m,
2H). LC-MS: m/z 519 [M + HJ, {R = 2.24 min.

4-[[3-[3-(Cyclopropylmethyl)-8-(trifluoromethyl)-[1,2,4]triazolo[4,3-alpyridin-7-yllphenyl]carbamoyl]
benzenesulfonyl fluoride (3). Starting from 7b (0.260 g, 0.7824 mmol) and 8b (0.192 mg, 0.9388
mmol) and following the procedure described for 2, compound 3 was obtained (0.274 g, 68%). 'H
NMR (500 MHz, DMSO-d,) d 10.83 (s, 1H), 8.76 (d, ]=7.22 Hz, 1H), 8.22-8.42 (m, 4H), 7.81-7.99 (m,
2H), 7.54 (t, ]=7.80 Hz, 1H), 7.21 (d, ]=7.80 Hz, 1H), 6.96 (d, J=7.22 Hz, 1H), 3.15 (d, ]=6.65 Hz, 2H),
1.12-1.37 (m, 1H), 0.46-0.66 (m, 2H), 0.23-0.42 (m, 2H). LC-MS: m/z 519 [M + HJ", {R = 2.24 min.

4-[[4-[3-(Cyclopropylmethyl)-8-(trifluoromethyl)-[1,2,4]triazolo[4,3-alpyridin-7-yllphenylImethylcar-
bamoyl] benzenesulfonyl fluoride (4). 7c (0.050g, 0.144 mmol) in 1,4-dioxane (0.5 mL) was added
to 8b (0.038 g, 0.173 mmol). The resulting suspension was heated at 90°C for 30 min. After cooling,
the suspension was filtered, washed with Et,O and dried under vacuum. The crude product was
purified by flash column chromatography (silica; CH,Cl, in MeOH 100/0 to 94/6) to give 4 as a white
solid. (0.025 g, 33%). "H NMR (400 MHz, DMSO-d,)  9.55 (t, J=5.90 Hz, 1H), 8.73 (d, ]=6.94 Hz, 1H),
8.13-8.39 (m, 4H), 7.31-7.55 (m, 1H), 6.92 (d, ]=7.40 Hz, 1H), 4.62 (d, ]=6.01 Hz, 2H), 3.13 (d, ]=6.70 Hz,
2H), 1.14-1.31 (m, 2H), 0.45-0.62 (m, 2H), 0.20-0.40 (m, 2H). LC-MS: m/z 533 [M + HJ", {R = 2.13 min.

4-[3-(Cyclopropylmethyl)-8-(trifluoromethyl)-[1,2,4]triazolo[4,3-alpyridin-7-yllaniline (7a). Pd(PPh,),
(0.075 g, 0.065 mmol) was added to a stirred suspension of 5 (0.300 g, 1.0883 mmol) and 6a (0.164 g,
1.197 mmol) in a saturated aqueous solution of NaHCO, (2 mL) and 1,4-dioxane (5 mL). The mixture
was heated at 150 °C for 15 min under microwave irradiation, then cooled to room temperature and
filtered through a Celite pad. The filtrate was diluted with water (20 mL) and extracted with EtOAc
(2 x 15 mL). The organic layer was washed with brine (15 mL), dried over anhydrous Na,SO,, and
concentrated in vacuo. The crude was purified by flash column chromatography (silica gel, MeOH-
NH, in CH,Cl,, 0/100 to 5/95) to give the desired product 7a as a pale yellow solid (0.227 g, 61%).
LC-MS: m/z 333 [M + HJ", {R = 1.62 min.

3-[3-(Cyclopropylmethyl)-8-(trifluoromethyl)-[1,2,4]triazolo[4,3-alpyridin-7-yl]aniline (7b). Starting
from 5 (0.300 g, 1.0883 mmol) and 6b (0.208 g, 1.197 mmol) and following the procedure described
for 7a, compound 7b was obtained as a pale yellow solid (0.265 g, 68%). LC-MS: m/z 333 [M + HJ’,
tR =1.64 min.

[4-[3-(Cyclopropylmethyl)-8-(trifluoromethyl)-[1,2,4]triazolo[4,3-alpyridin-7-yl]phenyllmethanamine

(7¢). Starting from 5 (0.300 g, 1.0883 mmol) and 6¢ (0.279 g, 1.197 mmol) and following the procedure
described for 7a, compound 7c was obtained as a pale yellow solid (0.245 g, 65%). LC-MS: m/z 347
[M +H]+, tR = 1.5 min.

Biology

Cell Culture

CHO-K1 cells (CCL-61; ATCC, Rockville, MD, USA) were grown in Dulbecco’s modified
Eagle’s medium/Nutrient F-12 Ham (DMEM/F12) supplemented with 10% (v/v) fetal calf
serum, 100 IU-mL" penicillin, 100 pug-mL"*streptomycin and 100 mM pyruvate. CHO-K1 cells

124



A covalent allosteric modulator

stably expressing the wildtype (WT) hmGlu, receptor (CHO-K1_hmGlu,; Janssen Research
and Development) were grown in Dulbecco’s modified Eagle’s medium (DMEM) supple-
mented with 10% (v/v) fetal calf serum, 200 IU-mL" penicillin, 200 ug-mL~*streptomycin, 30.5
ug-mL™" L-proline and 400 ug-mL"' G418. All cells were grown at 37°C and 5% CO, and were

subcultured at a ratio of 1:10 twice every week.

Plasmids and Transient Transfection

cDNA encoding human mutated and non-mutated mGlu, receptors was synthesized by
GeneArt® (Life Technologies, Carlsbad, CA, USA), subcloned to the pcDNA3.1(+) expression
vector (Life Technologies) and amplified by E. Coli transformation. 24 hours before transfec-
tion, cells were seeded in 15 cm @ culture plates at high density (20,000 cells/cm?). Transient
transfections in CHO-K1 cells were performed using the cationic lipid transfection reagent

LTX lipofectamine reagent (Life Technologies).

Cell Membrane Preparation

CHO-K1_hmGlu, cells in DMEM without G418 were plated into 15 cm @ plates. Upon
growth to 70% confluency sodium butyrate (final concentration 5 mM) was added to the plates
1. After 24 hours, cells were detached by scraping into 5 ml of PBS and subsequently centri-
fuged at 1500 rpm for 5 min. Pellets were resuspended in ice-cold Tris buffer (50 mM Tris-HCl
pH 7.4) and homogenized using an Ultra Turrax homogenizer at 24,000 rpm (IKA-Werke
GmbH & Co.KG, Staufen, Germany). Membranes and the cytosolic fraction were separated by
centrifugation at 31,000 rpm at 4°C for 20 min in an Optima LE-80 K ultracentrifuge (Beckman
Coulter, Fullerton, CA). After resuspension of pellets in 10 ml Tris buffer, the centrifugation
and homogenization steps were repeated. The remaining pellets were suspended into assay
buffer (50 mM Tris-HCI pH 7.4, 2 mM CaCl,, 10 mM MgCl,) which was followed by homoge-

nization. Aliquots were stored at -80°C.

[FH]INJ-46281222 binding assays using CHO-K1_hmGlu, membranes

Membrane homogenates (15 pg) and pre-wetted wheat-germ agglutinin coated SPA beads
(0.2 mg; RPNQO001, PerkinElmer, Groningen, The Netherlands) were pre-coupled in assay
buffer while gently shaking at room temperature for 30 minutes. Then, this membrane bead
mixture was added to an Isoplate-96 (PerkinElmer) together with 6 nM [PH]JN]J-46281222 and
increasing concentrations of competing ligand. Nonspecific binding was determined using 10
UM JNJ-40068782 (9)*2. In case of pre-incubation experiments, [*H]JN]J-46281222 was added
after a 3 hour pre-incubation of the samples containing membrane and competitor. Plates
were counted in a Microbeta 2450* Trilux scintillation microplate counter (PerkinElmer) after
a 1 hour incubation at 25°C.

For competition association experiments, the plate was rapidly placed in the microplate

counter after addition of the membrane homogenates. Plates were recorded for 120 minutes
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measuring every 30 seconds at ambient temperature. The assay buffer in these experiments
contained 1 mM glutamate, as this was shown to induce monophasic association and disso-
ciation. This enabled straightforward determination of kinetic parameters and resembles a

condition at which PAMs likely exert their effect under physiological conditions."

FHIINJ-46281222 binding assays using transiently transfected CHO-K1 hmGlu, membranes

Membrane homogenates (30 or 60 ug) were diluted in ice-cold assay buffer (50 mM Tris-HCl
pH 7.4, 2 mM CaCl,, 10 mM MgCl,) to a total reaction volume of 100 ul containing increasing
concentrations of competing ligand and 6 nM [PH]JNJ-46281222. Nonspecific binding was
determined using 10 uM 9. After 1 hour at 15°C, incubation was terminated by rapid filtration
over GF/C filters through a Brandel harvester 24 (Brandel, Gaithersburg, MD, USA) Filters
were subsequently washed at least three times using ice-cold wash buffer (50 mM TRIS-HCl
pH 7.4). Filter-bound radioactivity was determined using liquid scintillation spectrometry on
a TRI-Carb 2810 TR counter (PerkinElmer).

Irreversible binding of [PH]INJ-46281222 to CHO-K1_hmGlu, and transiently trans-
fected hmGlu, membranes.

Membrane homogenates (30, 60 or 120 pg) were chosen such that specific binding was close
to 10% to allow for good resolution and avoid ligand depletion. Samples were incubated with
mGlu, PAMs 1-4 at a 10x IC,; concentration in a total volume of 400 ul (CHO-K1_hmGlu,
membranes) assay buffer containing 1 mM glutamate in Eppendorf tubes. 0.25% DMSO was
taken as a control for total binding and non-specific binding.

After incubation for 1 hour at 25°C while gently shaking, the samples were centrifuged
at 16,100xg at 4°C for 5 minutes. Unbound ligands were removed by aspiration of superna-
tant. 1 ml of assay buffer was added, pellets were resuspended and samples were incubated
for 20 min. at 25°C. This centrifugation and washing cycle was repeated 4 times. After that,
supernatant was removed and the membranes were resuspended in a total volume of 400 pl
(CHO-K1_hmGlu,) or 100 pl (transiently transfected hmGlu, mutants) containing 6 nM [*H]
JNJ-46281222 and 1 mM glutamate in tubes. Non-specific binding was determined using 10
uM 9. After 1 hour incubation at 25°C, incubations were terminated and samples obtained
and analyzed as described under ‘[°’H]INJ-46281222 Binding’'.

[?*SIGTPyS Binding Assays

Membrane homogenates (5 or 10 pug) were diluted in ice-cold assay buffer (50 mM Tris-HCl
pH 7.4, 100 mM NaCl, 3 mM MgCl,) supplemented with 10 uM GDP (Sigma-Aldrich, St.
Louis, MO, USA) and 5 ug saponin to a total reaction volume of 80 ul containing increasing
concentrations of ligand of interest and a glutamate concentration equivalent to its EC, value
(4 uM) in case of a PAM dose-response curve. Basal receptor stimulation was determined

using assay buffer, maximum receptor stimulation was determined using 1 mM glutamate.
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Samples were pre-incubated for 30 minutes at 25 °C. Subsequently, 20 ul [*S]GTPYS (final
concentration 0.3 nM; PerkinElmer) was added. The reaction was stopped after a 90 minute
incubation at 25 °C by rapid filtration through a 96-well GF/B filterplate (PerkinElmer) on
a PerkinElmer filtermate harvester. Plates were washed with ice-cold wash buffer (50 mM
Tris-HCl pH 7.4, 5 mM MgCl,). Filter-bound radioactivity was determined by scintillation

spectrometry using the Microbeta? counter.

Irreversible binding to CHO-K1_hmGlu, membranes in a functional [**S]GTPyS binding assay.

Experiments were performed as described under ‘Irreversible binding of [PHIN]-46281222
to CHO-K1_hmGlu, and transiently transfected mutant hmGlu, membranes’, with assay buffer as
described under ‘[*S]JGTPyS Binding’. PAMs were diluted in assay buffer containing a gluta-
mate concentration equivalent to its EC,; value (4 uM). After the washing steps, membrane
suspensions were transferred to tubes in a volume of 360 pl assay buffer containing saponin
(10 pug) and GDP (10 uM). PAM samples contained an EC,, glutamate concentration, total
binding was determined using 1 mM glutamate and basal [*S]GTPYS binding was deter-
mined using assay buffer only. Samples were pre-incubated for 30 minutes at 25 °C. Subse-
quently, 40 pl [®S]GTPYS (final concentration 0.3 nM) was added. The reaction was stopped
after a 30 minute incubation at 25 °C by rapid filtration over GF/B filters through a Brandel
harvester 24 (Brandel, Gaithersburg, MD, USA). Filters were subsequently washed at least
three times using ice-cold wash buffer (50 mM Tris-HCI pH 7.4, 5 mM MgClL,). Samples were
analyzed as described under ‘[°H][NJ-46281222 Binding’.

[PH]LY341495 Binding Assays

Membrane homogenates (5 ug) were diluted in assay buffer (50 mM Tris-HCl pH 7.4, 2
mM CaCl,, 10 mM MgCl,) to a total reaction volume of 100 ul containing increasing concen-
trations of glutamate (100 nM to 1 mM) and 3 nM [PH]LY341495 (ARC, St. Louis, MO, USA).
Non-specific binding was determined using 1 mM glutamate. After incubation for 1 hour at
25°C, samples were rapidly filtered through a 96-well GF/B filterplate (PerkinElmer) on a
PerkinElmer filtermate harvester and washed three times with ice-cold wash buffer (50 mM
Tris-HCl pH 7.4). Samples were analyzed as described under ‘[°HJJNJ-46281222 Binding'.

For all radioligand binding experiments DMSO concentrations were <0.25% and radioli-
gand concentrations were chosen such that <10% of the amount added was receptor-bound

to avoid ligand depletion.

Data analysis

Data analyses were performed using Prism 7.00 (GraphPad software, San Diego, CA, USA).
plC,, values were obtained using non-linear regression curve fitting into a sigmoidal concen-
tration-response curve using the equation: Y=Bottom + (Top-Bottom)/(1+10"(X-LogIC,)). pK|

values were obtained from pIC, values using the Cheng-Prusoff equation . pEC, values were
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determined using non-linear regression curve fitting into a sigmoidal concentration-response
curve with variable slope using the equation: Y=Bottom + (Top-Bottom)/(1+10((-egEC0-X)Hillslope)) |
Association and dissociation rate constants for unlabeled mGlu, PAMs were determined by
nonlinear regression analysis of competition association data as described by Motulsky and
Mahan.” In these equations k, and k, represent the k,_and knff of [PH]JNJ-46281222, which are
described in table 1.

K, =k[L]'107 +k,

K, =k[11-107 +k,
S=J(K,—K,) +4-k k,-L-1-10"
K, =05K,+K,+S)

Ky =05K,+K,-S)

Q:Bmax k,-L-107°
KF 7Ks
Y = Q.(kA '(KF 7KS) + k4 _K/-' e(—KF-X) _ k4 7Ks e(*K;vX))
K, K K, K

Data shown represent the mean + SEM of at least three individual experiments performed
in duplicate. Statistical analysis was performed if indicated, using a one-way ANOVA with
Dunnett’s post-test or an unpaired student’s t-test. Observed differences were considered

statistically significant if p-values were below 0.05.

Computational efforts

The mGlu, receptor homology model: Method is as described in chapter 2. An active
state model of the 7TM domain of human mGlu, receptor (Uniprot code Q14416) bound to
G protein was built using a combination of structural templates. The crystal structure of the
human mGlu, (PDB 4009, ') was used to model all 7TM helices except TM6. ECL2 is not
refined in the mGlu, X-ray structure therefore this important loop was modelled based on the
mGlu, receptor crystal structure (PDB 40R2, '). Finally, the 3,AR (PDB ID 3SN6, **) active
structure was used to model both TM6 in its distinct open conformation as well as the corre-
sponding G protein. The sequence identity between mGlu, and mGlu, 7TM’s is 51%. The
initial model was constructed in MOE v2014.9 (Chemical computing group Inc., Montreal,
QC, Canada) and then Maestro (Schrodinger LLC, New York, NY, USA) was used for struc-
ture preparation. The Protein Preparation tool was used to fix any missing sidechains/atoms,
PROPKA assigned protonation states, the hydrogen bonding network was optimized, and
brief minimization until no further change of RMSD to within 0.5 A removed any structural
clashes.

Docking of 2: The ligand was prepared for docking using Maestro. Conformational
sampling was performed with ConfGen and multiple conformers were docked into the mGlu,
active state model using Glide XP. As there is no ligand in the mGlu, model, the docking grid

was centered on the ligand position in the mGlu, receptor structure, based on superposition
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of mGlu, and mGlu,. Sampling was increased in the Glide docking by turning on expanded

sampling and passing 100 initial poses to post-docking minimization. All other docking

parameters were set to the defaults.
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Table S2. Effect of transiently transfected mGlu, receptor mutants on [*S]GTPyS binding and
displacement of [*H]LY341495 and [*H]JNJ-46281222. Data represent the mean + SEM of at least
three individual experiments performed in duplicate.

PuGTsbnang  [Hbmass P
Mutant Glutamate pEC,; Glutamate pIC,; INJ-46281222 pK,
Transient WT 4.95 +0.04 5.07 £ 0.12 8.38+0.13
R63533232 4.9 +0.22° 4.84 +0.04 8.76 +0.10
R720A 5.08 £ 0.11 491 +0.03 8.51+0.18
Y787A 5.43 + 0.05 5.07 + 0.09 8.55+0.04
T7917-2930A 5.31+0.21 5.13 £ 0.05 8.36 £ 0.07
C79573334 5.30 £ 0.25 4.94 + 0.06 8.42 +0.07

Values represent the mean + SEM of at least three individual experiments, performed in duplicate. 2 As previously
described by Farinha et al. (2015)."
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ABSTRACT

Label-free cellular assays using a biosensor provide new opportunities for studying G
protein-coupled receptor (GPCR) signaling. As opposed to conventional in vitro assays, inte-
grated receptor-mediated cellular responses are determined in real-time rather than a single
downstream signaling pathway. In this study, we examined the potential of a label-free whole
cell impedance-based biosensor system (i.e. XCELLigence) to study the pharmacology of one
GPCR in particular, the mGlu, receptor. This receptor is a target for the treatment of several
psychiatric diseases such as schizophrenia and depression.

After optimization of assay conditions to prevent interference of endogenous glutamate
in the culture medium, detailed pharmacological assessments were performed. Concentra-
tion-response curves showed a concentration-dependent increase in impedance for agonists
and positive allosteric modulators, whereas receptor inhibition by an antagonist or negative
allosteric modulator resulted in a concentration-dependent decrease in cellular impedance.
Interestingly, constitutive receptor activity was observed that was decreased by LY341495,
which therefore behaved as an inverse agonist here, a property that was heretofore unappre-
ciated. This was confirmed by concentration-dependent modulation of LY341495 potency and
efficacy by a allosteric modulators.

In summary, the use of the xCELLigence system to study mGlu, receptor pharmacology
was validated. This is the first class C GPCR to be characterized extensively by such method,
opening new avenues to study receptor pharmacology including inverse agonism and demon-

strating its value for future drug discovery efforts of mGlu receptors as well as other GPCRs.
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INTRODUCTION

Traditionally, drug discovery at G protein-coupled receptors (GPCRs) has been based on
screening drug candidates using functional in vitro endpoint-based assays in which the ability
of a compound to activate or inhibit a certain pathway is determined. Over the last decade on
the other hand the use of label-free cellular assays has greatly increased.!? These assays, typi-
cally using a biosensor, measure cellular responses upon ligand stimulation, which result in
morphological changes of the whole cell.? Thereby some of the caveats of traditional endpoint
assays are circumvented: no labels (e.g. radioactive, fluorescent) or reporter genes are required
and measurements can be performed continuously.* Cell types used include recombinant
cell lines, cell lines endogenously expressing the target of interest and even patient-derived
cells.’ Label-free assays used to study GPCR responses are mostly based on measurement
of changes in cell morphology either optically, such as EPIC (Corning Inc.) or by changes in
impedance, such as xCELLigence (ACEA Biosciences).'* These systems have proven valuable

in studying GPCR pharmacology in different cell lines.”?

Being a presynaptic regulator of glutamate release, the mGlu, receptor has been of great
interest in drug discovery over the last decade. This receptor, a class C GPCR, has emerged
as therapeutic target for various psychiatric diseases amongst which schizophrenia, depres-
sion and anxiety, which are characterized by glutamatergic dysfunction.’®! A variety of
glutamate-like agonists that can dampen glutamate hyperfunction was developed, of which
LY2140023 of Eli Lilly, a prodrug of LY404039 showed improvement in positive and negative
symptoms in schizophrenic patients, which could not be confirmed in later clinical studies.>*
Inhibition of the mGlu, receptor can be beneficial for glutamate hypofunction in depression,
and when considering the orthosteric binding site antagonist LY341495 has been the most
studied for this purpose.’** Since the orthosteric site is highly conserved among the mGlu
receptor subtypes and medicinal chemistry of orthosteric ligands is constrained to hydrophilic
glutamate derivatives, drug development efforts later shifted to allosteric modulators for the
mGlu, receptor, which have been shown to bind in a less evolutionary conserved binding site
within the transmembrane domain.'*"® This allosteric binding site is more hydrophobic and
allows more chemical diversity.” Therefore, subtype selectivity is obtained relatively easier
and allosteric modulators are more prone to cross the blood brain barrier due their increased
lipophilicity. Allosteric modulators enhance or inhibit the affinity and/or efficacy of the endog-
enous agonist glutamate and some positive allosteric modulators (PAMs) also show intrinsic
efficacy, referred to as PAM agonism.” Reference PAMs in the field include JNJ-40068782,*
BINA? and JNJ-46281222.%2 Two PAMs entered clinical trials, AZD8529 of AstraZeneca and
JNJ-40411813 (also known as ADX71149) from Janssen/Addex.>** A number of mGlu, nega-

tive allosteric modulators (NAMs) have been characterized in vivo, including a recent series
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of NAMs from Janssen and RO4491533 and decoglurant from Roche, of which the latter also
advanced into clinical trials.**?? Taken together, discovery efforts have resulted in a great
diversity of selective and high affinity mGlu, ligands, but no compounds have successfully

passed clinical evaluation.

To increase the understanding on ligand-induced mGlu, responses, we evaluated in this
study the use of the label-free impedance-based xCELLigence system to study the phar-
macology of the mGlu, receptor in vitro. A benefit of this biosensor is that experiments are
performed under more relevant conditions than most traditional assays (i.e. living cells at
37°C in culture medium). After optimization of pre-treatment conditions to reduce the
concentration of endogenous glutamate in the assay medium, responses of an agonist, antag-
onist, PAM and NAM were studied. Furthermore, we evaluated constitutive receptor activity
by using antagonist/inverse agonist and NAM pre-treatment experiments. Finally, the effects
of a PAM or NAM on agonist efficacy were studied. Taken together, biosensor-based label-
free systems are helpful in studying (novel) mGlu, pharmacology in a more physiologically

relevant environment. Our studies may be equally relevant for other class C GPCRs.

MATERIALS AND METHODS

Materials

LY354740, RO4491533 and JNJ-46281222 were synthesized at Janssen Research and Devel-
opment (Toledo, Spain). LY341495 was obtained from Tocris BioScience (Bristol, UK). Benzoyl-
chloride, Dulbecco’s modified Eagle’s medium (DMEM), glutamate, glutamine, glutamate-d5
standards, glutamate-pyruvate transaminase (GPT), pertussis toxin (PTX) and sodium pyru-
vate were from Sigma-Aldrich (St. Louis, MO, USA). Penicillin, streptomycin, L-Proline and
(G418 were obtained from Duchefa Biochemie (Haarlem, The Netherlands). Fetal calf serum
(FCS) was from Biowest (Nuaillé, France). PET E-plates 16 and 96 for the xCELLigence DP and
SP system (ACEA Biosciences, San Diego, CA, USA) were obtained from Bioké (Leiden, the
Netherlands). Chinese hamster ovary cells (CHO-K1, CCL-61) were from ATCC (Rockville,
MD, USA). CHO-K1 cells stably expressing the hmGlu, receptor (CHO-K1_hmGlu,) were
from Janssen Research and Development (Beerse, Belgium). Acetonitrile ULC/MS-grade was
purchased from Biosolve (Valkenswaard, The Netherlands). Formic acid 98-100% and diso-
dium tetraborate decahydrate were obtained from Merck (Darmstadt, Germany). High purity
water was obtained with a Milli-Q Reference Ultrapure Water Purification System (Merck
Millipore, Billerica, MA, USA). Other chemicals were of analytical grade and from standard

commercial sources.
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Cell culture

CHO-K1_hmGlu2 cells were grown in DMEM supplemented with 10% (v/v) FCS, 200
IU-mL" penicillin, 200 pg-mL" streptomycin, 30.5 ug-mL* L-proline and 400 pug-mL"* G418 at
37°C and 5% CO,. CHO-K1 WT cells were cultured in the same medium without G418.

Analysis of glutamate concentration

Preparation of stock solutions and curves

As glutamate is present in the culture medium as an endogenous entity, a calibration curve
had to be prepared in an artificial matrix, for which demineralised water was used. There-
fore, a quality check was performed to validate quantification of the samples with a standard
addition step (a known amount of glutamate is spiked to a sample). The calibration curve was
prepared in a range of 0.010 — 50 ug/ml, starting from a stock solution of 100 ug/ml glutamate
in water. Glutamate-d5 was used as a stable isotope labelled internal standard (STIL).

Sample preparation

Glutamate was quantified after derivatization with benzoylchloride. 20pL medium was
transferred to a sample tube, subsequently 20uL of the calibration curve in water was added
followed by 20uL of STIL Glu-d5 and 20uL of NaBorate solution (100mM, pH 8). For deri-
vatization, 40ul benzoylchloride (3% v/v in acetonitrile) was transferred to the sample tubes,
after which samples were incubated for 15 min at 50°C and subsequently cooled to room
temperature for 10 min. Finally, 200uL 0.1% formic acid was added. Samples were vortexed
and centrifuged for 3min at 6000g, after which the supernatant was analyzed.

Liquid chromatography — mass spectrometry

Chromatographic separation was performed with an Acquity UPLC system (Waters, Mill-
ford, Boston, USA). Injections of 2 uL were made on an Acquity UPLC BEH C18 2.1 x 50
mm (1.7 um particles) column held at 55°C at a flow rate of 0.400 ml/min. Chromatographic
elution started isocratically at 2% solvent B (acetonitrile) and 98% solvent A (0.1% formic acid)
for 0.2 min. A subsequent linear gradient to 30% B in 1.8 min, followed by a wash step (0.2
min at 98% solvent B) and 0.8 min equilibration time at 2%B resulted in a total run time of 3
min/injection.

Instrument parameters were optimized by injecting a glutamate standard solution (2 ng/
ml in 0.1% formic acid/acetonitrile,v/v; 80/20) at a flow rate of 10 pl/min. The following source
parameters were used: source temperature 150°C, desolvation temperature 450°C, capillary
2.9kV, sampling cone 30V, source offset 50V, cone gas 150 L/h, desolvation gas 900 L/h, colli-
sion gas flow 0.18 ml/min and nebulizer gas 6 ml/min. Glutamate was analyzed in the positive
ion mode with electrospray ionization and detected by multiple reaction monitoring (MRM)
(collision energy 20 eV and dwell time 75 ms) on a triple quad Xevo TQ-s system (Waters,
Manchester, UK), monitoring the channels of m/z 252.1 -> 105.1 (quantifier) and m/z 252.1-
>130.1 (qualifier), respectively. The MRM transition monitored for the STIL Glu-d5 is m/z

257.1 -> 105.1. During method optimization, special consideration was given to the chroma-
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tographic separation of glutamate and glutamine. The incubation medium has an excessive
amount of glutamine present and it is known that glutamine, with a MW 1 Da lower than
glutamate, gives crosstalk in the MRM channel of glutamate. Therefore, glutamine was also
monitored, at m/z 251.1 -> 105.1 as a qualifier. Quantitative values were obtained by relating
chromatographic peak areas to those derived from separately run calibration standards as
described above. Calibration curves were plotted using a non-weighted log-log linear regres-

sion.

Label-free whole-cell assays

Label-free whole-cell assays were performed using the xCELLigence real-time cell analyzer
(RTCA) system®® as previously described.” The system measures whole-cell responses based
on changes in electrical impedance generated by adherence of cells to gold-coated electrodes
at the bottom of microelectronic E-plates. Relative changes in impedance (Z) are recorded
continuously and displayed in the dimensionless parameter Cell Index (CI), which is defined
as (Z,-7,) Q/15Q. Z is the impedance at a given time and Z, is the baseline impedance meas-
ured at the start of the experiment in the absence of cells.

Z, was measured after adding 45 pl, or in the case of pre-incubation experiments 40 pl,
culture medium per well in 16 or 96 well E-plates. 50 ul of cell suspension was added to
the plate containing 40,000 cells per well. After resting at room temperature for 30 minutes,
E-plates were mounted in the recording station within a humidified 37°C, 5% CO, incubator.
Subsequently, impedance was measured overnight every 15 minutes. To remove endogenous
glutamate, refreshment of culture medium by culture medium or serum-free culture medium
with GPT (3 U/ml) and additional pyruvate (3 mM) was performed 3 hours before stimulation
unless stated otherwise. For evaluation of constitutive receptor activity, pre-incubation with
antagonist LY341495 or NAM R0O4491533 was performed 1 hour before stimulation. After 19
hours, cells were stimulated with increasing concentrations of ligand (i.e. agonist, antagonist,
PAM or NAM). Final well volumes after addition of compounds were 100 ul in all cases.
DMSO concentrations were constant between wells and were < 0.1%. For inhibition of Ga,
signaling, cells were seeded in culture medium containing PTX (300 ng/ml) when indicated.

PTX concentrations were kept constant also after medium refreshment.

Data analysis

RTCA software 2.0 (ACEA Biosciences) was used to obtain the experimental data. All anal-
yses were performed using Prism 7.00 (GraphPad software, San Diego, CA, USA). Ligand
responses were normalized to A cell index (ACI) after subtracting baseline (vehicle control) to
correct for ligand-independent effects. Maximum or minimum peak responses were consid-
ered as the highest or lowest level of ACI within 60 min after compound stimulation and were
used for bar graphs and concentration-response curves. pEC, and pIC, values were obtained

using non-linear regression curve fitting into a sigmoidal dose-response curve with variable
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slope. Data shown are the mean + SEM of at least three individual experiments performed
in duplicate. Statistical analyses were performed as indicated. If p-values were below 0.05,

observed differences were considered statistically significant.

RESULTS AND DISCUSSION

Serum-free assay medium with GPT resulted in lowest levels of endogenous glutamate

One of the benefits of the xCELLigence biosensor is that experiments can be performed
under more relevant conditions than most traditional assays (i.e. living cells at 37°C in culture
medium). However, endogenous glutamate is often found in culture medium and is also
continuously produced by cells.* As high levels of glutamate will interfere with functional
responses by other mGlu, receptor agonists, we first determined the concentration of endoge-
nous glutamate in culture medium using HPLC analysis, which was found to be 78 + 2.0 uM
(Table 1). Since the potency of glutamate to activate the mGlu, receptor is around 10 uM, this
concentration is capable to activate the mGlu, receptor to a high level as shown in chapter 2
and 6 and earlier by Pin et al. (1999).* Hence, we aimed to reduce the concentration of endog-
enous glutamate in the culture medium. For this purpose, glutamate-pyruvate transami-
nase (GPT; 3 U/ml) was added in the presence of additional pyruvate (3 mM), a procedure
commonly used in the field of mGlu receptors, e.g. **¥. This treatment led to an almost 4-fold
lower concentration of glutamate in the culture medium: 23 + 0.09 uM. At this concentration,
glutamate is still able to activate the receptor over 50% and will thus significantly interfere
with the functional readout. Next, we switched to serum-free medium, which we determined
to contain only 0.22 + 0.005 uM endogenous glutamate, indicating that the fetal calf serum

(FCS) present in the culture medium was the main source of glutamate.

Importantly, when seeded in serum-free medium, cells did not attach to the bottom of
the wells, did not proliferate and therefore did not show any remarkable level of impedance
(data not shown). This clearly indicated that cells required FCS for growth and proliferation.
Therefore, serum-free medium was added to the wells by medium refreshment three hours
before stimulation only. Of note, during these first three hours of the serum-free medium
being on the cells, the concentration of glutamate increased to 13 + 0.47 uM at the time of stim-
ulation (Table 1). Therefore, GPT and pyruvate were added to this serum-free assay medium,
resulting in a stable concentration of endogenous glutamate during the signaling read-out of
1 hour (i.e. from 1.6 £ 0.09 uM at the moment of stimulation to 2.3 + 0.62 uM two hours after
stimulation, Table 1). This residual level of endogenous glutamate only slightly activates the
receptor to a maximum level of approximately 10%, leaving a large experimental window for

further (exogenous) agonist-induced receptor signaling studies.
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Table 1. Glutamate concentrations (uM) in culture medium or serum-free medium with and without
addition of GPT (3U / ml) and pyruvate (3 mM). Medium was added to the cells at the time of
medium refreshment (-3 hrs).

Time of: Time from Culture medium Serum-free medium

stimulation

(hrs)

- GPT + GPT - GPT + GPT

medium refreshment -3 78 £2.0 23 +£0.09 0.22 £0.005 0.098 + 0.004

-2.5 83x1.6 23 +£0.58 3.7 +£0.20 1.2 +£0.09
pre-treatment -1 88+1.3 25 +0.90 9.8 £0.09 1.2+0.10
stimulation 0 100 = 3.0 28 £ 1.1 13 +£0.47 1.6 £ 0.09

2 100 £9.4 33+1.9 17 £ 2.1 2.3+£0.62

Data are shown as mean + SEM of at least three individual experiments performed in duplicate.

Endogenous glutamate reduced agonist yet enhanced antagonist responses

The mGlu, receptor-mediated signaling was monitored on the xCELLigence RTCA system.
In the field of class C GPCRs, this technique was never characterized extensively, yet it was
used as a tool in two studies: Scandroglio ef al. (2010)* presented a small proof of concept
study on the mGlu, receptor and we reported on the mGlu, receptor using the xCELLigence
as a tool to assess the effect of binding kinetics on functional efficacy of mGlu, PAMs in
chapter 3 and 4. Here, CHO-K1_hmGlu, cells stably expressing the hmGlu, receptor were
used. 40,000 cells/well were seeded in culture medium 19 hours prior to stimulation (Fig.
1A). The cells adhered well to the bottom of the wells on the gold-coated electrodes, which is
essential for sufficient measurements of impedance.* Therefore no additional well coatings
had to be used. Overnight proliferation generally led to cell indices (CI) between 3 and 5 (Fig.

1B for two representative traces), dependent on cell passage number and confluency.

As discussed above, the concentration of endogenous glutamate varied between different
pre-treatment conditions (Table 1). To assess how this affected the response of an mCGlu,
receptor agonist or antagonist, responses of a single 1 uM concentration of LY354740 and
LY341495 were obtained, respectively. This concentration was chosen such that it is well above
the respective potencies of the two ligands. The traces of the agonist LY354740 at 1 uM were
always “positive”, inducing an increase in Cell Index and thus impedance (Fig. 1C,D). The
responses after different pre-treatment conditions varied greatly. When using normal culture
medium containing a high concentration of endogenous glutamate at the time of stimulation
(100 £ 3.0 pM), a small LY354740 response was observed, with peaks at an average maximum
ACIlevel of 0.098 +0.012 (Fig. 1D). In the presence of GPT and pyruvate the glutamate concen-
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Figure 1. Agonist LY354740 and antagonist LY341495-induced responses in the presence of different
concentrations of endogenous glutamate. A) Set-up of experiments. B) Typical growth curve of
CHO-K1 cells stably expressing the mGlu, receptor (40,000 cells/well). 3 hours prior to stimulation
culture medium was replaced by serum-free medium containing GPT (3 U/ml) and additional pyru-
vate (3 mM). Cells were stimulated with LY354740 (1 yM). Serum-free medium with 0.025% DMSO
was used as vehicle control. C) Responses induced by 1 uM LY354740 after different pre-treatment
conditions and the response of 1 uM LY354740 on CHO-K1 WT cells three hours after replacement
of culture medium by serum-free medium containing GPT. D) Maximum peak values induced by 1
MM LY354740 in the presence of different concentrations of endogenous glutamate as presented in
table 1. E) Responses induced by 1 pM LY341495 after different pre-treatment conditions and the
response of 1 yM LY341495 on CHO-K1 WT cells three hours after replacement of culture medium
by serum-free medium containing GPT. F) Maximum peak values induced by 1 pM LY341495 in the
presence of different concentrations of endogenous glutamate as presented in table 1. All xCEL-
Ligence traces are from representative experiments performed in duplicate. Bar graphs represent
mean = SEM of at least three individual experiments performed in duplicate. Statistical analyses
were performed using one-way ANOVA with Tukey’s post-test. * p < 0.05, ** p < 0.01, *** p < 0.001.
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tration was reduced to 28 + 1.1 uM at stimulation, resulting in an increased LY354740 response
with maximum peaks of 0.24 + 0.05 ACI. This response reached a similar maximum level as
when culture medium was replaced by serum-free medium, although the LY354740 response
was more prompt in that case (Fig. 1C). The highest and significantly increased LY354740
response was obtained using medium refreshment with serum-free medium containing GPT
and pyruvate, which contained 1.6 +0.09 uM endogenous glutamate at the time of stimulation,
leading to significantly increased maximum peaks of 0.47 + 0.04 ACI. Even in the presence of
a high concentration of endogenous glutamate, LY354740 was still able to induce responses
(Fig. 1C,D), which exemplified the sensitivity of the xCELLigence system, registering very
small ligand-induced responses.

In contrast to the positive LY354740 responses, 1 uM antagonist LY341495 induced oppo-
site negative responses in Cell Index (Fig. 1E). As for the agonist LY354740, the peak level
(i.e. minimum peak in case of LY341495) was dependent on the medium refreshment condi-
tions, although in reversed order. When using normal culture medium the peak of LY341495
was the largest, -1.62 + 0.06 ACI (Fig. 1F). Treatment of culture medium with GPT already
reduced the peak slightly, but when medium was refreshed by serum-free medium peaks
were significantly reduced to minimum levels of -0.92 + 0.08 ACI. Moreover, addition of GPT
did not further increase the minimum peak of LY341495 (-0.98 + 0.06 ACI, Fig. 1F), indicating
a relatively large response of the compound on its own. Interestingly, in serum-free medium
with GPT, the trace returned to baseline more readily after the peak (Fig. 1E), indicating that
the difference in glutamate levels still slightly altered the shape of the trace. Importantly, no
compound-induced responses were observed for both LY354740 and LY341495 at 1 uM in
parental wild-type CHO-K1 cells (Fig. 1C,E), confirming that all responses were mGlu, recep-
tor-mediated. This was in line with our previous observation that PAM JNJ-46281222 did not
induce significant responses on parental CHO-K1 cells as shown in chapter 4.

Taken together, the lowest level of endogenous glutamate was reached by medium refresh-
ment with serum-free medium supplemented with GPT, which was used for all further
experiments. Of note, the presence of the glutamate degrading enzyme GPT excluded further
experimentation with exogenous glutamate, since such experiments would not result in
meaningful parameters for potency and/or efficacy. The responses of LY354740 and LY341495
were affected by the different endogenous glutamate concentrations from the culture
medium. LY354740 peaks increased upon reduction of endogenous glutamate levels. On the
contrary, LY341495 peaks were reduced when endogenous glutamate levels were lowered.
Both observations indicate competition of the two molecules for the orthosteric glutamate
binding site, which has been shown in radioligand binding experiments with [’H]LY354740
and [PH]LY341495 as the radioligands.**!
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Agonist LY354740 and antagonist LY341495 induced concentration-dependent responses
at low levels of endogenous glutamate

Once the assay conditions were optimized, the potency of agonist LY354740 and antag-
onist LY341495 were determined. For LY354740 the impedance increased concentration-de-
pendently with a “positive” peak (i.e. positive ACI values) around 10 minutes, then gradually
decreasing with a second ‘shoulder’ peak around 20 minutes (Fig. 2A). A concentration-re-
sponse curve obtained from the maximum peak levels within the first 60 minutes after stim-
ulation revealed a pEC, value of 6.70 + 0.24 (Table 2; Fig. 2B). This potency was lower than
observed in other assay types such as Ca** mobilization (pEC,, 7.4)** and similar to the potency

obtained in electrophysiology experiments on hippocampal slices (pEC50 6.9).4

Table 2 Potency (pEC, or pIC,) of ligands at the mGlu, receptor in CHO-K1_hmGlu, cells after
refreshment of medium by serum-free medium containing GPT (3 U/ml) and pyruvate (3 mM).

Compound PEC,, pIC,,
LY354740 Agonist 6.70 £ 0.24 -

LY341495 Antagonist - 8.15 + 0.09
INJ-46281222 PAM 7.17 £0.24 -
RO4491533 NAM - 7.34+£0.19

pEC,/IC,, data are shown as mean + SEM from at least three individual experiments performed in duplicate.

Stimulation with increasing concentrations of the antagonist LY341495 resulted in concen-
tration-dependent negative peaks with a minimum around 15 minutes (Fig. 2A). For low
concentrations it took around 30 minutes to return to baseline, while at 0.1 and 1 uM LY341495
the trace returned to baseline after 120 or 180 minutes, respectively (data not shown). A pIC,,
value of 8.15 + 0.09 was obtained from the minimum peak levels (Fig. 2B; Table 2), which was
in agreement with potencies reported before using cAMP, Ca*-mobilization and [*S]GTPyS
assays.'**! The concentration-response curve of LY354740 had a pseudo-Hill coefficient of
around unity (1., 0.92) compared to the curve of LY341495 that was much steeper (1, -1.81).
As mentioned before, LY341495 showed negative responses in Cell Index, indicating that it
exhibits an opposite pharmacological effect compared to the agonist LY354740, resulting in
an opposite impedance measured. Similar observations have been seen using other label-
free systems (i.e. the CellKey and EPIC system), in which agonists induced an increase in
response, while inverse agonists caused a decrease in response.'* However, these studies
do not present a mechanistic understanding as they were performed on two non-disclosed
GPCRs. Given that in these studies inverse agonists induced negative responses, LY341495
may also be an inverse agonist at the mGlu, receptor, especially since the concentration of

endogenous glutamate was reduced to a level only slightly able to activate the receptor.
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Figure 2. Agonist LY354740 and antagonist LY341495-induced concentration-effect responses at low
concentration of endogenous glutamate (1.6 + 0.09 pM). A) Cells were stimulated by increasing
concentrations of agonist LY354740 or antagonist LY341495. B) Concentration-response curves were
obtained from maximum (LY354740) or minimum (LY341495) ACl values and normalized from vehi-
cle-induced ACI (0%) to maximum or minimum ACI (100% or -100% respectively). C) Responses of
1 uM LY354740 and 1 pM LY341495 in the absence or presence of PTX (300 ng/ml). D) Comparison
of maximum peak values induced by 1 uM LY354740 and minimum peak values induced by 1 yM
LY341495 in the absence or presence of PTX (300 ng/ml). All xCELLigence traces are from repre-
sentative experiments performed in duplicate. Concentration-response curves (panel B) represent
mean = SEM of at least three individual experiments performed in duplicate. Bar graphs represent
mean + SEM of at least three individual experiments performed in duplicate. Statistical analysis was
performed using a two-tailed unpaired Student'’s t-test. * p < 0.01, ** p < 0.001.

Finally, the selective Ga, | inhibitor PTX was used to evaluate whether the effects induced
by the agonist LY354740 and antagonist LY341495 were mediated via Ga,,, protein-dependent
signaling. Responses of LY354740 and LY341495 were almost completely lost in the presence
of PTX, which indicated that the opposite compound-induced cellular responses were both
resulting from signaling via Ga, (Fig. 2C,D). The residual responses in the presence of PTX

most likely represent incomplete inhibition of the Ga, /o—mediated signaling.

Agonist efficacy was increased by PAM and decreased by NAM treatment

Before measuring the effect of allosteric modulators on agonist efficacy, responses of a PAM
and a NAM in the absence of exogenous agonist were determined. Both allosteric modulators
showed responses on their own without added agonist, which were likely caused by the low
level of endogenous glutamate (1.6 = 0.09 uM) still present in the serum-free culture medium
with GPT (Table 1). Stimulation with the PAM JNJ-46281222 resulted in positive dose-de-
pendent responses, leading to a pEC, of 7.17 + 0.24 for this compound (Table 2; Fig. 3A,B).

145



Chapter 6

The potency of the PAM was lower than in a [*S]GTPYS assay as shown in chapter 2 (pEC,,
of 7.71).” This may be caused by the concentration of endogenous glutamate that is lower
than the typical EC, glutamate concentrations used in standard [*S]GTPYS assays used to
determine the potency of allosteric modulators or by the differences in assay types.*>*® Treat-
ment with the NAM RO4491533 induced negative peaks in Cell Index yielding a pIC,; value
of 7.34 + 0.19, which was lower than observed before in a [*S]GTPYS assay (pIC,, 8.7).* In
this case the difference may be due to the high EC glutamate concentration used in the [*S]
GTPyS assay or, again, due to the differences in assay type. The concentration-response curve
of JNJ-46281222 was shallow with a pseudo-Hill coefficient of 0.59 compared to RO4491533's
which was around unity (1, -1.02). Of note, this is the first observation that Cell Indices go up
in the presence of a PAM and down when using a NAM, like JNJ-46281222 and RO4491533,
respectively. In that sense, the effects of allosteric modulators for the mGlu, receptor resemble

orthosteric compound-induced responses as described above.
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Figure 3. Positive allosteric modulator (PAM) JNJ-46281222 and negative allosteric modulator (NAM)
RO4491533-induced responses at low concentration (1.6 + 0.09 pM) of endogenous glutamate. A)
Cells were stimulated by increasing concentrations of JNJ-46281222 or RO4491533. B) Concentra-
tion-response curves were obtained from maximum (JNJ-46281222) or minimum (RO4491533) ACI
values and normalized from vehicle-induced ACI values (0%) to maximum (100%) or minimum
(-100%) ACI values. C) Responses induced by an EC,; LY354740 concentration in the absence and
presence of 1 uM JNJ-46281222. D) Responses induced by an EC,, LY354740 concentration in the
absence and presence of 1 uM RO4491533. xCELLigence traces are from representative experiments
performed in duplicate. Bar graphs represent mean + SEM of at least three experiments performed
in duplicate, where data was normalized to the response of PAM or NAM on itself (1.0). Statistical
analysis was performed using a two-tailed unpaired Student’s t-test. * p < 0.01, ** p < 0.001.
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To study the effects of a PAM on agonist efficacy, cellular responses to an LY354740 concen-
tration equivalent to its EC,, response (30 nM) were determined in the absence and pres-
ence of 1 pM JNJ-46281222. This resulted in a significant 3-fold increase in the LY354740 peak
response, confirming that JNJ-46281222 behaves as a PAM for this agonist (Fig. 3C). The effect
of 1 uM of the NAM RO4491533 was determined using an LY354740 concentration equivalent
to its EC concentration (300 nM). This yielded a significant, more than twofold reduction in
the response of LY354740 (Fig. 3D), which is a typical NAM effect. These experiments showed
that xCELLigence is able to assess the effects of allosteric modulators on agonist efficacy,
which is in line with work reported by Chen et al. (2015)*” on allosteric modulation of the M,

muscarinic acetylcholine receptor.

LY341495 pre-treatment revealed constitutive receptor activity

The maximum peak height of the agonist LY354740 was much lower compared to the nega-
tive peaks of the antagonist LY341495 (Fig. 2 A,C). In order to study the underlying mecha-
nism, cells were pretreated with 1 uM LY341495 1 hour prior to stimulation (Fig. 4A). The
response of subsequent stimulation by 1 uM LY354740 was increased significantly from an
average max peak of 0.47 + 0.04 ACI up to a level of 1.21 + 0.16 (Fig. 4B,C). This was opposite
to the expected loss of agonist response by the pre-treatment with a high concentration of a
competitive antagonist that is still present at the time of stimulation with agonist. The effect of
LY341495 pre-treatment on the LY354740 peak was concentration-dependent: pre-treatment
with 10 nM LY341495 slightly increased LY354740 traces, whereas 100 nM and 1 pM LY341495
were able to further and significantly increase the peak height of 1 uM LY354740 stimulation
(Fig. 4C). All traces reached baseline after 30-45 minutes. In contrast to the other traces, the
trace of 1 uM LY354740 after pre-treatment with 1 uM LY341495 increased slightly after that
point reaching a plateau around 0.4 ACIL Treatment with the selective Ga,, inhibitor PTX
revealed that the LY354740 response after pre-treatment with LY341495 was lost in the pres-
ence of PTX, indicating that this is also a mostly, if not fully, Gai/u—mediated response (Fig.
4B,C). In contrast to LY341495, pre-treatment with 1 uM of the NAM R0O4491533 resulted in a
typical reduced agonist response of LY354740 (Fig. 4D,E).

Together, these results show that LY341495 increased the window of agonist response by
almost 3-fold. This is a larger increase than can be explained by the level of endogenous gluta-
mate (1.6 uM at stimulation), which might enable approximately 10% receptor activation.
Blockade of glutamate binding may thus increase the agonist-induced response by a similar
level. Therefore, we believe that the increased agonist response after pre-treatment with
LY341495 indicates that the receptor is constitutively active and that LY341495 is behaving
as an inverse agonist. This was confirmed by the fact that, in contrast to pre-treatment with
LY341495, pre-treatment by the NAM RO4491533 resulted in a decreased agonist response
(Fig. 4D,E). Such a decreased agonist response is similar to the expected effect of pre-treat-

ment with a neutral antagonist.
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Figure 4. Evaluation of LY341495 inverse agonism. A) Set-up of experiments. B) Cells were stimulated
with 1 uM LY354740 after pre-treatment with increasing concentrations of LY341495. Pre-treatment
with 1 pM LY341495 was also performed in the presence of PTX (300 ng/ml). C) Comparison of
maximum peak values induced by 1 uM LY354740 after pre-treatment with increasing concentra-
tions of LY341495. Pre-treatment with 1 yM LY341495 was also performed in the presence of PTX
(300 ng/ml). D) Cells were stimulated with 1 yM LY354740 after pre-treatment with 1 yM NAM
RO4491533 or vehicle. E) Comparison of maximum peak values induced by 1 pM LY354740 after
pre-treatment with 1 yM RO4491533 or vehicle. F) Set-up of experiments. G,H) Concentration-re-
sponse curves were obtained from minimum ACI values and normalized from vehicle-induced ACI
values (0%) to minimum (-100%) ACI values after vehicle pre-treatment. xCELLigence traces are
from representative experiments performed in duplicate. Bar graphs represent mean + SEM of at
least three individual experiments performed in duplicate. Concentration-response curves represent
mean + SEM of at least three individual experiments performed in duplicate. Statistical analysis was
performed using a one-way ANOVA with Dunnett’s (C) post-test or using a two-tailed unpaired
Student’s t-test (E). * p < 0.01, ** p < 0.001, *** p < 0.0001.
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To further assess the inverse agonism of LY341495, concentration-response curves were
obtained after pre-treatment with increasing concentrations of the PAM JNJ-46281222 (Fig.
4F,G). The curves shifted from a pIC, of 8.15 + 0.09 without PAM pre-treatment to 7.89 + 0.13
in the presence of 10 nM PAM, to 7.55 + 0.13 in the presence of 100 nM PAM. Such a modu-
latory shift in potency in the presence of a PAM is typical for an inverse agonist and is not
expected for a neutral antagonist.*** Next to the shift in potency, increasing concentrations
of PAM pre-treatment resulted in a larger window of LY341495 response. On the contrary,
pre-treatment with NAM RO4491533 did not result in significant alteration in LY341495
potency (Fig. 4H), a pIC, values of 8.22 + 0.14 in the presence of 100 nM NAM and 8.35 + 0.12
in the presence of 1 uM NAM were found. The efficacy window of LY341495 was reduced
dose-dependently up to more than 60% at 1 uM NAM, showing that the NAM is not only
able to strongly reduce agonist efficacy without changing potency,” but similarly affects the
inverse agonist activity of LY341495.

A shift in LY341495 potency induced by the PAM could be the reason of increased potency
of endogenous glutamate. However, the large shift in efficacy cannot be explained by pres-
ence of endogenous agonist, nor can the large reduction of efficacy after NAM pre-treatment.
Together, inverse agonism by LY341495 was further confirmed by these PAM and NAM
pre-treatment experiments in this system that measures phenotypic morphological responses
of the whole cell, in this case via the Ga,, signaling pathway. On a separate note, receptor
desensitization induced by endogenous glutamate could be of concern here. However, the
mGlu, receptor is known to be resistant to agonist-induced desensitization which was also
seen in our hands in repeated stimulation experiments (data not shown).>*** Doumazane et al.
(2013)* found a higher FRET signal after application of 1 uM LY341495, similar to the effect of
LY341495 pre-treatment presented here. These authors reasoned that this effect was mediated
by either constitutive activity or presence of endogenous glutamate, which was not elucidated
any further. Inverse agonism by LY341495 has been reported before. For example, DiRaddo
et al. (2014)* found that LY341495 was behaving as inverse agonist after pre-treatment with
agonist, when using the Glo-sensor cAMP assay with CHO-K1 cells stably expressing the
mGlu, receptor. Moreover, inverse agonism by LY341495 at the mGlu, receptor was also seen
in studies investigating receptor cross-signaling in mGlu,-5HT,, heterocomplexes.*** Gener-
ally, LY341495 is considered a neutral antagonist for the mGlu, receptor'*'> as most in vitro
assays did not yield inverse agonism, which is likely due to differences in cell lines or assay

systems used.
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CONCLUSION

In conclusion, we have validated the use of the impedance-based biosensor xCELLigence
system to study mGlu, pharmacology. High levels of endogenous glutamate reduced the
agonist activation window and therefore efforts were made to reduce these. We character-
ized mGlu, signaling with an agonist, antagonist and both positive and negative allosteric
modulators; the latter two modulated the response of both orthosteric agonist and antagonist.
Remarkable and opposite effects on impedance were observed for compounds with oppo-
site pharmacological effects. Both the agonist and PAM increased impedance whereas the
antagonist and NAM decreased this read-out. Importantly, we show that constitutive mGlu,
receptor activity could be inhibited by the antagonist LY341495 which therefore behaved as an
inverse agonist in the system used. The present study provides an extended ensemble of the
properties of mGlu, ligands in comparison to conventional in vitro assays. Together the results
show that label-free biosensors, such as the xCELLigence, are valuable tools in drug discovery

and pharmacological profiling at the mGlu, receptor as well as other GPCRs
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CHAPTER 7

Conclusions and future perspectives







Over the last decades, the number of ligands for the metabotropic glutamate receptor 2
(mGlu,) has vastly increased.' Initially the focus of discovery programs was on ligands
targeting the orthosteric binding site, which later shifted to the allosteric site for which
selectivity is more easily achieved.? Despite these tremendous efforts, no drug targeting the
mGlu, receptor has reached the market so far. Therefore this thesis aimed to increase the
understanding of the mechanism of action of the mGlu, receptor. To achieve this, a variety of
pharmacological concepts are covered in this thesis, including allosteric modulation, binding
kinetics, constitutive activity, inverse agonism and insurmountability. To study these concepts
novel assays and tool compounds were developed. Ultimately, a better understanding of the
in vitro parameters involved in in vivo efficacy contributes to the development of safe and
efficacious drug therapies. This chapter combines the conclusions from this thesis, followed

by the future perspectives that arise from these conclusions.
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CONCLUSIONS

The concept of allosteric modulation has been widely evaluated in the field of G
protein-coupled receptors (GPCRs).? Especially for class C GPCRs the allosteric binding site
in the seven-transmembrane (7TM) domain is being explored thoroughly, as it provides
better opportunities for selectivity compared to the orthosteric binding site located in the
extracellular Venus Flytrap (VFT) domain.! Understanding of the architecture of the mGlu
receptor allosteric binding site is based on crystal structures of the negative allosteric modu-
lator (NAM)-bound 7TM domain of the mGlu, and mGlu, receptors.>* The allosteric binding
site of the mGlu, receptor has been elucidated using mutagenesis studies, which revealed
overlapping binding sites for positive allosteric modulators (PAMs) and NAMs.”"! Moreover,
these studies revealed a transmission switch (i.e. amino acid residues that relocate upon the
conformational change from the inactive to active state of the 7TM domain or vice versa) that

is located in the same receptor region as the agonist binding site in class A GPCRs."

Figure 1. Structure of JNJ-46281222.

In Chapter 2, JNJ-46281222 (Fig. 1) was characterized as an mGlu,-selective, highly potent
PAM with nanomolar affinity. This ligand and its radiolabeled version were therefore used
as tool compounds throughout this thesis. JNJ-46281222 increased the potency and affinity
of agonists, which is typical for a PAM. Furthermore, it behaved as PAM agonist with a
submaximal intrinsic activity, i.e. activity on its own. The maximum binding capacity of
JNJ-46281222 was increased by the presence of the agonist glutamate without changing its
affinity, which indicated a two-way mechanism of allosteric modulation (Fig. 2). On the other
hand, JNJ-46281222’s maximum binding and affinity were decreased by the presence of GTP
(which initiates dissociation of the G protein), indicating its preference for a G protein bound
state of the receptor. Using computational docking and molecular dynamics studies, the
PAM binding mode was visualized. Subsequent binding experiments using mutant receptors
confirmed this PAM’s binding mode."**?
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Figure 2. Summary of the findings obtained in Chapters 2 and 3. Allosteric modulators were shown
to affect the potency, affinity and/or efficacy of orthosteric ligands (blue bar in figure): PAMs were
shown to increase the affinity (K/K,) and potency (EC,)) of orthosteric agonists, by reducing the
dissociation rate constant k_.. Furthermore, they increase the efficacy (E, ) of orthosteric agonists.
NAMs do not affect agonist affinity or potency, but decrease the efficacy drastically. Furthermore,
NAMs may probe-dependently alter the kinetic parameters (k_, k_.) of agonists leaving affinity and
potency unchanged. Both PAMs and NAMs do not affect the affinity and potency of antagonists.
Vice versa, orthosteric ligands were shown to affect the potency and maximum binding capacity
(B,,,) of allosteric ligands (green bar in figure). Agonists glutamate and LY354740 increase the
maximum PAM binding capacity without changing the PAM affinity. Furthermore, the PAM potency
is increased at increasing glutamate concentrations, whereas NAM potency is not affected by the
presence of an agonist. GTP-initiated dissociation of the G protein (pink and orange) results in a
decreased PAM binding affinity and binding capacity, indicating the importance of the G protein
for PAM binding.

Chapter 3 describes the first kinetic study of orthosteric ligand binding at the mGlu,
receptor from an allosteric modulation perspective. Kinetic radioligand binding assays were
set up to determine the kinetic binding parameters for the endogenous mGlu, agonist gluta-
mate for the first time. Its off-rate is fast, resulting in a residence time (RT) below 1 minute,
whereas the on-rate is relatively high, resulting in an affinity (K, = kﬂff /'k,,) comparable to the
K, value obtained from equilibrium binding assays. Furthermore, the affinity and potency of
the orthosteric ligands tested were strongly correlated to their association rate constants k ,
showing that on-rate is driving the affinity and thus target occupancy of orthosteric mGlu,
ligands. The off-rates of the endogenous agonist glutamate and synthetic agonist LY354740
were decreased by the presence of a PAM, which resulted in increased affinities, whereas
on-rates were unaffected. The NAM RO4491533 increased both on- and off-rates of glutamate
without changing the affinity, but did not alter these kinetic parameters for agonist LY354740,

indicating probe-dependency. Of note, the experiments had to be performed at 0°C to enable
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recording of the association and dissociation of the radioligand used. Ideally, these should
be done at 37°C, but this was practically unfeasible due to very fast binding events at that

temperature.

The next step was to study the binding kinetics of a novel series of mGlu, PAMs. Chapter
4 starts with classical determinations of in vitro affinity and potency of 41 novel 7-Aryl-1,2,4-
triazolo[4,3-a]pyridines and 4 reference PAMs. All compounds behaved as functional and
selective mGlu, PAMs with micromolar to subnanomolar affinity and potency. In addition
to these classical parameters kinetic parameters k  and koﬂ were determined and RTs were
calculated subsequently. To do so, a kinetic radioligand binding assay using the scintillation
proximity assay (SPA) was developed. In addition to typical structure-affinity/activity rela-
tionships (SAR), structure-kinetics relationships (SKR) of these novel allosteric modulators
were obtained. The PAMs showed various kinetic profiles in which k  values ranged over
3 orders of magnitude, whereas koﬂ and thus RT were within a small 10-fold range. As seen
for orthosteric ligands in chapter 3, the affinity of all PAMs was k -driven, showing that this

likely is a receptor-specific characteristic.

OH
HN@O cl HN—<:>L<|

Shortest RT 37 (4 min) Medium RT 39 (15 min) Longest RT 44 (50 min)

Used in in vitro
functional label-free assay

Used in in vivo
sleep-wake evaluation

Short RT 20 (5 min) Long RT 9 (30 min)

Figure 3. Structure of the shortest RT PAM (37), a medium RT PAM (39) and the longest RT PAM (44)
used for evaluation in an in vitro functional label-free assay and the short RT PAM (20) and long RT
PAM (9) used in in vivo sleep-wake evaluation, as described in Chapter 4.
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Subsequently, the shortest RT PAM 37, a medium RT PAM 39 and long RT PAM 41 (Fig.
3) were evaluated for their functional efficacy in the label-free xCELLigence assay detecting
changes in cell morphology. The results obtained showed a correlation between RT and the
duration of action of the PAM in this label-free assay. Ultimately, the translation from in vitro
binding kinetics to in vivo efficacy was evaluated. Two PAMs with similar affinity, potency
and pharmacokinetics (PK), but with divergent RTs were selected. Compared to short RT
PAM 20, the effects of the long RT PAM 9 on sleep-wake states were translated significantly
better into sustained inhibition of rapid eye movement sleep, which is a well-established in
vivo measure for mGlu, efficacy. This provides a first hint that in vivo mGlu, PAM efficacy

benefits from a longer in vitro RT.

The association rate constant k is often believed to equal the diffusion rate limit. However,
this thesis shows that for both orthosteric and allosteric ligands of the mGlu, receptor the k |
values are spread over multiple orders of magnitude whereas k . values are within a small
range. The diffusion rate limit is around 10°- 10° M's™,* the k  values obtained in this thesis
range from 10°- 10" M's, which clearly shows that the k  value is a ligand-specific character-

istic that is not equal between ligands and is not equal to the diffusion rate limit either.

Together, these results showed the importance of understanding binding kinetics. Affini-
ty-only driven selection will result in high affinity PAMs with a high k  but not necessarily an
optimized koﬂ, which is key for in vivo efficacy. Therefore, experiments that enable quantifica-
tion of kinetic parameters k , k. and RT will be a valuable addition to the experimental set-up

used in drug discovery.

Covalent labeling of GPCRs by small molecules is a powerful approach to establish further
understanding of receptor binding modes, mechanism of action, receptor expression patterns,
receptor pharmacology and even to facilitate structure elucidation.’®'® Chapter 5 describes the
first covalent PAM probe for a class C GPCR. Based on previous mGlu, medicinal chemistry
efforts three novel putative covalent PAMs were designed, synthesized and pharmacologi-
cally characterized. All three compounds still behaved as selective mGlu, PAMs with good
affinity and potency. Using an equilibrium-based affinity-shift assay and a kinetic competi-
tion association assay, compound 2 was identified as covalent PAM, which was confirmed in
wash-out assays. The receptor binding mode of 2 was studied using computational modelling
which also identified 5 nucleophilic amino acid residues potentially responsible for formation
of the covalent bond with compound 2. Receptor mutagenesis studies identified T7917%* as
the likely position of covalent interaction.

Together, compound 2 was identified as a valuable tool compound to study the mGlu,
PAM binding mode and binding kinetics. These findings advance the understanding of the
mGlu, PAM interactions and suggest that compound 2 is useful for structure elucidation of

the active state 7TM domain.
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Figure 4. A) Structure of covalent mGlu, PAM 2. B) After binding to the allosteric binding pocket, 2
forms a covalent interaction with residue T79172%3¢, as described in Chapter 5.

Label-free assays using biosensors to study GPCRs have emerged over the last decade.!”!®
These assays provide new opportunities, as compared to conventional in vitro assays they
determine integrated receptor-mediated responses on whole cells that are recorded in real
time without the need for any labels. Chapter 6 describes the set-up of such a label-free
biosensor assay (i.e. xCELLigence) to study mGlu, receptor pharmacology and continues
on the basic set-up that was established in chapter 4. The xCELLigence technology records
cellular impedance that is generated by adhesion of cells to gold-coated electrodes.

Firstly, assay conditions had to be optimised as the culture medium contained a high level
of endogenous glutamate which interferes with exogenous agonist signalling. Glutamate
pyruvate transaminase (GPT) was used successfully to reduce these glutamate levels. Subse-
quently, detailed pharmacological assays were performed, yielding potencies for agonist
LY354740, antagonist LY341495, PAM ]JNJ-46281222 and NAM RO4491533, which were
comparable to literature values. Responses of the agonist and PAM showed a dose-dependent
increase in impedance, whereas stimulation by the antagonist or NAM resulted in a dose-de-
pendent decrease in impedance. This showed that opposite pharmacological responses also
resulted in opposite responses on cell morphology and thus impedance measured. Interest-
ingly, constitutive receptor activity was observed that could be inhibited by LY341495 which
is commonly considered a classical antagonist for the mGlu, receptor but behaved as inverse
agonist in this system. This was confirmed by concentration-dependent negative modulation
of LY341495 potency by the PAM JNJ-46281222.
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Thus, the label-free xCELLigence system was validated as a useful methodology to study
mGlu, pharmacology. This is the first class C GPCR extensively characterized by a label-free
biosensor assay, opening new avenues to study receptor pharmacology and novel concepts

of receptor activation.

In conclusion, by a variety of techniques ranging from in vitro binding experiments to in
vivo efficacy studies, we have shed light on the mechanism of action of the mGlu, receptor at
a molecular level. The obtained insights are valuable for the design of ligands for the ortho-
steric binding site (Chapter 3) and particularly for the allosteric binding site (Chapters 2, 4, 5).
The results were generated using novel tool compounds (Chapters 2 and 5) and novel assays
to study binding kinetics and receptor pharmacology (Chapters 4 and 6). Together, these
insights are valuable in future discovery projects for drugs targeting the mGlu, receptor as
well as other GPCRs.

FUTURE PERSPECTIVES

Allosteric modulation and its potential for drug therapy

There is an urgent need for the development of new drug therapies for devastating neuro-
logical and neurodegenerative diseases such as schizophrenia and Alzheimer’s disease,
respectively. While the development of new medicines is effortful for all therapeutics areas,
CNS drug discovery efforts have been particularly challenging resulting in high attrition rates
during the various phases of the drug development process.”” Many of the marketed CNS
drugs exert their effect via a GPCR and currently multiple GPCRs are being evaluated as novel
targets for treatment of CNS diseases with an unmet medical need, illustrating their vast and
remaining potential for drug therapy.”® Historically, drug discovery efforts have focused on
the development of classical agonists and antagonists that target the orthosteric binding site
of the receptor. However, targeting this orthosteric binding site of the mGlu receptor family
presents challenges for subtype selectivity and drug-like properties that are essential for CNS
drug candidates.? For these reasons most drug discovery efforts for mGlu receptors as well as
other class C GPCRs have shifted towards the development of allosteric modulators. These
are molecules that bind to a binding site that is topographically distinct and less conserved
than the orthosteric glutamate binding site. Together this has resulted in promising subtype

selective lead compounds that have been or are currently in clinical trials.?!

Since allosteric modulators show little or no intrinsic activity by themselves and do not

have to compete with the endogenous agonist, they provide an enhanced efficacy and safety
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profile over typical orthosteric ligands. This has been widely acknowledged in the field
resulting in vast discovery efforts and increasing numbers of allosteric modulators for GPCRs
reaching clinical trials over the last decade.” Currently, two allosteric modulator drugs are
on the market: the chemokine receptor CCR5 (CCR5; class A GPCR) NAM Maraviroc for
treatment of HIV infection® and the calcium-sensing receptor (CaSR; class C GPCR) PAM
Cinacalcet for treatment of chronic kidney disease involving hyperparathyroidism.” Current
research efforts that increase the understanding of the mechanism of allosteric modulation
will result in increasing numbers of candidate drugs which will ultimately yield an increased

number of allosteric modulator drugs accessing the market in the next decade.

Allosteric modulation especially holds promise for class C GPCRs, as illustrated by the
success of Cinacalcet. These receptors provide an allosteric binding site in their 7TM domain
which is located in a similar location and uses a similar transmission switch mechanism
compared to class A GPCR binding sites.”® The allosteric binding sites are well explored,
resulting in highly potent allosteric modulators for all major receptor families within this class
- mGlu, GABA_, sweet and umami taste and CaSR receptors. Multiple of these compounds
have reached clinical development stages already.* Together, class C GPCRs provide prom-
ising drug targets for novel allosteric modulators and within the next decade novel allosteric

modulator therapies may be provided in addition to Cinacalcet.

The potential of the mGlu, receptor for drug therapy

The mGlu, receptor is a potential drug target for various neurological disorders such as
schizophrenia, anxiety, depression and cognition.??? Therefore, many mGlu, PAMs and
NAMs with in vivo efficacy have been developed, resulting in multiple clinical studies so
far. In recent years mGlu, PAMs AZD8529 and JNJ-40411813 and the NAM Decoglurant
have been in clinical studies, but unfortunately they were withdrawn due to a lack of effi-
cacy. Despite the lack of clinical success so far, the use of allosteric modulators at the mGlu,
receptor still provides promising opportunities for drug treatment. Together with current
fundamental research efforts on the mechanism of action of the mGlu, receptor, the clinical
results provide novel insights that will determine the next development steps towards an
mGlu, allosteric modulator-based therapy. Such a next step may be the repurposing of the
clinical compounds for specific patient populations or a different therapeutic indication,
as suggested for JNJ-40411813, which demonstrated effect in a small population of schizo-
phrenic patients with residual negative symptoms* and AZD8529, which was evaluated in
a clinical trial for smoking cessation.* More importantly, novel mGlu, allosteric modulators
will be designed and developed based on novel molecular strategies, including those that are
discussed in this thesis. These future molecules will bear enhanced properties and therefore

hold a strong promise for future allosteric drugs targeting the mGlu, receptor.
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The promise of drug-target binding kinetics

The interest in drug-target binding kinetics has increased tremendously over the last
decade.>* The lack of technologies able to record binding kinetics has long been a limiting
factor for the quantification of this parameter. Over the recent years many novel assays, such
as a qualitative kinetic screening method using radioligand binding,” SPA assays,*® FRET
assays® and label-free binding assays*’ have been developed to determine kinetic binding and
activation parameters.* Importantly, many of these assays are now ready to be implemented
in larger scale drug discovery programs. The enhanced interest in binding kinetics of both
academia and pharmaceutical industry is illustrated by the successful IMI project Kinetics for
Drug Discovery (K4DD) that incorporated researchers from universities and different indus-
trial partners.*! Recently, the European Medicines Agency changed its requirements for first
in human studies of new investigational products and now also demands information on the
duration of in vitro action — and thus binding kinetics.*? Given the increased number of tech-
niques available to determine binding kinetics in high throughput and the awareness that is
raised across the drug discovery community, the importance of assessing binding kinetics is
anticipated to increase tremendously in the coming years. We will most likely enter an era in
which medicinal chemists will design not only for affinity and potency, but also for kinetic
parameters. This in itself will be a valuable and promising addition to the current discovery
process. For the mGlu, receptor in particular we have shown that in vitro binding kinetics and
specifically residence time is linked to in vivo efficacy of PAMs. This opens promising avenues
for novel mGlu, PAMs whose chemical design is based on in vitro kinetic parameters in addi-
tion to classical affinity and potency parameters. Ultimately, this will increase the chance of

desirable in vivo and in the end in human efficacy.

Covalent ligands as tool compounds for GPCRs

Covalent ligands for GPCRs have shown to be valuable tool compounds to study their
mode of action.'® The use of covalent ligands in structure elucidation of GPCRs has shown its
potential and this will be used more and more in the near future. Together with other recent
advances in the GPCR structure elucidation field - increased throughput of crystal structures
using crystal soaking® and structure elucidation using cryo-electron microscopy** — the use
of covalent ligands will contribute to increased understanding of GPCR structure and func-
tion. In the field of mGlu receptors an active state 7TM structure would be a valuable addition
to the current NAM-bound inactive state structures of mGlu, and mGlu,_.>* The covalent PAM
2 described in chapter 5 could be a valuable tool to determine such active-state 7TM domain
of the mGlu, receptor.

In addition, covalent ligands for GPCRs and other drug targets have been developed as
promising useful probes for chemical biology applications, such as fluorescent labelling of
receptors in native tissues.* Further research on the covalent mGlu, PAM 2 described in

chapter 5 could focus on the functionalization of the molecule for example by addition of a
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‘click-handle’ that can be used to link the covalent molecule to a fluorescent dye in order to

visualise the receptor in cells and tissues in vivo and ultimately even in human.

Covalent ligands as GPCR therapeutics

Application of a covalent mode of action is commonly avoided in the pharmaceutical
industry to prevent off-target toxicity.” Specifically, reactive electrophilic moieties are
avoided in drug design, as exemplified by the restraint use of moieties that are included in the
so-called “pan-assay interference compounds” (PAINS).* On the other hand, drugs that bind
their biological target covalently have a long history as illustrated by the 39 approved covalent
drugs* including well-known and commonly used medicines such as aspirin (COX1,2-inhib-
itor),”® omeprazole (H*/K* ATPase-inhibitor)*' and clopidogrel (P2Y,, receptor antagonist).>

Current discovery efforts on covalent ligands focus on so-called “targeted covalent inhibi-
tors”."> Such molecules possess a high affinity for a specific target and avoid off-target toxicity
by using a weakly reactive electrophilic warhead. This approach has been studied extensively
in the field of kinase inhibitors for cancer therapy,® and is nowadays increasingly evalu-
ated for drug targeting of GPCRs.!* These molecules are receptor inhibitors, though when it
comes to molecules that should activate GPCRs, PAMs provide a clear benefit over orthosteric
agonists as they only activate the receptor whilst an agonist is bound and thus do not activate
the target receptor permanently.* In a therapeutic context, covalent PAMs may result in less
frequent drug dosing without a loss of efficacy. For these reasons, covalent PAMs targeted at
mGlu receptors provide a promising therapeutic strategy. Successful development of covalent
kinase drugs as safe and efficacious cancer therapies will support the efforts towards other
targets such as GPCRs. Overall, if the selectivity and thus the safety of covalent molecules can
be guaranteed these molecules provide valuable opportunities for future drug therapy where

they will be added to the already marketed covalent drugs.

The application of label-free technologies for GPCR drug discovery

The number of biosensor-based label-free technologies in the drug discovery field has
increased vastly over the last decade and is still increasing.’®* Since these assays measure
integrated cellular responses of whole cells in real-time they can be used to study activation
kinetics in addition to classical receptor pharmacology parameters. Further automation of
label-free assays will enable implementation of these techniques in drug discovery programs.
Another important advantage of biosensor-based label-free assays over most classical
assays is that cells with low receptor expression can be used such as cell lines endogenously
expressing the receptor of interest or even patient-derived cells like lymphoblastoid cell lines
(LCLs).*® By using these cells, the effects of interindividual genetic differences in receptor
sequence on the drug efficacy can be studied, which is an important step towards precision
medicine.” Currently, huge progress is being made in the use of stem cells to study responses

of individual patients. These human induced pluripotent stem cells (iPSCs) are generated
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from adult cells which are subsequently reprogrammed to the cell type of interest using the
right cellular matrix.® This provides valuable progress in the use of patient-derived material,
since in this way specific cell types, or even organ-like structures — so-called ‘organoids’ - can
be used.®® The number of different cell types that can be obtained from iPSCs is increasing
tremendously at this moment. Of great importance for the field of mGlu, receptor research
is the development of neuronal cultures based on iPSCs which can be used to study disease
mechanisms of for example schizophrenia.” These cells provide a radical step forward for in
vitro experimentation as only a very limited number of neuronal cell lines was available so
far. Given the tremendous progress that is being made in the development of iPSC-derived
cell types, powerful developments may be expected in the coming years when combining
these cells with the advantages of label-free assays. As an example, such experimental set-up
was applied to cardiomyocytes derived from iPSCs that were studied using the label-free
xCELLigence assay.® Altogether, development of label-free assays based on cell types from
patient-derived iPSCs will result in more focused insights in disease mechanisms and as such
this experimental set-up holds great promise for the study of the mGlu, receptor as well as
other GPCRs.

Final notes

Throughout this thesis the molecular mechanism of action of the mGlu, receptor has been
studied to better understand the key in vitro parameters that drive in vivo efficacy. To obtain
these insights, various pharmacological concepts were studied, including allosteric modula-
tion and binding kinetics and to be able to do so multiple tool compounds and assays were
developed. Together, the results obtained in this thesis contribute to the improved under-
standing of the molecular processes involved in GPCR drug action. This improved under-
standing will ultimately contribute to increasing the number and the quality of drug candi-
dates that will hopefully become novel, safe and efficacious drug therapies for the mGlu,

receptor as well as for other GPCRs in the near future.
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SUMMARY

During the course of drug discovery translational steps are made. The translation from in
vitro to in vivo experiments is not as predictive as one would desire, resulting in selection of
inefficacious compounds but also in overlooking of promising drug candidates. This is not
different for the mGlu, receptor for which no drugs are available on the market so far despite
enormous drug discovery efforts. Therefore, there is a need to improve the molecular under-
standing of key in vitro parameters that drive in vivo efficacy. Hence, this thesis focuses on the
concepts of target binding kinetics and functional efficacy of both allosteric and orthosteric
ligands of the mGlu, receptor. Chapter 1 introduces these main concepts studied throughout
the thesis. The chapter starts with an introduction to G protein-coupled receptors (GPCRs),
with a focus on the mGlu, receptor. Subsequently, the concepts of allosteric modulation,
binding kinetics and covalent receptor binding are described. In Chapter 2, JNJ-46281222 is
introduced and characterized extensively. This highly potent positive allosteric modulator
(PAM) is used throughout the different chapters as a prototypical tool compound. Further-
more, the mechanism of positive allosteric modulation of the mGlu, receptor is studied.
JNJ-46281222 behaved as a typical PAM, increasing the affinity and potency of agonists. Next
to that, JNJ-46281222 behaved as PAM agonist with submaximal efficacy at higher concentra-
tions compared to the efficacy of the endogenous agonist glutamate. A two-way mechanism
of allosteric modulation was postulated, as the maximum binding capacity of JNJ-46281222
was increased by the presence of the agonist glutamate, whereas glutamate left the affinity
of JNJ-46281222 unchanged. On the other hand, the presence of GTP (which initiates disso-
ciation of the G protein) decreased JNJ-46281222 binding indicating that the PAM prefers
the G protein-bound state of the receptor. Computational docking and molecular dynamics
studies were used to visualize and understand the PAM binding mode. These experiments
were followed by receptor mutagenesis experiments which confirmed the binding mode of
JNJ-46281222.
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Chapter 3 describes the first kinetic study of orthosteric ligands at the mGlu, receptor.
After the set-up of an assay enabling the quantification of target binding kinetics, kinetic
parameters of the endogenous agonist glutamate were determined followed by those of other
orthosteric ligands. To increase the understanding of the binding mechanism and effect of
allosteric modulation on this process, experiments were repeated in the presence of a PAM
and a NAM (negative allosteric modulator). We found that affinity is strongly correlated to
the association rate constant k , showing that on-rate is driving affinity and thus target occu-
pancy of orthosteric mGlu, ligands. In contrast to the wide range of on-rates, dissociation
rate constants (k ) were all within a small 6-fold range. Functional assays showed that the
presence of a PAM not only increased the duration of (orthosteric) ligand binding, but also

the duration of ligand efficacy.

In chapter 4, an extensive structure-kinetics relationships (SKR) study was performed
using 41 novel mGlu, PAMs all bearing the 7-aryl-1,2,4-triazolo[4,3-a]pyridine-scaffold. In
addition to classical parameters of affinity and potency, kinetic parameters were determined
and residence times (RTs) were calculated. To this end, a kinetic radioligand binding assay, a
so-called scintillation proximity assay (SPA) was developed. The novel PAMs showed various
kinetic profiles in which k, values ranged over three orders of magnitude, whereas k  values
were within a 10-fold range. Like in chapter 3, k was the driver for affinity, showing that
this is likely receptor-specific. Even though RTs were within a small range, we showed in
a functional assay that PAMs with divergent RTs showed different duration of action. Ulti-
mately, a long and a short RT PAM were evaluated for their in vivo efficacy, which provided
the first hint that in vivo efficacy of mGlu, PAMs benefits from a longer in vitro RT. Together,
the results obtained in chapters 3 and 4, have shown the importance of target binding kinetics
for drug design of novel mGlu, receptor ligands. Therefore, experiments that enable quanti-
fication of kinetic parameters k , k o and RT will be a valuable addition to the experimental
set-up used in drug discovery.

Covalent labelling of GPCRs is a powerful approach to gain further understanding of
ligand binding, mechanism of action, receptor expression patterns, receptor pharmacology
and it may ultimately facilitate structure elucidation. Chapter 5 describes the design, synthesis
and pharmacological characterization of the first covalent PAM probe for a class C GPCR.
Furthermore, the compound was used to study its receptor binding mode using computa-
tional modelling that also identified the amino acid residue likely responsible for covalent
binding, which was confirmed in receptor mutagenesis experiments.

Chapter 6 describes the set-up of a label-free biosensor assay that enables studying mGlu,
receptor pharmacology without the need of any label. After optimization of assay condi-
tions, typical agonist, antagonist, PAM and NAM responses were monitored. Interestingly,
constitutive activity of the mGlu, receptor was found in this system and LY341495 behaved as

inverse agonist, which had not been shown before as the compound is commonly considered
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a classical (neutral) antagonist. The mGlu, receptor is thus the first class C GPCR extensively
characterized by a label-free biosensor, opening new possibilities to study receptor pharma-

cology and novel concepts of receptor activation.

Finally, the general conclusions obtained throughout the different chapters of this thesis
are discussed in chapter 7. Together, the results obtained in this thesis contribute to the
understanding of the mechanism of action of the mGlu, receptor at a molecular level and
have shown the importance of target binding kinetics for drug discovery. The novel insights
that have been obtained throughout this thesis provide valuable information for future drug

discovery projects targeting the mGlu, receptor as well as other GPCRs.
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NEDERLANDSE SAMENVATTING

Bij het ontwikkelen van nieuwe geneesmiddelen worden op meerdere momenten in het
proces vertaalslagen gemaakt. Resultaten uit in vitro experimenten zijn niet zo voorspellend
voor de effectiviteit van stoffen in in vivo experimenten als we zouden willen. Dit resulteert
in het selecteren van moleculen die later niet effectief blijken, maar ook in het missen van
moleculen die juist wel veelbelovend zijn. Dit is niet anders voor de metabotrope glutama-
at-receptor 2 (mGlu, receptor), waarvoor ondanks enorm veel onderzoek en ontwikkeling
nog geen medicijnen op de markt zijn. Dit laat zien dat er behoefte is aan een beter begrip
op moleculair niveau van de in vitro parameters die ten grondslag liggen aan in vivo effect
van stoffen. Daarom richt dit proefschrift zich op de thema’s van receptorbindingskinetiek
en functionele effectiviteit van zowel allostere als orthostere liganden van de mGlu, receptor.

Hoofdstuk 1 introduceert de hoofdthema'’s die in dit proefschrift worden behandeld. Na
een introductie van G-eiwitgekoppelde receptoren met een focus op de mGlu, receptor volgt
een inleiding van de thema’s allostere modulatie, receptorbindingskinetiek en covalente
receptorbinding.

In Hoofdstuk 2 is JNJ-462841222 geintroduceerd en uitgebreid gekarakteriseerd. Deze
zeer potente positieve allostere modulator (PAM) is in alle hoofdstukken van dit proefschrift
gebruikt als model-PAM. Verder is in dit hoofdstuk het mechanisme van positieve allostere
modulatie van de mGlu, receptor onderzocht. JNJ-46281222 liet karakteristieke PAM-eigen-
schappen zien door de affiniteit en potentie van de endogene agonist glutamaat te verhogen.
Daarnaast gedroeg JNJ-46281222 zich als zogeheten PAM-agonist. Bij hogere concentraties
is de stof in staat de receptor submaximaal te activeren ten opzichte van volledige activatie
door glutamaat. Vervolgens is aangetoond dat het mechanisme van allostere modulatie in
twee richtingen verloopt. In aanvulling op de effecten van de PAM op de affiniteit en potentie
van agonisten is in dit hoofdstuk aangetoond dat het maximaal aantal bindingsplaatsen van
JNJ-46281222 wordt verhoogd in aanwezigheid van glutamaat, terwijl de affiniteit van de PAM
onder deze condities niet veranderde. Verder werd aangetoond dat het aantal PAM-binding-
splaatsen sterk afnam in aanwezigheid van GTP (dat zorgt voor dissociatie van het G eiwit),
wat onderschrijft dat deze PAM liever bindt aan G-eiwitgekoppelde receptoren. Vervolgens

zijn computationele en moleculair dynamische studies uitgevoerd om de bindingspose en
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het mechanisme van binden van de PAM in de receptor te bestuderen en zodoende beter te
begrijpen. De PAM-bindingslocatie die hieruit volgde is vervolgens bevestigd met receptor-
mutagenese-experimenten.

Hoofdstuk 3 beschrijft de eerste kinetische studie van orthostere liganden van de mGlu,
receptor. Na het opzetten van een experimentele methode voor het kwantificeren van bind-
ingskinetiek zijn de kinetische parameters van de endogene agonist glutamaat bepaald.
Vervolgens is dit ook gedaan voor andere orthostere liganden. Om het begrip van het mech-
anisme van receptorbinding en de invloed van allostere modulatoren hierop te vergroten
zijn de experimenten herhaald in aan- en afwezigheid van een PAM of een NAM (negatieve
allostere modulator). We lieten zien dat de affiniteit van orthostere liganden sterk is gecor-
releerd aan de associatiesnelheidsconstante (k, ). Dit toont aan dat de k  de bepalende factor
is voor de affiniteit en ten gevolge daarvan ook voor de receptorbezetting van orthostere
mGlu, liganden. In tegenstelling tot de grote variatie aan k -waarden (1000-voudig verschil),
waren de waarden van de dissociatiesnelheidsconstanten (kuﬁ) veel minder divers, maximaal
zesvoudig verschillend. Met behulp van functionele experimenten werd vervolgens aange-
toond dat de aanwezigheid van een PAM leidt tot een verlenging van de functionele respons
van glutamaat in aanvulling op de verlenging van de ligandbinding.

In hoofstuk 4 is een uitgebreide studie gedaan van structuur-kinetiekrelaties. Hiervoor zijn
41 nieuwe mGlu, PAMs bestudeerd die allemaal de 7-aryl-1,2,4-triazolo[4,3-a]pyridine-scaf-
fold bevatten. Naast de klassieke bepalingen van affiniteit en potentie werden kinetische

parameters (k, en k ) en verblijftijden (RTs) bepaald. Hiervoor werd allereerst een zogeheten

scintillation proximity assay (SPA) opgezet en gevalideerd. Deze nieuwe PAMs vertoonden
verschillende kinetische profielen, waarin de k -waarden tot wel duizend keer uit elkaar
lagen, terwijl k -waarden allemaal binnen een tienvoud van elkaar lagen. Dit liet zien dat
net zoals in hoofdstuk 3 k  de affiniteit bepaalt en dat dit daarom karakteristiek is voor deze
receptor. Ondanks dat de verblijftijden maar weinig van elkaar verschilden, lieten we in een
functioneel experiment zien dat de duur van het effect van PAMs gelieerd is aan de verblijftijd
van deze moleculen op de receptor. Uiteindelijk zijn een PAM met een korte en een lange
verblijftijd onderzocht in een diermodel. In deze experimenten liet de PAM met een lange
verblijftijd een beter effect zien in vivo dan de PAM met een korte verblijftijd op de receptor.
Dit is de eerste aanwijzing dat het in vivo effect van mGlu, PAMs verbetert door een langere
in vitro verblijftijd. Samen laten de resultaten van hoofdstuk 3 en 4 zien dat receptorbinding-
skinetiek belangrijk is voor het ontwikkelen van nieuwe geneesmiddelen. Daarom zouden
experimenten die het mogelijk maken om kinetische parameters k , k .en RT te bepalen een
waardevolle toevoeging zijn aan de bestaande in vitro experimenten die in het proces van
geneesmiddelenontwikkeling toegepast worden.

Het covalent labellen van GPCRs is een waardevolle methode om het begrip van recep-
torbinding, werkingsmechanisme, receptorexpressie en receptorfarmacologie te vergroten en

zou daarnaast ook kunnen bijdragen aan het ophelderen van de structuur van receptoren.
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Hoofdstuk 5 beschrijft het ontwerp, de synthese en de farmacologische karakterisatie van
de eerste covalente PAM van een klasse C GPCR. Vervolgens is dit molecuul gebruikt om
de receptorbinding te bestuderen met behulp van computationele modellen. Deze modellen
werden ook gebruikt om een aantal aminozuurresiduen te identificeren die verantwoordelijk
zouden kunnen zijn voor de covalente binding tussen PAM en receptor. In mutagenese exper-
imenten is vervolgens het specifieke aminozuurresidu verantwoordelijk voor de covalente
binding geidentificeerd.

Hoofdstuk 6 beschrijft het opzetten van een experimentele methode voor het bestuderen
van de mGlu, receptorfarmacologie waarvoor geen labels benodigd zijn, maar die is geba-
seerd op het gebruik van een biosensor. Nadat de experimentele condities waren geoptimali-
seerd konden typische agonist-, antagonist-, PAM- en NAM-responsen worden gemeten. Het
was belangwekkend dat we met behulp van deze methode ook constitutieve activiteit van de
mGlu, receptor konden waarnemen. LY341495 gedroeg zich als inverse agonist, terwijl deze
stof algemeen bekend staat als klassieke (neutrale) antagonist. De mGlu, receptor is de eerste
klasse C GPCR die uitgebreid is gekarakteriseerd met behulp van een biosensormethode.
Dit biedt nieuwe mogelijkheden voor het bestuderen van receptorfarmacologie en nieuwe
thema’s op het gebied van receptoractivatie.

Tenslotte zijn de conclusies van de verschillende hoofdstukken besproken in hoofdstuk
7. De resultaten uit dit proefschrift dragen bij aan het begrip van het werkingsmechanisme
van de mGlu, receptor op moleculair niveau en hebben het belang van receptorbindingki-
netiek voor de ontwikkeling van nieuwe geneesmiddelen krachtig onderstreept. De nieuwe
inzichten die in de verschillende hoofdstukken van dit proefschrift verkregen zijn bieden
waardevolle informatie voor toekomstig onderzoek naar en ontwikkeling van nieuwe genee-

smiddelen voor zowel de mGlu, receptor als voor andere GPCRs.
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SAMENVATTING VOOR LEKEN

Iedereen maakt in zijn leven gebruik van geneesmiddelen. Door het grote aantal genee-
smiddelen vandaag de dag, is het moeilijk voor te stellen dat er een tijd was waarin maar
enkele medicijnen beschikbaar waren. Toch was het aantal geneesmiddelen honderd jaar
geleden, in het begin van de twintigste eeuw, zeer beperkt en waren aandoeningen die tegen-
woordig relatief eenvoudig met geneesmiddelen te genezen zijn toen moeilijker te behan-
delen en soms zelfs levensbedreigend. Sindsdien is het aantal beschikbare geneesmiddelen
enorm toegenomen. Geneesmiddelenontwikkeling zoals we die vandaag de dag kennen
komt voort uit de gigantische toename van kennis van de processen in het menselijk lichaam
die betrokken zijn bij ziekten en daarnaast door de sterk toegenomen mogelijkheden om een
grote diversiteit aan moleculen te synthetiseren. Deze samenvatting beschrijft eerst het proces
van geneesmiddelenontwikkeling. Vervolgens wordt aangegeven waar in het proces van
geneesmiddelenontwikkeling de resultaten uit dit proefschrift bijdragen aan de ontwikkeling
van toekomstige medicijnen. Tenslotte wordt dit hoofdstuk afgesloten met een samenvatting

van de resultaten uit dit proefschrift.

Het proces van geneesmiddelenontwikkeling kan worden onderverdeeld in verschillende
fasen (Figuur 1). De ontwikkeling van een nieuw geneesmiddel start met de onderzoeksfase
waarin allereerst het begrijpen van de ziekte waarvoor de therapie bedoeld is centraal staat.
Wanneer de ziekte voldoende op moleculair niveau begrepen is en er een aangrijpingspunt
voor een geneesmiddel is geidentificeerd kan met het ontwerpen van een potentieel genee-
smiddel begonnen worden. In deze fase wordt een groot aantal moleculen (kandidaat-genee-
smiddelen) gesynthetiseerd. Dit aantal kan oplopen tot 10.000. Al deze moleculen worden
vervolgens getest op hun werkzaamheid en affiniteit voor het aangrijpingspunt. Voor deze
experimenten worden celkweekmodellen gebruikt, zogeheten in vitro experimenten. Op basis
van de resultaten van deze experimenten wordt vervolgens een selectie gemaakt van mole-

culen die veelbelovend zijn en daarom doorgaan naar de volgende fase.
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Het proces van geneesmiddelenontwikkeling

Onderzoeks-
fase

- Werkingsmechanisme
ontrafelen

- Ontwerpen en synthetiseren
van nieuwe moleculen

- Testen van werkzaamheid
van nieuwe moleculen in
celkweekmodellen (in vitro)

- Selecteren van meest veel-
belovende kandidaat-
geneesmiddelen

00 o
<>oo (o)

Preklinische
fase

- Werkzaamheid en veiligheid

van kandidaat-geneesmid-
delen bepalen met
celkweek- en proefdier-
modellen (in vitro en in vivo)

- Selecteren van meeste veel-

belovende kandidaat-
geneesmiddelen

Klinische
fase
- Fase 1 gezonde vrijwilligers
- Fase 2 kleine patiéntgroep

- Fase 3 grote patiéntgroep

Goedkeuring

- Opstellen van raportage

ter goedkeuring van het
geneesmiddel
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Op de markt

- Blijven volgen van genees-
middel op de markt

Figuur 1. Overzicht van de verschillende fasen van het proces van geneesmiddelenontwikkeling.
De rode pijlen geven een vertaalstap weer, waarbij op basis van behaalde resultaten een selectie
van veelbelovende kandidaat-geneesmiddelen wordt gemaakt die in de volgende fase verder
getest wordt. Pictogrammen zijn van thenounproject.com. Het figuur is gebaseerd op vib.be/nl/
mens-en-gezondheid/Pages/De-ontwikkeling-van-een-geneesmiddel.Het proces van geneesmid-
delenontwikkeling

In deze preklinische ontwikkelingsfase wordt de werkzaamheid en de veiligheid van de
kandidaat-geneesmiddelen verder getest met in vitro experimenten. Daarnaast wordt er
getest in proefdiermodellen, de zogeheten in vivo experimenten. Aan de hand van de behaalde
resultaten kan dan bepaald worden of de kandidaat-geneesmiddelen voldoende werkzaam
en veilig zijn om geselecteerd te worden voor klinische experimenten.

De klinische experimenten zijn onderverdeeld in drie fasen. Er wordt begonnen met studies
in gezonde vrijwilligers (fase 1), gevolgd door studies bij kleine groepen patiénten (fase 2) en
een grote groep patiénten (fase 3). Hierbij zijn vooral de veiligheid en de werkzaamheid van
het geneesmiddel van belang. Daarnaast wordt er gekeken hoe het geneesmiddel zich in het

lichaam gedraagt (opname, verdeling, afbraak, uitscheiding).

Box 1. G-eiwitgekoppelde receptoren

Een veelgebruikte groep van aangrijpingspunten van geneesmiddelen
zijn G-eiwitgekoppelde receptoren (GPCRs). Dit zijn eiwitten die zich in
de celwanden bevinden en overal in ons lichaam te vinden zijn. Deze
receptoren zijn betrokken bij de signaaloverdracht in ons lichaam en zijn
het aangrijpingspunt van meer dan 30% van de beschikbare medicijnen.
Veel van deze medicijnen kennen we allemaal, bijvoorbeeld bétablok-
kers tegen een hoge bloeddruk en antihistaminica tegen hooikoorts.
Moleculen die aan deze receptoren binden kunnen grofweg worden
onderverdeeld in twee groepen. Agonisten die de receptor activeren
(lichaamseigen zoals adrenaline, of geneesmiddelen zoals ventolin tegen
astma) en antagonisten die de werking van lichaamseigen processen
verminderen (bijvoorbeeld cafeine, of geneesmiddelen zoals metoprolol
en andere béta-blokkers).
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Op het moment dat al deze verschillende fasen succesvol doorlopen zijn kan er een uitge-
breid dossier worden ingediend bij de autoriteiten om toestemming te krijgen om het nieuwe
geneesmiddel op de markt te mogen brengen. Wanneer het medicijn op de markt is wordt het
nog gevolgd: de bijwerkingen en eventuele andere interacties worden constant in de gaten

gehouden.

Waar in het proces van geneesmiddelenontwikkeling dragen de resultaten in dit
proefschrift bij?

Tijdens het proces van geneesmiddelenontwikkeling wordt op meerdere momenten een
selectie gemaakt op basis van de beschikbare resultaten, zogeheten vertaalstappen (aange-
geven met rode pijlen in figuur 1). Tijdens de onderzoeksfase worden alle 10.000 nieuw
gemaakte stoffen getest in celkweekmodellen. Op basis van de beschikbare resultaten uit de
celkweekmodellen wordt een selectie gemaakt van stoffen die worden getest in de preklin-
ische fase, dit gaat vaak om ongeveer 100 stoffen, nog maar 1% van de 10.000 dus. Van deze
100 stoffen blijken er gemiddeld uiteindelijk maar ongeveer 10 veilig en werkzaam. 90 van de
100 stoffen worden dus wel getest, maar blijken niet goed genoeg te zijn. Dit laat zien dat de
voorspellende waarde van de celkweekmodellen die in de onderzoeksfase gebruikt worden
lang niet zo goed is als we zouden wensen, maar 10% van de geselecteerde stoffen blijkt veilig
en werkzaam. Dit leidt tot het onnodig uitvoeren van heel veel experimenten, waaronder
veel in vivo experimenten met proefdieren. De resultaten die in dit proefschrift beschreven
worden dragen bij aan het beter begrijpen van wat er nodig is om een betere selectie te maken
in de onderzoeksfase en zo het preklinisch onderzoek te verbeteren en het gebruik van proef-
dieren te verminderen. Hiervoor is gebruik gemaakt van een aangrijpingspunt voor poten-
tiele nieuwe geneesmiddelen, de metabotrope glutamaat-receptor 2 (mGlu,). Deze receptor
(Box 1) is op moleculair niveau onderzocht en daarnaast zijn er extra experimenten
ontwikkeld om de voorspellende waarde van in vitro experimenten te vergroten. Uitein-
delijk wordt op deze manier een bijdrage geleverd aan het verbeteren van het proces van

geneesmiddelenontwikkeling.

Box 2. Bindingskinetiek

Kinetiek of kinetica is de leer van bewegingskrachten en snelheden. In
de farmacologie wordt kinetiek gebruikt om de snelheid van bepaalde
processen te beschrijven. Wanneer we spreken over bindingskine-

tiek gaat het over de snelheid waarmee een molecuul bindt aan zijn
aangrijpingspunt. In de context van het onderzoek beschreven in dit

proefschrift gaat het dan over de snelheid waarmee een molecuul bindt
aan de receptor (beschreven door de associatiesnelheidsconstante k_ ) en
de snelheid waarmee het molecuul loslaat van de receptor (beschreven
door de dissociatiesnelheidsconstante k). Aan de hand van de k . kan
dan de verblijftijd (residence time (RT) in het Engels) van een molecuul
bepaald worden. Deze verblijftijd geeft een indicatie voor de duur van
de binding van het molecuul aan de receptor.
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Samenvatting van het proefschrift

In het onderzoek zoals beschreven in dit proefschrift is gebruik gemaakt van de metabo-
trope glutamaat-receptor 2 (mGlu, receptor) als modelreceptor. Glutamaat is een signaalstof
in onze hersenen en is de lichaamseigen activator (agonist) van deze receptor. Bij verschil-
lende ziekten van het centrale zenuwstelsel zoals schizofrenie en depressie is de signalering
van glutamaat verstoord. Omdat de mGlu, receptor de afgifte van glutamaat reguleert, wordt
deze receptor gezien als aangrijpingspunt voor toekomstige medicijnen. Het doel van dit
proefschrift is het werkingsmechanisme van de mGlu, receptor beter te begrijpen en om te
evalueren of het toevoegen van kinetische in vitro experimenten (Box 2) zorgt voor een betere
voorspelling van het uiteindelijke effect van potentiéle medicijnen in vivo.

Hoofdstuk 1 geeft een introductie op de verschillende concepten die in dit proefschrift
worden behandeld. De belangrijkste van deze concepten zijn hier beschreven in Box 1-3. In
hoofdstuk 2 is het mechanisme van allostere modulatie van de mGlu, receptor onderzocht.
Hoofdstuk 3 beschrijft het opzetten van de eerste methode om kinetiek (Box 2) van orthostere
moleculen voor de mGlu, receptor te bepalen. Daarnaast werd bekeken hoe allostere modu-
latoren de kinetiek van orthostere moleculen beinvloeden. In hoofdstuk 4 is een grote groep
van 41 nieuwe positieve allostere modulatoren voor de mGlu, receptor bestudeerd. Naast de
klassieke parameters van affiniteit (hoe goed bindt een molecuul) en potentie (hoe werkzaam
is het molecuul) werd hier ook gekeken naar de bindingskinetiek. Het bleek dat stoffen met
een lange verblijftijd op de receptor een betere werkzaamheid lieten zien in vivo. Wanneer
nu opnieuw een selectie gemaakt zou worden voor de in vivo te testen moleculen zou er
mogelijk een andere en misschien betere selectie zijn gemaakt. Hoofdstuk 5 beschrijft het
ontwerp, synthese en karakterisering van een positieve allostere modulator die covalent aan
de mGlu, receptor bindt. Dit wil zeggen dat dit molecuul vast ‘klikt’ aan de receptor en niet
meer loslaat. Een dergelijk molecuul is waardevol bij het bestuderen van de receptor en in het
bijzonder van de bindingsplaats in de receptor. In hoofdstuk 6 wordt een nieuwe methode
beschreven die gebruikt kan worden om de mGlu, receptor te bestuderen. De conclusies uit

de verschillende hoofdstukken zijn beschreven in hoofdstuk 7.

Box 3. Allostere modulatie

Moleculen binden op een vaste plaats op de receptor. Lichaamseigen
Orthosteer Q moleculen binden op de zogeheten orthostere bindingsplaats. In de

afgelopen decennia is gebleken dat veel receptoren daarnaast nog een

tweede bindingsplaats hebben. Deze wordt omschreven als allostere

bindingsplaats. Moleculen die op deze plaats aan de receptor binden
worden allostere modulatoren genoemd. Deze moleculen hebben over
Allosteer het algemeen weinig effect op zichzelf (ze activeren of remmen de
receptor niet of weinig in afwezigheid van een orthostere agonist), maar
kunnen het effect van lichaamseigen moleculen versterken (positieve
allostere modulatoren (PAMs)) of juist afremmen (negatieve allostere
modulatoren (NAMs)).
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