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2 SUMMARY (EN) & RESUME (FR)

2.1 SUMMARY

Biosensors for studying conformational dynamics and pharmacology in transmembrane dimeric receptors

Transmembrane receptors are proteins that translate extracellular information into intracellular signals. These
proteins are categorised based on the way they transduce signals through the plasma membrane. In many cases
such transduction involves the formation of dimers, either ligand-induced or constitutive dimers. For example,
while the enzyme-linked receptors, such as the Epidermal Growth Factor (EGF) receptor, may be ligand-induced
dimers, the G protein-coupled receptors (GPCR) activated by the neurotransmitter glutamate are covalently
linked constitutive dimers. Understanding how a signal can be transduced from the extracellular domain into the
cell is important to develop novel drugs targeting such receptors.

The EGF receptor is a member of the receptor tyrosine kinase (RTK) class and is involved in cell
differentiation and proliferation. Inhibition of the EGF receptor by medication is used as a successful treatment
for a variety of cancers, but side effects and resistance to medication remain common major obstacles. The full-
length EGF receptor crystal structure is unknown, which leaves ambiguity to the precise activation process and
the effect of inhibitors. Its activation mechanism has been described as either ligand-induced dimerization or
conformational changes within pre-assembled dimers. This is followed by phosphorylation of the intracellular
domain of the receptor and the generation of intracellular signalling cascades. By generating a fluorescent
conformational biosensor, we showed that the activation of the EGF receptor by its endogenous agonists results
from ligand-induced dimerization. We also found that some non-competitive tyrosine kinase (TK) inhibitors also
induce dimer formation, without activating the receptor, through a direct contact of the TK domains. Strikingly,
internalization induced by its endogenous ligand is not blocked by the non-competitive inhibitors, demonstrating
it does not require TK domain activity and is likely mainly dependent on receptor dimer conformation. This is
supported by our observation that TK inhibitors promoting dimer formation slowed down the internalization
process. This finding shows that the activation/dimerization process of the EGF receptor can be changed by
inhibitors and that internalization of the EGF receptor is regulated by monomeric/dimeric conformations rather
than by phosphorylation of the receptor.

In contrast to the EGF receptor, the metabotropic glutamate (mGlu) 4 receptor is a constitutive dimer
that is important for the regulation of many synapses in the brain. Recently, an mGlu2-mGlu4 heterodimer was
proven to exist in the brain, but its function remains unknown due to the lack of tools selectively controlling it.
To further investigate mGlu4 homo- and heterodimers, an innovative nanobody that discriminates between these
receptors was developed. The nanobody is selective for the human mGlu4 receptor, and stabilizes the active
homodimer conformation, making it a full agonist. By combining molecular dynamics simulations and site-
directed mutagenesis, the epitope and mechanism of action of the nanobody were identified, revealing a new way
of activating mGlu receptors. Conversely, this nanobody is incapable of activating heterodimeric mGlu2-mGlu4,
where it acts as positive allosteric modulator through asymmetric activation of the heterodimer. This nanobody
is the first pharmacological tool that discriminates between homo- and heterodimers.

Overall, our studies revealed how important is the conformation of dimeric receptors to control their
signalling, as shown with the TK inhibitors controlling to conformation of the TK domain-induced dimers and
the internalization process of the EGF receptor, or by showing that nanobodies can control specifically a receptor
dimer made of specific subunits. These findings show the importance of allosteric and asymmetric regulation of
dimeric transmembrane receptors.



2.2 RESUME

Biosenseurs pour ’étude des dvnamiques des conformations et pharmacologie des récepteurs dimériques
transmembranaires.

Les récepteurs transmembranaires traduisent les informations extracellulaires en signaux intracellulaires sont
classés en fonction de leur mécanisme de transmission des signaux a travers la membrane plasmique. Nombre de
ces récepteurs sont assemblés en dimeres constitutifs ou induits par le ligand. Si les récepteurs li€s a une enzyme,
tels que le récepteur du facteur de croissance épidermique (EGF), peuvent étre des dimeres induits par le ligand,
les récepteurs couplés aux protéines G (RCPG) activés par le neurotransmetteur glutamate sont des diméres
constitutifs liés de maniére covalente. Il est important de comprendre comment ces récepteurs transmettent le
signal pour développer des médicaments les ciblant.

Le récepteur de I'EGF est un récepteur a domaine tyrosine kinase (RTK) impliqué dans la différenciation
et la prolifération des cellules. Son inhibition par des médicaments est utilisée dans le traitement de cancers, mais
les effets secondaires et la résistance aux traitements restent des obstacles majeurs. Sa structure tridimensionnelle
complete étant inconnue, son processus d'activation n’est pas complétement compris et résulterait soit d’une
dimérisation induite par le ligand soit de changements de conformation au sein de diméres pré-assemblés. Ceci
est suivi par la phosphorylation du domaine intracellulaire du récepteur et la génération de cascades de
signalisation intracellulaire. En générant un biocapteur conformationnel fluorescent, nous avons démontré que
l'activation du récepteur par I’EGF résulte de sa dimérisation induite par le ligand. Nous avons également
découvert que certains inhibiteurs non compétitifs du domaine tyrosine kinase (TK) induisent la formation de
diméres par un contact des domaines TK, mais sans activer le récepteur. Il est a noter que l'internalisation induite
par I’EGF n'est pas bloquée par les inhibiteurs des TKs (ITK), ce qui démontre qu'elle ne nécessite pas l'activité
du domaine TK et qu'elle dépend probablement de la conformation du dimere. Ceci est soutenu par 1’observation
que les ITKs favorisant la formation de diméres ralentissent I'internalisation. Ce résultat montre que le processus
d'activation/dimérisation du récepteur de I'EGF peut étre modifié par des ITKs et que son internalisation est
régulée par sa conformation monomeére/dimere plutot que par sa phosphorylation.

Le récepteur métabotropique du glutamate (mGlu) 4 est un dimeére constitutif qui joue un role important
dans la régulation de nombreuses synapses dans le cerveau. Récemment, 1'existence d'un hétérodimere mGlu2-
mGlu4 a été prouvée dans le cerveau, mais sa fonction reste inconnue en raison du manque d'outils permettant
de le controler sélectivement. Pour approfondir I'étude des homo- et hétérodimeéres mGlu4, un nanocorps
innovant qui discrimine ces récepteurs a été développé. Ce nanocorps est sélectif pour le récepteur mGlu4 humain
et stabilise la conformation active de 'homodimére, ce qui en fait un agoniste complet. En combinant des
simulations de dynamique moléculaire et une mutagenése dirigée, I'épitope et le mécanisme d'action du
nanocorps ont été identifiés, révélant une nouvelle fagon d'activer les récepteurs mGlu. A l'inverse, ce nanocorps
est incapable d'activer les hétérodimeres mGlu2-mGlu4, sur lesquels il agit comme un modulateur allostérique
positif parune action asymétrique sur I'hétérodimére. Ce nanocorps est le premier outil pharmacologique qui
permet de distinguer les homo- et les hétérodimeéres.

Nos études ont révélé I'importance de la conformation des récepteurs dimériques pour contrdler leur
signalisation, comme le montrent les ITKs controlant la conformation des diméres induits par les domaines TK
et le processus d'internalisation du récepteur de 'EGF, ou en montrant que les nanocorps peuvent controler
spécifiquement un dimére de récepteur composé de sous-unités spécifiques. Ces résultats montrent l'importance
de la régulation allostérique et asymétrique des récepteurs transmembranaires dimériques.



3 LAYMAN’S SUMMARY (EN), RESUME VULGARISE (FR) &

SAMENVATTING VOOR LEKEN (NL)

Layman’s summary - Biosensors for studying conformational dynamics and pharmacology in
transmembrane dimeric receptors. The human body contains billions of cells that work together in order
to maintain the organism alive and prevent or cure diseases. Each cell is surrounded by a lipid membrane that
surrounds an aqueous environment. The membrane contains a big diversity of proteins, among them receptors.
Receptors function by translating outside signals that are molecules (like medicines, chemical messengers or
hormones), into messages for the cells that regulate their growth, secretion or life. In some diseases, receptors
are too active or they don’t function properly, resulting in a disbalance in messages into the cell. As a
consequence, cells may keep growing uncontrollably (cancer) or generate a disbalance in chemical messengers
in the brain (neuropathic diseases). Association of two receptors modifies their function and cellular action. Our
study shows that association of two growth factor receptors (EGFR) can be modified by certain cancer
medication, which perturbs the elimination of the receptor from the cell membrane. Moreover, we have developed
an innovative molecule that differentially regulates the brain receptor, depending on whether it is associated to
another receptor type or not. This allows us, for the first time, to selectively control activation of this brain
receptor.

Résumé vulgarisé - Biosenseurs pour I’étude des dynamiques des conformations et pharmacologie des
récepteurs dimériques transmembranaires. Le corps humain contient des milliards de cellules qui
travaillent ensemble pour maintenir 1’organisme en vie et prévenir ou guérir les maladies. Chaque cellule est
constituée d'une membrane lipidique externe qui entoure un milieu aqueux intracellulaire. La membrane contient
une grande diversité de protéines, dont des récepteurs. Les récepteurs fonctionnent en traduisant les signaux
extérieurs qui arrivent sous forme de molécules (médicaments, messagers chimiques ou hormones) en messages
destinés aux cellules, qui régulent par exemple leur croissance, leurs sécrétions ou leur mort. Dans certaines
maladies, les récepteurs sont trop actifs ou ne fonctionnent pas correctement, ce qui entraine un déséquilibre des
messages dans la cellule. En conséquence, les cellules peuvent continuer a se développer de maniére incontrolée
(cancer) ou générer un déséquilibre des messages chimiques dans le cerveau (maladies neuropsychiatriques).
L’association de deux récepteurs modifient leurs fonctionnements et actions cellulaires. Ainsi, notre étude a
montré que 1’association du récepteur de facteur de croissance EGFR avec lui-méme est modifiée par certains
médicaments contre le cancer ce qui perturbe 1’élimination du récepteur de la membrane cellulaire. De méme,
nous avons développé une molécule innovante qui permet de réguler différemment un récepteur cérébral selon
qu’il est ou non associ¢ avec un autre type de récepteur. Ceci permet, pour la premicre fois, de sélectivement
contrdler les diverses actions cérébrales de ce récepteur.

Samenvatting voor leken - Biosensoren voor de studie van conformationele dynamiek en farmacologie van
dimere transmembraanreceptoren. Het menselijk lichaam bevat miljarden cellen die samenwerken om
het lichaam in leven te houden en ziekten te voorkomen of te genezen. Elke cel bestaat uit een intracellulair
waterig medium dat is omgeven door een buitenmembraan van vetten. Het membraan bevat een grote
verscheidenheid aan eiwitten, waaronder receptoren. Receptoren vertalen externe moleculaire signalen
(geneesmiddelen, chemische boodschappers of hormonen) in berichten voor de cellen die hun groei, secretie of
dood regelen. Bij sommige ziekten zijn de receptor te actief of functioneren ze niet goed, waardoor de berichten
voor de cellen niet in balans zijn. Als gevolg daarvan, kunnen cellen ongecontroleerd blijven groeien (kanker) of
is er geen balans in de hoeveelheid chemische boodschappers in de hersenen (hersenziektes). De functie van
receptor hangt af van hun associatie met andere receptoren. In onze studie tonen we aan dat dit ook geldt voor de
associatie van twee groeifactorreceptoren door bepaalde anti-kankermedicijnen: de verwijdering van receptoren
van het celmembraan wordt verstoord. Daarnaast hebben we een innovatief molecuul ontwikkeld die het mogelijk
maakt om een hersenreceptor te activeren afhankelijk van of deze geassocieerd is met een ander type receptor.
Dit maakt het voor het eerst mogelijk verschillende functies van deze receptor te onderzoeken.
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5 PREFACE

During the past 4 years at the Institut de Génomique Fonctionnelle (IGF) I got the chance to work in a great
scientific environment in the team of Jean-Philippe Pin, Laurent Prézeau and Philippe Rondard. This team
is best known for their involvement in many discoveries involving dynamics and function of metabotropic

glutamate (mGlu) receptors. In this preface I would like to give a small background about the thesis.

My interest in mGlu receptors started when I was doing my Bachelor and Master internships in the team of
prof. IJzerman at the Universiteit Leiden on the residence time of positive allosteric modulators of the
mGlu2 receptor. During my first Master internship, prof. IJzerman put me into contact with Elodie Dupuis
from Cisbio Bioassays, so I could do my Master internship in their company. Guided by a bit of naivety, I
spent 6 months in Codolet in France, where I learned a lot about antibodies, -arrestins and French. The

research team was part of a collaboration with the IGF, which brought me to the place where I am.

My thesis started as project to develop methods to measure G protein-coupled receptor (GPCR)-mediated
transactivation of the EGF receptor. After 8 months of mostly failed experiments, we decided to dramatically
change the subject and focus solely on the EGF receptor, thereby leaving the GPCR research field. After 2
years in my PhD, I came back to GPCR research, because the project involving an innovative nanobody for
the mGlu4 receptor, needed extra hands. Together with Joan Font-Inglés and collaborators, we advanced
the project and in August 2021 it was published in PNAS. The article of the study around the EGF receptor

is in preparation, and the most advanced manuscript is included in this thesis.



6 INTRODUCTION

6.1 GENERAL INTRODUCTION

6.1.1 A short history of receptors

The first hypothesis about the existence of membrane receptors dates back to 1897 and was done by Paul
Ehrlich. He formulated a theory in which immune cells have so-called “side-chains” that were binding
nutrients in order to maintain life, the first description of a receptor (Witebsky 1954). The first hypothesis
of receptors transferring an external signal inside cells was done by John Newport Langley in 1901 (Langley
1901). A few years later, in 1905, he proved dose-dependent regulation of cells by entities to which ligands
bind on cells (Langley 1905). Paul Ehrlich was awarded the Nobel Prize in Physiology and Medicine in
1908’ for his work on immunity and John Newport Langley was nominated several times for his work on
the sympathetic nervous system, but never actually won a Nobel Prize." The first mathematical approach to
describe drug-receptor interactions was done by Alfred Clark in 1933 (Clark 1933). He hypothesized that
the effect of a drug is determined by the amount of drug bound to a receptor, the receptor occupancy theory.

At this time, the idea that membrane receptors could be precisely regulated became accepted.

However, it was unknown what receptors looked like, thereby missing crucial information. It was not until
the 2000s that the first full-length crystal structures of human membrane receptors were determined in detail.
The first solved (atypical) G protein-coupled receptor (GPCR) structure was that of the rhodopsin receptor
(Palczewski et al. 2000). In 2007, the first structure of a typical GPCR, the human 2-adrenergic receptor,
was solved through X-ray crystallization (Rasmussen et al. 2007). By using computer power to visualize
and model interactions between drug and receptor, interactions could now be calculated. By generating
databases of protein and drug structures, in silico™ screenings could provide a fast way to predict drug

interactions.

Despite major in silico advancements, the laboratory will remain an important part of drug research and
testing drugs for interactions and effects on their target needs to be done in vitro and in vivo by researchers.
Increasing computer power and new techniques that improve receptor crystallization, like cryogenic

electron microscopy (cryo-EM), are the most recent milestones in drug discovery. Indeed, in the past years

" https://www.nobelprize.org/prizes/lists/all-nobel-laureates-in-physiology-or-medicine/
i https://www.nobelprize.org/nomination/archive/show_people.php?id=5226
iit Experiments on a computer or with computer simulations
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many high-resolution structures of receptors have been solved and published, which will lead to an increase

in high-quality drug research and more detailed understanding of receptor mechanisms.

6.1.2 From DNA to receptor on the cell membrane

In 1990 the Human Genome project (HUGO) was launched with the goal to achieve the sequencing of a
complete human genome within 15 years. The first draft of the human genome deoxyribonucleic acid (DNA)
sequence was published within 11 years, making the project a success (Hood and Galas 2003). The human
genome is full of regions of DNA that are coding for a protein or ribonucleic acid (RNA). These regions are
called genes. Till today, it is not clear how many genes there are exactly and the latest estimates are around
21,000 genes. Partly, this is explained by the difficult definition of a gene, because large regions in the

genome do not code for proteins or RNA, but are still important for cellular functions (Pertea et al. 2018).

6.1.2.1 Gene regulation: transcription, splicing, translation, posttranslational modifications

Gene expression is regulated by many steps among which transcription, the generation of RNA based on
the gene sequence, is the first (Fig. 1A, 1.). Regulation of transcription involves the loosening of the
condensed chromosomal structure, modifications of histones and supercoiling of the DNA. In the nucleus,
after unwinding of the DNA and showing the promotor sequences on the DNA, a complex of proteins, that
includes a transcription factor, binds to the DNA. Upon binding of the complex, RNA polymerase binds to
the DNA and the protein complex, where it starts the transcription of DNA into pre-messenger RNA (pre-
mRNA).

During a process called splicing, non-coding regions/introns are removed and coding regions/exons are
joined together to form the messenger RNA (mRNA) (Fig. 1A, 2.). By alternative splicing, protein
expression can be regulated. Different receptor splicing variants could be generated from the same DNA.
This could result in constitutively active variants, like the exon 2 till 7-lacking EGFRVIII splicing variant,
which is often overexpressed in glioblastoma multiforme (GBM) (Gan, Cvrljevic, and Johns 2013; Abou-
Faygal et al. 2017). On the other hand, some splicing variants can only be found in some tissues as is the
case for an mGlu4 receptor splice variant that is only found on the tongue (Pal Choudhuri, Delay, and Delay

2016). Through splicing, the human transcriptome should contain over 100,000 transcripts.

After the mRNA is generated, it is transported from the nucleus to endoplasmic reticulum (ER) by a complex
of transporter proteins (Fig. 1A, 3.). In the ER, the ribosomes are responsible for binding of transfer RNA
(tRNA), a type of RNA that is coupled to amino acids. Following the mRNA sequence, a specific amino
acid polymer is generated. Translation can be regulated by phosphorylation of initiation factors of translation

or by secondary structures of RNA.
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Importantly, proteins can also be modified through posttranslational modifications (Fig. 1A, 4.). These
modifications often take place in the rough endoplasmic reticulum (RER). Post translational modifications
include generation of disulphide bonds, proper folding, addition of saccharides (i.e. glycosylation), cleavage
and organization of tertiary protein complexes (Fig. 1B). Misfolded proteins could be degraded and
receptors with an intracellular KDEL or KKXX-sequence could be retained in the ER (Maurel et al. 2008).
Lastly, many other protein modifications could occur that are classified as posttranslational modification.
Some examples are phosphorylation, ubiquitination, acetylation, methylation. All these processes together
are crucial for the correct functioning of receptors. For example, the mGlu4 receptor is a constitutive dimer

through the formation of a disulphide bond, and the EGF receptor is a heavily glycosylated receptor (Zhen,
Caprioli, and Staros 2003) (Fig. 2).

Overall, gene and subsequent receptor expression are regulated at the level of DNA transcription, splicing,

translation and through posttranslational modifications.

A From gene to protein B Protein modifications:
DNA_ ribosome Ph horvlati
% fﬁi&i} - osphorylation
B e EQ.,= b ;- _ . g .
3 mMRNA Ubiquitination
1. transcription _ Acetylation
2. splicing 4 PTMs - Methylation
¥e) e —— AN - Glycosylation
% (rough) endoplasmic reticulum Protein;"- _ Disulphide bonds
o 3. translation
O

Figure 1: Schematic representation of cellular processes that regulate gene and protein expression. A)

Global overview of the production of a protein inside a cell. B) Protein modifications that regulate its

expression.
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A Disulphide bond

S—S

mGlu4 receptor

B N-glycosylation

o0

N-glycan

EGF receptor

Figure 2: Receptor modifications in the (rough) endoplasmic reticulum regulate protein dimerization and

folding. A) A disulphide bond covalently links two mGlu4 subunits to form the mGlu4 homodimeric

receptor. B) N-glycosylation is important for EGF receptor folding. Figure 2B was adapted from Zhen et al.

(2003).
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6.1.3 The types of membrane receptors

There are three main types of cell surface receptors: ion-channel linked receptors, enzyme-linked receptors
and G protein-coupled receptors (GPCRs) (Fig. 3). Generally speaking, these receptors have a similar
function: they translate an external stimulus into an internal signal. External stimuli can be almost anything
on the molecular, atomic or quantum level (e.g. photons, mechanical pressure, scent, small-molecule drugs,

antibodies, ions) and can be specific for a type of receptor.

lon-channel B Enzyme-linked c G protein-coupled
linked receptors receptors receptors

(PICP)

Figure 3: Three types of membrane receptors. A) lon-channel linked receptors with a schematic ionotropic

glutamate receptor as example. B) Enzyme-linked receptors with a receptor from the EGFR family as an

example. C) G protein-coupled receptors (GPCR) with a class A GPCR as example.

6.1.3.1 lon-channel linked receptors

Ion-channel linked receptors bind stimuli, resulting in conformational changes and opening or closure of
the ion-channel. Ion-channels are crucial for changing the membrane potential by regulating influx or efflux
of Ca**, K*, Na* or CI" ions. Within the group of ion-channel linked receptors, receptors are classified based
on the stimulus that activates, or gates, them. Stimuli can be voltage, intracellular ions or extracellular
ligands (e.g. neurotransmitters). Some well-described ligand-gated ion-channel linked receptors are the
ionotropic glutamate receptors (e.g. AMPA and NMDA receptors) or the GABAA receptor (Briggs and
Gopalakrishnan 2007).

6.1.3.2 Enzyme-linked receptors
There are several classes of enzyme-linked receptors. The main classes are receptor tyrosine kinases

(RTKs), receptor serine/threonine kinases (RSTKSs), tyrosine-kinase associated receptors, non-receptor
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tyrosine kinases (nRTKs), receptor guanylyl cyclases, receptor tyrosine phosphatases and histidine-kinase-

associated receptors (Alberts et al. 2002).

6.1.3.3  Receptor tyrosine kinases

RTKSs consist of a variety of receptors that are being targeted by different secreted growth factors, hormones
or receptors. There are around 20 RTK families identified based on molecular characteristics. Some of the
most well-known classes are the EGFR class (i.e. EGF receptor, human epidermal growth factor receptor
(HER) 2, HER3 and HER4), the insulin receptor (INSR) class, platelet-derived growth factor receptor
(PDGFR) class, nerve growth factor (NGF) receptor class, mesenchymal-epithelial transition factor (MET)
receptor/hepatocyte growth factor (HGF) receptor class and vascular endothelial growth factor (VEGF)
receptor class (Ségaliny et al. 2015) (Table 1). These RTKSs are involved in numerous cellular processes like
cellular growth, migration, adhesion, metabolism, endocytosis, Ca*" signalling or survival. As such, RTKs
are involved in physiological processes like development, wound healing, tissue renewal, regeneration and
repair, vascularisation, proliferation of blood cells, metabolic homeostasis, immune cell proliferation, nerve
cell proliferation and more. Besides, RTKs may be involved in tumorigenesis and many of the RTKs are
druggable targets (Wee and Wang 2017). Despite many differences between RTKs, the EGFR family is
usually referred to as the “prototypical” RTK class (Lemmon, Schlessinger, and Ferguson 2014).

Family Members

Epidermal growth factor receptor EGFR, HER2, HER3, HER4
Insulin receptor INSR, IGFR

Met/hepatocyte growth factor receptor MET

Nerve growth factor receptor TrkA, TrkB, TrkC
Platelet-derived growth factor receptor PDGFRa, PDGFRS, M-CSFR
Vascular endothelial growth factor VEGFR1, VEGFR2, VEGFR3

Table 1: Examples of receptor tyrosine kinase families and members.

The main signalling by RTKs are Ras-Raf-MEK-ERK, PI3K-Akt-mTOR axes and Src, an nRTK, pathway
leading to progression of the G1/S checkpoint in the cell cycle and activation of a plethora of transcription
factors (Fig. 4A) (Ségaliny et al. 2015). Importantly, Src family members (i.e. Sre, Lck, Hek, Fyn, Blk, Lyn,
Fgr, Yes, Trk and Frk) modulate RTK signalling. They interact with many RTKs, like EGFR and PDGFR
family members (Ishizawar and Parsons 2004). They can phosphorylate the EGF receptor (i.e. tyrosine
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residue 845) and some of its downstream effector proteins (i.e. STAT3Y, PDK1", Akt) (Warmuth et al.
2005). This can lead to enhanced signalling, but also receptor downregulation (Ishizawar and Parsons 2004).
These mechanisms are often involved in cancer signalling and modulation of these pathways is being

investigated as a treatment strategy (Warmuth et al. 2005).

One major difference between classes of the RTK family is the activation process: Within the RTK family,
activation of the receptor is subsequent to ligand-induced dimerization (e.g. VEGFR family) (Fig. 4B)
(Matsumoto and Mugishima 2006) or to ligand-induced conformational changes of a pre-formed dimer (Fig.
4C) (e.g. INSR family) (Uchikawa et al. 2019). Herein, a VEGF receptor agonist induces conformational
changes and connects the two subunits (Fig. 4B), or an insulin receptor agonist induces conformational
changes (Fig. 4C), both leading to association of the tyrosine kinase (TK) domains. Association of the TK
domains leads to activation of these domains and subsequent phosphorylation of residues (i.e. tyrosine,
serine, threonine) on the intracellular domain of the receptor. Phosphorylated tyrosine residues act as
binding sites for adaptor proteins containing Src homology (SH) 2 and/or SH3 binding domains (e.g. Grb-
2, Gab2, SHC1). Adaptor proteins are proteins that link other proteins with each other and could initiate
downstream signalling (Flynn 2001).

v Signal transducer and activator of transcription 3
V¥ Pyruvate Dehydrogenase Kinase 1
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A Main downstream signalling axes fo RTKs

mmm) Ras-Raf-MEK1/2-ERK1/2
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Figure 4: Activation and dimer formation of receptor tyrosine kinases. A) Main downstream signalling axes
of RTKs. B) Agonists induce conformational changes of monomeric receptors, thereby inducing dimer
formation. This is the case for some of the VEGFR family members. C) Agonists induce conformational
changes that causes a pre-formed inactive dimer to become active. This is the case of the INSR family

members. B-C) Agonists are represented in red.
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6.1.34 G protein-coupled receptors

The GPCR superfamily consists of over 800 genes that contains many drug targets. In 2017, around 34% of
all Federal Drug Administration (FDA)-approved drugs acted on 107 unique GPCR(-related) targets,
making it the most drug-targeted gene family (Hauser et al. 2017). The GPCR superfamily is also referred
to as seven transmembrane (7TM) receptors, due to the characteristic seven a-helices that pass through the
membrane, connected by intra- and extracellular loops (Fig. 5A). The superfamily can be divided into six
classes (class A till F) based on structure homology, ligands and function. Ligands could be small proteins
or even photons*' and activation of the receptor induces conformational changes that lead to activation of

the GPCR-bound heterotrimeric G protein (Bolander 2004).

There are many GPCRs and they are involved in numerous processes as they are expressed in every cell of
the human body. Only a few receptors of the biggest class of GPCRs, class A, and the class of the mGlu4
receptor, class C, will be mentioned here. Firstly, class A rhodopsin-like receptors, are the largest class
within the GPCR family and usually have a small extracellular and intracellular domain. Its agonist binding
pocket is on the N-terminal side within the 7TM domain. Some examples of approved drugs, expression
and physiological roles of class A GPCR drug targets are summarized in Table 2 (Sriram and Insel 2018;
Berger, Gray, and Roth 2009). Class C GPCRs are a group of receptors with a large N-terminal domain, a
7TM domain and a C-terminal domain that varies in length per family member. Some of the most described
families are the metabotropic glutamate (mGlu) receptor family, the y-aminobutyric acid (GABA) receptor
family, calcium-sensing receptor (CaSR) family and the taste receptor family. There are only two FDA-
approved class C drugs, etelcalcetide, an allosteric agonist for the calcium-sensing receptor and baclofen, a
GABAG receptor agonist (Sriram and Insel 2018). A short list with drugs, expression and physiological roles

of these receptors is listed in Table 2.

Vi Indirectly
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FDA-approved drug

Class GPCR family Expression Involved in physiological process
example
Morphine (9§, y, k-OR CNS, immune Pain, immune cell proliferation and
A Opioid receptors )
agonist) system more.
o Tetrahydrocannabinol (CB1, Cognition, inflammation,
A Cannabinoid receptors . ) CNS, PNS .
CBz partial agonist) metabolism and more.
. . . Dopaminergic system, heart rate,
A Adenosine receptors Caffeine (A1, A2a antagonist) CNS, heart ) .
vasodilatation and more.
) ) o ) CNS, immune Vasodilatation, immune response
A Histamine receptors Bilastine (H1 antagonist)
system and more.
Metabotropic glutamate CNS, immune o
C - Cognition, immune system
receptors system
Gammabutyric acid .
C Bacoflen (GABAs agonist) CNS Sleep rhythm.
receptors
) ) Etelcalcetide (CaSR CNS, kidneys,
C Calcium-sensing receptors . ) .
allosteric agonist) parathryroid
C Taste receptors - Tongue, blood Taste

Table 2: Examples of class A and C GPCRs and FDA-approved drugs.
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Activation of GPCRs causes G protein-mediated cellular responses. The G protein is a heterotrimeric protein
consisting of an a, § and y-subunit that dissociates into Ga. and Gy when activated. The Ga-subunit is an
enzyme that hydrolyses guanosine triphosphate (GTP), a GTPase. When Ga is GTP-bound, it interacts with
other proteins and exert its function. The GBy-subunit is a regulatory protein that exerts its activity through
protein-protein interactions (Wettschureck and Offermanns 2005). In general, the activation process can be

divided into 5 steps (Fig. 5A):

1) In the inactive state, the G protein is heterotrimeric, in which the Ga-subunit is bound to guanosine
diphosphate (GDP).

2) An activated GPCR undergoes conformational changes, thereby becoming available for G protein-
binding. Activated GPCRs act as guanine exchange factor (GEF), that means that GDP is exchanged
for guanosine triphosphate (GTP), upon binding of the heterotrimeric G protein to the receptor. A
single receptor may activate more than 1 G protein.

3) The GTP-bound Go-subunit and GBy-subunit are dissociated from each other, making them
available for activation of their effectors. Both Ga as GBy-complexes activate distinct signalling
pathways, depending on their subtype.

4) Once the GTP is hydrolysed to GDP, the Go-subunit returns to its inactive state.

5) The Go and Gy subunits re-associate.

GPCRs are characterized based on their Ga-coupling. There are 16 different human Ga-subunits, 5 different
GB-subunits and 12 Gy-subunits (Wettschureck and Offermanns 2005). They are divided into 4 families:
Gos, Gog, Goi and Gauziz (Fig. 5B). In short, the main effector of Gos is adenylyl cyclase (AC), which
hydrolyses adenosine triphosphate (ATP) into cyclic adenosine monophosphate (cCAMP). cAMP is a second-
messenger that activates many proteins, channels and enzymes. Gai-family members inhibit AC, causing
cAMP levels to decrease. The main effector of Gog is phospholipase C (PLC). PLC converts
phosphatidylinositol 4,5-biphosphate (PIP;) into inositol 1,4,5-triphosphate (IP3), which is a second-
messenger for Ca’’-signalling, resulting in increased intracellular Ca*" levels and activation of Ca'-

dependent pathways. The less-well studied Gauz13 principal effector is RhoGTPase (Inoue et al. 2019).
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A G protein activation cycle B Ga protein families
Gqs qu

Active GPCR
Adenylyl cyclase  Phospholipase C

activation activation

Ga; Gaiz13

Adenylyl cyclase
yvrey RhoGTPase
inhibition

Figure 5: G protein activation. A) The G protein activation cycle has 5 mains steps: 1. Heterotrimeric G
protein binds to activated GPCR; 2. GDP bound to Ga is exchanged for GTP; 3. Ga and GPy are dissociated
and activate effectors; 4. GTP is hydrolysed into GDP; 5. GDP-bound Ga and Gy associate. B) The four

Ga protein families with their main effectors.

In this subchapter, three types of receptors are summarized, viz. the ion-channel linked receptors, enzyme-
linked receptors and GPCRs. Enzyme-linked receptors contain enzymatically active domains that are
activated through interactions within the receptor. GPCRs activate a downstream activator, the G protein.
Throughout the thesis, the focus will be on dimerization and activation mechanisms of the EGF receptor, an

enzyme-linked receptor, and the mGlu4 receptor, a GPCR.
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6.1.4 Pharmacology

To describe drugs and receptors, pharmacological concepts will be used. In this subchapter, concepts and
definitions will be explained. Pharmacology is defined as the study to the effect of drugs on the human body.
Drugs are defined as chemical substances that induce a physiological effect. Receptors are proteins that
transfer extracellular signals into an intracellular signal. Drugs are classified, based on the biological
response they induce, as follows: agonist, antagonist, inverse agonist, or allosteric modulator. Each effect

will be discussed in the following subchapter.

6.14.1 Agonists and inverse agonists

Agonists are substances that induce a biological response (E) upon binding to their target. Agonists are
generally divided into: full agonists, partial agonists and inverse agonists. Full agonists induce the maximal
biological response of the receptor (Emax), whereas partial agonists only partially induce a biological
response. The maximal biological response is called the efficacy. The concentration of agonist needed to
induce 50% of its maximally induced response (EC50) is called the potency. Some receptors are activated
in absence of agonist, this activity is called constitutive activity. Inverse agonists reduce constitutive activity

of a receptor (Fig. 6A).

Receptors activate a variety of downstream signalling pathways. Some agonists may activate one pathway
over another pathway, thereby inducing different cellular behaviours. This phenomenon is known as biased

agonism or functional selectivity and may be crucial for some drug-specific effects (Kenakin 2011).

6.14.2 Antagonists
Antagonists are substances that block the effect of agonists, and inverse agonists, and do not induce receptor
activity (Fig. 6B, C). Antagonists can block (inverse) agonist-induced responses in a “competitive” or “non-

competitive” way.

In competitive antagonism, a reversible antagonist competes with the agonist for the same binding site. As
a consequence, the measured EC50 is decreased, whereas the efficacy remains unchanged (Fig. 6B). When
the EC50 of the agonist in absence and presence of multiple concentrations of a competitive antagonist is
determined, the relationship between agonist and antagonist can be described with a Schild plot (Lazareno

and Birdsall 1993). A Schild plot is used to describe the strength of the antagonist.

In non-competitive antagonism, the antagonist is either irreversibly occupying the agonist binding site or

inhibiting the agonist-response by occupying a different binding site. In both cases, the antagonist reduces
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the efficacy of the agonist, while the measured EC50 of the agonist remains unchanged (Fig. 6C). Non-

competitive antagonists could also be allosteric modulators.

A Agonists and antagonist B Competitive antagonism C  Non-competitive antagonism

100 Full agonist

—— Partial agonist
L Antagonist 0
0 Agonist + competitive
antagonist
~———— Inverse agonist
-50-1 T T 1

Logfligand] —

100 100 Agonist

50 —

=+ non-competitive
antagonist

Response (%)
Response (%)

Response (%)

-50
-50-1 T T 1 ' i i

Log[ligand] —

Loglligand] —
Figure 6: Agonism and antagonism in functional assays. A) Biological response to full, partial and inverse
agonists and antagonists. B) Biological response to an agonist in presence of a competitive antagonist. C)

Biological response to an agonist in presence of a non-competitive antagonist.

6.14.3 Allosteric compounds

Compounds that bind on a different site than the orthosteric site are called allosteric modulators (Fig. 7A).
Allosteric modulators are classified into silent, positive and negative allosteric modulators (SAM, PAM,
and NAM, respectively). SAMs bind the receptor, but have no effect on the orthosteric-bound substance.
PAMs ameliorate EC50 and/or efficacy and NAMs worsen EC50 and/or efficacy. Allosteric modulators
that change the EC50 are a-allosteric modulators and allosteric compounds changing the efficacy are -
allosteric modulators (e.g. a-PAM or B-PAM) (Fig. 7B). Some PAMs or NAMs induce an agonistic effect
themselves: they could be referred to as “agonist-PAM” or “agonist-NAM”.

_ Positive allosteric Negative allosteric
A Allosterism B . C _
modulation modulation
Orthosteric + PAM (B)

100 ) + NAM (a)
100 = Agonist
’ Agonist .
S ?:‘ -+ NAM (B)
> 504 g 50
i &
c
. g 2
Allosteric g o g o
50— 50 +—+——
Effect Loglligand] — Loglligand] —

Figure 7: Allosteric modulation. A) Allosteric modulators bind a different pocket than the orthosteric
binding site and can modulate the effect by changing the binding of the orthosteric compound, or changing

its activation. B) Effect of positive allosteric modulation. C) Effect of negative allosteric modulation.
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6.144 Cheng-Prusoff and Hill coefficient
Pharmacological characterization of agonists can be done by their biological response (i.e. EC50) or intrinsic
binding affinity, based on the dissociation constant (Kd). The Kd is the concentration of a compound at

which half of the available binding sites are occupied*".

Antagonists are characterized by the concentration of the compound that is needed to inhibit half of the
biological response or binding of a competitor (IC50), or their intrinsic binding affinity, which is the
dissociation constant of the inhibitor (Ki). The Ki can be calculated following the Cheng-Prusoff equation
(Lazareno and Birdsall 1993) and depends on the concentration of the agonist ([A]), the Kd of the agonist

and the experimental IC50 of a competitive ligand:

1C50
1+

Kd

Ki =

When compound binding happens independently of the binding of other compounds, the Hill coefficient (r)
is equal to 1. When compound binding becomes more favourable upon binding of previous compounds,
there is positive cooperativity (i.e. #>1). Conversely, when compound binding becomes less favourable
upon binding of previous compound, there is negative cooperativity (i.e. n<1). Depending on the n, the slope

of the sigmoidal dose-response curve changes, following:

E— Emax
- EC50

1+ (57"
S,
In this subchapter, the pharmacological principles that will be used throughout the thesis are introduced.
Most of the compounds that are used in this thesis are classified as agonist (e.g. EGF, DN45) or antagonist
(i.e. inhibitors of the mGlu4 and ATP-competitive inhibitors of the EGF receptor).

Vil At equilibrium
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6.2 EPIDERMAL GROWTH FACTOR RECEPTOR

6.2.1 History of the Epidermal Growth Factor Receptor

In 1986 Stanley Cohen and Rita Levi-Montalcini were awarded with the Nobel Prize in Physiology or
Medicine for their discovery of ‘’growth factors’’. The discovery of the first growth factor, Nerve Growth
Factor (NGF), was in the 1950s by Rita Levi-Montalcini, an Italian researcher working in St. Louis,
Missouri at the Washington-University. While working on NGF, Stanley Cohen discovered another growth
factor. Their observations linked this growth factor to epithelial growth, and therefore the name “Epidermal
Growth Factor” (EGF) was given to the newly found growth factor. In the beginning of the 1970s, Cohen’s
lab further elucidated the sequence and structure of EGF (C. R. Savage, Inagami, and Cohen 1972; R. C.
Savage, Hash, and Cohen 1973). The finding that extracellular EGF binding caused intracellular tyrosine
phosphorylation, lead to the discovery of the family of receptor tyrosine kinases (RTKs) (Cohen et al. 1982;
Buhrow et al. 1983). Nowadays, RTKs are linked to many physiological (e.g. growth, tissue repair) and
pathological processes (i.e. cancer, skin diseases, Alzheimer’s disease) (Wee and Wang 2017). This has led
to many drugs acting on the EGF receptor and other RTKs. Despite many successes, the EGF receptor is

not a perfect drug target due to resistance mechanisms, as will be discussed throughout this thesis.

6.2.2 EGFR gene and structure

The EGF receptor is a transmembrane receptor in the family of the RTKSs. It has a mass of around 120 to
170 kDa depending on N-linked glycosylation of the extracellular domain (ECD). The N-linked
glycosylation is important for the binding of its ligands and the activation of intracellular trafficking
processes (Fernandes, Cohen, and Bishayee 2001; Slieker, Martensen, and Lane 1988; Kaszuba et al. 2015).
The EGF receptor, also HER 1" or ErbB1™, is the prototypical receptor of the EGFR family. The three other
members of the EGFR family (i.e. HER2, HER3, HER4) are shortly discussed later. The human EGFR gene
is located on chromosome 7 in the p22 region of the short arm (Kondo and Shimizu 1983). The gene consists

of 28 exons, in which exon 18 till 21 are coding for regions of the TK domain.

6.2.2.1 Structure of the EGF receptor

There are 1210 amino acid” residues in the human EGF receptor. The first 24 amino acids are coding for a
signal peptide that is not present in the mature EGF receptor (Fig. 8A). The ECD of the EGF receptor
consists of 620 amino acids (Fig. 8B). The ECD is divided into four subdomains. Of these four subdomains,

subdomains I and III are lysine-rich and are considered to be the ligand-binding domains. Subdomains II

Vil Abbreviation of Human Epidermal growth factor Receptor 1
i Abbreviation of Erythoblastic leukemia viral oncogene homolog 1
* Signal peptide (24 aa), ECD (620 aa), TM (22 aa), JxD (41 aa), TKD (268 aa), C-tail (234 aa)
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and IV are cysteine-rich domains and are responsible for stabilizing conformational rearrangements of the
ECD and dimers/oligomers by the formation of disulphide bonds. A ~ 22 amino acid residue-long single
transmembrane helix separates the ECD from the intracellular domain (ICD). The ICD consists of 3

subdomains: the juxtamembrane domain (JxD), TK domain and a carboxyterminal tail (Fig. 8A).

6.2.2.2 Tyrosine kinase domain

The TK domain is the enzymatic domain and consists of 268 residues (Fig. 8C). This domain is only active
in an asymmetric dimeric conformation (i.e. 1 subunit is enzymatically active and 1 is inactive) (Brewer et
al. 2009), as will be explained in more detail in the next subchapter. The TK domain has two lobes: the N
and C-lobe in which the N-lobe has 8 p-sheets and 1 a-helix and the C-lobe has 3 B-sheets and 7 a-helices
(R. J. Roskoski 2019). In the cleft between the two lobes, there is a binding pocket that stabilizes the adenine
group of adenosine triphosphate (ATP). The enzymatically active subunit cleaves ATP, leading to
phosphorylation of tyrosyls (Y) on the carboxyterminal tail of the inactive subunit. This process is called
(trans-)autophosphorylation. Apart from autophosphorylation, other kinases like Src can phosphorylate

tyrosine, serine or threonine residues of the EGF receptor (Sato 2013).

6.2.2.3 Carboxyterminal tail

The carboxyterminal tail (also C-tail) is a 234 residues region that is flexible and contains many tyrosyls™,
among which there are 5 main autophosphorylation residues: Y992, Y1068, Y1086, Y1148 and Y1173.
Once phosphorylated, these residues function as docking sites for adaptor proteins. Moreover, the
carboxyterminal tail functions as an autoinhibitory domain. Indeed deletions in the carboxyterminal tail

could lead to activation of the kinase activity (Dankort et al. 1997; Kovacs et al. 2015).

In summary, the EGF receptor is a single-pass transmembrane receptor with a large ECD containing the
ligand-binding domains and a large ICD containing the enzymatical TK domain. Its carboxyterminal tail

contains phosphorylatable residues, that may act as docking sites for adaptor proteins.

XY974, Y992, Y1045, Y1068, Y1086, Y1101, Y1114, Y1148, Y1173 (main autophosphorylation residues are
underlined).
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Figure 8: Structure of the EGF receptor and its tyrosine kinase domain. A) Topology of the EGF receptor

in which domains and corresponding amino acids are mentioned. This figure is adapted from Ferguson et

al. (2008). B) Representation of the crystal structure of the extracellular domain of the EGF receptor in

inactive conformation. The dimerization arm is highlighted in red. This figure is adapted from Ferguson et

al. (2003), protein database reference INQL. C) Representation of the crystal structure of the tyrosine kinase

domain of the EGF receptor in active conformation. The phosphate binding loop, ATP binding pocket and

unfolded activation loop are encircled. This figure is adapted from Stamos et al. (2002), protein database

reference 1M17.
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6.2.3 Activation process of the EGF receptor and downstream signalling

Activation of the EGF receptor is initiated upon ligand binding to the extracellular domain (ECD).

In ligand-free conditions, the ECD adopts a “’tethered’” conformation (Fig. 9A). Herein, the asterisk
represents a [-hairpin in subdomain II, which is called the dimerization arm. Interactions between the
dimerization arm and subdomain IV stabilize the ECD in the tethered conformation (Ferguson et al. 2003).
The ECD of the EGF receptor can also adopt a ligand-free “’extended’’ conformation, exposing the
dimerization arm. Ligand-free inactive multimers with a variety of conformations could be stabilized

through this mechanism (Zanetti-Domingues et al. 2018).

The epitope of agonists is on subdomains I and I1I, two subdomains that are always exposed. Upon binding
of agonist, subdomain I of the ECD rotates 130° (Ferguson 2008). This allows for interactions between the

ECDs of two EGF receptor subunits through the dimerization arm and subdomain IV (Fig. 9B).

As a result of these conformational changes, the transmembrane domain rotates, causing a reorientation of
the juxtamembrane and TK domains. An asymmetric dimeric conformation of its TK domains is crucial for
the EGF receptor to be enzymatically active. One of the TK subunits is in the inactive conformation, the
activator conformation (Fig. 10A), whereas the other TK subunit is in the enzymatically active
conformation, the receiver conformation* (Fig. 10B). Following conformational changes, the C-lobe of an
inactive TK subunit interacts with the N-lobe of the other TK subunit, stabilizing it in an enzymatically
active conformation (Fig. 10A-C). More precisely, the aH-helix of the inactive subunit interacts with the
aC-helix of the active subunit, thereby changing the orientation of the aC-helix from “in” to “out”. This
generates a salt bridge between two residues in the N-lobe: lysine 745 (K745) and a residue in the a.C-helix,
glutamic acid 762 (E762). As a result: 1) interactions between E762 and leucine 858 (L.858) are disrupted,
resulting in the unfolding of the activation loop that contains L858 and 2) the movement of a DFG-motif
(i.e. aspartic acid 855 (D855), phenylalanine 856 (F856) and glycine 857 (G857)) from “out” to “in” position
(Fig. 10B) (R. Roskoski 2016). These re-orientations are crucial for the TK domain to be in an active
conformation (Lemmon, Schlessinger, and Ferguson 2014). The TK domains remain dynamic, resulting in

both TK domains adopting alternatively the active and inactive conformations, thereby inducing (trans-

)autophosphorylation on the autophosphorylation sites on the carboxyterminal tail (Hubbard 2006).

In summary, the EGF receptor adopts a dimeric conformation through the ECD upon binding of an agonist.
Subsequent allosteric modulations remove autoinhibitory structures in the intracellular TK domain. This

leads to activation of the enzymatic activity and autophosphorylation on the carboxyterminal tail.

i The inactive TK is called the activator. The active TK is called the receiver.
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Figure 9: Conformation of ligand-free EGFR family members and dimerization of the EGF receptor. A)
Ligand-free conformations of the extracellular domain of the four EGFR family members. EGFR, HER3
and HER4 are tethered and HER?2 is extended. Figure is adapted from Maruyama et al. (2014). B) Activation
of the EGF receptor upon binding of EGF. A 130° rotation of the extracellular domain, reveals the
dimerization arm (*). The inactive (A) TK domains associate, resulting in an asymmetric TK domain

consisting of an inactive and active (R) TK domain. Figure is adapted from Ferguson et al. (2008).
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Figure 10: Molecular mechanism of TK domain activation. A) Schematic representation of the inactive TK
domain or “activator”. B) Schematic representation of the active TK domain or “receiver”. C) Schematic
representation of asymmetric TK domain. D) Schematic representation of symmetric TK domain. The red

dotted line is an interaction between two residues. Figure is adapted from Lemmon et al. (2014).
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6.2.4 Main downstream signalling pathways of the EGF receptor

The phosphorylated residues on the carboxyterminal tail act as docking sites for adaptor proteins that will
initiate signalling and trafficking downstream of the EGF receptor. Two of the main signalling axes (i.e.
Ras-ERK1/2 and PI3K-AKT-mTOR) (Fig. 11) and EGF receptor internalization (Fig. 12) are summarized

below.

6.24.1 ERKI/2 signalling

The extracellular signal-regulated kinases (ERK) 1/2 signalling pathway is initiated by phosphorylation of
tyrosine residue (Y) 1068 and Y 1086 of the EGF receptor. Following, growth factor receptor-bound protein
2 (Grb2) associates to these tyrosyls through its SH2 and SH3 domains. Another adaptor protein, SHCI,
associates to Y1148 and Y1173. Grb2 and SHCI act as binding site of sons of sevenless (SOS1), which is
a guanine exchange factor (GEF). SOS1 activates Ras-family proteins, a family of guanine triphosphatases
(GTPase), by promoting the exchange of GDP for GTP. Hydrolysis of Ras-bound GTP, leads to
phosphorylation and activation of Raf, a serine/threonine kinase. This leads to phosphorylation of MEK-
1/2, a serine/threonine kinase. Next, ERK1/2, also a serine/threonine kinase, is phosphorylated and
activated. ERK1/2 activation leads to subsequent activation of transcription factors (MYC, FOS, JUN),
thereby increasing CY CLIN D expression. Elevated levels of CYCLIN D induce the formation of complexes
with cyclin-dependent kinases (CDKs), which ultimately lead to progression of the cell cycle through
activation of other regulatory proteins (Wee and Wang 2017).

6.24.2 mTOR signalling

The PI3K-AKT-mTOR axis is initiated by phosphorylation of Y1068 or Y1086 and association of Grb2.
Next, Grb2 associated protein 2 (Gab2) binds to EGFR/Grb2. Subsequently, phosphoinositide-3 kinase
(PI3K) associates to this complex and gets activated. This results in phosphorylation of phosphatidylinositol
4,5-biphosphate (PIP,) to obtain phosphatidylinositol 3,4,5-triphosphate (PIP3). PIP; localizes AKT to the
cell membrane, where it promotes mTOR signalling complexes. Like ERK1/2 activation, mTOR signalling
complex activation leads to CYCLIN D upregulation resulting in progression of the cell cycle (Meng, Frank,

and Jewell 2018; Wee and Wang 2017).
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Figure 11: Main signalling axes of the EGF receptor. A) Schematic representation of the Ras-ERK1/2

signalling axis. Adaptor proteins are Grb2 and SHC1. SOS acts as GEF. Ras is a GTPase. Raf, MEK, ERK
and CDK are kinases. MYC, JUN and FOS are transcription factors. Cyclins are regulatory proteins. B)
Schematic representation of the PI3K-mTOR signalling axe. Grb2 and Gab2 are adaptor proteins. PI3K and
AKT are kinases. PIP, and PIP3 are phospholipids. mTORs are large protein complexes.
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6.24.3 Internalization

The main internalization pathway of the EGF receptor is clathrin-mediated endocytosis (CME). However,
depending on phosphorylation kinetics, ubiquitination and saturation of pathways, clathrin-independent
endocytosis (CIE) mechanisms like fast endophilin-mediated endocytosis, micropinocytosis, caveolin-
dependent endocytosis or lipid-raft endocytosis (Henriksen et al. 2013; Boucrot et al. 2015) may occur as
well. Indeed, low levels of ubiquitination promote CME, whereas high levels of ubiquitination promote CIE

(Sigismund et al. 2005).

The canonical CME is initiated by phosphorylation of Y1068/Y1086 and Y1045 (Fig. 12A) (F. Huang et
al. 2006). Grb2 associates to phosphorylated Y1045 and one of the other phosphorylated tyrosyls.
Consequently, Casitas B-lineage Lymphoma (Cbl), a ubiquitin ligase, is recruited to Grb2 and
phosphorylated residue Y1045. Through conformational changes, Cbl recruits Cbl-interacting protein of
85K (CIN85) to form a complex. This complex is linked to endophilin, which is an initiator of the
remodelling of the membrane that ultimately leads to membrane fission (Fig. 12B). Rapidly after activation,
the EGF receptor gets ubiquitinated by Cbl, a process that determines whether the receptor gets recycled or
degraded. During CME, the membrane will curve and adaptor proteins (i.e. adaptor protein 2 (AP-2),
clathrin, dynamin) will associate to the complex, resulting in membrane fission and the generation of an
early endosome (Fig. 12C). The early endosome gets sorted into recycling to the cell membrane or they
become late endosome multivesicular bodies (MVB), which is sorted towards degradation upon fusion to

the lysosome (F. Huang et al. 2006; Takei and Haucke 2001; Madshus and Stang 2009).

To summarize, the EGF receptor is subject to internalization through CME or CIE, regulated by a variety
of cellular processes. During the internalization process, ubiquitination mediates sorting of the receptor

towards recycling or degradation.
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Figure 12: Canonical pathway of EGF receptor internalization. A) Main EGF receptor phosphorylation
sites involved in internalization are Y1045, Y1068 and Y1086. B) A complex of Cbl, Grb2, CIN85 and
endophilin is bound to the EGF receptor and the membrane. This complex induces receptor ubiquitination
and membrane remodelling. C) The fate of the EGF receptor is determined in the early endosome, where it

is sorted for recycling or degradation.
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6.2.5 Agonists in the EGFR family

The EGF receptor can bind at least 7 endogenous ligands, which are all small proteins or peptides that bind
the extracellular domain. EGF, a 6 kDa protein, is the prototypical agonist. Other EGF receptor agonists are
Transforming Growth Factor-a (TGF-a), amphiregulin (AR), betacellulin (BTC), heparin-binding EGF-
like growth factor (HB-EGF), epiregulin (EREG) and epigen (EPN) (B. Singh, Carpenter, and Coffey 2016).
These ligands are expressed on the cell surface as membrane-inserted proteins that can be cleaved by a
desintegrin and metalloproteinases (ADAMSs) to release the ligands. BTC, HB-EGF and EREG also bind
HER3 and HER4 and are therefore considered bispecific ligands (Wilson et al. 2009). There is also a class
of small protein agonists that exclusively binds HER3 and HER4, called the neuregulins. EGFR family
agonists could induce autocrine (i.e. cells that ligands are released from) or paracrine (i.e. neighbouring

cells) activation (B. Singh, Carpenter, and Coffey 2016; Wee and Wang 2017).

All agonists act on the extracellular domain through interactions with subdomains I and III (Ogiso et al.
2002). However, some agonists induce more stable dimers than others. Full agonists EGF and TGF-a induce
stable dimers, whereas partial agonists EREG and EPN induce less-stable dimers (Fig. 13). It was proposed
that the stability of the dimer plays a role in signalling kinetics (Freed et al. 2017). Indeed, full agonists
induce swift phosphorylation of the EGF receptor, leading to downregulation of the receptor, resulting in
transient signalling. Conversely, activation of the EGF receptor by partial agonists is less rapid, causing less
downregulation of the receptor and more sustained signalling (Freed et al. 2017). Consequently, transient
signalling of the EGF receptor leads to more proliferation, whereas sustained signalling leads to more

differentiation (Lemmon et al. 2016; Marshall 1995).

Till now, 7 endogenous agonists of the EGF receptor are discovered. All agonists bind to the extracellular
domain of the EGF receptor, but the stability of the induced dimer may be different. By this way, different

agonists may promote different kinds of signalling.

35



A EGF receptor dimers stabilized by epiregulin B EGF and EREG

C EGF TGF-a AR BTC HB-EGF EREG EPN

HER1 HER1 HER1 HER1, 3,4 HER1,3,4 HER1,3,4 HER1
Figure 13: EGFR family agonists. A) Epiregulin (EREG) stabilizes dimers of the EGF receptor in a different
conformation than EGF. Figure is adapted from Freed ef al. (2017). B) Representation of crystal structures
of EGF and EREG. EGF crystal structure is adapted from Lu et al. (2010), protein database reference 3NJP
(Lu et al. 2010). EREG crystal structure is adapted from Kado et al. (2016, protein database reference SESD

(Kado et al. 2016). C) Overview of EGFR agonists and their specificity to EGFR family members.
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6.2.6 EGFR family members
Heterodimerization in the EGFR family is possible between all members of the EGFR family (Fig. 14)

(Kennedy et al. 2016). Some heterodimers that are linked to physiological processes will be introduced here.

6.2.6.1 Human Epidermal growth factor receptor 2 (HER2)

In locally advanced breast cancer, an increased number of EGF receptor-HER?2 heterodimers are correlated
to poor clinical outcomes (Nieto et al. 2007), underlining the importance of heterodimer formation. Graus-
Porta et al. described that depending on the ligand, the propensity of a member of the EGFR family to form
heterodimers may change. Moreover, the HER2 plays a critical role as it is the preferred binding partner of
all family members (Graus-Porta et al. 1997). As there is no high-affinity ligand for the HER2, the main
function of this receptor is being exerted through formation of heterodimers (Kennedy et al. 2016).

6.2.6.2 Human Epidermal growth factor receptor 3 (HER3)

The kinase domain of the HER3 is locked in an inactive conformation that resembles the inactive
conformations of the EGF receptor, HER2 and HER4 (Littlefield et al. 2015). Due to the lack of several key
residues that modulate activation of the TK in the other EGFR family members, its TK domain remains
inactive (Jura et al. 2009) or with weak activity (Shi et al. 2010). Nevertheless, HER3 is an allosteric
modulator in heterodimers and was suggested as therapeutic target for treating brain metastases (Lyu et al.

2018).

6.2.6.3 Human Epidermal growth factor receptor 4 (HER4)
The role of HER4 is less clear than the other EGFR family members. Still, the receptor may be a favourable
prognostic marker in breast cancer (Ghayad et al. 2010). The HER4 contains a kinase domain that can be

activated, resulting in allosteric changes like for the EGF receptor (Mota et al. 2017).

A EGFR B HER?2 C HER3 D HER4
+ EGFR +EGFR + EGFR +EGFR
EGRR + HER2/3/4 HER2 +HER2/3/4 HER3 + HER2/3/4 HER4 + HER2/3/4

AR

Figure 14: EGFR family members and their preferred binding partners. A) EGF receptor. B) HER2; the red
cross represents the non-functional ligand binding domain. C) HER3. D) HER4; the red cross represents the

inactive tyrosine kinase domain.
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6.2.7 The EGF receptor in physiological processes
Mostly, the EGF receptor is implicated in mitogenic processes. As such, it is important in central nervous
system (CNS) protection, vascularisation, lung function, kidney function, gastro-intestinal homeostasis,

pancreatic function or reproductive system function. A few main processes will be introduced here.

6.2.7.1 Embryogenesis, neuroprotection and skin repair

The EGF receptor is expressed in all tissues in the human body, except in red blood cells. Especially during
embryogenesis in the placenta, EGF receptor levels are high. This is not surprising when looking at its
crucial role in embryogenesis: mice lacking EGF receptor had abnormalities in many tissues, including
bone, brain, heart, skin, eyes and lung (Threadgill et al. 1995). In the earliest stages of life, the EGF receptor
regulates uterine development, embryo implantation and growth and differentiation of the placenta (J. Chen
et al. 2016). In postnatal development and organogenesis, absence of the EGF receptor can lead to a variety
of abnormalities like dysfunctional or defect lungs, underdeveloped heart valves, delayed bone formation,
decreased neuronal migration and cortical layer formation, and defects in development of renal ducts (J.

Chen et al. 2016).

Also, in the brain, expression levels of the EGF receptor are high during early stages of life, but decreased
at later stages in life. However, expression levels of the EGF receptor may go up in case of injuries in the
CNS, where the EGF receptor induces tissue repair. Also, in Alzheimer’s Disease, Parkinson’s Disease and
schizophrenia, the EGF receptor has a neuroprotective role as it protects against toxicity of neurotransmitters

(i.e. glutamate) (Novak, Walker, and Kaye 2001; J. Chen et al. 2016).

The EGF receptor, HER2 and HER4 are well expressed in skin tissue, but especially the EGF receptor is
linked to skin growth, repair and wound healing. EGFRs may be (trans-)activated by GPCRs or interleukins
(i.e. interleukin-33 (IL-33)) and can suppress expression of chemokines, thereby reducing skin
inflammation. Conversely, inhibition of IL-33 could lead to skin problems that resemble those of patients

treated with TK inhibitors for the EGF receptor (Gangemi et al. 2013).

To summarize, EGF receptor expression levels are high in the first stages of life, where it is important for
the correct development of many tissues. Throughout later stages of life, expression levels of the EGF

receptor may be upregulated during certain neurological disorders or skin repair and wound healing.
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6.2.8 Non-small cell lung cancer

The EGF receptor being implicated in so many fundamental physiological processes, is a central player in
tumorigenesis as well. Often, the EGF receptor and its ligands are overexpressed in cancerous tissues. In
normal cells, it has been estimated that there are between 40,000 to 100,000 receptors per cell, whereas in
cancerous cells there could be over 1,000,000 receptors per cell (Carpenter and Cohen 1979). In combination
with overexpressed ligands that induce expression of the EGF receptor and themselves, positive feedback

loops could be generated, leading to gene amplification (William et al. 2017).

6.2.8.1 Introduction to lung cancer

Lung cancers are categorized into small cell lung cancers (SCLC) and non-small cell lung cancer (NSCLC).
Around 85% of lung cancers is NSCLC and around 15% is SCLC. In this thesis, the focus is on NSCLC.
NSCLC is a category of cancers in and around the lung that are histologically categorized into two main
groups: squamous cell carcinomas and non-squamous cell carcinomas (i.e. adenocarcinoma and large cell
cancer). Squamous cell carcinomas are often related to smoking or external factors, whereas non-squamous
adenocarcinoma, the most common NSCLC, is more often related to genetics and could be overrepresented
in certain ethnic groups. Around 75% of all lung cancer patients have a history of smoking. In the other 25%
of patients, external factors as air pollution, second-hand smoking or genetic factors may have been of
influence. The average age of discovery of NSCLC is 65 years and it is one of the deadliest cancers in the

world with an average 5-year survival rate of 17% (Ettinger et al. 2015).

6.2.8.2 Stages of non-small cell lung cancer

NSCLC can be diagnosed by several methods: computed tomography (CT) imaging, biopsy of potentially
cancerous lung tissue or cytology of coughed up fluid, the sputum (Boerckel et al. 2019). Depending on the
spread and size of the cancer in the lungs and lymph nodes, there are multiple stages of NSCLC (Fig. 15).
At stage I, there is cancerous tissue in the lung and there is no metastasis. At stage II, cancerous tissue can
be found in the lung and nearby lymph nodes. In stage III cancerous tissue can be found in the lung and
lymph nodes in the middle of the chest. In stage IIIA, the cancer is present in the lymph nodes on the same
side where the cancer was found first. In stage I1IB, the cancer is present in the lymph nodes on the opposite
side of where the cancer started growing or above the collarbone. In the final stage, stage IV, the cancer has
metastasized and can be found in other parts of the body. The more advanced the cancer is, the more the

expected 5-year survival rate decreases (Ettinger et al. 2015).
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Figure 15: Four stages of non-small cell lung cancer. A) Stage I: tumour is between 1 and 4 cm and not
metastasized. B) Stage II: tumour is between 3 and 7 cm and could be present in lymph nodes close to the
lungs. C) Stage III: tumour could be bigger than 7 cm and present in multiple lymph nodes close to the
lungs. D) Stage IV: tumour has metastasized. Figure is adapted from American Cancer Society: Non-small
cell lung cancer stages. www.cancer.org/cancer/non-small-cell-lung-cancer/detection-diagnosis-

staging/staging.html (2019).

6.2.8.3 Driver gene mutations

A common step for determining the treatment strategy is genotyping the cancer (Ettinger et al. 2015). In
NSCLC, there are 3 genes that often carry driver mutations: KRAS, ALK and EGFR. Driver mutations in
these genes promote cancerous cell growth. KRAS driver mutations are found in 25% of all NSCLC patients.
Rearrangement of anaplastic lymphoma kinase (ALK), i.e. fusion between the ALK gene and an oncogenic
driver gene, are found in 8% of NSCLC patients. Activating mutations in the EGFR gene are found in 17%
of NSCLC patients. Usually, EGFR, ALK and KRAS mutations are mutually exclusive (Kris et al. 2014).
Lastly, therapy against programmed cell death protein (PD1) or programmed death-ligand 1 (PD-L1), so-
called immunotherapy, could be considered for cancer cells expressing PD-L1 (Ribas and Hu-Lieskovan
2016). Inhibitors specifically targeting K-Ras, ALK, EGFR or PD-L1 are currently available on the drug

market.
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6.2.84 EGFR driver mutations and resistance to treatment

Almost exclusively, EGFR mutations are somatic mutations and will not be passed to future generations.
This does not exclude that genetics play a major role for EGFR driver mutations. It was found that females
and Asian people are overrepresented in the group of NSCLC patients bearing EGFR mutations. Light or

non-smokers are overrepresented in this group as well (Pao et al. 2004).

In NSCLC, the EGFR mutations can be found in the exons 18 to 21, that are coding for the TK domain.
Herein, exon 21 codes for the activation loop that is crucial for the inhibition of the TK domain (Fig. 10).
In exon 21, the most common mutation is the substitution of L858 with arginine (L858R), resulting in a TK
domain that is always in the active conformation (Fig. 16A). Another common mutation is the deletion of
residues 746 till 750 in exon 19 (exon19del). This deletion causes the displacement of the activation loop,
also causing the TK domain to be in the active conformation. L858R and exon19del are considered primary,
activating EGF receptor-mutations and they account for over 90% of the primary mutations in the TK
domain (Shigematsu et al. 2005). Often, patients bearing these mutations are treated with TK inhibitors, a
group of ATP-competitive antagonists that will be discussed in more detail in the next subchapter. There
are three generations of TK inhibitors that are on the drug market (Table 3). First-generation TK inhibitors
act on wild-type EGF receptor and EGF receptors with a primary activating mutation. Second-generation
TK inhibitors are pan-EGFR family inhibitors. Third-generation TK inhibitors are designed for a specific
EGF receptor mutant, but also have affinity for wild-type EGF receptor, as will be discussed here.

EGF receptors bearing a primary activating mutation have an increased sensitive to treatment by first-
generation TK inhibitors (Pao et al. 2004) and second-generation TK inhibitor dacomitinib (Lau et al. 2019).
Through a plethora of mechanisms, drug resistance to first-generation TK inhibitors will inevitably appear
after 9-13 months of treatment (Cortot and Janne 2014). Importantly, the appearance of drug-induced EGFR
mutations is very common (Wang et al. 2016). Common other resistance mechanisms are: bypassing of
EGF receptor-signalling through HGF receptor or HER2, PI3KCA mutations or histological changes (i.e.
SCLC transformation or epithelial-mesenchymal transition) (Tan et al. 2018). Moreover, over the course of
time, cancers become more heterogenous due to temporal, spatial and drug-induced heterogeneity. Tumour
heterogeneity could abolish initial responses to drugs due to increased complexity of the tumour (Fig. 16B).
Combination or pan-inhibition of oncogenes could therefore be beneficial in NSCLC treatment (Dagogo-

Jack and Shaw 2018).

Especially in patients treated with first-generation TK inhibitors, the appearance of a secondary EGFR

mutation in cis®" is common. During treatment with first-generation TK inhibitors, drug resistance through

M Iy cis means on the same allele and thus in the same protein
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the substitution of threonine 790 with methionine (T790M) appears in around 50% of patients (Fig. 16)
(Nosaki et al. 2016). The bulky methionine sterically hinders first-generation TK inhibitors (Pao et al. 2005).
Moreover, it increases enzymatic activity of ATP hydrolysis (Yun et al. 2008). Because, the T790M
mutation renders resistance to many of the existing TK inhibitors, it is also called the gatekeeper mutation
(Yun et al. 2008).

Drugs specifically designed for the inhibition of the T790M-containing EGF receptor are third-generation
TK inhibitors. Third-generation TK inhibitors are ATP-competitive and form a covalent bond with cysteine
797 (C797). Generally, patients treated with these inhibitors have a better overall survival (Ohe et al. 2019)
and a higher progression-free survival (Jiang et al. 2018) than first-generation TK inhibitors. Despite high
initial response rates to osimertinib, patients will develop new resistance mechanisms of which a substitution
of cysteine 797 with serine (C797S) is common (Fig. 16) (Heydt et al. 2018). Patients bearing C797S in
combination with an activating mutation (e.g. L858R or exonl9del) and the gatekeeper mutation (i.e.
T790M), have acquired resistance to all FDA-approved TK inhibitors of the EGF receptor. A new generation
of (allosteric) inhibitors, targeting the triple-mutated (i.e. L858R/T790M/C797S) EGF receptor, is in
development. First results revealed synergy between EGFR allosteric inhibitor 045 (EAIO45) and
cetuximab, a monoclonal inhibitory antibody, on mice bearing the triple-mutated EGF receptor (Jia et al.

2016).

To summarize, NSCLC is a group of cancers in the lung and belongs to the deadliest cancers in the world.
Common mechanisms leading to NSCLC are driver mutations, among which the EGFR driver mutation is
one of the most frequent ones. EGFR driver mutations are more common for Asians and females and less
common in smokers. EGFR driver mutations are caused by a combination of genetic background,
environment and other factors. Initial inhibition of the primary-mutated EGF receptor is relatively
successful, till the appearance of drug-induced resistance mutations, like the gatekeeper mutation T790M

and C797S.

EGF receptor mutation Drug sensitivity Drugs Mechanism of action

. 1st generation TK inhibitors Erlotinib, gefitinib ATP-competitive

None (wild-type) . o . .
2" generation TK inhibitors Lapatinib ATP-competitive
1st generation TK inhibitors Erlotinib, gefitinib ATP-competitive
L858R or exon19del ) o o e

2" generation TK inhibitors Lapatinib, dacomitinib Daco.: cov. to C797

T790M 3 generation TK inhibitors Osimertinib Covalent to C797
Stabilizes inactive TK

C797S Allosteric TK inhibitors? EAIO45 )
domain

Table 3: EGF receptor mutations and drug sensitivity. Cov. means covalent.
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A Main mutated residues in the EGF receptor TK domain

B Drug-induced resistance

EGFR sensitive mutation+

EGFR T790M mutation+

Other resistance mechanisms to first
generation EGFR-TKI

T790M+ plus C7975+

Third generation EGFR TKIs

T790M+ \

T790M- T790M-

T790M- plus C797S+

oleceee

Other mechanisms to third generation
EGFR-TKI with G797S -

\

Figure 16: Drug-induced resistance to TK inhibitors. A) EGF receptor TK domain (active). This figure is
adapted from Stamos et al. (2002), protein database reference 1M17. B) Drug-induced resistance to first-
generation TK inhibitors. This figure is copied from Wang ef al. (2016), with permission from Springer

Nature.
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6.2.9 Generations of EGF receptor TK inhibitors

TK inhibitors have been shortly introduced in the last subchapter. In this subchapter the characteristics of
each generation are presented. TK inhibitors can be classified in a few ways, but the most common way is
to distinguish them based on their generation in which they are designed. All TK inhibitors are not
competitive to agonists. There are three generations of TK inhibitors that are FDA-approved and each
generation was developed with a specific purpose. An experimental fourth-generation TK inhibitor is in the

testing phase.

6.2.9.1 First-generation TK inhibitors

First-generation TK inhibitors are reversible ATP-competitive compounds. This generation includes
compounds like gefitinib (Iressa, FDA approved in 2003), erlotinib (Tarceva, FDA approved in 2004),
PD153035 and AG1478 (Fig. 17A-C, J). These compounds are efficacious on wild-type EGF receptor and
EGF receptor with a primary mutation (e.g. L858R or exon19del) (Karachaliou et al. 2019). First-generation
TK inhibitors occupy the ATP-binding pocket and form hydrogen-bonds with M793 in a hinge region at the
entry of the TK domain. The hydrophilic part of these compounds points outside of the TK domain into the
solvent. The hydrophobic part of these molecules is stabilized through hydrophobic interactions inside the
TK domain (R. Roskoski 2016). These compounds do not extend into the back of the ATP cleft. As a result,
the DFG-motif is in an inward position and the activation loop is unfolded. Therefore, first-generation TK
inhibitors stabilize the active conformation of the TK domain (Dar and Shokat 2011). Additionally, the
inactive conformation of the TK domain is stabilized as well by first-generation TK inhibitors (J. H. Park et

al. 2012).

6.2.9.2 Second-generation TK inhibitors

Second-generation TK inhibitors are ATP-competitive compounds that have slow or irreversible binding
kinetics (E. R. Wood et al. 2004). Some examples of second-generation TK inhibitors are lapatinib,
GW583340, dacomitinib (Fig. 17D-F, K) and afatinib. Second-generation TK inhibitors are pan-EGFR TK
domain inhibitors that are designed for inhibiting the EGF receptor and HER2, in for example breast cancer
(i.e. lapatinib) and/or NSCLC (i.e. dacomitinib and afatinib). All compounds of this generation form
hydrogen bonds with the hinge region comprising M793. Lapatinib and GW583340 have a large
hydrophobic group pointing inside the TK domain. These compounds displace the DFG-motif, thereby
stabilizing the inactive conformation of the TK domain. On the other hand, dacomitinib does not extend in
the back of the TK domain, thereby stabilizing the active (and inactive) conformation of the TK domain.
Unlike lapatinib and GW 583340, dacomitinib and afatinib are irreversible inhibitors by forming a covalent

bond with C797 (Niederst et al. 2015).
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6.2.9.3 Third-generation TK inhibitors

Third-generation TK inhibitors are ATP-competitive compounds that form covalent bonds with C797
(Wang et al. 2016). Osimertinib and rociletinib are well known third-generation TK inhibitors (Fig. 17G,
H, L). These compounds have an increased affinity (i.e. 200 times) for double-mutated (i.e. L8S8R/T790M)
EGF receptor over wild-type EGF receptor, thereby reducing wild-type EGF receptor-associated side effects
(Burtness et al. 2009). Nevertheless, toxic effects on the skin or gastrointestinal tract are often observed
(Janne et al. 2015). Importantly, the pharmacological profile of osimertinib is advantageous over first and
second-generation TK inhibitors as the blood-brain barrier penetration is higher, making osimertinib more
efficacious against brain metastases (Le and Gerber 2019). Osimertinib and rociletinib stabilize the inactive

conformation of the TK domain.

6.2.94  Experimental fourth-generation TK inhibitors

Because of additional resistance mechanisms, the search for newer generations of TK inhibitors is ongoing.
A “fourth-generation” TK inhibitors could be allosteric binders like EAI045. EAI045 binds in an allosteric
pocket next to the aC-helix of the TK domain of mutated EGF receptor and is not ATP-competitive (Zhao
et al. 2018). Importantly, it has an increased affinity (1000 times) for the EGF receptor bearing T790M over
wild-type EGF receptor and does not bind to the TK domain bearing exon19del (Jia et al. 2016). Its structure
can be described as a three-bladed propeller, in which one blade is in between the gatekeeper mutation (i.e.
M790) and K745, a second blade occupies a hydrophobic pocket in the back of the ATP cleft and the third
blade is next to the aC-helix forming interactions with the DFG-motif (Fig. 18) (L. Chen et al. 2018). Its

inhibitory activity was increased when combination with cetuximab (Jia et al. 2016)

To summarize, first-generation TK inhibitors are inhibitors of wild-type and mutated (i.e. L858R or
exonl9del) EGF receptor. Second-generation TK inhibitors are considered pan-EGFR TK inhibitors with
generally slow or irreversible binding kinetics. Third-generation TK inhibitors are irreversible mutant-
specific (i.e. T790M) inhibitors. Experimental fourth-generation TK inhibitors inhibit the EGF receptor

through an allosteric binding site which is not ATP competitive.
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Figure 17: Structures of four generations of tyrosine kinase inhibitors. A) Erlotinib. B) Gefitinib. C)
PD153035. D) Lapatinib. E) GW583340. F) Dacomitinib. G) Osimertinib. H) Rociletinib. I) EAI045. J-L)
Erlotinib, lapatinib and osimertinib with the interactions with their pharmacophores highlighted. The H-
bonds in the hinge region is formed with M793. The covalent interaction of osimertinib is formed with

C797. Figure 17J-L are adapted from Roskoski ef al. (2016).
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Figure 18: Mode of binding of allosteric TK inhibitors. A) Chemical structure of EAIO01. B) Mode of
binding into allosteric binding pocket of the inactive, mutated (T790M/V948R) TK domain. Protein
database reference 5D41 (Jia et al. 2016). C) Chemical structure of EAI045. D) ATP binding pocket and
allosteric pocket of the TK domain are highlighted. This figure was copied from Chen et al. (2018) with

permission of American Chemical Society.
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6.2.10 Summary of the introduction of the EGF receptor

Since the discovery of receptor tyrosine kinases (RTKs) and the EGF receptor in the 1950s, the EGFR
family has become the prototypical RTK class. The EGF receptor is a single transmembrane receptor linking
a large extracellular domain with an enzymatic intracellular domain, the tyrosine kinase domain. Its agonists
are small proteins and induce dimer formation/conformational changes in order to activate the receptor.
Activation of the receptor leads to progression of the cell cycle. The EGF receptor has a key role in
embryogenesis and is involved in many physiological processes like skin repair and neuroprotection. As
such, it is also involved in tumorigenesis and several drugs are targeting the (overactive) EGF receptor and
other EGFR family members. For many non-small cell lung cancer patients, the EGF receptor is a
therapeutic target that is inhibited by different generations of TK inhibitors. Unfortunately, resistance
mechanisms occur, among which drug-induced appearance of mutations in the TK domain are common.
Ultimately, this leads to acquired resistance to all FDA-approved drugs. Innovation of therapy could be
succeeded by the generation of new generations of TK inhibitors, or by optimizing therapies. In this thesis,

we did an effort to increase understanding of the effect of TK inhibitors on the EGF receptor.
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6.3 METABOTROPIC GLUTAMATE RECEPTOR SUBTYPE 4

6.3.1 History of the metabotropic glutamate receptors

The first discovered glutamate receptors are the ion-channel linked ionotropic glutamate receptors. In 1985,
another kind of glutamate receptor, with different downstream signalling, was discovered (Sladeczek et al.
1985). In the years that followed, other glutamate receptors of the same kind were discovered, establishing
a new family of receptors that was named the metabotropic glutamate (mGlu) receptor family. As the
members of the mGlu receptor family are coupled to G proteins, they became a new family of the GPCR
superfamily (Bockaert, Pin, and Fagni 1993). Within the mGlu receptor family, there are 8 subtypes (and
more if splicing variants are considered) divided into 3 groups. Group I mGlu receptors are mGlu receptor
subtype 1 (mGlul) and 5 (mGlu5), mainly coupled to the Gagq protein, as was discovered by Sladeczek in
1985 (Sladeczek et al. 1985). Group II mGlu receptors are the mGlu2 and mGlu3 receptor. Their main G
protein family coupling is Go; and Go,. Group III mGlu receptors are mGlu4, 6, 7 and 8 receptors. Their

main coupling is to Go; and Ga.

6.3.1.1 Group-selective modulation of mGlu receptors

All mGlu receptors can be activated by the endogenous orthosteric agonist glutamate, though with different
potencies (J. P. Pin and Duvoisin 1995). Moreover, group-selective compounds (i.e. agonists, antagonists,
allosteric modulators) have been developed for group I (Salt, Turner, and Kingston 1999), II (Simmons et
al. 2002) and III (Lopez et al. 2007) mGlu receptors. These compounds act either on the orthosteric site in
the N-terminal extracellular domain or within the 7TM domain on the allosteric binding site. In 1999, an
allosteric binding site was discovered in the 7TM domain of class C GPCRs. This binding site resembles

that of the orthosteric binding site of class A GPCRs (Litschig et al. 1999).

6.3.1.2 Homo- and heterodimeric structures of mGlu receptors

Before, the members of the mGlu receptor family were believed to be (mainly) constitutive homodimers
(Romano, Yang, and O’Malley 1996). Only ten years ago, it was shown that mGlu receptors within group
I or within group II and III have the propensity to form heterodimers with each other (Doumazane et al.
2011). Later, the existence of pharmacologically active mGlu2-4 heterodimers was proven in native tissue
(Yin et al. 2014). The precise mechanisms of activation of heteromeric mGlu receptors are not clear yet, but
insights in the structure of mGlu receptors bound to activators or inhibitors could help deciphering the
activation mechanisms. In 2000, the structure of the Venus Flytrap (VFT) domain of the mGlul receptor
was solved (Kunishima et al. 2000) and in 2014, the first 7TM domain of an mGlu receptor structure was
solved; also that of the mGlul receptor (H. Wu et al. 2014). In 2019, the first ‘full-length’ mGlu5 agonist-
bound receptor structure was solved with crystallography and cryo-EM (Koehl et al. 2019). A next milestone
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was the solving of the structures of the mGlu2 and mGlu4 (Fig. 19A) (Lin et al. 2021). Notably, the dimers
are asymmetric and only one subunit of each dimer binds a G protein, as was proposed by biochemical
approaches by Pin’s team (Hlavackova et al. 2005; Goudet et al. 2005). This information will be crucial for
explaining the asymmetric activation of an mGlu2-4 heterodimer, as was shown in 2017 (J. Liu et al. 2017).
The only published cryo-EM structure of a heterodimeric mGlu receptor is the inactive mGlu2-7
heterodimer, in which it was shown that G protein activation is strictly through the mGlu7 subunit (Du et

al. 2021), revealing that G protein coupling is differently regulated between different dimers.

Overall, tremendous progress in mGlu receptor research has been made since their discovery in 1985. There
are now orthosteric and allosteric compounds to selectively control the different groups of mGlu receptors.
Once, mGlu receptors were believed to be exclusively homodimers, whereas a functional mGlu2-4 receptor
and the cryo-EM structure of the mGlu2-7 heterodimer are the ultimate prove against. The next challenge

is to decipher the physiological role of these heterodimeric receptors.

6.3.2 Structure of metabotropic glutamate receptors subtype 4

The mGlu4 receptor is a ~130 kDa N-glycosylated membrane protein consisting of a large N-terminal
domain, a 7TM domain and C-terminal domain (Fig. 19A-B). The receptor has 880 amino acids after
cleavage of its 32 amino acid signal peptide (Rosemond et al. 2002). The N-terminal domain resembles the
venus flytrap plant and has around 553 residues (Fig. 19C). It consists of a Venus Flytrap (VFT) domain
and a cysteine-rich domain (CRD). The VFT domain contains the orthosteric binding site and is well
conserved within the mGlu receptor family (Rosemond et al. 2002). The 7TM domain is a 261-residue
domain consisting of seven transmembrane a-helices, connected by three intra- and three extracellular loops.
The binding pocket in between the transmembrane helices is the allosteric binding site and is less well
conserved (M. R. Wood et al. 2011). The intracellular loops between the a-helices regulate G protein
coupling (Jean Philippe Pin, Galvez, and Prézeau 2003). The carboxyterminal tail may very between

splicing variants and may change the potency of glutamate (Niswender and Conn 2010).

In summary, the mGlu4 receptor is a transmembrane receptor with a large N-terminal domain that contains
the conserved orthosteric binding site. The allosteric binding site is in the 7TM domain. The intracellular

loops of mGlu receptors control G protein activity.
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Figure 19: Structure and topology of the mGlu4 receptor. A) Model of the cryo-EM structure of an mGlu4
homodimer in active conformation bound to the Gi3 protein. This figure is adapted from Lin ef al. (2021),
protein database: 7E9H. B) Topology of the mGlu4 receptor. This figure is adapted from
https://gpcrdb.org/protein/grm4 _human/. C) Photo of Venus Flytrap plants. This image is from
https://pixabay.com/images/search/venus%?20flytrap/ and is not protected by copyright.
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6.3.3 mGlu4 expression and function

The mGlu4 receptor is expressed in different areas in the human body like bone, skin, pancreas, tongue and
the brain. Importantly, cellular responses to activation of the mGlu4 receptor depend on the tissue. In bone
and skin, the mGlu4 receptor is involved in cellular differentiation and proliferation (Chang et al. 2005). In
the pancreas it regulates insulin secretion (Brice et al. 2002). On the tongue, the mGlu4 receptor (i.e. splice
variant) forms heteromeric complexes with taste receptors and is involved in sensing umami and glutamate

taste (Pal Choudhuri, Delay, and Delay 2016).

However, the role of the homodimeric mGlu4 receptor has been mostly investigated for its function in the
brain. The mGlu4 receptor is mainly expressed in the cortex, basal ganglia (amygdala, striatum), cerebellum,
thalamus, olfactory bulb, substantia nigra and some hippocampal areas (Fig. 20) (Corti et al. 2002; Ferraguti
and Shigemoto 2006). In neuronal tissue, the mGlu4 receptor is involved in signal transmission by regulating
glutamate release from GABAergic and glutamatergic neurons (Corti et al. 2002; Charvin 2018; Ishkakova
and Smith 2016). The mGlu4 receptor has a regulatory role during neuroinflammation, where it decreases
glutamate release in peripheral dendritic cells in the brain (Fazio et al. 2018; Fallarino et al. 2010). In the
amygdala, the mGlu4 receptor regulates pain sensitivity (Zussy et al. 2018), whereas in the nucleus
accumbens, the mGlu4 is involved in the reward pathways (Ebrahimi et al. 2021). Unlike the homodimeric
mGlu4 receptor, there is no knowledge about the function of mGlu4-containing heterodimers (McCullock

and Kammermeier 2021).

6.3.3.1 The mGlud receptor regulates synaptic glutamate release

The mGlu4 receptor is a pre-synaptic receptor that is expressed in glutamatergic and GABAergic neurons.
During signal transmission (i.e. activation of a neuron), glutamate levels in the synaptic cleft could be up to
1 mM (Dzubay and Jahr 1999). This activates the mGlu4 receptor and initiates mGlu4 receptor signalling
(i.e. EC50 of glutamate for mGlu4 is in uM range) (J. P. Pin and Duvoisin 1995). Activation of the mGlu4
receptor leads to activation of its main signalling pathway through inhibition of adenylyl cyclase by Ga,
which will be discussed in more detail in the next subchapter. Importantly, in neurons this leads to inhibition
of calcium influx and subsequent reduced release of glutamate into the synaptic cleft via vesicular glutamate
transporters (VGLUT) (Fig. 20B) (Tao Li, Ghishan, and Bai 2005). Glutamate concentrations in the synaptic
cleft are also regulated by other mGlu receptors and glutamate transporters like the excitatory amino acid

transporters (EAAT) (Conti et al. 1998).

Overall, the mGlu4 receptor is expressed in various tissues throughout the body, being involved in a variety
of processes. In the brain, the receptor has a regulatory role, as activation leads to reduced vesicular

glutamate release and subsequent decreased signal transmission.
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Figure 20: Expression and physiology of the mGlu4 receptor. A) Expression levels of the mGlu4 receptor
in different brain regions. Levels are especially high in the cerebellum, substantia nigra and olfactory bulb
(Olf). PFC means prefrontal cortex. B) Scheme of synapses of glutamatergic and GABAergic neurons with
ionotropic and metabotropic glutamate receptors and GABA receptors highlighted. Figure A was copied
and adapted from Ferraguti et al. (2006) with permission from Springer Nature. Figure B was copied from

Niswender et al. (2010) with permission from Annual Reviews.
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6.3.4 mGlu4 receptor activation mechanism

Upon binding of an agonist in the orthosteric site, the VFT domains close and the subunits rotate around
each other. This causes the CRDs to re-orientate, inducing a movement and rotation in the 7TM domain like
for the calcium-sensing receptor (CaSR) (Fig. 21A). The re-orientation of the 7TM from ligand-free (apo)
to active receptor causes the intracellular tips of helices III and IV to be available for G protein binding (Fig.
21B, C) (Lin et al. 2021). Coupling of the GDP-bound Goj-protein to the agonist-bound receptor, leads to
the exchange of GDP for GTP in the G protein. Upon exchange of GDP for GTP, the heterotrimeric G
protein will dissociate into two parts: Ga; and GBy. Both parts interact with effector proteins (Fig. 21D):

- Ga; inhibits adenylyl cyclase (AC), which leads to a decrease in levels of second messenger cAMP
and less subsequent activation of downstream kinases that are cAMP-dependent (e.g. cAMP-
dependent protein kinase A (PKA)). PKA phosphorylates other proteins or transcription factors,
thereby regulating their activity.

- GBy inhibits G-protein-gated inwardly rectifying K (GIRK) channels (Kofuji, Davidson, and Lester
1995) and Ca’‘ion-channels (Herlitze et al. 1996) by interacting with them.

- GPy also activates phospholipase C (PLC)-8 (D. Park et al. 1993) and Src-proteins (Shajahan et al.
2004). PLC-B is an enzyme involved in generation of IP3, a second messenger. Src-proteins are

kinases that phosphorylate a variety of proteins, among them the EGF receptor.

It was suggested that regulation of mGlu4 receptor is through deactivation by phosphokinase C (Mathiesen
and Ramirez 2006) or by trafficking to inactive domains in the synapse (Siddig et al. 2020).

In summary, the re-orientation of the 7TM domain of the mGlu4 after ligand binding resembles that of other
class C GPCRs like the CaSR and mGlu5 receptor. The main downstream signaling pathways are through

Goi; (i.e. inhibition of AC) and Gy (i.e. inhibition of ion-channels and activation of kinases/enzymes).
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Figure 21: Activation of class C GPCRs. A) Activation of the calcium-sensing receptor as model for class
C GPCR activation. B) Apo state of the mGlu5 7TM domain. The arrows point towards the direction the
7TM domain rotates. C) Active state of the mGlu5 7TM domain. The TM6s of each subunit are interacting
in the active state. D) Scheme of main signalling pathways of the mGlu4. The mGlu4 is in green. Figure A
is copied from Liu et al. (2019) with permission from Proceedings of the National Academy of Sciences of
the United States of America. Figures B and C are copied from Koehl et al. (2019) with permission from
Springer Nature.
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6.3.5 Parkinson’s disease, pain and cancer

Because of its regulatory role in the CNS, the mGlu4 receptor has been suggested as therapeutic target for
Parkinson’s Disease (PD) (Charvin 2018; Niswender et al. 2016) or pain (Vilar et al. 2013; Zussy et al.
2018). Also, the mGlu4 was found to be overexpressed in multiple cancers (i.e. colorectal cancer, malignant
melanoma and laryngeal and breast carcinomas) and is correlated to poor disease-free survival (Chang et al.

2005). The role of the mGlu4 receptor in PD, pain and cancer will be shortly discussed.

6.3.5.1 mGlu4 receptor in Parkinson’s Disease

PD is characterized by slow movement (i.e. bradykinesia), rigidity and tremors due to decreased
dopaminergic signalling and increased glutamatergic transmission in corticostriatal neurons ™" and
GABAergic neurons in the basal ganglia (i.e. globus pallidus internus (GPi) and globus pallidus externus
(GPe)) (Fig. 22). PD is also characterized by increased levels of glutamate in subthalamic neurons (STN),
substantia nigra pars compacta (SNpc) and substantia nigra pars reticulata (SNpr). Since, glutamate causes

excitotoxicity, it worsens the disease progress (Finlay and Duty 2014).

Current treatment of PD focuses on the shortage of dopamine, by administration of L-DOPA, a dopamine
precursor. Initially, this treatment greatly improves the quality of life of patients, but after 5 years of
treatment, higher dosage regimes are required to maintain efficacy (Olanow, Stern, and Sethi 2009). The
increase in dose leads to adverse effects like L-DOPA-induced dyskinesia (LID) and neurodegeneration due
to increased levels of glutamate over-time (Mellone and Gardoni 2018). Moreover, periods in which PD
symptoms return despite antiparkinsonian treatment, so-called OFF periods, occur more often (Tanner

2020).

The reasoning behind activating the mGlu4 receptor as treatment strategy, is that glutamatergic transmission
is reduced in a direct (i.e. SNpr) and indirect (i.e. GPe-STN-SNpc/SNpr) way, thereby reducing motor
symptoms and dopaminergic cell death (Fig. 22).

6.3.5.2 mGlud receptor in pain
The mGlu4 receptor is expressed in spinal neurons that are involved in pain sensation. The mGlu4 receptor
modulates hypersensitivity in inflammatory or neuropathic pain models of mice. Therefore, the mGlu4

receptor could be targeted for future treatment of pain (Vilar et al. 2013).

6.3.5.3 mGlud receptor in cancer
In colorectal cancer, the mGlu4 receptor was found to be overexpressed and was suggested as poor

prognostic factor due to its neuroprotective role (Chang et al. 2005). In glioblastoma cancer cells, the mGlu4

XV Neurons connecting the cortex and striatum
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receptor suppresses proto-oncogenes (Z. Zhang et al. 2018) and in medulloblastomas, the mGlu4 inhibits

cancer growth (Iacovelli et al. 2006).

Modulation of the mGlu4 receptor has been proposed as innovative treatment strategy in PD in order to
reduce glutamate transmission and excitotoxicity. Nevertheless, the mGlu4 receptor has shown potential as

drug target in hypersensitivity or cancer as well.
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Figure 22: Scheme of the activity of pathways in the basal ganglia motor circuit in Parkinson’s Disease.
GPe is globus pallidus externus, GPi is globus pallidus internus, SNpr is substantia nigra pars reticulata,
SNpc is substantia nigra pars compacta, STN is subthalamic nucleus. Group II and III mGlu receptors are
open squares. Group I mGlu receptors are black squares. In the dopaminergic (blue), GABAergic (red) and
glutamatergic (green) transmission, thick lines represent increased and thin lines represent decreased

transmission. This figure is copied from Finlay et al. (2014) with permission of Springer.
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6.3.6 Compounds targeting the mGlu4 receptor

Despite extensive research, no drugs are on the market for the mGlu4 receptor, yet. So far, the only mGlu4-
targeted compound tested in a clinical trial was foliglurax, a positive allosteric modulator for the treatment
of Parkinson’s Disease. Efficacy criteria in the 2" phase were not met and further investigations by
Lundbeck and Prexton were aborted (Doller et al. 2020). Since, there are no new clinical investigations for
mGlu4 receptor compounds ongoing. Nevertheless, there are many compounds binding the mGlu4 receptor

that are being used in research and throughout this thesis.

6.3.6.1 mGlud receptor endogenous compounds

Firstly, mGlu4 endogenous orthosteric agonists are glutamate (L-glutamic acid) (Fig. 23A), L-aspartic acid
and L-serine-O-phosphate. These compounds bind the orthosteric binding site and are not selective for the
mGlu4 receptor as they have affinity for other mGlu receptor subtypes as well (Acher and Tocris 2006).
These compounds have micromolar potencies and as they are amino acids, they are hydrophilic, making

them not very suitable as drugs for brain diseases.

6.3.6.2 mGlu4 receptor designed orthosteric compounds

Secondly, mGlu4 receptor designed orthosteric agonists are L-2-amino-4-phosphonobutyric acid (L-AP4)
(Eriksen and Thomsen 1995) (Fig. 23B), a group Il mGlu receptor agonist, and LSP4-2022 (Goudet et al.
2012), a mGlu4-selective agonist. Both compounds have potencies in the high nanomolar range for the

mGlu4 receptor.

Thirdly, mGlu4-designed orthosteric antagonists are LY341495 (Kingston et al. 1998) (Fig. 23C), a group
II mGlu receptor antagonist, with some affinity for group III mGlu receptors as well (high micromolar
range). (S)-2-methyl-2-amino-4-phosphonobutanoate (M-AP4) (Han and Hampson 1999) is a group III
mGlu receptor-specific antagonist with affinities in the high micromolar range, but does only bind rodent
mGlu4.

6.3.6.3 mGlu4 receptor designed allosteric compounds

Fourthly, there are several PAMs targeting the mGlu4 receptor, among them 2-methyl-6-(2-
phenylethynyl)pyridine (MPEP) (Mathiesen et al. 2003) and VU0155041 (Niswender et al. 2008), both with
potencies in the micromolar range. The only published mGlu4 NAM is OptogluNAM4. 1, which is used in
studies with photopharmacology techniques (Rovira et al. 2016).

6.3.64 mGlu4 receptor nanobodies
The latest development in mGlu4 receptor drugs are camelid single-domain heavy chain antibodies
(nanobodies). Nanobodies represent an innovative group of molecules that are selective for their target, as

will be discussed in the next subchapter. Previously, nanobodies that are allosteric modulators of the mGlu2
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receptor were published (Scholler, Nevoltris, et al. 2017). In this thesis, DN45 is presented, the first
nanobody with agonist activity for a class C GPCR (i.e. mGlu4 receptor).

Overall, clinical trials for compounds targeting the mGlu4 receptor have not been successful. Nevertheless,

a plethora of compounds is used in research. In this thesis, a nanobody for the mGlu4 receptor is represented.
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Figure 23: Orthosteric ligands for metabotropic glutamate receptors. A) L-glutamic acid. B) L-AP4. C)
LY341945.
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6.3.7 Nanobodies

Nanobodies are single-domain camelid antibodies. More specifically, a nanobody is the single variable
domain on a heavy chain (VuH) recognition domain of a camelid heavy chain-only antibody (HcAb) (Fig.
25A) (C. S. et al. 2016). The recognition domain of conventional immunoglobulin G (IgG) antibodies (e.g.
cetuximab, trastuzumab) is a heavy chain (Vi) domain which is stabilized by a light chain (Vi) domain (Fig.
25B). Unlike Vy domains, VyH domains are more hydrophilic and thus stable in an aqueous environment,
making them more suitable for recombinant expression (Cromie and Boutton 2015). Nanobodies have a
molecular weight of around 15 kDa, which makes them much smaller than conventional antibodies (~150
kDa). Nanobodies have three target recognition areas, the complementarity-determination regions (CDRs)
(Fig. 25C). Given their small size, nanobodies may have more chance of passing through the blood-brain-
barrier (BBB) than conventional antibodies (Tengfei Li et al. 2012). Nevertheless, passing of the BBB

remains difficult or unknown for most nanobodies.

6.3.7.1 Advantages of nanobodies in drug research

A major advantage of nanobodies (and antibodies) over most small molecule drugs is that they have a high
specificity for a molecular target. This, in combination with the possibility to label the nanobody directly
(e.g. fluorophores, radiolabels) or indirectly (e.g. secondary antibodies), makes them ideal for localization
of receptors on for example brain slices and cultured neurons (Scholler, Nevoltris, et al. 2017). Additionally,
VuH nanobodies are relatively easy to modify: unnatural amino acids can be added for labelling, and they
can be made bivalent or bi-paratopic for targeting heterodimers. Moreover, due to their small size and long
CDRs, nanobodies are prone to reach cavities in proteins. Hence, nanobodies could stabilize an active or
inactive conformation, thereby acting as agonist or antagonist/inverse agonist. Examples of modulating
nanobodies are PAMs for the mGlu2 (Scholler, Nevoltris, et al. 2017) and an agonist nanobody for the
angiotensin receptor (McMahon et al. 2020). This property is also useful for crystallization studies, as was
demonstrated for the mGlu5 receptor. A nanobody that potentiates agonist binding was used to stabilize the

active conformation of the mGlu5 receptor (Fig. 26) (Koehl et al. 2019).

6.3.7.2 Nanobodies as innovative therapies

Only one nanobody, caplacizumab, has made it as a drug so far (Duggan 2018). This bivalent nanobody is
used for the treatment of patients with acquired thrombotic thrombocytopenic purpura by binding to von
Willebrand factor (vVWF), thereby blocking platelet aggregation. Caplacizumab shows that nanobodies can
be used as selective therapeutic inhibitors. However, it may be even more interesting to develop nanobodies
that are selectively modulating receptor activity. This is especially relevant for related receptors in which
the binding sites are well conserved (e.g. orthosteric binding site of mGlu receptors). For these receptors,

selective nanobodies could overcome the lack of selectivity of orthosteric binders.
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To summarize, nanobodies are the antigen binding domain of camelid HcAbs. Their 3 CDRs allow them to
be selective and modify protein activity. So far, one nanobody is approved as a drug. Nanobodies could

overcome a lack of selectivity of receptors with conserved agonist binding sites.
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Figure 25: Scheme of structures of IgG and camelid HcAb. A) IgG. B) HcAb and VyH. C) Model of DN45
generated by SWISS model. The complementarity-determination regions (CDRs) are highlighted. CDR1 is
purple, CDR2 is orange and CDR3 is silver.
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Figure 26: A nanobody stabilizing the mGlu5 receptor for cryo-EM crystallization. This image was
copied from Koehl et al. (2019) with permission from Springer Nature.
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6.3.8 Summary of the introduction of the mGlu4 receptor

Since the discovery of the first mGlu receptors in the 1980s, much progress has been made in understanding
the function of these class C GPCRs. Within the mGlu receptor family, there are 3 groups containing 8
receptor subtypes. All of them are characterized by a large VFT domain and a 7TM domain. Group III mGlu
receptors, which include the mGlu4 receptor, are coupled to the inhibitory Ga; protein. The mGlu4 receptor
has been proposed as drug target in Parkinson’s Disease, pain sensitivity and cancer. Importantly, the mGlu4
can form heterodimers with the mGlu2, but its function is unknown. When targeting the mGlu4 receptor
with orthosteric agonists, a lack of specificity may occur due to the well conserved binding site. New

compounds, like nanobodies, that selectively activate the mGlu4 receptor could overcome this problem.
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6.4 DIMERS

6.4.1 EGF receptor ligand-induced dimerization or conformational changes

The EGF receptor is a well-studied receptor, but some fundamental questions cannot be answered as there
is no full-length crystal/cryo-EM structure available due to flexible domains like the JxM domain (Diwanji,
Thaker, and Jura 2019). Therefore, the dimerization dynamics of the EGF receptor remains a debated

subject.

6.4.1.1 Conformational changes in the extracellular domain

Within the RTK superfamily, receptors may follow different dimerization processes. RTKs are categorized
in receptors that follow ligand-induced conformational changes (e.g. insulin receptor) or ligand-induced
dimerization (e.g. VEGF receptor). It is not fully clear to which category the EGF receptor belongs. Before
highlighting the main arguments for each category, it is important to discuss the dimerization process of the
EGF receptor that is generally agreed on. Both the extracellular domain (ECD) and intracellular domain
(ICD) are involved in stabilizing dimeric conformations. In the ECD, subdomain II and its dimerization arm
is the main dimerization force (= 90%), whereas subdomain IV is a secondary dimerization force (Dawson
et al. 2005). X-ray crystal structure data of the ECD showed that the monomeric EGF receptor subunit is in
a tethered conformation, in which the dimerization arm is hidden (Burgess et al. 2003). Conversely,
subdomains I and III are available for EGF binding. Binding of EGF leads to revealing of the dimerization
arm and subsequent dimerization and activation of the EGF receptor through the asymmetric association of

the TK domains (Ferguson 2008).

6.4.1.2  Pre-formed dimers

There are several arguments that the EGF receptor is a pre-formed dimer that is activated following
conformational changes, like the example of the insulin receptor. In 2002, Yu et al., first described that
dimerization and activation are separable events and that the EGF receptor forms ligand-free dimers through
its TK domain (Yu et al. 2002). Later, it was shown with a (mutated) EGF receptor constitutive dimer that
only minor rearrangements of the ECD are necessary for activation of the TK domain (Freed, Alvarado, and
Lemmon 2015). These rearrangements are taking place due to a rotation of the transmembrane (TM)
domain. As a consequence, the auto-inhibited TK domain becomes more flexible and adopts its active
asymmetric conformation. Because of the rotation of the TM domain, this model is called the “rotation
model” (I. N. Maruyama 2015). Importantly, studies based on FRET (Bader et al. 2009), fluorescence
correlation spectroscopy (P. Liu et al. 2007; Yavas, Machan, and Wohland 2016) and total internal reflection

fluorescence (TIRF) (Teramura et al. 2006) prove the existence of pre-formed EGF receptor dimers at
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physiological expression levels. Purba ef al. even conclude that all EGFR molecules are present in a dimeric

form in living cells (Purba, Saita, and Maruyama 2017).

6.4.1.3 Ligand-induced dimers

Nonetheless, there are also arguments that suggest that the EGF receptor follows ligand-induced
dimerization. According to Zhang et al., the EGF receptor is mainly monomeric and dimerization promotes
removal of auto-inhibitory structures (X. Zhang et al. 2006). Accordingly, it was suggested that dimer
formation could be induced by TK inhibitors (Gan et al. 2007) or that it is an intermediate step for the
removal of the auto-inhibited conformation (Bublil et al. 2010). A recent study proposes several kinase-
mediated ligand-free conformations: side-to-side, back-to-back, and stalk-to-stalk (Fig. 27) (Zanetti-
Domingues et al. 2018). A quantum-dot approach on the single molecule level, provides evidence that the
EGF receptor fluctuates between monomers and dimers, which could be regulated by expression or
localization (Chung et al. 2010). It was suggested that the mono-dimer equilibrium of the EGF receptor
could be shifted with first-generation TK inhibitors like gefitinib and erlotinib (Coban et al. 2015).
Moreover, several studies suggested that there is a mixture of monomers and dimers prior to agonist binding

(D. R. Singh et al. 2020; Yamashita et al. 2015; Kozer and Clayton 2019).

6.4.14 TK inhibitors and their role on dimerization

First-generation TK inhibitors have been described to stabilize the active and inactive conformations of a
TK domain (Stamos, Sliwkowski, and Eigenbrot 2002; J. H. Park et al. 2012), whereas second-generation
TK inhibitors™ only stabilize the inactive conformation (E. R. Wood et al. 2004). Consequently, first-
generation TK inhibitors stabilize the asymmetric TK domain of an EGF receptor homodimer (Coban et al.
2015). It has been proposed that these dimers alter the EGF binding to the extracellular domain (Hajdu et
al. 2020), but the physiological consequences remain elusive. Some explanation could be that dimerization
plays arole in sorting the EGF receptor towards degradation, and not recycling (Tanaka et al. 2018). Another
possibility is that second-generation, and not first-generation, TK inhibitors prime the EGF receptor to form
oligomeric signalling platforms (Claus et al. 2018). These signalling pathways are believed to increase
activity of the EGFR family members due to increased density of docking sites for downstream adaptor
proteins (Y. Huang et al. 2016) Overall, it remains unclear how these ligand-free dimers are regulated in a
cellular environment, how often they are present and what is their precise role. Therefore, studies with full-

length EGF receptors in a cellular environment are necessary to clarify these points.

Based on the current knowledge about the dimerization process of the EGF receptor, there are two main

subjects that are discussed in this thesis. Firstly, the activation process at physiological expression level will

* Except dacomitinib and afatinib, because they also stabilize the active conformation of the TK domain

64



be determined. Secondly, the effect of TK inhibitors is evaluated on this process and we try to dive into the

physiological relevance of these observations.
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Figure 27: Ligand-free conformations of the EGF receptor. This image is copied from Zanetti-Domingues

et al. (2018) with permission from Nature.
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6.4.2 Asymmetry in G protein-coupling in class C GPCRs: 1 subunit a time.

In the last subchapter of the introduction, recent discoveries of asymmetric activation of class C GPCRs are
described. For a long time, receptors were considered to be acting mainly as a monomer. Nowadays, this
view has changed dramatically and it becomes clearer that there is a big diversity of dimers. This is also the
case for the GPCR superfamily in which class A receptor may be active as a monomer or dimer (Dijkman

et al. 2018) and class C GPCRs are functional as constitutive dimers.

6.4.2.1 Allosteric control of receptor activity

Pharmacology and formation of heterodimers of class C GPCRs have retained much attention in the past
years (J. Liu et al. 2017; Doumazane et al. 2011; Lee et al. 2020). Generally, receptors are activated in an
asymmetric way. This means that the G protein only binds to one of the subunits (Fig. 28). Between
receptors, there are differences in how strict this G protein coupling is. In the case of the GABAg receptor,
the GABAg: subunit contains the agonist-binding domain and the G protein coupling is strictly to the
GABAg: subunit. Within the GABAg> subunit, a lipid binding pocket regulates receptor activation
(Papasergi-Scott et al. 2020). Moreover, an additional allosteric binding pocket on the interface between the
7TM domains was suggested (Freyd et al. 2017), showing that the GABAGR receptor activation is controlled
by intersubunit interactions (Xue et al. 2019). Much can be learned from these interactions when looking at

other receptors, as these mechanisms could be extrapolated to other receptors.
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Figure 28: Asymmetric activation of class C GPCRs. A) GABAg receptor. GABAg; subunit is in pink and
GABARBg; subunit is in dark red, the agonist is in red, allosteric binding pockets are in orange. G protein
coupling is restricted to the GABARg: subunit. B) mGlu4 receptor. Only 1 G protein can couple at the same
time to either of the subunits. C) mGlu2-4 receptor. mGlu2 subunit is in yellow. G protein coupling is to the
mGlu4 subunit, but can be shifted to mGlu2 with mGlu2 PAMs or mGlu4 NAMs. D) mGlu2-7 receptor.

mGlu7 subunit is in purple. G protein coupling is strictly to the mGlu7 subunit.
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6.4.2.2 G protein coupling to mGlu receptor heterodimers

An investigation on dimer formation of mGlu receptors revealed that some of the mGlu receptors have a
higher propensity to form heterodimers than their respective homodimers (Doumazane et al. 2011). This is
the case for the mGlu4 (i.e. mGlu2-4 and mGlu3-4) and mGlu7 (mGlu2-7 and mGlu3-7), suggesting that
these heterodimers may be more favourable than homodimers in physiological conditions (Lee et al. 2020;
Doumazane et al. 2011). These findings could be considered ground-breaking as it changes our view on this
family of receptors, that was believed to be mainly homomeric before. A recent pharmacological
demonstration has shown that G protein coupling in mGlu4 homodimers and mGlu2-4 heterodimers is not
so different (Fig. 28B-C): G protein coupling occurs to 1 subunit of a dimer at a time (Lin et al. 2021). In
the mGlu4 homodimer, 1 mGlu4 subunit is prone to coupling and activation of the G protein. In the mGlu2-
4 heterodimer, G protein coupling is principally to the mGlu4 subunit. However, allosteric modulators of
the mGlu2 and mGlu4 (i.e. mGlu2 PAM or mGlu4 NAM) may redirect G protein coupling to the mGlu2
subunit (J. Liu et al. 2017). This is the opposite of what was seen for the mGlu2-7 heterodimer, in which G
protein coupling was strictly to the mGlu7 subunit (Fig. 28D) (Du et al. 2021). This revealed that even
within the group III mGlu receptors, receptors have distinct properties when in a dimer. These differences
may be driven by differences in interactions between 7TM domains of subunits (Thibado et al. 2021).
Nevertheless, the lack of knowledge about the physiological role of heterodimers and the lack of the

mechanism of regulation of dimer formation puts science in front of many new challenges.

6.4.2.3 mGlu2-4 heterodimer in the brain

Such challenges need to be addressed with innovative research tools that could discriminate between homo-
and heterodimers. So far Yin et al. have proven the existence of a functional mGlu2-4 heterodimer in rat
and mice brain tissue by using selective allosteric modulators to modulate signalling (Yin et al. 2014). The
mGlu2-4 heterodimer was later proven to exist in human lateral performant path terminals (Delgado et al.
2017) and medial prefrontal cortex (Xiang et al. 2021). Animal models revealed that the mGlu2-4
heterodimer, unlike the mGlu4 homodimer, is likely not a target for treatment of Parkinson’s Disease
(Niswender et al. 2016). The complexity to generate heterodimer-specific ligands and research tools

certainly plays a role in the ambiguity of the role of the heterodimer (Fulton et al. 2020).

Overall, we can say that after seven years since the discovery of functional mGlu2-4 heterodimers, progress
has been made in understanding allosteric interactions in the dimer and its pharmacology. However,
innovative tools are necessary for discovering the role of the mGlu2-4 in the brain. A first step is to discover
in what regions the heterodimer is expressed. Pharmacological studies revealed that mGlu2 and mGlu4 are
co-expressed in some brain regions: hippocampus (Delgado et al. 2017), striatum (cortical synapses) (Yin

et al. 2014).
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The challenge for discovering the physiological role of the mGlu2-4 heterodimer is to develop tools that are
specific for the heterodimer and not for mGlu2 or mGlu4 homodimers. These tools could be used to localize
heterodimers in brain regions. After localization, these receptors could be controlled in the brain regions

and animal studies could give insights in effects.
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7 OBJECTIVES

The past chapters have described the history of the discovery of membrane receptors, showing that
perspectives on drug-receptor and receptor-receptor interactions are changing continuously. The work
presented in this thesis focuses on two well-known dimeric receptors: one is very well-studied receptor and
a proven druggable target (i.e. the EGF receptor) and one is a receptor that has been extensively researched
(i.e. mGlu4 receptor), but it has never led to marketed drugs. By studying the conformational dynamics and
pharmacology of these receptors, the role of dimerization is investigated. Two major research themes for
specific dimeric membrane receptors are addressed in this thesis: 1) what is the link between drug action
and dimerization of the EGF receptor and 2) how to selectively control the activity of a homodimeric mGlu4

receptor versus that of a heterodimeric mGlu2-4 receptor.

To reach these objectives, (innovative) techniques measuring aspects of receptor activation are necessary.
Therefore, we utilized/developed measuring systems, so-called biosensors, to evaluate these processes. Our
biosensors are compatible with the use of homogenous time-resolved fluorescence (HTRF®), a highly
sensitive technique based on Forster resonance energy transfer (FRET) as discussed in ‘Chapter 8:
Materials and Methods’. For the EGF receptor, we made use of biosensors that are capable of measuring
receptor subunit association based on FRET. For the mGlu4 receptor we developed a nanobody to control

activity of the mGlu4 receptor and used FRET techniques for a characterization of its effect.

7.1 THE LINK BETWEEN DRUG ACTION AND DIMERIZATION OF THE EGF RECEPTOR

In the first research chapter, the objective is to describe the link between TK-inhibitor induced dimerization
and drug action on the EGF receptor. As mentioned, TK inhibitors induce a dimeric TK domain
conformation, of which its physiological relevance remains unclear. Firstly, this study evaluates for multiple
TK inhibitors if they induce dimer formation. Secondly, FRET-techniques are used to describe the
conformational dynamics of the full-length EGF receptor during activation and how TK inhibitors interfere
in this process. Thirdly, TK inhibitors are pharmacologically characterized in order to determine a possible
link between dimerization of the EGF receptor and drug action. This study provides important information
that could be considered for future drug research, as it reveals that the dimeric TK domains that are induced

by some TK inhibitors may have a physiological relevance.
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7.2  SELECTIVE CONTROL OF A HOMODIMERIC MGLU4 RECEPTOR VERSUS

HETERODIMERIC MGLU2-4.

In the second research chapter, the objective is to selectively control homodimeric mGlu4 and heterodimeric
mGlu2-4. Primarily, an innovative pharmacological tool, a nanobody, is developed and characterized. The
nanobody is a selective agonist for the human mGlu4 receptor. Its mode of binding and mechanism of action
are explained with both biochemical approaches as molecular dynamics studies. Indeed, its mode of action
reveals a new way to activate a class C GPCR. In addition, we reveal that DN45 has a distinct

pharmacological profile for mGlu2-4 heterodimers.

To summarize, these studies highlight the importance of asymmetry in the activation mechanism of dimeric
transmembrane receptors. On the one hand, we show that TK inhibitors differentially regulate the EGF
receptor depending on their capability of inducing asymmetric inactive dimers. On the other hand, we
develop a pharmacological tool that can be used to control activity of mGlu4 homo- and heterodimers

differently.
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& MATERIALS AND METHODS

8.1 FORSTER RESONANCE ENERGY TRANSFER

The main technique that has been used in this thesis is Homogenous Time Resolved Fluorescence (HTRF®).
HTRF® is based on Forster Resonance Energy Transfer (FRET) and is developed by Cisbio Bioassays. In
principle, HTRF® is FRET between lanthanide-complexes and a compatible FRET-acceptor in a
homogenous format (i.e. no separation step of bound and unbound fluorescent compounds). This
combination results in a technique that is high-throughput screening (HTS) compatible with a low

background signal.

FRET is named after German physicist Theodor Forster for his contributions in understanding FRET. In the
1940s, he discovered that upon excitation of a donor fluorophore, it could transfer energy to an acceptor
fluorophore with an overlapping absorption spectrum that is in close proximity (i.e. less than 10 nm). The
energy transfer between donor and acceptor fluorophore results in a shift of the wavelength of the emitted
light, the Stokes’ shift (Fig. 29A). The energy transfer depends on the quantum yield of the donor, the
relative orientation and distance between the fluorophores. The quantum yield is a ratio between the number
of photons emitted and number of photons absorbed by the donor and could be different in different media.
The relative orientation between fluorophores is dependent on multiple factors among which the protein-
protein interactions, when the fluorophores is inserted in the protein, play an important role. Typically,
FRET compatible fluorophore pairs have an energy transfer of 50% between 4 and 6 nm, this distance is

called the Forster distance (Ro) (Fig. 29B) (Arts, Aper, and Merkx 2017).

There is a variety of different FRET-based techniques, each with its advantages and disadvantages. In the
current studies, most of the experimental work was performed with lanthanide-based Iuminescence
resonance energy transfer (LRET), which includes HTRF® and single-molecule FRET (smFRET).
Moreover, bioluminescence resonance energy transfer (BRET) was used. BRET is based on the use of

fluorescent proteins that are found in sea pansies (Renilla reniformis).
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Figure 29: FRET principles. A) Excitation and emission of an acceptor. The Stokes’ shift, maximal
excitation (Exc.max) and maximal emission (Em.max) are highlighted in the graph. B) Relationship between
FRET efficiency and FRET-pair distance. The FRET donor is in orange, FRET acceptor in green. FRET is

a black arrow and acceptor emission is a green arrow.
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8.1.1 Lanthanide-based luminescence resonance energy transfer

8.1.1.1 Lanthanide cryptates as FRET donors

Lanthanides are a group of silvery soft metals that are considered rare-earth elements due to their low
abundance on our planet. All 15 lanthanides have fluorescent properties, but only the ions of 4 of them,
Samarium, Europium, Terbium (Tb), and Dysprosium are useful for LRET (Soini, Lovgren, and Reimer
1987). By themselves these lanthanides do not have favourable properties as a fluorescent probe, as they
have a very low absorption cross section. This means that they do not easily absorb energy from photons
and are therefore hard to excite, making them difficult to use in a biological setting. However, the low
absorption cross section also leads to an emissive lifetime that is relatively long (i.e. millisecond range)
compared to FRET acceptors (i.e. nanosecond range), which is useful for time-resolved measurements
(Zwier et al. 2014). To improve the properties of the lanthanides, their ions can be chelated in an organic
macrocyclic complex called a cryptate. In the case of Lumi4-Tb, the cryptate is an octadentate cage with a
bound Tb*" (Fig. 30) (Xu et al. 2011). The cryptate surrounding the ion has several functions: it works as
an antenna to absorb light and transfer the energy to the lanthanide-ion, it changes the emission spectrum of
the complex and it protects the ion against quenching by water-molecules (Cottet et al. 2012; Selvin 2002).
Lastly, the cage can be modified by addition of a linker in order to allow specific molecule labelling,

including proteins (Zwier et al. 2014), which will be discussed later in this chapter.
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Figure 30: Structure of Lumi4-Tb. This figure is copied and adapted from Xu et al. (2011) with permission

from Springer.
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8.1.1.2  Spectral and temporal selectivity in LRET

Some well-known FRET acceptors that are compatible with Lumi4-Tb are d2 or XL.665 in the red spectrum
or Green (a fluorescein derivative) in the green spectrum (Zwier et al. 2014). As mentioned before, the
emission spectrum of Lumi4-Tb should be overlapping with the excitation spectrum of the acceptor (Fig.
31). Lumi4-Tb is excited between 320-380 nm and has multiple emission peaks (i.e. 490, 548, 587 and 621
nm). Red acceptors are excited in the range of 600-650 nm and emit maximally at 670 nm. Green acceptors
are excited in the range of 450-495 nm and emit maximally at 520 nm (Cottet et al. 2012). Typically, when
measuring the emission of an excited donor or acceptor fluorophore, their emission is measured at the
following wavelengths: Lumi4-Tb at 620 nm, red acceptor emission at 665 nm and green acceptor emission
at 520 nm. At these wavelengths (1) there is no overlap from the emission spectra of the other present
fluorophores. Through this way, it is possible to precisely determine the emission of excited Lumi4-Tb and
emission by the excited acceptor. The observed emission consists of two parts: 1) short-lived fluorescence
and 2) FRET-induced fluorescence (Zwier et al. 2014). Short-lived fluorescence is a combination of
emission of the acceptor and components in the matrix (e.g. cells, media, plastic) induced by the initial
excitation and is considered to be non-specific. Because Lumi4-Tb has a much longer excited-state lifetime,
short-lived fluorescence can be excluded by a measurement delay of typically 50 us after excitation of the
donor (i.e. time-resolved measurement). The signal that is present after 50 us consists of: 1) the FRET-
induced fluorescence of the acceptor (i.e. 520 or 665 nm) and 2) the emission of the Lumi4-Tb that is not in

FRET (i.e. 620 nm). By exploiting the long emissive lifetime of Lumi4-Tb, background signals are reduced.
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Figure 31: Spectral and temporal selectivity in HTRF®. A) Excitation and emission spectra of Lumi4-Tb,
Green and Red. Figure is adapted from Cottet et al. (2012). B) Emissive signals in a HTRF®-based
experiment. After a time-delay, there is no signal from unbound acceptor or matrix components. Figure is

copied from Zwier et al. (2014) with permission from Springer.
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8.1.1.3  Spatial selectivity by specific protein labelling

One approach to gain spatial selectivity is by covalently linking the fluorophore to the protein of interest
(POI) (Fig. 32). This approach is possible by modifying the protein of interest by addition of a SNAP-tag,
an enzymatic tag derived from O°-guanine nucleotide alkyltransferase that reacts with guanine (Keppler et
al. 2003). Since, the reagents are not cell permeable, only protein expressed on the cell surface is labelled
(Maurel et al. 2008). In our studies, we make use of O%benzylguanine (BG or SNAP) linked to Lumi4-Tb
with a flexible linker. After labelling, the benzyl-group and fluorophore are covalently linked to the SNAP-
tag (Maurel et al. 2008). One variation to the SNAP-tag is the CLIP-tag. The principle for the two tags is
the same, except CLIP-tag reacts with O°-benzylcytosine (BC or CLIP) (Gautier et al. 2008). These labelling
techniques are widely applicable as was shown by Scholler et al., describing a tool kit for measuring
conformational dynamics of mGlu homo- and heterodimers and 9 RTKs*' (Scholler, Moreno-Delgado, et

al. 2017).

A SNAP-tag labelling B Ob-benzylguanine
Cage/Tb3* .
L
N =
p j\)\N R
<N N/)\NHZ

OS-benzylcytosine
SNAP-tag (ot C }

337 nm

linker c

Figure 32: Specific labelling of protein of interest. A) Scheme of labelling of the SNAP-tag on a protein of
interest (POI). Highlighted in the picture are the SNAP-tag in black, O°-benzylguanine (BG) in red, a linker
as a black curved line, the octadentate cage complex with Tb*" in orange and an ultraviolet laser signal in
purple. B) Structure of O°-benzylguanine (BG). C) Structure of O°-benzylcytosine (BC). B-C) The arrow
points to the atom that is covalently linked to the SNAP-tag or CLIP-tag. R is the linker.

i EGFR, Insulin receptor, PDGFRA, PDGFRB, FGFR1, VEGFR2, TrkA, TrkB, TrkC
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8.2 ANALYSIS OF FLUORESCENT SIGNALS

There are many ways to analyse the obtained data and there is much information that can be retrieved.
Therefore, I will discuss what kind of data is used to answer specific questions. First of all, for determining
expression levels of the labelled protein of interest, we analysed the emission of Lumi4-Tb at 620 nm.
Secondly, to determine the amount of FRET, we calculated the HTRF®-ratio with the emission levels of
Lumi4-Tb at 620 nm and Green at 520 nm or d2 and XL665 at 665 nm. Thirdly, for deriving receptor
dynamics, we looked at the excited-state lifetime of the signal at 520 nm of green acceptor in FRET.
Fourthly, we determined rearrangement of proteins by measuring bioluminescence of Renilla-luciferin 2-
monooxygenase (RLuc) at 530 nm and Venus (i.e. an improved version of yellow fluorescent protein (Nagai

et al. 2002)) at 485 nm.

Typically, for FRET measurements the PHERAstar® FS microplate reader (BMG Labtech) was used. This
reader has a UV-pulsed nitrogen laser with a wavelength of 337 nm. The analysis of signals was done by
MARS Data Analysis Software (BMG Labtech). For BRET measurements, the Mithras LB 940 multimode
plate reader (Berthold technologies) was used. This reader has a xenon flash lamp with a large range of

wavelengths.

8.2.1 Expression level of labelled protein of interest
Expression levels of the labelled protein were determined by measuring the signal of Lumi4-Tb at 620 nm.

Integration of the signal was between 50 and 450 s after excitation with 30 flashes.

8.2.2 HTRF®-ratio

The HTRF®-ratio is a ratio between the signal of the acceptor and the signal of the donor that is calculated
to correct for variability in the quality of the sample between experiments (Zwier et al. 2014). The HTRF®-
ratio was calculated for measuring dimerization and phosphorylation of the EGF receptor and
phosphorylation of ERK1/2. For most assays, the signal is integrated between 50 and 450 ps after excitation
of the donor:

50
Signal at 520 or 665 nm
HTRF® — ratio = JisoSi9

f:soo Signal at 620 nm
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8.2.3 Excited-state emission of the donor in FRET/Sensitized acceptor emission

The excited-state lifetime of Lumi4-Tb changes when in FRET. The more efficient the FRET, the shorter
the excited-state lifetime of the Lumi4-Tb signal. The FRET efficiency (E) is inversely proportional to the
6™ power of the distance between the FRET donor and acceptor (D):

1
FRET Efficiency (E) « D6

Because of the very short lifetime of FRET acceptors, the lifetime of Lumi4-Tb in FRET can be determined
by measuring the lifetime of the acceptor signal in a time-resolved way (Fig. 31B). To determine lifetimes
of the donor in FRET, the excited-state of the acceptor is measured, the sensitized emission approach
(Heyduk and Heyduk 2001). The excited-state signal of the sensitized acceptor is measured during 5 ms and
follows a bi-exponential decay. The precise nature of the bi-exponential decay is unknown, but could be
due to multiple Lumi4-Tb conformations that induce FRET (Selvin 2002). The excited-state lifetime of the
donor at 620 nm (tp) and excited-state lifetime of the acceptor at 520 nm (1pa) are defined as the lifetime of

the slow phase. The 1p is determined in complete absence of FRET acceptors.
The FRET efficiency can be calculated as follows:

E=1-1p4

TD’

D can be calculated by determining E following:
1

- D >
1+(E)6

where the R of Lumi4-Tb and Green is 46 A. Therefore, changes of the FRET efficiency (E) correspond to
proportional changes of the distance between the FRET donor and acceptor (Doumazane et al. 2011). That

information can be used to define receptor conformations as will be discussed in chapter 9.

8.3 ADDITIONAL MATERIALS & METHODS

The optimization of an HTRF®-based assay to measure internalization of the EGF receptor is found in
annex III, the generation of HEK293 cell stably expressing SNAP-EGFR is found in annex [V. All materials
and methods belonging to chapters 9 and 10 can be found in annexes VIII and IX. Additional methods that

were performed to generate data for figures in the annexes is explained in the corresponding annex.
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9 DIMER FORMATION AND CONFORMATION OF EPIDERMAL
GROWTH FACTOR RECEPTOR CONTROL ITS ACTIVITY AND

INTERNALIZATION

Receptor tyrosine kinases (RTKs) are a class of transmembrane receptors that may have different
mechanisms of activation. Some RTKSs are pre-formed as a dimeric receptor and are activated through
conformational changes induced by an agonist (e.g. insulin receptor). Other RTKs are monomeric and form

dimeric receptors upon agonist-binding, resulting in receptor activation (e.g. VEGF receptor).

The first subject of this chapter is the activation process of the EGF receptors. The precise mechanism of
EGF receptor activation is unclear and has been described as the example of the insulin receptor (i.e. ligand-
induced conformational changes), but also as the example of the vascular endothelial growth factor receptor
(i.e. ligand-induced dimerization). By using HTRF® and the sensitized acceptor approach, we demonstrate

that it follows mainly ligand-induced dimerization.

A second subject of this chapter is the role of TK inhibitors on the activation process. Some TK inhibitors
induce dimer formation, thereby altering the mechanism of activation of the EGF receptor. By measuring
TK inhibitor function and internalization, pharmacological profiles are generated. These profiles reveal a

link between dimerization and internalization.

Overall, we show that dimerization is necessary, but not sufficient for EGF receptor activation. Moreover,

we report that TK domains that are stabilized in an asymmetric conformation may not be internalized.
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The activation process of the EGFR and the action of various subtypes of tyrosine kinase (TK) inhibitors
are still a matter of debate despite the importance of this target in the development of anti-cancer drugs.
Here, we analyze the effects of agonists and therapeutic TK inhibitors used for the treatment of non-small
cell lung cancer (NSCLC) on the EGFR conformation and activity. Using time resolved (TR)-Forster
resonance energy transfer (TR-FRET)-based techniques we show that agonists act by promoting EGFR
dimer formation, and that all TK inhibitors inhibit EGFR phosphorylation and downstream signaling.
Erlotinib-related compounds, unlike lapatinib-related ones, promote EGFR dimers through the intracellular
TK domains, independently of the conformation of the extracellular domain. Surprisingly, TK inhibitors do
not inhibit EGF-induced EGFR internalization, only TK inhibitors promoting dimers could slow down this
process. These results reveal that the conformation of the intracellular TK dimer, rather than EGFR
phosphorylation is critical for EGFR internalization. These results show clear differences in the mode of

action of TK inhibitors on the EGFR.

In the group of receptor tyrosine kinases (RTKs) the
Epidermal Growth Factor Receptor (EGFR) is one of
the most-studied receptors. The EGFR is expressed in
many tissues and plays a vital role in biological
processes as apoptosis, cell growth and differentiation,
migration and more (1).

The EGFR has seven endogenous agonists, that are all
small proteins (2). Upon binding to the extracellular
domain, EGFR activators promote allosteric processes
between two assembled EGFRs leading to the
association of the intracellular tyrosine kinase (TK)
domains, and the activation of one of them. Whether
this process results from ligand-induced dimerization
(3) or from conformational changes within pre-formed
dimers (4) is still a matter of debate. EGFR activity is
exclusively occurring when the two TK domains adopt
an asymmetric conformation, i.e. there is an
enzymatically inactive (Activator) and active
(Receiver) domain (5). The Receiver domain initiates
ATP-dependent phosphorylation of tyrosine residues
on the intracellular domain of the Activator.
Phosphorylation of its carboxy-tail residues leads to
downstream signaling events such as activation of
ERK1/2 and PI3K/AKT/mTOR (6). Conversely,
receptor trafficking may be both dependent (7) as
independent of phosphorylation of carboxy-tail
residues (8, 9).

EGFR gene mutations or amplification are found in
many cancers, among which non-small cell lung cancer
(NSCLC) has one of the lowest survival rates (10).
Depending on histological and genotypical analysis of

NSCLC, different and combinatorial treatment
strategies are being used. The treatment strategy for
patients with sensitizing EGFR mutations like a
substitution of leucine for arginine at position 858
(L858R) involves ATP-competitive reversible first-
generation TK inhibitors (e.g. erlotinib) (11).
Resistance mechanisms occurring after treatment with
first-generation TK inhibitors are common. In around
50% of these patients the apparition of a secondary
mutation in the FGFR gene is prevalent (e.g. the
substitution of a threonine for a methionine at position
790 (T790M)) (12). This mutation desensitizes first-
generation TK inhibitors and induces higher enzymatic
activity of the EGFR (13). Treatment options for
L858R and T790M  double-mutated EGFR
(EGFRnscLc) involves irreversible second and third-
generation TK inhibitors (i.e. dacomitinib and
osimertinib, respectively) (14, 15).

We have used techniques based on time-resolved (TR)
Forster resonance energy transfer (TR-FRET) to
analyze the mode of action of EGFR agonists and
various types of TK inhibitors. We provide clear
evidence that EGFR agonists promote dimer formation
through direct contact between the extracellular
domains, resulting in receptor phosphorylation and
internalization. We show that first-generation TK
inhibitors and dacomitinib induce EGFR dimer
formation, but not for the mutated EGFR (EGFRnscLc),
through a direct association of the TK domains,
independently of the conformation of the extracellular
domain. Surprisingly, TK inhibitors do not inhibit
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EGF-induced EGFR internalization, demonstrating
EGFR phosphorylation is not required for this process.
Importantly, TK inhibitors inducing dimers slow down
EGF-induced internalization of the EGFR, revealing a
link between TK inhibitor-induced EGFR
conformation and EGFR trafficking. These data reveal
that differential effects induced by TK inhibitors can
result from different conformation of the EGFR dimers.

Results

Intersubunit FRET induced by agonists and group
I TK inhibitors through the TK domain.
Intersubunit FRET was measured after randomly
labelling the SNAP-tags with SNAP-Lumi4-Tb (donor)
and SNAP-Green (acceptor) (Fig. 1A) (16) in
monoclonal stable cell lines expressing SNAP-EGFR
or SNAP-EGFRnscrc. Cells were stimulated with
agonist or TK inhibitors for 30 minutes. Both agonists,
dacomitinib, erlotinib and PD153035 (group I TK
inhibitors) induced intersubunit FRET (Fig. 1B, C and
Suppl. Fig. 2 and 3A). Since FRET efficiency is related
to distance of the FRET-pair, total FRET levels may
change depending on conformational changes and on
the number of molecules in FRET. Group I TK
inhibitors induced a lower amount of TR-FRET signal
than agonists, raising the question whether this is due
to a different conformation or due to a lower number of
induced dimers. In contrast, the other TK inhibitors,
GW583340 and lapatinib (group II inhibitors),
osimertinib, cetuximab (i.e. an inhibitory antibody) and
AG1024 (i.e. an insulin-like growth factor receptor
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Fig. 1. Intersubunit FRET is induced by group | TK inhibitors through
the TK domain. (A) Cartoon representing a TR-FRET-based EGFR
intersubunit FRET assay. EGFR subunits were randomly labelled with
125 nM acceptor and 100 nM donor. (B) Intersubunit FRET of EGFR in
presence of EGF (blue) or TGF-a (pink). Representative raw FRET
values and fold increase of specific FRET are shown in a subgraph. (C)
EGFR intersubunit FRET induced by saturating concentration of TK
inhibitors. (D) EGFR intersubunit FRET of wild-type EGFR or EGFR
mutants induced by 100 nM EGF (blue) or 100 pM erlotinib (red). Data
in B-D are mean + SEM of three or more individual experiments.
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inhibitor) did not induce intersubunit FRET (Fig. 1C
and Suppl. Fig. 2 and 3A).

To determine whether the group I TK inhibitor-induced
FRET between two EGFRs also occurs independently
of the extracellular domain, we measured intersubunit
FRET of an EGFR mutant with a disrupted
dimerization arm (EGFRadei242-249) and an EGFR mutant
with a deletion of its intracellular domain (EGFRgeicter)
(17). When stimulated with EGF, no intersubunit FRET
was observed for SNAP-EGFRae242240 (Fig. 1D and
Suppl. Fig. S3C). However, erlotinib induced
intersubunit FRET for this mutant, demonstrating it is
independent of the dimerization arm. On the contrary,
EGF and not erlotinib induced intersubunit FRET on
SNAP-EGFRaeicter (Fig. 1D and Suppl. Fig. S3D). This
showed that erlotinib induces intersubunit FRET of the
EGFR through the TK domain independently of the
dimerization arm located in the extracellular domain.
This was confirmed for the full-length EGFR, when
exposure of the dimerization arm was prevented by
cetuximab (Fig. 2A).
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Fig. 2. Erlotinib-induced dimers are not inhibited by cetuximab. (A)
EGFR intersubunit FRET in presence of cetuximab with vehicle (gray),
EGF (blue), or erlotinib (red) and a schematic interpretation of the data.
(B) Binding of Ab58-d2 to SNAP-EGFR that is labelled with 125 nM
donor and pre-incubated with saturating concentrations of erlotinib (red)
or EGF (blue) or vehicle (gray). (C) Binding of Ab58-d2 in presence of
cetuximab with (red) or without (gray) erlotinib. Data in A-C are mean +
SEM of three or more individual experiments.

Moreover, the TR-FRET did not change in the presence
of cetuximab, suggesting that an increase in
intersubunit FRET is a measure for dimerization rather
than conformational changes of the extracellular
domain. The absence of effect of cetuximab is not due
to a specific conformation stabilized by erlotinib that
could prevent cetuximab binding. Indeed, cetuximab
could still inhibit binding of antibody 58 labelled with
d2 (Ab58-d2) in the presence of erlotinib (Fig. 2B, C).
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Group I TK inhibitors induce less dimers than
agonists

Whether EGF acts by allowing dimer formation, or
through conformational changes within pre-formed
dimers is still a matter of debate (4). The absence of
effect of cetuximab, or of the deletion of the
dimerization arm on TK inhibitor-induced intersubunit
FRET is more consistent with ligand-induced
dimerization. To further study this possibility, we
examined why TK inhibitors induced a lower maximal
FRET signal than agonists. This can be due either to a
different conformation of the EGFR dimer, which
would be consistent with pre-formed dimers, or to a
lower proportion of receptors in FRET than with
agonist. To determine this, we analysed the excited-
state lifetime of sensitized acceptor (i.e. the donor in
FRET) emission (tpa) as an indication of the
conformational state of the receptor, as tpa is related to
the distance between the fluorophores.

As a control for this approach, we co-expressed SNAP-
metabotropic glutamate (mGlu) 4 receptor and CLIP-
mGlu2 receptor known to form a constitutive
heterodimer, both subunits being linked by a disulphide
bond (18). In that case, a change in FRET cannot be due
to a different proportion of dimers, and then only rely
on a change in distance due to conformational changes
within these constitutive dimers. The C termini of the
subunits were modified by addition of the endoplasmic
reticulum retention sequences of the GABAg2 (C2) and
GABAGB: (C1) to the respective receptors, so that only
heterodimeric receptors were expressed at the cell
surface (Suppl. Fig. S4A) (19). We labelled each
mGlu2-4 heterodimer with SNAP-Lumi4-Tb (donor)
and CLIP-Green (acceptor), and measured the FRET
signal.
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Fig. 3. Sensitized emission reveals that higher FRET levels correspond to
more receptors in FRET rather than closer proximity of FRET-pair. (A)
Intersubunit FRET between an mGlu2 (orange) and mGlu4 (green)
constitutive dimer labelled with acceptor and donor. (B) Representative data
of excited-state sensitized acceptor emission of mGlu2-4 intersubunit FRET
assay in presence of vehicle (black) and 100 pM LY379268 (red). (C)
Representative data of excited-state sensitized acceptor emission of EGFR
intersubunit FRET assay in presence of 100 nM EGF (blue), 10 uM erlotinib
(red), 10 uM lapatinib (orange), 100 nM cetuximab (brown) and vehicle
(gray). (D) Summary of excited-state sensitized acceptor emission of EGFR
intersubunit FRET assay. Data in D are individual values + SD of at least 23
data points obtained in at least three individual experiments. Statistical test
in C is one-way ANOVA with Dunnett’s multiple comparison (Suppl. Table
S3).

In principle, the excited-state lifetime of the FRET
donor emission (tp) is in the millisecond range, and
decreases when the donor’s excited state is subject to
other deactivation pathways such as FRET. As the tpa
is proportional to the distance between a FRET donor
and acceptor, distinct FRET donor-acceptor distances
can be determined. The tpa is measured in a time-
resolved manner to discriminate between non-specific
and specific signal (20).

In the basal mGlu2-4 condition, toa was 343 + 25 ps,
corresponding to a high FRET conformation. The tpa
was largely increased to 564 4+ 22 us in the presence of
the mGlu2 agonist LY379268, indicating a low FRET
conformation (Fig. 3A and B) (17, 21). These data
confirm that a conformational change within
constitutive dimers can be detected by measuring the
Tpa values.

For the SNAP-EGFR, the tpa measured in the presence
of agonists or group I TK inhibitors were not
significantly different (Fig. 3C and D, Suppl. Table S3),
despite differences in TR-FRET intensity (Suppl. Fig.
4B). This suggests that the larger TR-FRET level
measured with agonists is due to a higher proportion of
receptors in FRET, rather than to a distinct donor-
acceptor distance. Such data are then consistent with
TK inhibitors stabilizing less EGFR dimers than
agonists.

Inhibition of EGF-induced phosphorylation of
EGFR and ERK1/2 by TK inhibitors

We then evaluated the efficacy of the inhibitors for
EGF-induced phosphorylation of either EGFR or
ERK1/2. Phosphorylation of tyrosine residue 1068 of
the EGFR (Y1068) and of threonine residue 202 and
tyrosine residue 204 of ERK1/2, as detected by the
HTRF® signals in an antibody-based sandwich assay
(Fig. 4A and Suppl. Fig. 5), are inhibited efficiently by
group I, group II TK inhibitors and cetuximab and less
efficiently by group III TK inhibitor osimertinib.
Conversely, irrelevant TK inhibitor AG1024 did not
inhibit phosphorylation of EGFR or ERK1/2 (Fig. 4B,
C and Suppl. Fig. 5B, D).

TK inhibitors stabilizing dimers slow down EGF-
induced EGFR internalization

Then, we setup an internalization assay for the EGFR
based on diffusion-enhanced resonance energy transfer
(DERET) (22). In principle, SNAP-EGFR is labelled
with Lumi4-Tb and an excess of fluorescein is added to
each well, thereby generating DERET and quenching
Lumi4-Tb emission. Upon internalization of the EGFR,
the Lumi4-Tb signal is recovered (Fig. 4D) allowing
the detection of EGFR internalization in living cells
over time.

We observed a basal internalization in the absence of
agonist, but EGF largely increases EGFR
internalization, that reaches a plateau after 39 min,
followed by a decline, suggesting receptor recycling to
the cell surface. Cetuximab fully inhibited EGF-
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Fig. 4. Phosphorylation of EGFR and ERK1/2, and
internalization of EGFR. (A) Scheme of antibody-based
% sandwich assays to measure EGFR and ERK1/2
phosphorylation. (B) Inhibition of EGF-induced (10 nM) EGFR
phosphorylation by 1 uM of dacomitinib, erlotinib, PD153035,
lapatinib, osimertinib and AG1024, 0.3 yM GW583340 or 100
nm cetuximab. Inhibitors were pre-incubated for 30 minutes
and phosphorylation was measured 30 minutes after
stimulation with EGF. (C) Inhibition of EGF-induced (10 nM)
ERK1/2 phosphorylation by 1 pM of dacomitinib, erlotinib,
PD153035, lapatinib, osimertinib and AG1024, 0.3 uM
GW583340 or 100 nm cetuximab. Inhibitors were pre-
incubated for 30 minutes and phosphorylation was measured
5 minutes after stimulation with EGF. (D) Scheme of DERET-
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induced internalization but not the basal internalization
(Suppl. Fig. 7). Surprisingly, TK inhibitors did not
inhibit EGFR internalization (Fig. 4F and Suppl. Fig.
7) as group I TK inhibitors only slowed down EGF-
induced EGFR internalization (Fig. 4E), whereas
others had no effect (Suppl. Fig. 7).

Despite not inhibiting internalization, it is clear that
group I TK inhibitors were more efficacious in slowing
down EGFR internalization than the group II and III
TK inhibitors and irrelevant TK inhibitor AG1024 (Fig.
4F and Suppl. Fig. 7). We compared internalization of

EGFR with fluorescence microscopy, showing
comparable results (Suppl. Fig. 6).
A Group | B Group Il
Internalization Internalization
+ +
4 PY1068 - 100 + PpY1068
. + pERK N -4 pERK

+ Dimerization
Dacomitinib, Erlotinib, PD 153035 GW583340, Lapatinib

C Group Il D Cetuximab

Internalization

Internalization

+ pY1068 4 Y1088

- 4+ pERK - -4 pERK

+ Dimerization + Dimerization

Osimertinib Cetuximab

Fig. 5. Pharmacological profile of TK inhibitors. (A) Group | TK
inhibitors dacomitinib (blue), erlotinib (red), PD153035 (green). (B)
Group Il TK inhibitors GW583340 (purple) and lapatinib (orange). (C)
Group Il TK inhibitor osimertinib (gray). (D) Cetuximab (brown). All
data are from figures 1-4.
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The combined data of the 4 assays revealed
a different pharmacological profile of each group of
compounds for the wild-type EGFR as represented in
Figure 5 (Suppl. Fig. S8). Moreover, bias plots for the
agonists demonstrated that EGF and TGF-a are more
potently inducing internalization and phosphorylation
of ERK1/2 (Suppl. Fig. S9). Among the TK inhibitors,
only  PD153035 more  potently  inhibited
phosphorylation of Y1068 than ERK1/2 (Suppl. Fig.
S10).

NSCLC-mutated EGFR is insensitive to TK
inhibitor-induced dimerization

EGFR~scLc has an increased activity within the
asymmetric dimer (23) and it was suggested that the
presence of EGFRnscLc could increase dimer formation
(24). To investigate if EGFRxscLc has an increased
propensity to induce dimer formation, we developed an
intersubunit FRET assay specifically detecting
heterodimers of wild-type EGFR and EGFRnscLc or
homodimers of EGFRnscLc (Fig. 6A). For both the
heterodimer as the homodimers, EGF induced dimer
formation with a similar potency as for wild-type EGFR
(Fig. 6B).

As the EGFRnscLc is resistant to erlotinib-like TK
inhibitors due to the T790M substitution in the ATP
binding pocket (13), we were curious whether erlotinib
could induce dimer formation in presence of this
mutant. Interestingly, erlotinib could not induce
formation of dimers containing EGFRnscLc, suggesting
that both subunits of an asymmetric TK domain need to
be bound by TK inhibitors to induce TK domain dimer
formation (Fig. 6C and Suppl. Fig. S11).

Discussion

Although of clinical importance, several
aspects of EGFR activation and the mode of action of
various TK inhibitors remain unclear. This study brings
clear evidence for the agonist-induced dimer formation
model of EGFR activation. It also reveals that
formation of dimers can be induced by some TK
inhibitors through interaction of the TK domains,
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resulting from a specific conformation of the TK dimer.
Eventually, our data show that EGF-induced
internalization is mainly driven by a specific
conformation of the EGFR dimer, and not by the
phosphorylation of the receptor, allowing some, but not
all TK inhibitors to slow down this process.

Despite years of research on EGFR two
models of receptor activation were still discussed (4).
One model proposes that agonists like EGF act by
promoting dimer formation (25), while the other
proposes that agonists stabilize a specific conformation
of a pre-formed EGFR dimer (26). Our data strongly
support the first model. Indeed, through FRET
measurements between N-terminal tags, with cell
surface receptors labelled exclusively, we detected a
very low FRET signal under basal condition, in the cell
line stably expressing SNAP-EGFR (Suppl. Fig. S1).
This signal is largely increased (9-fold) in the presence
of agonist (Fig. 1B). The low FRET under basal
condition is unlikely due to pre-formed dimers with a
conformation leading to a large distance between the
N-termini carrying the SNAP-tags, for two main
reasons. First, although a very low FRET was measured
under the basal condition, the estimated tpa is only
twice of that measured with the active dimer (Fig. 3C),
consistent with the low FRET resulting mainly from a
very low number of dimers. Such finding is also
consistent with the distances between the N-termini of
the proposed inactive and active dimers (24). Second,
when dimers were stabilized through their TK domains
using some TK inhibitors, the extracellular domains do
not appear to interact via the dimerization arm, and are
then likely in an inactive conformation possibly similar
to that proposed by others for the pre-formed dimers
(24). If so, such pre-formed dimers should generate a
FRET signal with a tpa similar to that obtained with the
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Fig. 6. TK domain-induced dimers need binding of two TK inhibitors.
(A) Scheme of assays to measure intersubunit FRET of the wild-type
CLIP-EGFR  homodimer, CLIP-EGFR + SNAP-EGFRnscLc
heterodimer and SNAP-EGFR homodimer. (B) EGF-induced
intersubunit FRET. (C) Erlotinib-induced intersubunit FRET. Data in
B-C are represented as mean = SEM of at least three individual
experiments.

EGF bound EGFR dimers. Accordingly, the FRET
signal measured under our basal condition should be
related to the proportion of pre-formed inactive dimers.
Our data indicate they represent a very small proportion
of the EGFR subunits at the cell surface, either because
of a low proportion of pre-formed dimers, or because
of random collisions of EGFR monomers.

Consistent with previous studies (27-29), we
found that some TK inhibitors can also induce dimer
formation. Because the dimerization arm is not
necessary, it suggests a main role of the TK domain
interaction in this process. It is interesting to note that
TK inhibitors inducing dimer formation can bind either
to the Activator-like or the Receiver like TK domain
(30) (Fig 7), thereby allowing the formation of an
asymmetric TK domain dimer, as expected in the active
form of the EGFR dimer (31). The proportion of the
Activator and Receiver forms may then dictate the
number of possible dimers — i.e. the higher the number
of one species (i.e. Activator or Receiver), the lower the
number of possible Activator-Receiver dimers. This
explains the TK inhibitors not being able to promote the
formation of the same amounts of dimers as EGF
(Suppl. Fig. S4). In contrast, TK inhibitors stabilizing a
specific conformation of the TK domain do not favor
dimer formation, revealing the critical importance of
the effect of TK inhibitors on the TK domain
conformation.

% +EGF +EGF %%
+ erlot + lapa

vy

As already reported (32), we confirmed that EGFR can
rapidly engage into internalization upon agonist
activation, though the number of internalized receptors
rapidly declined after a peak, possibly due to receptor
recycling to the cell surface. However, we show here
that this process does mnot require receptor
phosphorylation, as it is not prevented by any of the TK
inhibitors tested despite their full inhibitory effect on
agonist-induced receptor phosphorylation. As such, the
internalization process may likely be the result of a
specific conformation of the dimer. This is well
supported by the differential effect of TK inhibitors, as
those promoting dimer formation, can slow down this
process, while those without effect on EGFR
dimerization have no effect on internalization.
However, it is surprising to see that TK inhibitors
promoting EGFR dimer formation, do not promote
internalization.

To explain these apparently contradictory
results, one should consider the possible conformation

Fig. 7. Schematic hypothesis
of stabilized dimers by group
I and group Il TK inhibitors in
presence of EGF. Group | TK
inhibitors  stabilize  both
Activator and  Receiver
conformations and group Il
TK inhibitors only Activator
conformations of the TK
domain. In presence of
erlotinib  there are more
inactive  Activator-Receiver
dimers than in presence of
lapatinib.
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of the intracellular part of the receptor. Indeed, TK
inhibitors that stabilize the Activator state of the TK
domain, such as lapatinib, do not promote dimer
formation, and do not affect EGF-induced
internalization (Fig 7). This suggests that a symmetric
EGFR dimer in which both TK domains are in the
inactive Activator state, are perfectly prone to
internalization after direct association of the
extracellular domains. In contrast, TK inhibitors like
erlotinib that can stabilize either the Activator or the
Receiver state (Fig 7), promote dimer formation likely
through a stable asymmetric TK domain dimer
composed of an Activator and Receiver TK domain.
They do not induce receptor internalization, while they
only slow down EGF-induced internalization. As such,
one is tempted to propose that the asymmetric
Activator-Receiver dimer is not prone to
internalization. Such hypothesis explains our results,
but would certainly need further support to be fully
validated.

Previously, agonist-induced conformational
models of the EGFR (33, 34) and the role of agonist
binding kinetics in ligand bias have been described (35,
36). For TK inhibitors such studies are less well known,
whereas it could improve understanding of their mode
of action. Generation of pharmacological profiles and
bias plots has recently been proposed as mode to
improve EGFR drug design (37). Techniques for
determining pharmacological profiles or ligand bias are
more common in the research field of G protein-
coupled receptors (GPCRs) and contributing to GPCRs
being the most targeted family of receptors by drugs on
the market (38, 39). In this study, such techniques have
been adapted for a study on the EGFR.

Efforts to expose functional selectivity
induced by EGFR ligands indicated that agonists have
different signalling kinetics by stabilizing different
conformations of the extracellular domain (34). Bias
plots for agonists EGF and TGF-a reveal that they are
more potent for phosphorylation of ERK and
internalization than dimerization and phosphorylation
of Y1068 (Suppl. Fig. S9). Moreover, we found that
most TK inhibitors inhibit phosphorylation of Y1068
and ERK with similar potency, except for PD153035,
which more potently inhibits phosphorylation of
Y1068 (Suppl. Fig. S10C).

Some TK inhibitors may impact EGF binding
through allosteric modulation of the EGFR
conformation (33, 40). We show that TK inhibitors
stabilize distinct dimers, resulting in altered EGFR
trafficking. Previous reports linked dimerization to
improved cellular survival (29) and decreased efficacy
for some TK inhibitors (41). Moreover, disruption of
dimerization could be an antitumoral mechanism as
well (42), confirming its significance. The role of
internalization in tumour survival is not fully clear,
nonetheless it has been suggested that wild-type
NSCLC patients (i.e. no resistance mutations) could
benefit from blocking clathrin-mediated endocytosis of
EGFR (43, 44). This implies that ligands that reduce
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EGFR internalization (i.e. dacomitinib, erlotinib,
PD153035) could induce positive outcomes for wild-
type EGFR in NSCLC patients.

To our best knowledge there are no reports of TK
inhibitors inducing dimerization of the EGFRnscLc or
heterodimers of wild-type EGFR and EGFR~scLc. In our
model we do not observe pre-formed homo- and
heterodimers containing EGFRxscLc, as the dimers are
inducible by EGF and TGF-a. The potencies for
dimerization are not significantly different from wild-type
EGFR (Suppl. Table S2). None of the tested TK inhibitors
induces dimerization, suggesting there is a direct or
indirect loss of potency for the heterodimer due to altered
binding (45, 46) or increased affinity for ATP (47). In
tumor cells of NSCLC patients, different populations of
EGFR heterodimers could exist, among them the wild-
type EGFR-EGFRnscic heterodimer (13) and EGFR-
ErbB2 heterodimers (48). Investigations on the effect of
drugs on these heterodimeric receptors, could help
improving treatment strategy as they may function as
additional drug targets. Another approach could be the use
of allosteric modulators to decrease off-target effects (15).
The use of allosteric compounds like EAI045 for treating
NSCLC has recently been reviewed (10).

Overall, this study reveals the importance of
the conformational state of the TK domains within the
EGFR dimer in signalling and trafficking. As TK
inhibitors have various effect on such conformations,
this may explain their biased effects on dimerization
and internalization, properties that may have some
importance in the cellular physiology of EGFRs.

Materials and methods

Reagents and the protocols for cell culture, cell
preparation for experiments, generation of SNAP-
EGFRn~scic and CLIP-EGFR plasmids, lipofectamine
transfection for experiments, generation of HEK293
cells stably expressing SNAP-EGFR and SNAP-
EGFRnscLe, intersubunit FRET, binding and
displacement of Ab58-d2, ERK1/2 phosphorylation,
phosphorylation of tyrosine residue 1068 of the EGFR
(Y1068), internalization, fluorescence microscopy and
data analysis can be found in the supplementary
information.

Monoclonal stable cell lines stably expressing SNAP-
EGFR or SNAP-EGFRnscic were generated by
lipofectamine transfection. Positive cells were selected
by G418 and single cells were sorted with fluorescence-
activated cell sorting. An estimated 256,000 individual
SNAP-EGFRs (i.e. 4-fold lower than A341 squamous
carcinoma) are present on the cell surface and
expression levels were stable over time (Suppl. Fig.
S1).

Excited state-lifetime of sensitized acceptor
emission to determine receptor conformations

At 24 hours after lipofectamine transfection (for
SNAP-mGlu4-C2-KKXX and  CLIP-mGlu2-C1-
KKXX constructs) or transfer of cells stably expressing
SNAP-EGFR into a 96-wells plate, medium was
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replaced by ice-cold DMEM containing SNAP-Lumi4-
Tb (100 nM) and SNAP-Green (125 nM) for SNAP-
labelling and CLIP-Lumi4-Tb (1 uM) and CLIP-Green
(1 uM) for CLIP-labelling. Cells were incubated for 90
minutes at 4 °C and carefully washed four times with
ice-cold Tag-Lite buffer. LY379268 (100 uM), EGF
(100 nM), TGF-a (100 nM), dacomitinib (10 uM),
erlotinib (10 pM), PD153035 (10 uM), AG1478 (10
uM), GWS583340 (5 upM), lapatinib (10 pM),
osimertinib (10 pM), cetuximab (10 nM) or vehicle was
incubated in ice-cold Tag-Lite buffer for 30 minutes at
4 °C. Luminescence decay at 520 nm was measured
after 150 flashes/well with the UV-pulsed nitrogen
laser (337 nm) of the PHER Astar FS microplate reader.
Decay was measured from 50 to 5000 ps and was fitted
using the biexponential decay function in GraphPad

Prism software (version 9.0.1.), which is the preferred
model in an extra sum-of-squares F-test compared to a
mono-exponential decay function. The excited-state
lifetime of the sensitized acceptor emission (Tpa) was
calculated with a least-squares fit. The apparent
amplitude of slow (As) and fast (Ar) components of the
biexponential decay may vary due to adaptation to
multiple conformations or interactions with the
antenna, increasing the complexity of its decay (49).
Typically, the apparent Ar was larger than As whereas
this value is likely overestimated and should be
corrected (20). The true fraction of the slow decay
species (apa) is based on the resonance energy transfer
rate constant, as described by Heyduk et al.(20). After
applying this correction, apa is in the range of 0.75-
0.88 for all conditions (Suppl. Table S1).
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Suppl. Fig. S4. Expression levels of mGlu subunits in mGlu2-4 heterodimer and intersubunit
FRET of wild-type SNAP-EGFR at 4 °C. (A) Scheme of mGlu2-4 labelling with donor and signal of
the donor. (B) Intersubunit FRET of wild-type SNAP-EGFR at 4 °C represented by HTRF-ratio.
Data in A are individual data points of a representative experiment. Data in B are mean = SD of a
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agonists. (D) EGF-induced phosphorylation (10 nM) of ERK1/2 inhibited by inhibitors. Data in A-D
are the mean + SEM of at least three individual experiments.
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Suppl. Fig. S6. Internalization of the wild-type SNAP-EGFR labelled with SNAP-Red
represented by two snapshots right before addition of compounds and 30 minutes
after. (A) 10 nM EGF. (B) Vehicle. (C) 1 uM erlotinib pre-incubated for 2 hours and 10
nM EGF. (D) 100 nM cetuximab pre-incubated for 2 hours and 10 nM EGF. (E) 1 uM
osimertinib pre-incubated for 2 hours and 10 nM EGF. Snapshots in A-E are from a
representative experiment.
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Suppl. Fig. S7. Internalization of the wild-type SNAP-EGFR labelled with SNAP-
Lumi4-Tb represented by kinetic curves. (A, B) Agonists. (C) Dose-response curve of
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Suppl. Fig. S8. Pharmacological profile of compounds. (A) EGF. (B) TGF-a. (C)

AG1024. All data are from figures 1-4.
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Suppl. Fig. S9. Bias plots for EGFR agonists. (A) Intersubunit FRET v.
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Suppl. Fig. $11. Effect of inhibitors on wild-type EGFR — EGFRnscLc intersubunit
FRET assay. (A) Wild-type CLIP-EGFR + SNAP-EGFRnscLc heterodimer. (B) SNAP-
EGFRnscLc homodimer. Data A-B are mean £+ SEM of three individual experiments.
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Supplementary tables

Ligand | apa SD As SD
AG1478 | 084 0.04 | 040 0.07
Dacomitinib | 0.85 0.06 | 049 0.1
Erlotinib | 0.84 0.06 | 041 0.08
Gefitinb | 0.84 0.05 | 043 0.10
PD153035 | 0.84 0.03 | 0.38 0.08
GW583340 | 0.82 0.03 | 0.16  0.02
Lapatinib | 075 0.09 | 016 0.06
Osimertinib | 081 0.12 | 025 0.13
EGF | 075 004 | 031 0.07
TGF-a| 077 004 | 035 0.04
Cetuximab | 088 0.04 | 0.30 0.11
Vehicle | 0.80 0.15 | 0.20  0.11

Suppl. Table S1. The true fraction of the slow decay species (apa) after the Heyduk

and Heyduk correction.

pEC50 * EGF N TGF-a N
SEM
EGFRwr 8636+0.039 O | 7.636+0.019 3
EGFRuscic | 8.705+0.204 4 | 8131+0.164 3
WT + NSCLC | 8.384+0.040 3 | 7.484+0251 3
Pvalue | NS (P = 0.1690) NS (P = 0.0860)

Suppl. Table S2. Summary of potencies of EGF and TGF-a for EGFRwt, EGFRnscLc
and EGFRwr + EGFRnscLc. Potency values are represented as pEC50 * standard
error of the mean (SEM) of 3 or more individual experiments. The used statistical test
is ordinary one-way ANOVA. NS means not significant.

Ligand Mean + SD N | Pvalue
Erlotinib 405.2+57.0 | 24 | 0.6972
Gefitinib 4129+528 | 24 | 0.8606
PD153035 383.1+33.8 |24 | 0.2186
AG1478 384.6+43.9 | 24 | 0.2408
Dacomitinib | 414.3+48.3 | 24 | 0.8844
GW583340 | 828.2+133.8 | 24 | <0.0001
Osimertinib | 601.6 £199.2 | 23 | 0.0002
Lapatinib 549.2 +142.2 | 24 | 0.0483
EGF 456.8 +72.8 | 84 -

TGF-a 382.0+46.6 |24 | 0.2016
Cetuximab | 733.3+167.6 | 24 | <0.0001
Vehicle 812.3+248.4 | 84 | <0.0001

Suppl. Table S3. Summary of basal, TK inhibitor-induced, agonist-induced mean
excited-state lifetimes of sensitized acceptor emission. Statistical test is one-way

ANOVA with Dunnett’'s multiple comparison test.
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10 A NANOBODY ACTIVATING METABOTROPIC GLUTAMATE
RECEPTOR 4 DISCRIMINATES BETWEEN HOMO AND

HETERODIMERS

The mGlu4 receptor is a constitutive dimeric receptor that forms both homo- and heterodimers. Studies
suggest that the propensity to form heterodimers is significant. One heterodimer, the mGlu2-mGlu4
heterodimer (mGlu2-4), retains much attention because it was proven to exist and function in the rat brain

and in human neurons.

The first subject is about the development and characterization of a nanobody. Nanobodies represent a group
of molecules that can selectively bind or modulate a protein target. The nanobody is selective for the human
mGlu4 receptor and fully activates it. Conversely, it does not activate, but potentiate the mGlu2-4

heterodimer, revealing a distinct pharmacology for these receptors.

Secondly, we investigate its mode of binding and mode of activation, by using biochemical approaches and
molecular dynamics simulations. We reveal its epitope and a mode of action on the mGlu4 receptor,

previously unknown for class C GPCRs.

In summary, we develop and characterize a novel selective pharmacological compound that could be used

in deciphering the expression and function of the mGlu2-4 heterodimer in native tissues.
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There is growing interest in developing biologics due to their high
target selectivity. The G protein—coupled homo- and heterodimeric
metabotropic glutamate (mGlu) receptors regulate many synapses
and are promising targets for the treatment of numerous brain dis-
eases. Although subtype-selective allosteric small molecules have
been reported, their effects on the recently discovered heterodi-
meric receptors are often not known. Here, we describe a nanobody
that specifically and fully activates homodimeric human mGlu4 re-
ceptors. Molecular modeling and mutagenesis studies revealed that
the nanobody acts by stabilizing the closed active state of the glu-
tamate binding domain by interacting with both lobes. In contrast,
this nanobody does not activate the heterodimeric mGlu2-4 but acts
as a pure positive allosteric modulator. These data further reveal
how an antibody can fully activate a class C receptor and bring
further evidence that nanobodies represent an alternative way to
specifically control mGlu receptor subtypes.

G protein—coupled receptor | single-domain antibody | activation
mechanism | agonist

here is more and more interest in developing antibodies as

possible pharmacological and even therapeutic agents (1, 2).
The single-domain antibodies, also named nanobodies, are prone
for such activities, as their short variable loops can interact in
surface cavities that can vary between the conformational states of
a protein (1). As such, nanobodies regulating drug targets have
already been reported (3, 4). Among the main drug targets are the
G protein—coupled receptors (GPCRs) that play important roles
in cell-cell communication (5).

Among the large GPCR family, class C receptors are those
activated by the main neurotransmitters, glutamate and y-amino
butyric acid (GABA), as well as by Ca®" ions, sweet and umami
compounds (6). There are eight genes encoding metabotropic
glutamate (mGlu) receptor subunits. Although only considered as
disulfide-linked homodimers, the complexity of the mGlu receptor
family increased with the description of heterodimeric entities
made of two different mGlu subunits (7). Indeed, the postsynaptic
mGlul and -5 on one side and presynaptic mGlu2, -3, -4, -7, and -8
subunits on another side can form heterodimeric entities in
recombinant cells, leading to the possible existence of 16 additional
mGlu subtypes (7, 8). Among these, the mGlu2-4 heterodimer
retained much attention. It was found to display a specific phar-
macological profile and was identified in transfected neurons as
well as in both cortico-striatal (9) and lateral perforant path (10)
terminals. Identifying the various heterodimeric mGlu receptors in
the brain and their possible roles is essential.

We recently reported nanobodies acting as positive allosteric
modulators (PAMs) specific to the mGlu2 homodimer (11). Among
the mGlu subtypes, the mGlu4 containing receptors, and especially
mGlu4 homodimers, are of interest for the treatment of Parkinson’s
disease (12-14) and pain (15, 16). In the present study, we report

PNAS 2021 Vol. 118 No. 33 €2105848118

the identification of DN45, a nanobody that specifically and fully
activates human mGlu4 homodimers. We show that this nanobody
acts by stabilizing the closed active state of the glutamate binding
Venus flytrap domain (VFT). However, this nanobody was unable
to directly activate the mGlu2-4 heterodimer, acting instead as a
pure PAM. These data reveal a way a nanobody can activate a
class C GPCR and confirm the potential of using nanobodies to
discriminate between homo- and heterodimeric receptors.

Results

DN45 Is Specific to the Human mGlu4 Receptor. To identify nanobodies
targeting mGlu4, HEK293 cells transiently expressing either the
human or the rat mGlu4 receptor were injected into a llama. Genes
encoding VyH domains were amplified by RT-PCR from the total
RNA of peripheral blood mononuclear cells and used to create a
phage display library. This library was depleted on controlled
Human Embryonic Kidney (HEK293) cells and enriched by two
cycles of positive selection on human mGlu4 transfected cells
in the presence of an excess of anti-HEK293 nanobodies (17).
Nanobody containing Escherichia coli supernatants were screened
by flow cytometry.

Significance

Biologics, and especially antibodies, are promising therapeutics.
Antibodies are expected to show higher subtype selectivity and
less off-target activity than small molecules. G protein—coupled
receptors (GPCRs) being the main drug targets, there is a need
for antibodies modulating these receptors. Here, we describe
the first single-domain antibody fully activating a GPCR. This
nanobody activates the homodimeric metabotropic glutamate
receptor type 4 (mGlu4), an interesting target for the treatment
of Parkinson'’s disease or pain. Using modeling tools, we show
this nanobody acts by stabilizing the active form of the bind-
ing domain. It does not activate heterodimeric mGlu receptors
containing the mGlu4 subunit. These data revealed that nano-
bodies can be useful tools to specifically control mGlu receptor
subtypes.
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Among the selected clones, nanobody DN45 was further char-
acterized. We performed a binding assay based on time-resolved
fluorescence energy transfer (TR-FRET) between the SNAP-
tagged receptor and an anti-c-Myc-antibody-d2 interacting with
the c-Myc-tag inserted at the carboxyl-terminal end of the DN45
sequence (Fig. 14). The nanobody binds to human mGlu4 exclu-
sively when tested at 100 nM, and no binding was observed on any
other human mGlu receptor (Fig. 1B) nor on the eight rat mGlu
receptors (Fig. 1C). To avoid constitutive receptor activation by
ambient glutamate produced by the cultured HEK293 cells, ex-
citatory amino acid transporter 3 was cotransfected with the indi-
cated receptors such that receptors were essentially in an inactive
state under basal condition. Activating any of the mGlu receptors
with an agonist did not allow binding of DN45 either, except on the
human mGlu4, in which a higher signal was observed (Fig. 1 B and
(). Indeed, DN45 had a preferred high binding affinity (Kp = 3.1
nM) for the active conformation of the human mGlu4 receptor and
a low binding affinity for the basal and antagonist-induced con-
formation (Fig. 1D and SI Appendix, Table S1).

DN4S5 Is a Full Agonist of the mGlu4 Receptor. In agreement with the
higher binding affinity of DN45 for the active form of the hmGlu4
receptor, DN45 alone stabilizes the active conformation of the
VFT dimer as revealed using a TR-FRET-based conformational
biosensor (Fig. 24) (7, 18). This biosensor measures the distance
variation between the N-terminally inserted SNAP tags of the
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Fig. 1. DNA45 is selective for the human mGlu4 receptor and preferentially
binds to the active receptor. (A) Cartoon representing a TR-FRET-based
binding assay. SNAP-mGlu receptors were labeled with 100 nM BG-Lumi4-
Tb (blue star). Then, 100 nM DN45 containing a c-Myc epitope was labeled
with 200 nM anti-c-Myc-antibody (gray) coupled to d2 (red star). (B) Specific
binding of DN45 to human mGlu4 receptor without (black) and with (pink) a
saturating concentration of agonist (mGlu group I: 1 pM quisqualic acid;
group II: 100 nM LY379268; group lll: 10 uM L-AP4), represented by an in-
crease of signal compared to an irrelevant nanobody containing the c-Myc
sequence. (C) No specific binding was observed between the nanobody and
any rat mGlu receptors in the absence (black) or presence (pink) of agonist.
(D) Binding of an increasing concentration of DN45 on hmGlu4 under basal
condition (black) in the presence of the agonist L-AP4 (10 uM) or in the
presence of the antagonist LY341495 (100 pM). Data in B-D are mean + SEM
of three individual experiments (S/ Appendix, Table S1).
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subunits such that a high TR-FRET is measured in the basal state
(after random labeling with the SNAP substrates O%-benzylguanine
[BG]-Lumi4-Tb and BG-Green), while a lower TR-FRET is ob-
served upon the reorientation of the VFT's upon activation (18).
DN45 displays a potency and efficacy not significantly different
from the group-III mGlu receptor agonist L-AP4 (Fig. 24 and S/
Appendix, Table S2). Subsequently, we setup a single-molecule
FRET (smFRET) approach to compare the agonist effect of
L-AP4 and DN45 at the single-molecule level in an environment
without ambient glutamate (Fig. 2B and SI Appendix, Fig. S1 and
Table S3). There was no difference between the apo-state and the
antagonist-stabilized state. However, both L-AP4 and DN45 acted
as full agonists, as illustrated by the similar increase in the pro-
portion of molecules in the low FRET, active conformation. DN45
also activated the natural Gi protein of the mGlu4 receptor with
the same potency as L-AP4, as revealed with a Gi bioluminescence
resonance energy transfer (BRET) sensor (Fig. 2C and SI Appendix,
Fig. S2 and Table S2). The agonist activity of DN45 was further
confirmed by measuring the accumulation of IP-1 upon activation
of the chimeric G protein Gqi9 (Fig. 2D). DN45 potency and
efficacy were similar to those obtained with L-AP4, both being
more potent than glutamate (Fig. 2D and SI Appendix, Table S2).
In the presence of LY341495, the potency of DN45 was decreased
(Fig. 2E). Of note, the L-AP4 potency for accumulation of IP-1
was not significantly increased in the presence of nonsaturating
DN45 concentrations (Fig. 2F and SI Appendix, Table S2).

Residues in Lobe 2 of the Human mGlu4 VFT Confer Subtype Selectivity
to DN45. To explain the subtype selectivity of DN45, we substituted
any individual residue at the surface of the human mGlu4 VFT into
its rat equivalent. We identified 12 residues on the surface of the
VFT that are different in the human and rat proteins (Fig. 34).
Among the 12 mutations tested, three (i.e., 1318S, H323R,
and D485G) affected DN45 binding, with D485G suppressing
binding completely (Fig. 3B). Consistent with these binding data,
the DN45 agonist effect was largely affected or even suppressed in
these human mGlu4 mutants (Fig. 3C), while L-AP4 could still
activate them (SI Appendix, Fig. S3A4).

Molecular Modeling Identifies DN45-mGlu4 Interaction Site on Both
Lobe 2 and Lobe 1. We built three-dimensional (3D) models of both
human mGlu4 (in an active closed conformation) and DN45 and
performed docking experiments using ZDOCK (19) without any
specific constraint. Our best-scored model using ZRANK (20),
which keeps the main interactions with or without L-AP4 within
the VFT binding site after a 10-ns dynamics simulation, revealed
possible interaction sites of DN45 on the VFT (Fig. 34). In the
presence of bound L-AP4, more interactions between the partners
were detected (SI Appendix, Fig. S4 A and B) in agreement with
the higher binding affinity in the active state. A time-dependent
analysis of the model revealed the mGlu4 residues maintaining
interaction with DN45 during the 10-ns molecular dynamics sim-
ulations (S Appendix, Fig. S5). These include the residues that are
human-specific: 1318, H323, D485 (lobe 2), and also residues on
lobe 1 (SI Appendix, Fig. S5). The virtual mutagenesis analysis
performed on our 3D model of the mGlu4-DN45 complex is per-
fectly in line with the evaluated impact of individually substituting
the 12 human-specific residues for its rat equivalents (SI Appendix,
Fig. S5 and Table S4). In addition, the model revealed other key
residues such as 1.322 (SI Appendix, Fig. S6).

DN45 Binding Was Restored on Rat mGlu4 Mutant Bearing At Least
Four Human Residues. The proposed model was further confirmed
by introducing human-specific residues into the rat sequence,
restoring DN45 binding and agonist activity on the mutated rat
mGlu4 receptor. We considered five human-specific residues based
on their proximity to the apparent epitope of DN45 (i.e., I318,
H323, D485, V385, and H507 [Fig. 34]). When the five rat residues
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Appendix, Tables S2 and S3).

were mutated to their human equivalent (rmG4-5M), DN45 bound
(Fig. 3D) and activated the receptor (Fig. 3E) with an affinity (Kp =
22.8 nM) and potency not different from those measured on the
human mGlu4 receptor (SI Appendix, Tables S1 and S2). The
substitutions G485D (rmG4-1M), G485D+R323H (rmG4-2M),
and G485D+R323H+S318I (rmG4-3M) on the rat mGlu4 re-
ceptor were, however, not sufficient to recover binding of DN45
(Fig. 3D). Indeed, the model of rmG4-3M reveals that DN45 is
not able to interact with the three mutated residues (i.e., S318I,
R323H, and G485D) (SI Appendix, Fig. S44) because a loop is
closing the entrance of the epitope cavity (SI Appendix, Fig. S7).
The additional mutation of I385V or Q507H restores the opening
of the cavity and allows for interactions between DN45 and the
three key human residues (S Appendix, Fig. S7). This was further
supported when binding of DN45 to the rat mGlu4 bearing the
three main aforementioned substitutions plus 1385V (rmG4-4MB)
or Q507H (rmG4-4MA) was recovered (Fig. 3D) and both mu-
tants were activated by DN45 (Fig. 3E). The observed affinities
(Kp = 13.6 nM and 10.4 nM, respectively) and potencies were not
significantly different from those measured for human mGlu4
(Fig. 3 D and E and SI Appendix, Tables S1 and S2). All mutants
were functional, as we successfully activated them with L-AP4
(SI Appendix, Fig. S3B).

Taken together, these modeling and mutagenesis data provide
a reliable explanation for the species selectivity of DN45 by
interacting with residues mainly located on lobe 2 of the VFT.

DN45 Agonist Activity Needs Interaction with Both Lobes of the VFT.
The predictions of interactions between DN45 and lobe 1 of the
VFT in a closed active state especially comprise residues H371 to
EA401 (Fig. 4 A and B and SI Appendix, Fig. S4B). Interactions with
this region are expected to stabilize the closed conformation of the
VFT, providing an explanation for the agonist activity of DN45
and its increased affinity for the active mGlu4 (Fig. 1D). In a first
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attempt to prevent the interaction between DN45 and lobe 1 of
the mGlu4 VFT, an N-glycosylation site, A399N/E401S, was in-
troduced. This resulted in a large decrease in DN45 agonist po-
tency but did not suppress its agonist activity (Fig. 4C).

Single-point mutations H371A, K386A, H392A, D397A, E401A,
and E403A did not lead to antagonist effects of DN45 on these
mutants (SI Appendix, Fig. S8). Therefore, a virtual saturation
mutagenesis was performed to predict the impact of multiple
mutations of lobe 1 residues on the binding of DN45 and also the
impact of these mutations on the overall stability of mGlu4. The
best-predicted mutations were H371E, R391M, R393W, and A399K
in a loop of lobe 1 (Fig. 4 4 and B). The calculated binding energy
revealed that the highest destabilizing values were found for the triple
mutant R391IM+R393W+A399K (4.82 kcal/mol) and quadruple
mutant H371E+R391M+R393W+A399K (4.81 kcal/mol).

Experimental data support that this loop is involved in the agonist
effect of DN45, as DN45 no longer activated either the triple or the
quadruple mutant (Fig. 4 D and E). Of note, the quadruple mutant
displays constitutive activity that is reduced by DN45, revealing that
DN45 acts as an inverse agonist on this receptor (Fig. 4F). This
is confirmed by the significant antagonistic effect of DN45 on
this mutant upon activation by L-AP4 (Fig. 4F and SI Appendix,
Table S2).

Taken together, these data reveal that DN45 primarily binds
to lobe 2 but also to lobe 1 in the active state, an interaction
increasing its affinity and required for its agonist activity.

DN45 Acts as a Positive Allosteric Modulator on Heterodimeric
mGlu2-4. It is now recognized that the mGlu4 subunit can associate
with other mGlu subunits to form heterodimeric mGlu receptors
(7, 8). Among these, the mGlu2-4 heterodimer has retained much
attention and has specific pharmacological properties that were
used to illustrate its existence in the brain (9, 10).
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Fig. 3. Residues in lobe 2 of the human mGlu4 VFT confer subtype selec-
tivity to DN45. (A) Front view of the closed conformation of the VFT of the
human mGlu4 receptor, stabilized by DN45 (red) in the best-scored non-
constrained docking followed by the 10-ns molecular dynamics simulation.
Residues on the surface of the mGlu4 VFT that are specific for the human
ortholog are highlighted in purple (side chains). (B) Binding of DN45 was
determined in the TR-FRET binding assay as illustrated in Fig. 1A with human
wild-type (hmG4) and mutated mGlu4 receptors (i.e., hmG4 13185, hmG4
H323R, or hmG4 D485G) in the presence of 1 uM L-AP4. (C) Activation of the
Gq pathway by hmG4, hmG4 13185, hmG4 H323R, and hmG4 D485G with
increasing concentrations of DN45. (D) Binding of DN45 to mutated rat
mGlu4 receptors rmG4-5M (Kp = 22.8 nM), rmG4-4MA (Kp = 10.4 nM), and
rmG4-4MB (Kp = 13.6 nM) is not significantly different from binding to
hmG4 (Kp = 5.4 nM), and no binding is observed for rmG4-3M, rmG4-2M,
rmG4-M1, or rmG4. (E) DN45 activation of the Gq pathway by rmG4-5M,
rmG4-4MA, and rmG4-4MB. Data in B-E are mean + SEM of three or more
individual experiments. The Kp values and statistical analysis for B-E was
performed using an ordinary one-way ANOVA with Dunnett's multiple
comparisons test and are presented in S/ Appendix, Tables S1 and S2.

We first examined the binding of DN45 to the mGlu2-4 het-
erodimer using a combination of mGlu2 N-terminally labeled with
CLIP-tag and carboxyl-terminal GABAg, endoplasmic reticulum
retention sequence CIKKXX (21) (CLIP-mGlu2-C1KKXX)
and mGlu4 N-terminally tagged with SNAP-tag and carboxyl-
terminal GABAg, endoplasmic reticulum sequence C2KKXX (21)

40f 6 | PNAS
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(SNAP-mGlu4-C2KKXX). After labeling CLIP-mGlu2-C1KKXX
with Lumi4-Tb, binding of DN45 to the mGlu4 subunit should
generate a TR-FRET signal between the Lumi4-Tb on the mGlu2
subunit and the d2 acceptor on an anti-c-Myc-antibody that binds
to DN45 (Fig. 54). A very low signal could be detected under
basal condition that almost disappeared in the presence of the
competitive antagonist L'Y341495 (Fig. 5B). However, a large signal
could be measured in the presence of the mGlu4 agonist L-AP4,
the general mGlu agonist glutamate, or the mGlu2 selective ag-
onist LY379268 (Fig. 5B), revealing binding affinities of 5.0 nM,
3.1 nM, and 7.4 nM, respectively, close to the Kp measured on the
agonist-occupied mGlu4 homodimers (3.1 nM).

The effect of DN45 on the conformation of the mGlu2-4
heterodimer was then examined. Using CLIP-mGlu2-C1KKXX
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Fig. 4. DNA45 agonist activity needs interactions with lobe 1 of the VFT. (A)
A front view of the interactions between DN45 and lobe 1 and lobe 2 of the
human mGlu4 receptor. Residues on lobe 1 in the loop spanning from H371
to E401 and residues 1318, H323, and D485 are highlighted in purple (side
chains). (B) A zoomed-in view of the loop comprising residues H371 to E401.
(C) IP-1 production by L-AP4 (blue) and DN45 (red) of a human mGlu4 re-
ceptor bearing an N-glycosylation site at N399. (D) Effect of L-AP4 (blue) and
DN45 (red) on IP-1 production by a human mGlu4 receptor bearing three
mutations (i.e., R391M, R393W, and A399K). (E) Effect of L-AP4 (blue) and
DN45 (red) on a human mGlu4 receptor bearing four mutations (i.e., H371E,
R391M, R393W, and A399K). (F) Effect of L-AP4 alone (filled circles) and in
the presence of 100 nM DN45 (open squares) on the activity of the qua-
druple hmGlu4 receptor mutant. Data of C-F are mean + SEM of three in-
dividual experiments. Statistical analysis of C and F was performed using an
unpaired one-tailed t test (S/ Appendix, Table S2).
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Fig. 5. DNA45 acts as a positive allosteric modulator on heterodimeric mGlu2-
4. (A) A cartoon representing a TR-FRET-based assay to measure binding of
DN45 to the mGlu2-4 heterodimer using CLIP-mGlu2-C1KKXX and SNAP-
mGlu4-C2KKXX. (B) Binding of DN45 to mGlu2-4 alone (red), in the presence of
100 pM mGlu4 antagonist LY341495 (light blue), of 1 mM glutamate (green),
of 10 pM LY379268 (orange), or of 10 pM L-AP4 (blue). (C) Activation of the
mGlu2-4 heterodimer by DN45 alone (red) or in the presence of the mGlu2
agonist LY379268 (50 nM) measured by a TR-FRET biosensor using CLIP-mGlu2-
C1KKXX and SNAP-mGIu4-C2KKXX, labeled with 1 uM BC-Green and 100 nM
BG-Lumi4Tb. Values are normalized to the maximal response to LY379268. (D)
The response of LY379268 (filled circles) on the TR-FRET biosensor is potenti-
ated by 10 pM DN45 (open squares). Values are normalized to the maximal
response to LY379268. Data of B-D are mean + SEM of three or more indi-
vidual experiments. Statistical analysis of B was performed using an ordinary
one-way ANOVA with Tukey’s multiple comparisons test, and analysis of D was
performed using an ordinary one-way ANOVA with Dunnett’s multiple com-
parisons test (S/ Appendix, Tables S1 and S2).

labeled with O®-benzylcytosine (BC)-LumidTb and SNAP-mGlu4-
C2KKXX labeled with BG-Green, only the heterodimer generates
a TR-FRET signal that is largely decreased upon activation (10,
18). As previously reported, the mGlu2 agonist LY379268 acti-
vated the heterodimer, while the mGlu4 agonist L-AP4 remains
very partial (10, 18). DN45, on the other hand, could not activate
the mGlu2-4 by itself (Fig. 5C). However, in the presence of 5% of
the maximal effective concentration (ECs) of LY379268 (50 nM),
DN45 could activate the receptor, revealing a clear PAM effect
(Fig. 5C). Indeed, DN45 largely increased the potency of the
mGlu2 agonist LY379268 (Fig. 5D), demonstrating its potent pure
PAM effect on the mGlu2-4 heterodimer.

Discussion

The mGlu4 receptor has been proposed as a potential drug target
for the treatment of Parkinson’s disease (12, 22, 23) or pain (15).
In the brain, mGlu4 can be found in a homodimeric form or as-
sociated with other mGlu subunits, like mGlu2, in heteromeric
complexes. Using ligands with different properties at mGlu4
homo- and heterodimers, evidence has been provided supporting
homodimers as the best targets for Parkinson’s disease treatment
(13). However, the respective role of both types of mGlu4 containing
receptors remains to be clarified (8-10). In the present study, we
report an mGlu4 nanobody with selective agonist activity at
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mGlu4 homodimers and with a pure PAM action on the mGlu2-4
heterodimers.

Nanobodies have become popular in pharmaceutical research.
They have a high specificity and affinity and can stabilize specific
conformations of their targets. Due to their small size compared
to traditional IgG (~15 versus ~150 kDa), nanobodies have several
advantages like lower immunogenicity, better pharmacokinetics,
and the possibility to reach smaller cavities in proteins (3, 4). As
such, nanobodies can stabilize specific conformations of their
target, being interesting tools for structural studies (1) and inno-
vative pharmacological agents (24). Moreover, some nanobodies
can cross the blood-brain barrier and can then be used to target
the central nervous system (25). Of course, nanobodies may have a
much better subtype selectivity than orthosteric ligands acting at a
binding site often conserved in various receptor subtypes activated
by the same natural ligand. Most recently described nanobodies
with pharmacological action at GPCRs act as antagonists (26, 27),
as does the first Food and Drug Administration (FDA)-approved
nanobody, caplacizumab (24).

Recently, nanobodies acting as selective PAMs for mGlu2 (11)
and mGlu5 (28) homodimers were reported, the former having
in vivo activities. Both nanobodies were found to stabilize the
agonist-bound active orientation of the two VFTs of the dimers,
with the mGlu2 nanobodies acting at the active interface of the
VFTs (11), while the mGlu5 one acts on a loop on the top of the
mGlu5 VFT (28). Here, we identified the mode of action of
DN45 by combining state-of-the-art modeling and docking ap-
proaches and mutagenesis. We show that DN45 can stabilize the
closed active state of each VFT in the mGlu4 homodimer, as the
binding epitope includes residues from both lobe 1 and lobe 2.
DN45, like L-AP4, increases the same proportion of mGlu4 in
the active conformation, as shown by smFRET in the total ab-
sence of glutamate, demonstrating an agonist activity equivalent
to that of L-AP4. While the primary binding epitope is located
on lobe 2, further interaction between the VFT and DN45 occurs
upon spontaneous closure of the VFT. These additional contacts
increase the affinity of DN45 and lead to stabilization of the active
state of the receptor, as does the agonist. This model is well sup-
ported by the observation that preventing contact between lobe 1
and the nanobody through mutations converts the nanobody into an
antagonist or an inverse agonist, stabilizing the inactive receptor by
preventing VFT closure. Taken together, our data confirm that
stabilizing the closed VFTs is sufficient for receptor activation
even in the absence of glutamate. Such a mode of action is, then,
different from what has been proposed for the mGlu2 and mGlu5
PAM nanobodies and reveals ways for the development of se-
lective agents acting at a specific mGlu subtype.

When tested on the mGlu2-4 heterodimer, DN45 was found
unable to activate the receptor on its own. In contrast to the mGlu4
homodimer, on which two nanobodies are likely acting (one per
VFT), only one is expected to bind to the heterodimer, on the
mGlu4 VFT only. The fact that the nanobody cannot activate such
a heterodimer suggests that the mGlu4 VFT may have less
tendency to spontaneously close when associated with mGlu2.
One may also consider the positive allosteric effect between each
VFTs (21). The transient closure of one VFT may facilitate the
closure of the other such that binding of a first nanobody may
facilitate the binding of the second one in the homodimer, leading
to the stabilization of the active state without agonist and then to
the full agonist activity. Such an allosteric process is unlikely to
occur in the heterodimer in the presence of DN45 alone, since
DNA45 only acts on one VFT. In agreement with this model, ag-
onist binding in the mGlu2 VFT largely favored DN45 binding on
the mGlu4 subunit. Such a model is consistent with the pure PAM
effect of DN45 observed on the mGlu2-4 heterodimer.

Such a PAM action of DN45 on mGlu2-4 is also consistent with
the effects of group-III agonists acting at the mGlu4 VFT. Indeed,
L-AP4 could barely activate the heterodimer, while it largely
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potentiates the effect of an mGlu2 agonist (10, 29). This supports
the idea that the closure of the mGlu2 VFT is the driving force for
the activation of the mGlu2-4 heterodimer that is then further
stabilized in the active state through the closure of the mGlu4
VFT by DN45.

This model points to a transactivation mechanism within the
mGlu2-4 receptor, as the mGlu4 TMD is mainly responsible for
G-protein activation in this heterodimer (30). This is then similar
to what is well established for the GABAg receptor in which
GABA stabilizes the closed state of the GB1 VFT, leading to the
G-protein activation by the GB2 7TM (31).

Overall, we describe a nanobody with a full agonist action at a
GPCR. Such a tool will be useful to solve the active structure of
human mGlu4. We show DN45 acts by stabilizing the closed state
of the mGlu4 VFT by a distinct mode of action compared to other
nanobodies that enhance the activity of class C GPCRs. Our study,
then, provides insight into the activation mechanism of mGlu4 and
mGlu2-4 receptors and illustrates how powerful nanobodies can
be to decipher the function of these different receptor subtypes.

Materials and Methods

Information on materials, llama immunization, selection, production, and
purification of DN45, mutagenesis, cell culture and transfection, labeling of
CLIP and SNAP-tag, the DN45 binding and selectivity assay, the IP-1
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paper and the S/ Appendix. Materials described in this study are available
upon request (to J.-P.P.).
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Supplementary figures and tables
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Fig. S1. Agonist action of DN45 nanobody on VFT reorientation analyzed by smFRET. (A-D) FRET
efficiency histograms of mGlu4 dimers N-terminally SNAP-labeled with BG-Cy3b donor and BG-d2 acceptor
fluorophores in the absence of ligand (Apo) or in the presence of DN45, LY341495 or L-AP4. The average
global fit (black) as well as the very low FRET (VLF, blue), low FRET (LF, green), high FRET (HF, yellow)
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and very high FRET (VHF, red) populations obtained by gaussian fitting using variable Err and full width
half maximum (FWHM) values are shown. E) Mean Epr and F) FWHM values for each of the four states
under different ligand conditions. G) Fraction of each of the four states relative to all states under different
ligand conditions. The histograms A-D show the mean number of molecules determined from three
independent biological replicates each normalized to the maximum number per replicate with error bars
given as SEM. Data of E-G are represented as mean + SEM of three independent biological replicates.
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Fig. S2. Gi rearrangement kinetics visualized by change in BRET between Gai-Rluc and Gy-Venus. Signals
were measured at 530 nm for the Venus and 480 nm for the Rluc. A basal signal was measured for 10
minutes after addition of coelenterazine (Luc). Next, the buffer and agonist conditions were added (Ago).
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Fig. S4. Key interacting residues in the modelled complex of DN45 with human mGlu4 VFT (Fig. 3A).
Residues of DN45 are displayed as yellow sticks, those of mGlu4 VFT in purple. (A) Lobe 2 and (B) lobe 1
interactions are shown as dashed lines (H-bonds are green, salt bridges are orange, hydrophobic interaction
are purple).
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the docked DN45 mGlu4 complex for top interacting residues.
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Fig. S8. Effect of alanine mutations on loop of lobe 1 of the human mGlu4 VFT. (A-F) Effect on the
accumulation of IP-1 induced by L-AP4 and DN45 (G-H) 3D location of mutated residues in the modelled
complex (Fig. 4). Note that E403 is stabilizing critical residues (R78 and K317) for L-AP4 binding explaining
the decreased activation shown in panel F.
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Table S1. Affinity (pKb) and standard error of the mean (SEM) of DN45 for the different mGlu4 constructs.
The used statistical analysis is mentioned in the main figure legends and values are compared with the
control unless stated otherwise.

Fig. Receptor Condition pKD+SEM N  P-value
1D  hmG4 + 10 uM L-AP4 853+009 3 -
3B hmG4  +1uML-AP4 829+0.02 3 Control
hmG4 1318S + 1 uM L-AP4 8.00+0.07 3 0.0168
hmG4 H323R  + 1 uyM L-AP4 760+0.06 3 0.0002
3D hmG4  +1uML-AP4 828+0.06 5 Control
rmG4-5M + 1 uM L-AP4 7.70 £ 0.11 6 0.4613
rmG4-4MA + 1 uM L-AP4 8.01+0.10 3  0.9801
rmG4-4MB + 1 uM L-AP4 793+0.17 3  0.8392
5B mGlu2-4  +10uML-AP4 8.34+0.09 5 (L-AP4vsGlu)=0.1130
+ 1 mM Glutamate 8.54 +0.10 5 (Glu vs LY37) = 0.0259
+10 uM LY379268 8.14+0.07 3  (LY37 vs L-AP4)=0.4757
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Table S2. Potency (pECso) and standard error of the mean (SEM) for the different mGlu4 constructs. The
used statistical analysis is mentioned in the main figure legends and values are compared with the control.

) » pEC50 +
Fig. Receptor Condition P-value
SEM
2A hmG4 L-AP4 6.12 £ 0.03 3  Control
DN45 6.57+0.23 3 0.1222
2C hmG4 L-AP4 722+0.03 3 Control
DN45 7.22+0.11 3 0.9505
2D hmG4 L-AP4 6.54+010 3 Control
DN45 6.65 £+ 0.21 3 0.6674
Glutamate 459 +0.15 3 -
"2F  hmG4 L-AP4 6.16+0.18 4 Control
+ 5 nM DN45 596+0.12 4 0.7166
+ 10 nM DN45 6.19+£0.19 4  0.9990
+100nM DN45 5.74+0.07 3 0.4949
3¢ hmG4 DN45 6.63+0.20 3 Control
hmG4 1318S DN45 568+023 3 0.1794
hmG4 H323R DN45 5.07+£0.54 3 0.0367
"3E  hmG4 DN45 6.65+021 3 Control
rmG4-5M DN45 6.59+054 3 0.7939
rmG4-4MA DN45 6.59+0.02 3 0.9977
rmG4-4MB DN45 6.31£0.08 3 0.7524
4C hmG4 L-AP4 6.05+0.08 3 Control
(A399N/E401S - N-Glycan)
rmG4-4MA DN45 518+0.19 3 0.0070
4D hmG4 L-AP4 574+006 3 -
(R391M+R393W+A399K)
4 tmG4 L-AP4 700001 3 -
(H371E+R391M+R393W+A399K) DN45 6.37 £ 0.06 3 -
4 tmG4 L-AP4 6.85+0.16 3 Control
(H371E+R391M+R393W+A399K) + DN45 6.33+0.13 3 0.0351
5 mGl24 +LY37 611019 3 -
50 mGlw24 Lysz 6.02+0.14 5 Control
+ 10 uM DN45 849+0.14 4  <0.0001
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Table S3. Fraction and standard error of the mean (SEM) for single-molecule FRET analysis. The statistical
analysis is mentioned in the main figure legend and values are compared to the control unless stated
otherwise.

Fig. Receptor Condition Fraction £ SEM N P-value

2B hmG4 Apo 0.320 + 0.025 3 Control
LY34 0.353 £ 0.012 3 0.3263
DN45 0.584 + 0.014 3 <0.0001
L-AP4 0.658 + 0.005 3 <0.0001

DN45 v. L-AP4 0.0073
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Table S4. Impact on the binding of DN45 to hmGlu4 and overall stability of folding of the complex upon
virtual mutation of twelve human residues to corresponding rat residues at the end of 10 ns simulation.

Mutation energy Mutation  energy
# Human Rat Effect Effect
binding (kcal/mol) stability (kcal/mol)
66 P A 0.07 Neutral 0.54 Destabilizing
224 V L -0.04 Neutral 1.22 Destabilizing
245D N 0.12 Neutral 0.53 Destabilizing
262 A T 0.11 Neutral -0.42 Neutral
270 R K 0.02 Neutral 0.06 Neutral
280 A G 0.09 Neutral 1.97 Destabilizing
281V I 0.01 Neutral -0.06 Neutral
385V I 0.01 Neutral -1.23 Stabilizing
507 H Q 0.01 Neutral -0.3 Neutral
318 | S 1.55 Destabilizing 3.14 Destabilizing
323 H R 2.96 Destabilizing 2.92 Destabilizing
485 D G 0.69 Destabilizing 0.89 Destabilizing
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Table S5. Predicted difference in binding energy of DN45 to rat mGlu4 upon mutation of 5 selected rat

residues to corresponding human residues.

Mutation energy
# Rat Human Effect
binding (kcal/mol)
3851 V 0.02 Neutral
507 Q H 0.02 Neutral
318 S | -1.04 Stabilizing
323 R H -2.52 Stabilizing
485 G D -0.81 Stabilizing
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11 DISCUSSION

11.1 INTRODUCTION

In this thesis, fluorescent biosensors were developed for studying conformational dynamics and
pharmacology of transmembrane dimeric receptors. By using HTRF®-based techniques we provided
insights in the role of dimerization on the function of transmembrane dimeric receptors, illustrated by the
EGF receptor and mGlu4 receptor. HTRF® is a technique that is used for studying GPCR or receptor
tyrosine kinase (RTK) activation pathways, receptor internalization, binding of ligands to GPCRs or kinases,
cytokine release and protein interactions.™" This technique has been discussed in ‘Chapter 8: Materials and
Methods’. The toolbox that was generated in our team, providing multiple GPCRs and RTKs conformational

biosensors, was a starting point for this thesis (Scholler, Moreno-Delgado, et al. 2017).

RTKs and GPCRs being the main drug targets, make them highly relevant to work on (Rask-Andersen,
Masuram, and Schiéth 2014). Actually, both the EGF receptor and mGlu4 receptor are still subject to
discussions about their conformation, dimerization, activation process and pharmacology. Innovative
HTRF®-based conformational biosensors allow us to perform pharmacological investigations that could

elucidate these processes.

11.1.1 Transactivation by GPCRs through intracellular ligand-free activation of the EGF receptor

Interestingly, it has been shown that GPCRs and the EGF receptor can cross-talk, or even associate, leading
to a cross regulation of the activation and activity. Thus, understanding their respective activation and
dimerization mechanism will also help understanding their complex cross-talk. Through transactivation of
the EGF receptor, it has been shown that GPCRs are implicated in mitogenic signalling (Cattaneo et al.
2014), among them the mGlu5 receptor (Peavy et al. 2001), GABAg receptor (X. S. et al. 2017) and B2
adrenergic receptor (Drube et al. 2006; Maudsley et al. 2000). Transactivation occurs by two main pathways:
1) GPCR-dependent activation of a matrix metalloproteinase (MMP) and subsequent release of membrane-
bound RTK agonists (Palanisamy et al. 2021), 2) GPCR-dependent activation of intracellular nRTKs (like
the Src-family) and subsequent phosphorylation of RTKs on the intracellular domain (Fig. 33) (Liebmann
2011). Conversely, RTKs (i.e. IGF1-R) can also control GPCR (i.e. PACAP receptor) activity though
transactivation (Delcourt et al. 2007). Importantly, transactivation increases the complexity of GPCR
signalling and links them to many different physiological processes. Additionally, it shows that the EGF

receptor can be activated via its intracellular domain, independently of its extracellular domain.

Vil https://fr.cisbio.eu/content/htrf-technology-basics
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Figure 33: Transactivation of the EGF receptor by GPCRs. This image is copied from Liebmann et al.

(2011) with permission from Elsevier.
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11.2 EGF RECEPTOR DIMERIZATION, INTERNALIZATION AND FUTURE THERAPIES

11.2.1 EGF receptor activation process

The activation process of the EGF receptor remains a debated subject. The ligand-free EGF receptor has
been described as mainly monomeric (Chung et al. 2010), dimeric (I. Maruyama 2014) or a mixture of
monomers and dimers (Zanetti-Domingues et al. 2018) available for agonist binding. Through allosteric
interactions, which is either leading to the availability of the dimerization arm and subsequent dimerization
(Ferguson 2008) or a rotation of the TM domain (I. Maruyama 2014), two TK domains re-orientate into an
asymmetric conformation, which is the active conformation of the receptor. During the thesis, we provide
evidence that the EGF receptor is mainly monomeric, and that agonists induce dimer formation, rather than

a conformational change on a pre-formed dimer.

In our study, we have used EGF receptor subunits with an N-terminal SNAP-tag labelled with a FRET
compatible fluorophore pair to measure intersubunit FRET. We observed an increase in FRET after
stimulation with some TK inhibitors and an even larger increase in FRET after stimulation with agonists.
Because of the sensitivity of HTRF® for changes in FRET pair distance, this increase in FRET could be
from ligand-induced dimerization as well as conformational changes. However, there are three main

reasons, why the increase in FRET corresponds to ligand-induced dimerization:

Firstly, we showed that dimerization of the EGF receptor could be through the intracellular domain
exclusively on an EGF receptor mutant lacking its dimerization arm. This proved that the intracellular

domain is sufficient for dimer formation.

Secondly, an EGF-competitive antibody, cetuximab, that binds subdomains I and 111, thereby preventing the
appearance of the dimerization arm, was incubated with the EGF receptor. We showed that, while cetuximab
is bound to the EGF receptor, TK inhibitors still induce intersubunit FRET with the same amplitude as
without cetuximab. This proved that the induced intersubunit FRET by TK inhibitors is independent of the

conformation of the extracellular domain.

Thirdly, we measured the excited-state lifetime of the FRET donor in presence of acceptor, the sensitized
acceptor emission, and found that despite the difference in FRET amplitude induced by agonist and TK
inhibitors, the lifetime of the sensitized acceptor emission remained the same. This means that the FRET
efficiency was not changed and the difference in amplitude of the signal is due to a different number of

receptors in FRET.
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Overall, we concluded that: 1) the EGF receptor mainly follows ligand-induced dimerization, rather than
ligand-induced conformational changes on a pre-formed dimer (Fig. 34A) and 2) the number of receptors

in FRET can be modulated in a dose-dependent manner with TK inhibitors or agonist.

Agonist-induced dimerization TK-induced dimerization
+ ago i i ¥ 390
+ erlot

Figure 34: The activation process of the EGF receptor. A) Agonist-induced activation of the EGF receptor
mainly follows ligand-induced dimerization. B) First-generation TK inhibitors and dacomitinib induce
dimer formation, thereby altering the EGF receptor activation process. A TK inhibitor that induces dimer

formation is represented in grey and “+ erlot™.

11.2.2 A link between dimerization and internalization

In our experiments, we showed that AG1478, erlotinib, gefitinib, PD153035 and dacomitinib induce dimer
formation, whereas lapatinib, GW583340, and osimertinib did not. The group of TK inhibitors that induce
dimer formation all have small hydrophobic domains, thus they do not extend into the back of the cleft of
the TK domain, thereby stabilizing an active conformation. Importantly, these TK inhibitors change the
agonist-induced activation process of the EGF receptor by inducing dimer formation without activating the
EGF receptor (Fig. 34B). Logically, this raised the question whether these groups may induce differential
effects on the EGF receptor.

We determined phosphorylation of Y1068 of the EGF receptor and phosphorylation of ERK1/2 to measure
wild-type EGF receptor activation. Except osimertinib, all TK inhibitors inhibited TK activity of the EGF
receptor efficaciously, thereby not revealing any differential effect that could be linked to dimer formation.
When measuring EGF-induced internalization of the EGF receptor, we did two exciting findings. Firstly,

none of the TK inhibitors could fully inhibit EGF-induced internalization. Secondly, only TK inhibitors that
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induce dimer formation could slow down EGF-induced internalization (i.e. maximal inhibition is around

50%).

For agonists, the induced internalization is dose-dependent, however in presence of TK inhibitors, and thus
no or low Y1068 phosphorylation levels, internalization was not inhibited. This implies that internalization
is not a direct consequence of Y1068 phosphorylation of the EGF receptor nor of the TK domain activity.
This is supported by the finding that only TK inhibitors that induce dimer formation are capable of slowing
down internalization, independently of the inhibition of TK activity. Previously, it was reported that EGF
receptor internalization can follow clathrin-mediated and clathrin-independent endocytosis, which is
regulated by a kinase, p38 (Tanaka et al. 2018). p38 phosphorylates inactive EGF receptors (monomers)
and sorts them for recycling, whereas activated dimeric EGF receptors are degraded. As such, p38 could
regulate EGF receptor sorting in case of no or low amounts of phosphorylation on the C-tail. Through this

mechanism, inactive EGF receptor dimers (TK inhibitor-induced) could be sorted for recycling (Fig. 35A).

Additionally, dimer stability is important for EGF receptor signalling and may also be for internalization
(Kiyatkin et al. 2020). Full agonists for the EGF receptor induce stable dimers, thereby swiftly activating
the EGF receptor. As a consequence, negative feedback mechanisms like receptor dephosphorylation or
internalization may occur (Fig. 35B) (Freed et al. 2017). In contrast, partial agonists like EREG and EPN,
induce less stable dimers, resulting in sustained signalling and impaired internalization (Fig. 35A) (Freed et
al. 2017). Arguably, some TK inhibitors that slow down internalization, induce less-stable dimers. This
would be in line with increased negative cooperativity of EGF binding in presence of erlotinib compared to
lapatinib (Hajdu et al. 2020). Importantly, erlotinib stabilizes both the active and inactive conformation of
the TK domain (J. H. Park et al. 2012), resulting in an equal mix of symmetric and asymmetric TK domains
(Fig. 35C). On the contrary, lapatinib only binds inactive TK domains (E. R. Wood et al. 2004), thereby
stabilizing more symmetric TK domains (i.e. inactive-inactive) (Fig. 35D). Because of the absence of TK
activity in presence of these TK inhibitors, we assume that most EGF receptors are bound by these TK
inhibitors. Nevertheless, only half of the maximal signal could be inhibited by erlotinib, corresponding to
half of the receptors. In agreement with this data, we propose that in presence of TK inhibitors only
symmetric TK domains are internalized and asymmetric TK domains are less internalized (Fig. 35C, D).
Unfortunately, we did not evaluate the physiological effects of these observations as this requires much

additional work.

Overall, we have shown that the EGF receptor mainly follows ligand-induced dimerization in its activation
process. The activation process can be altered by TK inhibitors that induce dimer formation. Despite most
of the TK inhibitors block TK activity of the EGF receptor and phosphorylation of ERK1/2, internalization

cannot be fully inhibited by TK inhibitors. This suggests that internalization is a process that is not a direct
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consequence of the TK activity of the EGF receptor. Strikingly, only TK inhibitors that induce dimer
formation slow down internalization. We propose that EGF-induced internalization is less favourable in
presence of TK inhibitors that asymmetrically stabilize dimers (e.g. erlotinib) at the TK domain level. Taken

together, our data support a link between EGF receptor dimerization and internalization.

A Unstable dimers B Stable dimers

+EGF + EGF
+erlot +EREG Monomeric +EGF +lapa

V?if

L
—
Less internalization/

Recycling
C Erlotinib D Lapatinib

+ erlot
A 4 \ 4 A ¥

Figure 35: Hypothesis about the role of stability of dimers and dimerization status on internalization. A)

4

Degradation

+ EGF

Unstable dimers are less internalized or more recycled. B) Stable dimers are internalized and degraded. C)
Erlotinib induces symmetric and asymmetric dimers. A portion of the erlotinib-induced dimers are less
internalized. D) Lapatinib induces more symmetric dimers. Orange TK domains represent the active

conformation and blue TK domains represent the inactive conformation.

119



11.2.3 Improving TK inhibitors

TK inhibitor-induced dimer formation may be an underexposed feature that alters the activation process of
the EGF receptor and should be investigated further to understand its physiological relevance. In general,
the EGFR family is targeted by many therapies (Table 4). Among them are the first EGF receptor TK
inhibitor, gefitinib, and the first medicinal monoclonal antibody, trastuzumab (i.e. targeting the HER2). Both
therapies significantly increase patient overall survival (Suzuki et al. 2013; Tang et al. 2019). Especially for
TK inhibitors targeting the EGF receptor, an initial successful treatment period is followed by resistance to
TK inhibitors. Resistance is due to different mechanisms, among them EGF receptor mutations in the TK
domain, histological change and epithelial-to-mesenchymal transition (EMT) (Lindsey and Langhans 2015).
The appearance of mutations in the TK domain are common. In between 10-35% of NSCLC-patients bear
a primary mutation in the EGFR gene (i.e. 90% of these mutations are L858R or exonl9del). Primary
mutations increase sensitivity to first-generation TK inhibitors (i.e. erlotinib, gefitinib) (Lynch et al. 2004)

and dacomitinib (Lau et al. 2019).

Additional mutations, that cause resistance to first and second-generation TK inhibitors, are common. The
most common mutation is T790M (Pao et al. 2005), rendering resistance to first and second-generation TK
inhibitors and subsequent C797S, causing resistance to covalent third-generation TK inhibitors (Grabe,
Lategahn, and Rauh 2018). Therefore, new TK inhibitors of the EGF receptor need to be developed,
overcoming resistance. Four possible ways to overcome resistance are: 1) by increasing the affinity of TK
inhibitors for these mutants, 2) by using irreversible TK inhibitors, 3) by targeting a different binding pocket
or 4) by combining TK inhibitors with a probe targeting the receptor for degradation.

1) Increasing affinity of TK inhibitors for mutations was applied for the design of third-generation TK
inhibitors like osimertinib or rociletinib. These compounds are efficacious on the EGF receptor bearing
T790M. It is however likely that new resistance could appear to these compounds, as is the case with C797S.
C797S substitutes the residue that is covalently linking these TK inhibitors to the EGF receptor (Grabe,
Lategahn, and Rauh 2018).

2) Generating irreversible TK inhibitors was also applied for the design of third-generation TK inhibitors
and second-generation TK inhibitor dacomitinib. The appearance of C797S is also likely after treatment
with irreversible TK inhibitors, thereby encountering the same problem as third-generation TK inhibitors

(Grabe, Lategahn, and Rauh 2018).

3) Targeting a different binding pocket may be a promising strategy, as is the case for allosteric inhibitor

EAIO45 (Wang, Song, and Liu 2017). Its efficacy combined with cetuximab is still under investigation (Jia
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et al. 2016; Maity, Pai, and Nayak 2020). Importantly, EAI045 is limited to the L858R primary mutation
and not exon19del (Grabe, Lategahn, and Rauh 2018).

4) Combining TK inhibitors with an E3 ubiquitin ligase ligand-probe sorting the receptor for degradation
(PROTAC), may be the most promising strategy (H. Zhang et al. 2020). By not or slightly inhibiting EGF
receptor activity with allosteric inhibitors, resistance mechanism may be less induced and the low efficacy
of EAIO045 could be an advantage (Annex VI, Annex Fig. 6). Importantly, the number of EGF receptors is
decreased by PROTAC, thereby reducing oncogenic signalling (Iradyan et al. 2019). An additional
advantage is, that EAI045 is selective for the EGF receptor bearing T790M, thereby reducing potential wild-
type EGF receptor-mediated side effects (Wang, Song, and Liu 2017).

Drug Compound Target Domain Irreversible Generation
Erlotinib Small molecule EGFR, EGFRy gssr TKD (Act./Inact.) No 1
Gefitinib Small molecule EGFR, EGFRygssr TKD (Act./Inact.) No I

PD153035 Small molecule EGFR, EGFRygssr TKD (Act./Inact) No I
Dacomitinib Small molecule  EGFR, EGFRyigssg, HER2 ~ TKD (Act./Inact.) Yes: C797 11

Lapatinib Small molecule  EGFR, EGFRysssr, HER2 TKD (Inact.) No 11
GW583340 Small molecule EGFR, EGFRgssr, HER2 TKD (Inact.) No 1I
Osimertinib Small molecule EGER, EGFRus. TKD (Inact.) Yes: C797 1

EGFR_858R or exon19derT790M
EAI045 Small molecule EGFR{858r/T790M(/C7978) TKD (Inact.) No Allosteric

Cetuximab mAntibody EGFR ECD No: Antibody -
Trastuzumab mAntibody HER2 ECD No: Antibody -

Table 4: EGF receptor drugs. mAntibody means monoclonal antibody. EGFR means EGF receptor, HER2

means Human EGF receptor 2, TKD means Tyrosine kinase domain, Act. means active, Inact. means

inactive, ECD means Extracellular domain.
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11.2.4 Current and future clinical approaches

Improvement in treatment strategies are always ongoing, as is shown by the FLAURA (AstraZeneca &
Paraxel, NCT02296125, 2014) (Ohe et al. 2019) and FLAURA2 (AstraZeneca, NCT04035486, 2019)
clinical studies. Osimertinib has a preferred pharmacological and pharmacokinetic profile than first-
generation TK inhibitors. Its affinity is better (i.e. 200 times) for double-mutated EGF receptor over wild-
type, thereby reducing wild-type EGF receptor-related side effects (Cross et al. 2014). Besides, due to its
favourable pharmacokinetics it crosses the BBB better than other TK inhibitors, and could inhibit potential
brain metastases (Le and Gerber 2019).

In the FLAURA study, osimertinib was compared to erlotinib/gefitinib as first-line treatment strategy in
advanced (i.e. stage IIIA, IIIB or IV) NSCLC. Osimertinib-treated patients had a progression-free
survival™i of 19.1 months compared to 13.8 months for gefitinib-treated patients, showing that osimertinib
is superior as first-line therapy over gefitinib (Ohe et al. 2019). In the FLAURA2 study, which is still
ongoing, the efficacy of osimertinib treatment with or without platinum/pemetrexed-based chemotherapy is
under investigation. Some well-known chemotherapies are platinum complexes, 5-fluorouracil (5-FU) or
permetrexed. Platinum complex chemotherapy is based on cross-linking platinum-based compounds (e.g.
cisplatin) with the DNA, thereby preventing transcription of DNA into RNA and inducing apoptosis
(Johnstone, Park, and Lippard 2014). 5-FU and permetrexed are other commonly used chemotherapies.
Their main mechanism of action is to inhibit thymidylate synthase (TS), an enzyme that is implicated in
DNA synthesis. Inhibition of TS leads to toxic imbalances of nucleotides and RNA and DNA damage,
resulting in cell death (Longley, Harkin, and Johnston 2003). Much is expected from the FLAURA?2 study
as gefitinib and erlotinib had shown superior efficacy when combined with platinum/pemetrexed-based
chemotherapy (Planchard et al. 2020; S. Liu et al. 2018). A meta-analysis showed that by combining first-
line EGF receptor TK inhibitors (i.e. gefitinib/erlotinib) with chemotherapy, the objective response rate
(ORR)™™ is significantly increased (ORR = 1.18) compared to EGF receptor TK inhibitor monotherapy (Q.
Whu et al. 2021). Despite an increase in chemotherapy-induced toxicity, treatment was well tolerated. Side
effects of TK inhibitor treatment™ and chemotherapy™ are present, but the combined treatment does not
increase each other’s’ side effects, whilst efficacy of the treatment is increased (Q. Wu et al. 2021). Overall,
current and future clinical approaches for treating advanced NSCLC seem to focus more on osimertinib and
less on first-generation TK inhibitors. Combination therapy with chemotherapy is promising due to

increased efficacy of the treatment, whilst side effects are not synergistically increased.

il The length of treatment in which the disease does not progress

*ix The response rate of a treatment compared to another treatment (relative value)
* Anemia, liver dysfunction, skin rash, diarrhea

i Thrombocytopenia, leukopenia, neutropenia, nausea and vomiting
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11.2.5 Monomer preference for EGF receptor treatment
Even when focusing exclusively on the EGF receptor as target, combined therapy could improve treatment

efficacy. There may be a central role for monoclonal antibodies like cetuximab.

Cetuximab is already used as treatment of several cancers, including NSCLC and cancers in the head and
neck. Its mechanism of action is multivalent: firstly, cetuximab is a competitive antagonist for EGF receptor
agonists, thereby reducing the apparent affinity of EGF for the EGFR. Secondly, it prevents the exposure of
the dimerization arm, thereby inhibiting agonist-induced dimerization (S. Li et al. 2005). This leads to
inhibition of phosphorylation and subsequent activation of the EGF receptor. Thirdly, cetuximab induces
antibody-dependent cellular cytotoxicity (ADCC). ADCC is an immune response mediated by natural killer

cells, targeted against antibodies bound to the cell surface (Kimura et al. 2007).

When cetuximab was combined with a TK inhibitor that induces dimer formation (i.e. dacomitinib or
afatinib), tumour growth significantly decreased more than monotherapy of cetuximab or TK inhibitor
alone(Oashi et al. 2019). This report provides evidence for the importance of the ability of TK inhibitors to
induce dimer formation. It suggests that especially first-generation TK inhibitors (AG1478, gefitinib,

erlotinib, PD153035) could benefit from combinatorial therapy with cetuximab.

Combining cetuximab with the newest generation of TK inhibitors, the allosteric TK inhibitors, has also
been proposed as novel therapy. Especially, the novel “4™ generation” TK inhibitor EAI045 retains much
attention. EAI045 has a 1000-fold selectivity for triple-mutated (i.e. L858R/T790M/C797S) EGF receptor
over wild-type EGF receptor and binds the allosteric binding pocket of the TK domain. This binding pocket
is less well conserved in kinases than the ATP-binding pocket. Moreover, it interacts with M790, making it
selective for EGF receptor mutants bearing this mutation. EAIO45 has been tested in triple-mutated EGF
receptor and showed an increased efficacy in monomeric EGF receptor (i.e. forced by cetuximab) (Jia et al.

2016).

I have discussed that TK inhibitors of the EGF receptor encounter resistance mechanisms and suggested
ways to improve TK inhibitor design. PROTAC may be a promising future therapy, whereas osimertinib as
first-line therapy with or without chemotherapy already has promising results in clinical trials. Our and other
studies support the idea that the equilibrium between monomers and dimers plays an important role in TK

inhibitor efficacy.

In conclusion, the activation process of the EGF receptor follows ligand-induced dimerization. TK inhibitors
that induce dimer formation, alter the activation process of the EGF receptor and its internalization.

Moreover, internalization could not be blocked by TK inhibitors. Importantly, this shows that internalization
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is not a direct consequence of phosphorylation. We suggest that inducing dimer formation may play a

significant role in internalization behaviour of the EGF receptor.
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11.3 MGLU4, MGLU2-4 AND DN45

11.3.1 mGlu4 receptor as drug target in Parkinson’s Disease

The mGlu4 receptor has retained much attention as a potential target for treating neurological disorders like
Parkinson’s Disease (PD) (Marino et al. 2003) and pain (Vilar et al. 2013; Goudet et al. 2012). Moreover,
the mGlu4 has been linked to cancers (Chang et al. 2005; Stepulak et al. 2014). In colorectal cancer, the
mGlu4 was overexpressed and altered resistance to 5-FU. Resistance to 5-FU could even be increased in a
dose-dependent manner by mGlu4 receptor antagonists (Yoo et al. 2004). Nevertheless, the mGlu4 has been
linked primarily to PD. In our study, we characterize a nanobody that activates the mGlu4 and not the
mGlu2-4 receptor. Such a pharmacological profile is favourable for inducing antiparkinsonian effects

(Niswender et al. 2016).

First of all, the mGlu4 receptor is a promising target for improving the treatment of PD through an indirect
way. PD is caused by a loss of dopaminergic neurons in the substantia nigra pars compacta (SNpc), causing
a dysfunctional motor circuit in the basal ganglia. Moreover, GABAergic neurons in the globus pallidus
internis (GP1) are hyperactive, causing motor symptoms (Marino et al. 2003). Due to glutamate toxicity,
disease progression worsens. Following treatment with dopamine agonists (e.g. L-DOPA), patients suffer
from L-DOPA-induced dyskinesia (LID) or returning PD symptoms. Indeed, mGlu4 receptor activation has
been proposed to reduce GABA and glutamate release after treatment with L-DOPA (Dickerson and Conn
2012). Both PAMs and selective mGlu4 receptor agonists have been successfully tested in rodents as
antiparkinsonian treatment (Niswender et al. 2016). However, PAMs may be preferred over orthosteric
agonists, due to higher selectivity and a more physiological regulation, because they regulate activity only
in presence of endogenous agonists (Christopoulos et al. 2004). Nevertheless, a clinical trial (Prexton
Therapeutics, NCT03162874, 2017) involving foliglurax, a mGlu4 PAM, failed to significantly improve
clinical outcomes (i.e. reducing motor symptoms and L-DOPA-induced dyskinesia (LID)) following L-
DOPA treatment (Doller et al. 2020). Therefore, other strategies could be considered as well. An innovative
strategy could be the use of activating nanobodies that have several advantages over PAMs and orthosteric
agonists: high selectivity, non-toxic metabolites and adjustability™' (Menzel et al. 2018). Indeed, DN45
being a high-affinity agonist for the mGlu4 receptor, could be suggested as potential drug. Nevertheless, in
our view, DN45 is rather a pharmacological tool for research purposes for several reasons that will be

discussed below.

i [ncrease in vivo half-life with PEG-linkers, target specific tissue with bi-valent nanobodies, increase affinity with
bitopic nanobodies.
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11.3.2 DN45 as therapeutic agent
Firstly, DN4S5 is selective for the human mGlu4 vs rodent mGlu4 receptor, making it difficult to conduct in
vivo efficacy experiments in rodent models and proceeding in pre-clinical research. Nevertheless, there are

3 ways to overcome these issues:

1) Generation of transgenic mice expressing the human mGlu4 receptor (and not the mouse mGlu4

receptor).

2) Performing experiments on animals expressing the human-like mGlu4 receptor. Animals
expressing similar mGlu4 receptors as humans are 2 primates: the chimpanzee and pygmy
chimpanzee and 9 non-human primates (NHPs)™, However, the use of primates and NHPs is
strictly regulated in the European Union and should only be used when no other options are
available (SCHEER 2017), which is not the case. Moreover, from an ethical point of view, efficacy

studies should first be conducted in another animal model.

3) DN45 could be modified to make it bind to a rodent mGlu4 receptor. However, D485 (i.e. polar,
acidic) of the human mGlu4 receptor plays a major role in DN45 binding (Annex VII). This residue
is replaced by Glycine (i.e. non-polar, aliphatic) in rodents and it may be complicated to mimic such

a strong interaction on a different receptor.

A second reason that DN45 is not proposed as potential therapeutic is because nanobodies encounter
difficulties crossing the BBB, making them not very suitable as drugs for CNS receptors, yet. However,
modified nanobodies with a basic isoelectric point (Tengfei Li et al. 2012), targeting the transferrin receptor
(Niewoehner et al. 2014) or targeting the insulin receptor (Boado et al. 2013), were able to cross the BBB.

Such studies show that nanobodies may be used for targeting receptors in the CNS in the near future.

Overall, DN45 is a nanobody with agonist properties on the mGlu4 receptor, which could be beneficial for
treating Parkinson’s Disease. Nonetheless, this nanobody is not directly suitable as drug for targeting the
mGlu4 in the CNS, because of its selectivity for the human receptor, making it difficult to perform in vivo
research and because it is not sure it crosses the BBB. Therefore, DN45 may be more suitable for researching
the function of homo- and heterodimers of the mGlu4. How the DN45 activates the mGlu4 receptor will be

discussed below.

xxiii

crab-eating macaque, rhesus macaque, olive baboon, black snub-nosed monkey, pig-tailed macaque, ma’s night
monkey, green monkey, rhesus macaque, drill
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11.3.3 Activation of the mGlu4 receptor by DN45

DN45 interacts with the two lobes of each VFT domain, thereby stabilizing a closed conformation of the

extracellular domain (Fig. 36, 1.) (Haubrich et al. 2021). This involves a rotation of the VFT domains,

leading to a rearrangement of the CRDs (Fig. 36, 2.).

Activation of mGlu4
homodimer by DN45. 1. DN45 induces
closure of VFT, 2. VFT domains rotate,
3. Interactions between ICL2 and CRD

Figure 36:

are established, causing a clockwise
rotation of the 7TM domain, 4. Helix VI
(G protein-bound) and helix VII (G
protein-free) subunits interact, 5. G
protein interacts with helix IIl and IV, and
ICLs of 1 subunit. Figure is copied from
Lin et al. (2021) with permission from

Nature.

The CRDs are now in close proximity to extracellular loop
(ECL) 2 of the 7TM domains, which is important for inducing a
clockwise (from top view) rotation of the 7TM domain (Fig. 36,
3.) (Koehl et al. 2019).

The main interactions between the two mGlu4 subunits in an
active receptor, at the 7TM domain level, are between helix VI
of the G protein-bound and helix VII of the G protein-free
mGlu4 (Fig. 36, 4.). Importantly, the cryo-EM structure reveals
that only 1 subunit is G protein-bound at the same time (Lin et

al. 2021).

The rotation of the 7TM domain re-orientates intracellular loop
(ICL) 2, making it available for G protein recognition. G protein
binding is then mediated through interactions with helices I1I and

IV and all three ICLs (Fig. 36, 5.).

Importantly, structural data of the inactive mGlu2-7 heterodimer
revealed that their 7TM interactions are similar to those of the
mGlu7 homodimer, and not the mGlu2 homodimer, and G
protein coupling is exclusively to the mGlu7 subunit, revealing
the dominance of the mGlu7 in this heterodimer (Du et al. 2021).
This is opposite of G protein coupling in the mGlu2-4
heterodimer, in which G protein coupling is shifted from the
mGlu4 to the mGlu2 subunit by mGlu4 NAMs (J. Liu et al.
2017). This raises the question on how the allosteric interactions
between the 7TM domains of the mGlu2 and mGlu4 in an
mGlu2-4 heterodimer are regulated on the structural level and

how mGlu4 NAMs change these.
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These structural data reveal that class C GPCRs are asymmetrically activated. DN45 could be used as a

selective mGlu4 agonist to elucidate asymmetric activation of the mGlu2-4 heterodimer.

Regulation of heterodimeric mGlu2-4
The physiological role of the mGlu2-4 heterodimer is unknown, partly because of a lack of tools that are
selective enough to discriminate between homo- and heterodimers (McCullock and Kammermeier 2021).

Nevertheless, some advances on deciphering its function have been made, as will be discussed.

The first experimental evidence showing that the mGlu2-4 heterodimer could exist was reported by
Doumazane et al. (Doumazane et al. 2011). It is important to understand that mGlu receptors are strict
dimers and as such they are coupled via disulphide bonds in the (rough) endoplasmic reticulum. That means
that heterodimer expression on the cell surface could be regulated in a temporal way by controlling
expression over time (Doumazane et al. 2011). Importantly, when they are expressed at the same time, their
propensity to form heterodimers or their respective homodimers is comparable (Doumazane et al. 2011; Lee
et al. 2020). Even though expression levels of the mGlu2 and mGlu4 are quite divergent in the brain, there
is overlap in some areas: olfactory bulb, striatum and thalamus (Ferraguti and Shigemoto 2006). Moreover,
in mouse cortical pyramidal neurons there is spatiotemporal overlap in RNA expression of mGlu2 and
mGlu4 (Lee et al. 2020). Furthermore, functional mGlu2-4 heterodimers were demonstrated in
corticostriatal synapses (Yin et al. 2014), hippocampal perforant pathway (Delgado et al. 2017) and medial

prefrontal cortex synapses (Xiang et al. 2021), proving their existence in vivo.

The first pharmacological characterization of the mGlu2-4 heterodimer revealed that the mGlu4-coupled G
protein could be activated by an mGlu2 agonist (Doumazane et al. 2011) (Fig. 37). Nevertheless, both
subunits are necessary to fully activate the mGlu2-4 heterodimer (Kammermeier 2012). It was suggested
that mGlu4 PAMs may not bind the mGlu4 when it is heterodimerized with the mGlu2, because they exert
no function (Niswender et al. 2016; Kammermeier 2012). Additionally, Liu et al. showed that G protein-
coupling is mainly to the mGlu4 and that mGlu4 NAMs and mGlu2 PAMs could shift the coupling to the
mGlu2 subunit. Moreover, mGlu2 NAMs decreased total G protein-coupling (J. Liu et al. 2017). We show
that the mGlu2-4 is heavily potentiated by closure of the mGlu4 subunit, when activated by a selective
mGlu4 agonist, which is DN45 (Haubrich et al. 2021). Overall, the G protein coupling is to the mGlu4
subunit, which can be shifted to the mGlu2 subunit with mGlu2 PAMs or mGlu4 NAMs. The consequence

of this asymmetric G protein-coupling remains elusive.

It was suggested that the mGlu7 receptor, due to its very low affinity for glutamate, has an in vivo function
through forming heterodimers (Delgado et al. 2017). It is possible that the same accounts for the mGlu2 and

mGlu4 receptors by forming mGlu2-4 heterodimers. However, the difference in glutamate affinity between
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mGlu2 and mGlu4 receptors is small, so it would not make a big difference in activation (J. Liu et al. 2017).
Imaginably, heterodimerization leads to spatial regulation of the mGlu4 receptor, because sole mGlu4
subunits with an unknown binding partner (i.e. likely the mGlu2 receptor) were found to be in inactive
domains in neuronal synapses after mGlu4 activation (Siddig et al. 2020). It was suggested that the mGlu2
receptor traffics the mGlu4 receptor to oligomeric structures that regulate activity (Meller et al. 2018; Siddig
et al. 2020). Such oligomeric signalling islands have been seen for the heterodimeric GABAg receptor
(Comps-Agrar et al. 2011). Therefore, the function of the mGlu2-4 heterodimer may have more to do with

mGlu4 trafficking as way of desensitization or inducing sustained signalling.

It is quite well understood how to pharmacologically control the mGlu2-4 heterodimer. Yet, there is almost
no knowledge about its function in vivo and how the receptor is regulated (McCullock and Kammermeier
2021). Niswender ef al. proposed that mGlu2-4 activation does not mediate antiparkinsonian effects
(Niswender et al. 2016), but other recent studies investigating this heterodimer do not investigate its specific
function in vivo (Scholler, Nevoltris, et al. 2017; J. Liu et al. 2017; Yin et al. 2014; Xiang et al. 2021). DN45

could help decipher its function, as will be discussed below.

mGlu2
Ago

Ago Em) Ago
+ PAM {——=
<4 + NAM
=>

+ NAM

Figure 37: Regulation of the mGlu2-4 receptor activity with mGlu2 and mGlu4 ligands. Receptor coupling

is to the subunit to which the arrows point. The size of the arrows is a measure for the amount of activation.
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11.3.4 DN45 for investigating the function of the mGlu2-4 heterodimer

There are two ways we propose that the nanobody is used for investigating the function of the mGlu2-4
heterodimer. Firstly, DN45 could be used for localization of heterodimers in tissue. Secondly, DN45 is a
pharmacological agent that specifically activates the mGlu4 receptor and that can be used to modulate

activation of the mGlu2-4 receptor in native tissue.

DN45 being a human-selective nanobody, cannot be used for localization of the mGlu2-4 heterodimer in
rat/mouse tissue. Therefore, research is limited to human(-like) primary neurons/neuronal cell lines. By
combining DN45 and mGlu2 nanobodies (Scholler, Nevoltris, et al. 2017) with HTRF®, endogenous
heterodimers could be detected in these tissues (Fig. 38A). Such studies could be performed for different
brain regions (e.g. striatum, thalamus, olfactory bulb and others), thereby discovering the existence of
heterodimers. Moreover, the mGlu4 has the propensity to form heterodimers with mGlu3, 7 and 8

(Doumazane et al. 2011). It is therefore of interest to determine what tissues contain these heterodimers.

Secondly, the mGlu2 subunit of an mGlu2-4 heterodimer is heavily potentiated by binding of DN45 to the
mGlu4 subunit. Therefore, pharmacological responses are different in tissues that contain homodimers of
mGlu2 or mGlu4 and mGlu2-4 heterodimers, which could be used to specifically control activation of

neurons expressing heterodimers (Fig. 38B).

Overall, DN45 is unique in its properties and could be used to selectively target the mGlu4 or mGlu2-4
receptors in neurons or tissue. The precise localization, in vivo function and regulation of the heterodimeric
mGlu2-4 is not well understood and compounds selectively targeting either mGlu2, mGlu4 or mGlu2-4 are
necessary for further investigations. DN45 activates mGlu4 receptors, or potentiates the mGlu2-4 activation,
thereby discriminating between homo- and heterodimers. Due to its agonist properties on the mGlu4, its
therapeutic potential could be investigated as well. However, several obstacles need to be overcome:
transgenic mice need to be generated and tested and it may be possible that DN45 needs to be optimized to

efficaciously cross the BBB.
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Figure 38: DN45 for researching mGlu2-4 heterodimers. A) A schematic proposal of an assay for the

detection of endogenous mGlu2-4 heterodimer in assay. B) Specific pharmacological responses in tissues
containing mGlu2-4 heterodimer. In orange is a FRET donor, in green is a FRET acceptor. The mGlu2 is in
yellow, the mGlu4 is in green. The mGlu2 nanobody and agonist are in grey, DN45 is in red. The black

arrow represents FRET.
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11.3.5 Combining in silico and biochemical approaches for deciphering binding epitope and mode
of action

DN45 is not the first nanobody that activates a membrane receptor. Previously, intracellular nanobodies
(intrabodies) (Staus et al. 2014) and the first agonist nanobody (McMahon et al. 2020) for class A GPCRs
have been described. However, DN45 is the first agonist nanobody for a class C GPCR. Its mode of action
is unique, as DN45 interacts with both bottom and top part of the VFT domain (Chapter 9, Fig. 3 and 4).
The crystal structure of the mGlu4 receptor was not known at the time of conducting the experiments, so
models of the mGlu4 receptor and nanobody were generated by our collaborators. The mGlu4 receptor
model was based on the mGlu8 structure of the VFT domain and a model for the DN45 structure was
generated by SWISS model. Led by predicted interactions, mGlu4 mutants were generated and the binding
site on the bottom lobe of the VFT domain was identified. Besides interactions between the nanobody and
receptor, the computational model of the mGlu4 VFT domain predicted the stability of the VFT domain
conformation as well. By this way, several key residues for the stability of the binding epitope of DN45
were identified, without these residues playing a direct role in binding (i.e. V385 and H507). To test the
hypothesis of activation by stabilizing interactions with the top part of the VFT domain, it was important to
show that the nanobody could be turned into an antagonist on a mGlu4 receptor mutant. Molecular dynamics
simulations suggested triple and quadruple mutations to destabilize the nanobody-receptor interactions,
while the mGlu4 receptor conformation and the binding of the nanobody remained stable. DN45 acted as
antagonist and inverse agonist on these mutants, respectively. Such a study, shows the power of combining
selective substances and computational modelling to determine in detail the binding epitope and mechanism

of action.
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11.4 TECHNICAL REMARKS

11.4.1 Expression in EGF receptor cell lines

In this thesis, I have shown that HTRF® is a very sensitive technique that is easily adaptable to receptors
from different groups. Especially, in the EGF receptor research area, semi-quantitative methods like western
blot to measure phosphorylation are still common, whereas HTRF® is a quantitative method that is precise
enough to determine pharmacological parameters. To determine the receptor expression, we determined the
relative expression to the A431, an epidermoid squamous carcinoma cell line (Sigma-Aldrich, ref.
85090402-1VL). Most importantly, receptor expression in the generated cell lines did not exceed that of

cancerous cells as the expression of the EGF receptor was around 4-fold lower than in A431 cells (Fig. 39).
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Figure 39: Expression of cancerous cell line (A431) and HEK293 stably expressing SNAP-EGFR (ST-
EGFR cell line).

11.4.2 Internalization by confocal microscopy versus HTRF®

When internalization of the EGF receptor was observed with confocal microscopy, low fluorescence
intensity, due to low receptor expression levels, complicated the experiments. The low signal and therefore
relatively high background signal made it complicated to quantify internalization. More in general, cells are
never completely homogenously spread on the lamellaec and a zoom on a small region of the lamellae is
therefore vulnerable to sampling bias. Moreover, confocal microscopy is a time-consuming technique,
making it less compatible with pharmacology and kinetics. None of these issues appeared when measuring
internalization with HTRF®. Despite relatively low receptor expression, results were very reproducible.
With HTRF®, fluorescence of all labelled receptors in a well is measured and the experimenter cannot be
biased because of heterogenous spread. Lastly, because these experiments are performed in 96-wells plates
with fast acquisition of signal, many conditions can be measured continuously, thereby generating more

(kinetic) data.
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11.4.3 A future perspective: heterodimerization in EGFR family

Moreover, many different kinds of assays were performed using HTRF®-technique:
dimerization/conformation, phosphorylation, internalization, antibody/nanobody binding, Gog-activation,
dimerization being key subject in this thesis. As such, I showed dimerization of EGF receptor homodimers,
EGFRysssrit7oom (and EGFRygssr), heterodimers of the EGF receptor and EGFRisssrit790m, mGlud
homodimers and mGlu2-4 heterodimers. The possibility to investigate other heterodimeric receptors like
CLIP-EGFR with SNAP-HER2, SNAP-HER3, SNAP-HER4 could be interesting as well. Especially, pan-
EGFR TK inhibitors may be of interest, as they can bind multiple EGFR receptors.

11.4.4 FRET-pair distance in EGF receptor

By analysing the excited-state lifetime of the sensitized emission, average distances of the FRET-pair could
be calculated. Because of the complicated multiphase decay of Lumi4-Tb, any calculations to determine the
average FRET-pair distance may not be reliable. Therefore, I did not include these calculations in chapter
10. Nonetheless, such calculations were performed with the formula to calculate the distance D, as described
in ‘Chapter 8: Materials and Methods’. The results are found in annex V and show that the high FRET EGF
receptor conformation has an average FRET-pair distance of 37 A. The exact nature of the biphasic decay
of Lumi4-Tb remains elusive, but it may be due to different conformations due to the attachment to the

SNAP-tag on the receptor (Selvin 2002).
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11.5 CONCLUDING REMARKS ABOUT DIMERIZATION

In this thesis, we have demonstrated and discussed the importance of dimer formation in different receptor
types, how ligands and regulators modify dimerization properties and how dimerization regulates receptor
activity and downstream events (Fig. 40). It turns out that dimerization is a central step in receptor function,

either for activation, pharmacology, signalling or cellular trafficking.

11.5.1 Gene expression and pharmacological compounds regulate dimer formation

Firstly, dimerization is regulated on the level of gene expression, but can be modified by pharmacological
compounds. All EGFR family members may form dimers on the cell surface depending on expression levels
or available ligand. Importantly, we show that the EGF receptor is mainly monomeric and its dimerization
induced by agonists leads to a specific conformation of the extracellular domains and association of
intracellular domains. However, dimerization is also induced by non-competitive antagonists that do not
activate the receptor, thereby showing that the dimeric conformation they induce does not allow activation,
in contrast to that induced by agonists like EGF. Conversely, in the mGlu receptor family, dimerization is
crucial for its activation. There is no ligand-induced dimerization, but ligand-induced rearrangements of the
mGlu dimeric receptors. Indeed, dimeric partners are linked through a disulphide bond on the VFT domains,
that is mediated by gene expression in a spatiotemporal way. Thus, ligand-induced dimerization processes

add an extra level of complex regulation of some membrane receptor functioning.

11.5.2 Asymmetric interactions between dimeric partners are important for activation

Secondly, structural symmetry is a noteworthily hallmark of inactivity and asymmetry is necessary for
activity of the EGF receptor and the mGlu4 receptor. Upon agonist binding to the EGF receptor and
subsequent allosteric interactions, the association of TK domains of the EGF receptor removes auto-
inhibitory interactions, thereby stabilizing an asymmetric active dimer of TK domains. Similarly, symmetric
7TM domains of mGlu receptors are inactive. Agonist-binding to the VFT domains, leads to allosteric
interactions and a rotation of the 7TM domain, which then becomes structurally asymmetric. Asymmetry is

needed for G protein coupling to the mGlu4 receptor.

11.5.3 Dimerization regulates activity and downstream events

Thirdly, dimerization is a key process in regulating downstream effects of receptors. We have shown that
by inducing asymmetric, non-phosphorylated, EGF receptor dimers with TK inhibitors, internalization of
the EGF receptor is slowed down. Conversely, internalization of symmetric, non-phosphorylated, EGF
receptor dimers was not altered. The mGlu2-mGlu4 heterodimer strictly limits the efficacy of mGlu4

agonists, whereas mGlu2 agonists are potent in activating mGlu4 G protein signalling.
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Overall, we show that the EGF receptor and mGlu4 receptor are illustrating examples of the complexity of
transmembrane dimeric receptors. Despite these two receptors being regulated differently by gene
expression or pharmacological compounds, they are sharing similarities on the level of asymmetric

regulation. For both receptors asymmetric interactions within the dimer are necessary for activation.

[ Pharmacology ] [ Gene expression ]

allostery
/‘\ regulation

Dimerization

Figure 40: Dimerization is a central process in the regulation of receptor function. Highlighted processes

are pharmacology, gene expression, signalling and trafficking.
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12 CONCLUSIONS AND FUTURE PERSPECTIVES

In this thesis I report about conformational dynamics and pharmacology in transmembrane dimeric
receptors. The goal was to investigate the role of dimerization on these receptors. The 2 main topics are: 1)
The activation mechanism of the EGF receptor and the role of non-competitive antagonists on this process

and 2) Selective control of homo- and heterodimeric mGlu4 activity by a nanobody.

We investigated the activation mechanism of the EGF receptor, because of the debated activation process
of the EGF receptor: Does the EGF receptor follows ligand-induced dimerization or ligand-induced
conformational changes of a pre-formed dimer? We show that the EGF receptor follows ligand-induced
dimerization as principal activation mechanism. Importantly, we show that even though dimerization is
necessary for activation, it is not crucial, as is demonstrated by erlotinib-like TK inhibitors inducing dimer
formation. We demonstrate that 2 bound erlotinib-like TK inhibitors are necessary for inducing asymmetric
EGF receptor dimers. We propose that a portion of the dimers that are induced by erlotinib do not internalize,
due to an asymmetric conformation on the level of the TK domains. As such, dimerization is proposed as
central step in the activity of the EGF receptor. Based on these findings, we suggest 3 future perspectives:
1) Investigation on the activation mechanism of heterodimeric EGFR family species, as it may reveal
important information about the way heterodimerization is regulated by ligands, 2) The role of TK inhibitors
on this process may be investigated as well. Especially, pan-EGFR TK inhibitors may be of interest, because
they bind more than one EGFR family member, 3) Investigations on the physiological role of the observed

EGF receptor internalization may be proceeded.

The mGlu4 forms homo- and heterodimers in the brain. Despite mGlu4 homodimers being a target for
Parkinson’s Disease, the role of mGlu2-4 heterodimers remains elusive. We developed and characterized a
selective pharmacological tool, nanobody DN45, to specifically control activity of the mGlu4. DN45
promotes closure of the VFT domain of the mGlu4 through interactions with both lobes of the VFT domain,
demonstrating full agonist activity. Importantly, DN45 does not activate the mGlu2-4 heterodimer, but acts
as a potent PAM. Therefore, DN45 is a pharmacological tool that discriminates between homo- and
heterodimers of the mGlu4. In view of these conclusions, 3 future perspectives are suggested as well: 1)
DN45 may be used for localization of the mGlu2-4 heterodimer in native tissues, 2) DN45 could also be
used as pharmacological tool for investigating mGlu2-4 heterodimer function in brain tissue, 3) For in vivo
experiments, several optimizations are necessary in order to make DN45 bind the mGlu4 receptor in rodent
brain. Overall, we demonstrate for two dimeric receptors that dimerization is a key process that is regulated
by gene expression or pharmacological compounds. Importantly, dimerization is a central step in receptor

function as it regulates receptor activation, pharmacology, signalling or cellular trafficking.
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13 ANNEXES

13.1 ANNEX [: ABBREVIATIONS
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13.3 ANNEX III: INTERNALIZATION ASSAY OPTIMIZATION FOR THE EGF RECEPTOR

13.3.1 Temperature (polyclonal wild-type SNAP-EGFR in HEK293)

A 4°C B 25 °C C 37 °C
8000 o M EGE 80007 o 400 nM EGF 80007 o 100 nM EGF
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Annex Fig. 1. Internalization of the wild-type SNAP-EGFR in a polyclonal HEK293 cell line at different

temperatures. A) 4 °C. B) 25 °C. C) 37 °C. Data is from a representative experiment: 190320 - Optimization

- Internalization EGFR at 3 temperatures.
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13.3.2 Polyclonal v. Monoclonal & wild-type v. mutated EGF receptor
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Annex Fig. 2. Internalization at 37 °C of poly- and monoclonal cell lines cell lines. A) Polyclonal wild-
type SNAP-EGFR. B) Monoclonal wild-type SNAP-EGFR. C) Monoclonal SNAP-EGFRigssr. D)

Monoclonal SNAP-EGFR{sssr+1790m. Data is from a representative experiment: 190806 Monoclonal WT

858 790
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13.4 ANNEX IV: GENERATION OF HEK293 CELLS STABLY EXPRESSING FLAG-SNAP-

EGFR

13.4.1 Protocol

The generation of monoclonal stable cell lines can be done in 6 steps: 1) generation of plasmids of interest,
2) Transient transfection, 3) Selection of transfected cells with (eukaryote) antibiotic, 4) Growth of
polyclonal cell line, 5) Selection of single cells with BD FACSMelody cell sorter™ and 6) Growth of

monoclonal cell line.

13.4.1.1 Generation of plasmids of interest
Cisbio Bioassays kindly supplied us with a pcDNA3.1(+)-plasmid encoding for the wild-type
FLAG-SNAP-EGEFR containing G418 (also geneticin) resistance. Point mutations were introduced
to obtain FLAG-SNAP-EGFR_sssr and FLAG-SNAP-EGFRgssr/T790M.

134.1.2 Transient transfection
On day 1, 250,000 HEK293 cells (from CLS that were kindly supplied by Cisbio Bioassays) were
seeded in a 6-well plate (9.5 cm?) and incubated at 37 °C and 5% CO,. On day 2, 40 ng of the
plasmid of interest supplemented with 1460 ng of a plasmid with an empty vector were transfected

per well. On day 3, medium was replaced for normal growth medium.

13.4.1.3 Selection of transfected cells with (eukaryote) antibiotic
On day 5, cells were detached with trypsin and put in new 6-wells plates with fresh growth medium

supplemented with 0.3 mg/mL G418. This value was determined by generation of a G418 kill curve
(Annex Fig. 3).
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Annex Fig. 3. Kill curve G418. The toxic concentration of G418 was determined for HEK293 CLS cells
to determine the lowest concentration of G418 that kills non-transfected HEK293 CLS after a transfection

with plasmid containing resistance to G418.

13.4.14 Growth of polyclonal cell line
Cells were grown till 80% confluency of a 6-wells plate and on day 17, cells were transferred to a
P100 petri dish (57 cm?). On day 23, cells were transferred to a P150 petri dish (145 cm?). Polyclonal

cell lines were frozen in liquid nitrogen on day 24.

13.4.1.5 Selection of single cells with BD FACSMelody cell sorter™
On day 27, cells expressing the SNAP-tag on the cell surface, were sorted by BD FACSMelody cell
sorter™ based on fluorescence. On the morning of the experiment, cells were labelled with SNAP-
Green at 4 °C for 90 minutes and washed with Tag-Lite®-buffer. Gates for cell sorting were
determined by selecting fluorescence at 520 nm of a non-transfected cell line (Annex Fig. X). Single
cells with a high fluorescence were sorted in a well of a 96-wells plate (0.32 cm?) filled with growth

medium supplemented with 0.2 mg/mL G418.
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A Wild-type EGFR cell sorting
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Annex Fig. 4. Cell sorting results for 3 EGF receptor cell lines. A) Results for wild-type EGFR cells. B)
Results for EGFRysssr cells. C) Results for EGFRsssr+1790m cells.
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134.1.6 Growth of monoclonal cell line
Single cells were regularly observed and on day 41, positive clones were transferred to 24-wells (1.9
cm?) and subsequently 6-wells plates on day 46. Between day 46 and 59, large cell quantities were

grown and cells were stored in liquid nitrogen for long-term freezing.

13.5 ANNEX V: SENSITIZED EMISSION FOR AVERAGE FRET-PAIR DISTANCE

Distance (A)
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Annex Fig. 5. Calculated average FRET-pair distance. tp = 1954 and Ro = 46.
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13.6 ANNEX VI: EAI045 DIMERIZATION, PHOSPHORYLATION AND INTERNALIZATION
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Annex Fig. 6. Effect of EAI045 on EGF receptor in intersubunit FRET, phosphorylation of Y1068 and
internalization assays. A) Summary intersubunit FRET/dimerization assay. B) Summary of phosphorylation

of Y1068 of the EGF receptor. C) Representative experiment showing internalization of SNAP-EGFR.

149



13.7 ANNEX VII: CRYO-EM STRUCTURE OF MGLU4 RECEPTOR (LIN ET AL. 2021)

Human mGlu4 receptor cryo-EM Zoom on binding epitope of

B

structure DN45

Annex Fig. 7. Cryo-electron microscopy images of the human mGlu4 receptor. A) Image of human
mGlu4 homodimer. One subunit is in orange and one subunit is in green. Phosphoserine is bound to each of
the VFT domains. B) Zoom on binding epitope and loop that is involved in agonist activity of DN45. In red:
1318, H323 and D485 and in blue: H371, R391, R393 and A399. This figure is adapted from Lin et al.
(2021), PDB: 7E9H. C) SWISS model structure prediction of DN45 with CDRs highlighted. In magenta:
CDRY1, in orange: CDR2, in light blue: CDR3. Interactions with D485 are in CDR2.
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13.8 ANNEX VIII: SUPPLEMENTARY INFORMATION CHAPTER 9: “DIMER FORMATION
AND CONFORMATION OF EPIDERMAL GROWTH FACTOR RECEPTOR CONTROL ITS

ACTIVITY AND INTERNALIZATION”
Supplementary Information
Reagents

CLIP-Lumi4Tb (cat. no. SCLPTBF), CLIP-Green (cat. no. SCLPGRNF), SNAP-Lumi4Tb (cat. no. SSNPTBX),
SNAP-Green (cat. no. SSNPGRNZ), SNAP-Red (cat. no. SSNPREDZ), Tag-Lite® buffer (cat. no. LABMED),
HEK293 cells (cat. no. 300192, CLS Cell Lines Service GmbH, Germany) and the plasmids for SNAP-EGFRgeicter and
SNAP-EGFRuen4a2249 were provided by Cisbio Bioassays. LY379268 (cat. no. 2453) was bought from Tocris
Bioscience. AG1478 (cat. no. T4182), EGF (cat. no. SRP3196), TGF- o (cat. no. T7924), dacomitinib (cat. no.
PZ0330), PD153035 (cat. no. SML0564), gefitinib (cat. no. SML1657) GW583340 (cat. no. G3545) and lapatinib (cat.
no. SML2259) were bought from Sigma-Aldrich. Erlotinib (cat. no. S7786) and cetuximab (cat. no. A2000) were
bought from Selleckchem. Osimertinib (cat. no. [-9701) was bought from Achemblock. AG1024 (cat. no. 121767) was
bought from Calbiochem.

Cell culture

HEK293 (CLS) cells and HEK293 cells stably expressing SNAP-EGFR and SNAP-EGFRsssr+1t790m Were cultured in
DMEM medium supplemented with 10% fetal calf serum (cat. no. F2442, Sigma-Aldrich), 50 IU/mL penicillin
(P4333, Sigma-Aldrich) and 50 pg/mL streptomycin (P4333, Sigma-Aldrich), 1% non-essential amino acids (11140-
035, Invitrogen) and 2 mM HEPES (EGFR medium) at 37° C and 5% COsz. Cells were grown in P150 petri dishes and
cell splitting was performed every two or three days. The culture medium was removed by aspiration and cells were
washed with 10 mL PBS. Cells were detached by incubating them in 3 mL of Trypsin-EDTA (0,05%) (cat. no.
25300054, ThermoFisher Scientific) for 3 minutes at 37 °C and 5% COa. Cells were then diluted to the desired
concentration and added to new P150 petri dishes with fresh culture medium.

Cell preparation for experiments

A black 96-well plate was coated with of poly-L-ornithine (ref. P4957, Sigma-Aldrich) by incubating for 30 minutes
at 37 °C. After 30 minutes, wells were washed with PBS to remove any non-bound poly-L-ornithine (PLO). HEK293
cells were grown in EGFR medium at 37 °C and 5% COz in P150 petri dishes till 80% confluency. To detach cells,
they were incubated for 3 minutes at 37 °C and 5% COz in 3 mL 0.05% trypsin-EDTA. Trypsin was inactivated by
addition of an excess of EGFR medium and cells were centrifuged and added to a 96-well plate at a concentration of
5,000, 50,000 or 100,000 cells/well in EGFR medium depending on the experiment and incubated for 24 hours at 37
°C and 5% COa..

Generation of non-small cell lung cancer mutated-EGFR and CLIP-EGFR plasmids

The SNAP-EGFRnscLc and CLIP-EGFR plasmids were generated by modifying the previously described SNAP-
EGFR plasmid (Scholler, Moreno-Delgado, et al. 2017). To generate the two single-point mutations (i.e. L§58R and
T790M) in the SNAP-EGFR construct, firstly the L858R point mutation was generated in SNAP-EGFR to obtain
SNAP-EGFRusssr-plasmid. Next, a T790M point mutation was generated in the EGFRisssr-plasmid to obtain the
SNAP-EGFRusssr+1790m-plasmid (SNAP-EGFRnscLc). Corresponding sense and antisense primers were bought from
Eurofins Genomics and introduced in the SNAP-EGFR by site-directed mutagenesis following the manufacturer’s
protocol (Agilent). For the generation of the CLIP-EGFR plasmid a gene containing the CLIP-tag was generated and
substituted for the SNAP-tag by GeneCust through the generation of a synthetic gene.
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Lipofectamine transfection for experiments (for transient receptor transfection)

Cells were prepared following the “’cell preparation for experiments’” protocol. Transient plasmid transfection was
done following the reverse lipofectamine transfection manufacturer’s (Lipofectamine™ 2000, Invitrogen). In short, a
DNA mixture of 150 ng pcDNA (i. 4 ng of SNAP-EGFR, ii. 100 ng of CLIP-EGFR or iii. 40 ng SNAP-mGlu4-C2 and
80 ng CLIP-mGlu2-C1 gsp 150 ng with empty pRK6 vector) and 0.375 uL Lipofectamine 2000™ reagent qsp 50 uL
OptiMEM (cat. no. 31985062, Thermo Fisher) per well was prepared. The prepared DNA mixture was added to
HEK293 cells or a monoclonal HEK293 stable cell line in a 96-well plate depending on the experiment. The cell/DNA
mixture was then incubated for 24 hours at 37 °C and 5% COa..

Generation of HEK293 cells stably expressing SNAP-EGFR and SNAP-EGFR~scLc

We incubated 250,000 HEK293 cells per well in DMEM supplemented with 10% FBS in a 6 wells plate for cell culture
for 24 hours at 37 °C and 5% COa. After 24 hours we removed the medium by aspiration and added 1 mL of DMEM
supplemented with 10% FBS and 1 mL OptiMEM containing 3,75 pL lipofectamine 2000™ reagents and 1500 ng
DNA (i.e. 40 ng of the plasmid coding for SNAP-EGFR and 1460 ng of the plasmid coding for an empty DNA vector).
Cell splitting was performed when confluency reached 80% and medium was refreshed every 2 or 3 days. At day 4
after lipofectamine transfection, medium was replaced by DMEM supplemented with 10% FBS and 0.3 mg/mL G418
(selection medium), a neomycin analog, to start selection as the used vector contains neomycin resistance. Cells were
grown in 6-wells plates and at day 16 after transfection, cells were transferred into P100 plates and further grown in
selection medium. At day 26 after transfection, cells were labelled at 16 °C for 1 hour with SNAP-Green and washed
to remove unbound SNAP-Green. Next, cells were released from the plates with enzyme-free dissociation buffer (cat.
No. 13151014, Gibco™) and diluted in PBS to a concentration of less than 1 million cells/mL. Single cell sorting was
performed by the BD FACSMelody™ Cell Sorter based on signal at 488 nm, corresponding to the emission spectrum
of SNAP-Green. Before cell sorting, we set the negative gate according to the counts measured for non-transfected
HEK293 cells incubated with SNAP-Green. Cells that were positive were sorted in clear-bottomed black 96-wells
plates and grown in selection medium. Positive clones were identified and transferred to clear 24-wells plates 40 days
after transfection and 6-wells plates 45 days after transfection. After 46 days of transfection, cells were transferred to
P100 plates. At 48 days after transfection, expression levels were regularly verified.

Intersubunit FRET assay

For the measurement of the intersubunit FRET, 50,000 monoclonal HEK293 cells stably expressing SNAP-EGFR or
SNAP-EGFRnscLc were incubated at 37 °C and 5% CO: in a black PLO-coated 96-wells plate 24 hours prior to the
start of the experiment. EGFR medium was replaced 90 minutes before the start of the experiment by 50 uL cold
serum-free DMEM supplemented with 100 nM SNAP-Lumi4-Tb and 125 nM SNAP-Green for the SNAP-SNAP-
labelling or 125 nM SNAP-Green and 1 uM CLIP-Lumi4-Tb for SNAP-CLIP-labelling and cells were stored at 4 °C.
Cells were then washed four times with Tag-lite buffer and 50 uL Tag-Lite containing ligands were added. Cetuximab
was always pre-incubated 30 minutes before addition of the other compounds. After addition of the ligands, the cells
were incubated at 37 °C and 5% COz for 30 minutes. Next, the plates were read in the PHER Astar FS microplate reader
with 30 flashes/well of a 337 nm UV-pulsed nitrogen laser. Emmission levels at 520 nm and 620 nm were integrated
between 50 and 450 ps. The HTRF®-ratio was then calculated as follows:

450 .
HTRF® — ratio = 50_°2mmsional 4 600.

J5o 620 nmsignal

Curve fitting was performed with GraphPad Prism software using nonlinear regression log(agonist) vs. response
(three parameters) analysis. Values were normalized to the maximum and minimum response of EGF.

Binding and displacement of Ab58-d2

For the measurement of the binding of Ab58-d2 to SNAP-EGFR, 50,000 monoclonal HEK293 cells stably expressing
SNAP-EGFR were incubated at 37 °C and 5% COz in a black PLO-coated 96-wells plate 24 hours prior to the start of
the experiment. EGFR medium was replaced by cold serum-free DMEM supplemented with 100 nM SNAP-Lumi4-
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Tb 90 minutes prior to the experiment. Cells were then washed four times with Tag-lite buffer. Then, vehicle, 10 uM
erlotinib or 10 nM EGF and Ab58-d2 were added to the cells for binding of Ab58-d2. For the displacement of Ab58-
d2, vehicle or 10 uM erlotinib, 3.75 nM Ab58-d2 and cetuximab were added to the cells. The cells were incubated for
30 minutes at 37 °C and 5% COz. After incubation, the 96-well plate was read in the PHER Astar FS microplate reader
using a 30 flashes/well with a 337 nm UV-pulsed nitrogen laser. Emission levels at 665 nm and 620 nm were integrated
between 50 and 450 ps. The HTRF®-ratio was then calculated as follows:

450 .
HTRF® — ratio = 15_°™ms0mel 44 600,

f5o 620 nmsignal

ERK1/2 phosphorylation

For measuring phosphorylation and total ERK1/2 we added 5,000 monoclonal HEK293 cells stably expressing SNAP-
EGFR per well to a black PLO-coated 96-well plate 24 hours prior to starting the experiment. EGFR medium was
replaced by 50 pL pre-heated serum-free DMEM 3 hours prior to the experiment and cells were kept at 37 °C and 5%
COz. Ligands were prepared in serum-free DMEM and heated to 37 °C. Inhibitors were pre-incubated for 10 minutes
after which EGF was added. After 5 minutes of stimulation with EGF, the medium was removed by plate flicking and
cells were lysed in 50 pL lysis buffer directly. After cells were lysed, 16 uL of lysate was transferred to a white 384-
well plate and 4 pL of an anti-phospho-ERK1/2 antibody mixture (cat. no. 64AERPEH, Cisbio Bioassays) was added
to the lysate. During the optimization, we determined that total ERK1/2 levels were not influenced by any of the ligands
and therefore 16 pL of lysate of cells stimulated with vehicle was transferred to a 384-wells plate and 4 pL of an anti-
ERK1/2 antibody mixture (cat. no. 64NRKPEH, Cisbio Bioassays) was added to the lysate. Both antibody mixtures
consist of antibodies labelled with Eu**-cryptate and d2, TR-FRET-compatible fluorophores. The lysate and antibody
mixtures were incubated for minimally 4 hours at room temperature. After incubation, 384-wells plates were read in
the PHERAstar FS microplate reader using 30 flashes/well with a 337 nm UV-pulsed nitrogen laser. Emission levels
at 665 nm and 620 nm were integrated between 50 and 450 ps. The HTRF®-ratio was then calculated as follows:

450 .
HTRF® — ratio = 50_665mmsional 4 6.

J5o 620 nmsignal

For each sample, the HTRF®-ratios of the phospho-ERK1/2 and total ERK1/2 were divided to calculate the signal
over noise ratio (S/N):

HTRF®-ratio (phospho ERK1/2)

S/N = _ :
HTRF®-ratio (total ERK1/2)

S/N values were plotted as a negative logarithmic function of ligand concentrations and a curve was fitted with
GraphPad Prism software, using a log(agonist) vs. response (three parameters) analysis for agonists and log(inhibitor)
vs. response — response (three parameters) analysis for inhibitors. Values were normalized and the bottom of the curve
of EGF was set as 0% and the top of the curve of EGF was set at 100%. The best fit values of the logEC50 and logIC50
values were determined by performing a least-squares fit.

Phosphorylation of Y1068 of the EGFR

The phosphorylation and total EGFR were measured by adding 50,000 polyclonal HEK293 cells expressing SNAP-
EGFR per well to a black PLO-coated 96-well plate 24 hours prior to starting the experiment. EGFR medium was
replaced by 50 pL pre-heated serum-free DMEM 3 hours prior to the experiment and cells were kept at 37 °C and 5%
COz. Ligands were prepared in serum-free DMEM and heated to 37 °C. Inhibitors were pre-incubated for 30 minutes
after which EGF was added. After 30 minutes of stimulation with EGF, the medium was removed by plate flicking
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and cells were lysed in 50 pL lysis buffer directly. After cells were lysed, 16 puL of lysate was transferred to a white
384-well plate and 4 puL of an anti-phospho-Y1068-EGFR antibody mixture was added to the lysate. During the
optimization, we determined that total EGFR levels were not influenced by any of the ligands. The antibody mixture
consists of antibodies labelled with Eu**-cryptate and d2. The lysate and antibody mixture were incubated for
minimally 4 hours at room temperature. After incubation, 384-wells plates were read in the PHER Astar FS microplate
reader using 30 flashes/well of a 337 nm UV-pulsed nitrogen laser. Emission levels at 665 nm and 620 nm were
integrated between 50 and 450 us. The HTRF®-ratio was then calculated as follows:

o f54050 665 nm signal
HTRF® — ratio = 450 * 10,000
o, 620 nmsignal

HTRF®-ratio values were plotted as a negative logarithmic function of ligand concentrations and a curve was fitted
with GraphPad Prism 9.0 software (ref.), using a log(agonist) vs. response (three parameters) analysis for agonists and
log(inhibitor) vs. response (three parameters) analysis for inhibitors. Values were normalized and the bottom of the
curve of EGF was set as 0% and the top of the curve of EGF was set at 100%. The best fit values of the logEC50 and
logIC50 values were determined by performing a least-squares fit.

Internalization

To measure internalization of the EGFR, we adapted an internalization assay previously described for GPCRs labelled
with a SNAP-tag (Levoye et al. 2015). We added 100,000 monoclonal HEK293 cells stably expressing SNAP-EGFR
in EGFR medium per well to a flat-bottomed white PLO-coated 96-well plate 24 hours prior to starting the experiment
and were kept at 37 °C and 5% COaz. After removal of the EGFR medium by aspiration, cold 100 nM SNAP-Lumi4Tb
in serum-free DMEM was added and incubated at 4 °C during 90 minutes. Labelling of the receptors at the cell surface
was performed at 4 °C to prevent constitutive internalization. Ligands were prepared in a 25 uM fluorescein solution
in Tag-lite buffer (FB) and kept on ice. After 90 minutes, plates were washed three times with Tag-lite buffer and
inhibitors in pre-cooled FB were added to the plate and incubated for 30 or 120 minutes. After incubation, agonists
(i.e. EGF or TGF-a) in pre-cooled FB were added to the plate and the plate was put in the PHER Astar FS microplate
reader that was pre-heated at 37 °C and measurements were started. Each 3 minutes for 120 minutes, cells were excited
by a UV-pulsed nitrogen laser at 337 nm and emission spectra at 620 nm between 1500 and 3000 ps and 520 nm
emission spectra between 160 and 560 us were integrated. HTRF®-ratio was calculated as follows:

3990620 signal

HTRF® — ratio = LS""— * 10,000

f156600 520 signal

HTRF®-ratio values for agonists were plotted as a negative logarithmic function of ligand concentrations and a curve
was fitted with GraphPad Prism 9.0 software (ref.), using a log(agonist) vs. response three parameters analysis. The
bottom of the curve of EGF was set as 0% and the top of the curve of EGF was set at 100%. The best fits of the
logEC50 and 1logIC50 values were determined by a least-squares fit.

To determine the slowing down of the rate of internalization, values were normalized and the HTRF®-ratio at time-
point 0 was set as 0% and the top of the peak value of the response to 100 nM of EGF (typically after 30 to 39 minutes)
was set as 100%. We then used the normalized value of inhibitor in presence of 10 nM EGF at the time point of the
peak of 100 nM EGF and inversed the normalization by setting 0% as 100 and 100% as 0. These values were used to
calculate the % of slowing down the rate of internalization.

To determine whether Lumi4Tb was not photo-bleached, we labelled SNAP-EGFR with Lumi4Tb and added tag-lite
buffer instead of FB to the wells. We measured the 620 nm signal each 3 minutes for 120 minutes. The emission levels
at 620 nm for Lumi4-Tb remained stable over time.
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Fluorescence microscopy

Cells were prepared 48 hours before the start of the experiment. Lab-Tek®II 8-chamber #1.5 German Coverglass
System plates (cat. no. 155409, Nunc) were coated with PLO and 25,000 cells per well in DMEM supplemented with
10% FBS were added. Cells were incubated at 37 °C and 5% COz. At 4 hours before the start of the experiment, 200
nM of BG-Red in ice-cold serum-free DMEM was added and cells were incubated at 4 °C for 90 minutes. Next, wells
were washed 4 times with Tag-Lite®-buffer and 250 pL ice-cold Tag-Lite®-buffer containing 1 pM erlotinib, 1 pM
osimertinib, 10 nM cetuximab or vehicle was added and incubated for 2 hours at 4 °C. A pre-heated LSM780 confocal
microscope (Zeiss) at 37 °C with 63X Plan Apochromat 1.4 NA oil DIC (Zeiss) and X-Cite 120LED Boost High-
Power LED illumination system (Excelitas Technologies) was used for image acquisition. SNAP-Red was excited by
a helium-neon laser at 633 nm. Images were taken in brightfield and red acceptor emission spectrum, right before
addition of 250 pL pre-heated EGF (final concentration of 10 nM) or vehicle and after 30 minutes incubation at 37 °C.
Image brightness was optimized by ImageJ (Version 2.1.0/1.53c, Fiji) for each condition. The same brightness settings
were used for the same condition at 0 and 30 minutes.

Data analysis

All experiments have been performed at least three times and all graphs present the means and standard error of the
mean (SEM) of at least three individually performed experiments unless stated otherwise. Curve fitting and statistical
analysis was done with GraphPad Prism software (version 9.0) and is explained in the corresponding figure legends.
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13.9 ANNEX [X: SUPPLEMENTARY INFORMATION CHAPTER 10: “A NANOBODY
ACTIVATING METABOTROPIC GLUTAMATE RECEPTOR 4 DISCRIMINATES BETWEEN

HOMO- AND HETERODIMERS”’

Materials

L-AP4 (Cat. No. 0103), LY341495 (Cat. No. 1209/1), LY379268 (Cat. No. 2453) and L-Quisqualic acid (Cat.
No. 0.188) were bought from Tocris Bioscience. Isopropyl B-D-1-thiogalactopyranoside (IPTG) (ref. 16758), L-
glutamic acid hydrochloride (ref. G2128) and Poly-L-Ornithine (ref. P4957) were from Sigma-Aldrich. O°-
benzylcytosine (BC)-Lumid-Tb (ref. SCLPTBF), BC-Green (ref. SCLPGRNF), O°benzylguanine (BG)-
Lumi4Tb (ref. SSNPTBX), BG-Green (ref. SSNPGRNZ), anti-c-Myc-d2 (ref. 61MYCDAF) and Tag-lite®
buffer (ref. LABMED) were kindly supplied by Cisbio Bioassays. BG-Cy3b was custom designed by Cisbio
Bioassays. The plasmids encoding for the N-terminal SNAP-tag and CLIP-tag-labelled wild-type human and rat
mGlu4 (Scholler, Moreno-Delgado, et al. 2017), rat mGlu2-C1KKXX (Doumazane et al. 2011) and rat SNAP-
mGlu4-C2KKXX (J. Liu et al. 2017) have been described previously.

Methods

Llama immunization, selection, production and purification of DN45

The llama immunization, selection, production and purification of DN45 were performed as described previously
(Scholler, Nevoltris, et al. 2017). In brief, two llamas were immunized by four subcutaneous injections with 5 X
107 HEK293T cells, transfected with rat or human mGlu4 receptors. The VyH library constructions were
performed in E. Coli TG1 strains and the library diversity was above 10° transformants.

Bacteria were then infected by KM13 helper phage and phage-containing pellets were purified by two selection
rounds on human mGlu4 receptor transfected in HEK293T (2 X 107) cells. Each round was preceded by a
depletion step on cells that were not transfected and positive selections were performed in the presence of an
excess of anti-HEK293 cells (Even-Desrumeaux et al. 2014). E. Coli TG1 bacteria were infected with eluted
phages and could be used for production of the nanobody.

The production of DN45 was done by transforming E. Coli BL21DE3 strain bacteria. They were grown overnight
at 37 °C while agitating. Protein production was induced the day after by addition of 1 mM IPTG and bacteria
were grown overnight at 28 °C while agitating. Bacteria were then collected and lysed in TES-buffer containing
Tris, EDTA and sucrose. After centrifugation, the periplasmic extract was recovered and the His-tagged
nanobodies were purified by Ni-NTA purification (Qiagen).

Mutagenesis

For the generation of rmG4-2M, rmG4-3M, rmG4-4MA, rmG4-4MB and rmG4-5M, synthethic genes encoding
for the rat mGlu4 with corresponding mutations were ordered at GeneCust. The synthetic gene was inserted in a
N-terminally SNAP-tagged rat mGlu4 receptor with the DNA ligation kit from Agilent Technologies. SNAP-
rmG4-5M-C2KK XX was generated by introducing the synthetic gene encoding for rmG4-5M into a N-terminally
SNAP-tagged rat mGlu4 receptor with a C-terminal endoplasmic reticulum sequence C2KKXX. All other
mutations were done by site-directed mutagenesis following the QuickChange mutagenesis protocol from
Agilent Technologies.

Cell culture and transfection

HEK-293 (ATCC® CRL-1573™) cells were cultured in Dulbecco’s Modified Eagle Medium (DMEM) (ref.
41965, Gibco™) containing 10% fetal bovine serum (FBS) (ref. F2442, Sigma-Aldrich). For each experiment
we used 100,000 cells/well of a black 96-wells plate (ref. 655086, Greiner bio-one) coated with poly-L-ornithine
(ref. P4957, Sigma-Aldrich). Cells were detached from the petridish (~80% confluency) with trypsin-EDTA
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(0.05%) (ref. 25300054, Gibco™) and after removal of the trypsin-EDTA by centrifuging, diluted in DMEM
supplemented with 10% FBS.

Depending on the experiment, HEK-293 cells were transfected by electroporation (Brabet, Parmentier, and Colle
1998) or reverse lipofectamine transfection following the manufacturer’s protocol (Invitrogen™ Lipofectamine
2000™). To prevent toxic concentrations of glutamate in the medium, excitatory amino acid transporter 3
(EAACI) was co-transfected. For binding experiments 9 pg of plasmid of the receptor and 1 pg EAAC1 were
co-transfected by electroporation. For IP-1 accumulation experiments, 8 ug of plasmid of the receptor, 1 pg Gqi9
and 1 pg EAACI1 were co-transfected by electroporation. For the Gi-BRET assay, 4 ng of plasmid of the receptor,
0.8 ng Gi-Rluc, 0.8 ng GB, 1.6 pg Gy-Venus and 1 ng EAACI were co-transfected by electroporation. For the
mGlu2-4 biosensor experiment, 80 ng CLIP-mGlu2-C1KKXX, 40 ng SNAP-rmG4-5M-C2KKXX, 20 ng
EAACI and 10 ng pRK6 empty vector per well were transfected by reverse lipofectamine transfection. Cells
were incubated for 24 hours at 37 °C and 5% CO; and medium was changed for pre-heated serum-free DMEM
Glutamax (ref. 10566016, Gibco™) 2 hours before the start of the experiment.

Labelling of CLIP and SNAP-tag

Labelling of the CLIP and SNAP-tag with fluorescent molecules was done for 1 hour and 30 minutes at 37 °C in
serum-free DMEM Glutamax. For expression and binding experiments for the mGlu4, the cells were incubated
with 100 nM BG-Lumi4Tb. For measuring expression levels of the mGlu2-4, the cells were incubated with 1 uM
BC-Lumi4Tb and 100 nM BG-Lumi4Tb. For binding on the mGlu2-4, the cells were incubated with 1 uM BC-
Lumi4Tb. For the TR-FRET biosensor assay of the mGlu4, the cells were incubated with 100 nM BG-Lumi4Tb
and 60 nM BG-Green. For the TR-FRET biosensor assay of the mGlu2-4, the cells were incubated with 100 nM
BG-Lumi4Tb and 1 uM BC-Green. Unbound substrate was removed by washing each well four times with Tag-
lite®-buffer.

DN45 binding and selectivity assay

Eight rat and eight human mGlu receptors were overexpressed in HEK293 cells as described in cell culture and
transfection and incubated in a black 96-wells plate. Expression levels of the receptors were measured by the
PHERAstar FS as the signal at 620 nm after excitation at 337 nm by a UV-pulsed nitrogen laser. Next, cells were
pre-incubated for 30 minutes at 37 °C and 5% CO; with 10 uM L-AP4, 100 nM LY379268, 1 pM quisqualic
acid or 100 uM LY 341495 in Tag-lite®-buffer depending on the overexpressed receptor. Then,105 nM of DN45
and 200 nM anti-c-Myc-d2 were added at the same time and cells were incubated for 3 hours at 20 °C. As a
negative control, a nanobody against B-arrestin 2 containing the c-Myc sequence was added instead of DN45.
TR-FRET was measured with the PHERAstar FS after excitation at 337 nm by a UV-pulsed nitrogen laser.
Signals at 620 nm and 665 nm were integrated and the HTRF®-ratio was calculated as follows:

HTRF® tio = Signal 665 nm x 10,000
rato = Signal 620 nm ’

Values were normalized as the signal over the signal of the negative control.

IP-1 accumulation assay

Inositol phosphate (IP-1) accumulation was determined with the IP-One assay kit from Cisbio Bioassays (ref.
62IPAPEC). Cells had been prepared in a black 96-wells plate. Dilution ranges of DN45 and L-AP4 were
prepared in stimulation buffer, added to the cells and incubated for 30 minutes at 37 °C and 5% CO;. Then, cells
were lysed by addition of IP1 labelled with d2 and anti-IP1 antibody labelled with Lumi4Tb in lysis buffer. The
lysate was incubated for 1 hour at 20 °C and TR-FRET was measured with the PHER Astar FS and the HTRF®-
ratio was determined. Values were normalized as the percentage of response to L-AP4.

mGlu2-4 and mGlu4 biosensor assay

Compounds were added to each well of a black 96-wells plate containing cells and incubated for 30 minutes at
37 °C and 5% CO; in Tag-lite®-buffer. In case of pre-incubation steps, compounds were pre-incubated 30
minutes at 37 °C and 5% COs prior to addition of the other compounds. TR-FRET was measured with the
PHERAstar FS after excitation at 337 nm by a UV-pulsed nitrogen laser. The signal at 520 nm was integrated
and an acceptor ratio was calculated as described before (Scholler, Moreno-Delgado, et al. 2017):
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f1600

Acceptor ratio (us) =
Signal at 520 nm

Values were normalized as the percentage of response to L-AP4.

BRET assay

Cells had been prepared in a black 96-wells plate. Coelenterazine and dilution ranges of DN45, L-AP4 were
prepared in PBS buffer. The signals at 530 nm and 480 nm were measured by the Mithras LB 940 (Berthold).
Coelenterazine was added and signals were measured for 10 minutes. Then, coelenterazine and compounds were
added directly after each other. Signals were measured for 25 minutes and BRET-values were calculated by
dividing the signals at 530 nm and 480 nm. Values were normalized as percentage of response to L-AP4.

Statistical analysis

Curve fitting and statistical analysis was done with Graphpad Prism software (version 9.0). Data are expressed
as mean £ SEM of three or more individually performed experiments. The performed statistical analysis is
explained in the corresponding figure legend. P-values<0.05 were considered significant.

Single-molecule FRET approach

Sample preparation and smFRET measurements
Sample preparation and smFRET measurements were done as previously described(Cao et al. 2021) with a few
modifications as specified in the following.

Cell culture, transfection and membrane fraction preparation

HEK293T cells (ATCC CRL-3216, LGC Standards S.a.r.l., France) were grown in Gibco™ DMEM, high
glucose, GlutaMAX™ Supplement, pyruvate (Thermo Fisher Scientific, France) supplemented with 10%
(vol/vol) FBS (Sigma-Aldrich, France) at 37°C, 5% CO, in 25cm? flasks to approximately 80 % confluence.
Transfection was carried out by mixing 4 ug SNAP-mGlu4 plasmid DNA and 8 pl Lipofectamine 2000 (Thermo
Fisher Scientific, France) in 500 pl Gibco™ Opti-MEM™ [ reduced serum medium (Thermo Fisher Scientific,
France) and incubation at room temperature for 25 minutes. The mixture was then added to the cells in DMEM
GlutaMax supplemented with10 % FBS and expression was carried out for 72h at 37°C and 5% CO,. The medium
was replaced once with fresh DMEM GlutaMax with 10 % FBS after 48h. SNAP-tag labeling was achieved by
addition of 2 mL DMEM GlutaMax supplemented with 900 nM BG-Cy3b and 300 nM BG-d2 and carried out
for 1.5 hours at 37°C and 5 % CO», followed by three washes with 5 mL PBS DPBS w/o Ca*" and Mg?" (Thermo
Fischer Scientific, France) at ambient temperature. Then cells were detached mechanically using a cell scraper
in DPBS and collected at 1000 x g and 22°C for 5 minutes. Cells were resuspended in cold hypotonic lysis buffer
(10 mM HEPES pH 7.4, cOmplete™ protease inhibitor (Sigma-Aldrich, France)), frozen and stored at -80°C.
For the preparation of membrane fractions cells were thawed on ice and passed 30-times through a 200 pL pipette
tip. After two rounds of centrifugation at 500 x g and 4°C for 5 min, the supernatant was aliquoted and centrifuged
at 21,000 x g and 4°C for 30 min to collect crude membranes. The pellets were washed once with 20 mM HEPES
pH 7.4, 118 mM NaCl, flash frozen in liquid N, and stored at -80°C.

Detergent solubilization

Receptors were solubilized on ice by resuspension of crude membranes in acquisition buffer (20 mM Tris-HCl
pH7.4, 118 mM NaCl, 1.2 mM KH,POy4, 1.2 mM MgSOs, 4.7 mM KCI, 1.8 mM CacCl,) supplemented with 1 %
(w/v) lauryl maltose neopentyl glycol (LMNG, Anatrace purchased through CliniSciences, France) + 0.2 % (w/v)
cholesteryl hemisuccinate tris salt (CHS Tris, Anatrace purchased through CliniSciences, France) for 5 min. Then
Glyco-diosgenin (GDN, Avanti Polar Lipids purchased through Merck) was added (final detergent concentration
0.83 % LMNG + 0.167 % CHS Tris + 0.83 % GDN) and the solution was centrifuged for 10 min at 21,000 x g
and 4°C. The supernatant was diluted 8.33-times in acquisition buffer and applied to a Zeba Spin Desalting
Column (7 kDa cut-off, Thermo Fisher Scientific, France) equilibrated in acquisition buffer containing 0.005 %
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LMNG + 0.001 % CHS Tris + 0.005 % GDN and centrifuged 2 min at 1,500 x g and 4°C. The flow-through was
then immediately diluted 10-times in cold acquisition buffer and kept on ice in the dark until use.

smFRET measurements

The pulsed interleaved excitation (PIE) — multiparameter fluorescence detection (MFD) setup, data acquisition
and analysis were previously described.(Cao et al. 2021) Measurements were performed at a 4 times dilution of
the sample in acquisition buffer without detergent and further dilution in acquisition buffer containing 0.0025 %
LMNG, 0.0005 CHS tris, 0.0025 % GDN to achieve single molecule-compatible concentrations of labeled
receptors (approximately 30-50 pM) in the absence of ligand or in presence of 100 uM LY34, 10 uM DN45 or
10 uM L-AP4. Apparent FRET efficiencies (Epr) corrected for direct acceptor excitation and donor leakage into
the acceptor channel were determined using the Software Package for Multiparameter Fluorescence
Spectroscopy, Full Correlation and Multiparameter Fluorescence Imaging developed in C.A.M. Seidel’s lab
(http:// www.mpc.uni-duesseldorf.de/seidel/) as previously described.(Olofsson et al. 2014) FRET histograms
were fitted using Origin 6 (Microcal Software, Inc.) and displayed in GraphPad Prism 7.05.

Molecular modelling

Homology model of mGlu4 VFT

The model for the mGlu4 homodimer was built using MODELER (Sali and Blundell 1993) as implemented in
Discovery Studio. Two PDB structures 6BSZ (Human mGlu8 Receptor complexed with glutamate at 2.65 A
resolution) and 6BT5 (Human mGlu8 Receptor complexed with L-AP4 at 2.92 A resolution) were used as
templates. A disulfide bridge was defined between the Cys 136 of the two loops. The ligand L-AP4 from 6BT5
was used when constructing the model. We generated 100 models and the one with the lowest probability density
factor (PDF) and lowest discrete optimized protein energy (DOPE) (Shen and Sali 2006) score was selected.

Homology model of DN45

We then built the homology model of DN45 with the Model Antibody Cascade protocol from Discovery Studio
2020. This protocol automatically identified most similar PDB structures to model the framework and used
5GXB, 5IMM, 4LGS and SM2W. The protocol also identifies the best templates for each CDR loop. For loop
H1, it used loop H1 from PDB structures SLMJ and EJ1. For loop H2, the templates were the H2 loop from
6EHG, 4TVS. Finally, for loop H3, the templates loops where from SLWF and 1U0Q.

Docking of DN45 to mGlu4 VFT

The docking of DN45 to mGlu4 VFT was performed with ZDOCK (R. Chen, Li, and Weng 2003) as implemented
in Discovery Studio (BIOVIA, Dassault Systémes, Discovery Studio Modeling Environment, Release 2020, San
Diego: Dassault Systémes, 2020). After generating 54000 poses, a filtering was then used to keep only poses
where CDRs from the nanobody DN45 were interacting with mGlu4. The distance criterion was 10 A. The two
first poses with the best ZRANK (Pierce and Weng 2007) score were in the same cluster, at the interface of the
two lobes.

Refinement of Docked Structures

In order to refine the best pose generated with ZDOCK, we solvated the mGlu4 dimer-DN45 complex and the
mGlu4 dimer-DN45-L-AP-4 complex in an orthorhombic periodic box of water with a minimum distance from
boundary of 15.0 A and performed with NAMD (Phillips et al. 2005) a molecular dynamics simulation for 10 ns
for each system. Analysis of trajectories and non-bonded interactions have been performed with Discovery
Studio.

Virtual mutations

Using the last frame of the molecular dynamics simulation, we performed a virtual mutagenesis to identify
residues in mGlu4 that are critical for binding to DN45. We used the Discovery Studio Calculate Mutation Energy
Binding protocol (Spassov and Yan 2012) that evaluates the effect of mutations on the binding affinity of
molecular partners in protein-protein and protein-ligand complexes. It performs combinatorial amino-acid
scanning mutagenesis on a set of selected amino-acid residues by mutating them to one or more specified amino-
acid types. The energy effect of each mutation on the binding affinity (AAGmu) is calculated as the difference
between the binding free energy (AAGuind) in the mutated structure and wild type protein: AAGmu =
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AAGping(mutant) - AAGping(wild type). The AAGuing is defined as the difference between the free energy of the
complex and unbound state. All energy terms are calculated by CHARMm and the electrostatics energy is
calculated using a Generalized Born implicit solvent model. The total energy is calculated as an empirical
weighted sum of van der Waals interactions (Evaw), electrostatic interactions (AGelec), an entropy contribution (-
TSsc) related to the changes in side-chain mobility, and a non-polar, surface dependent, contribution to solvation
energy (AGnp).

This protocol was used to predict the impact of single or a combination of mutations of human residues to their
rat counterpart. Finally, the full interaction surface between DN45 and human mGlu4 was scanned.

We also calculated the impact of a single point mutation of each of these interface residues to the overall stability
of mGlu4 using the Calculate Mutation Energy Stability protocol (Spassov and Yan 2016). It performs
combinatorial amino-acid scanning mutagenesis on a set of selected amino-acid residues by mutating each of
them to one or more specified amino-acid types. The energy effect of each mutation on the protein stability
(mutation energy, AAGmutsiab) 1S calculated as the difference of the free energy of folding (AAGroiding) between
the mutated structure and the wild type protein: AAGmutstab = AAGroding(mutant) - AAGrolging(Wild type). The
AAGtouding 18 defined as the free energy difference between the folded (AGnq) and unfolded (denaturated) states
(AGuns) of the protein: AAGgolding = AGnd - AGunt. Note that a negative value of AAGny: indicates the mutation has
a stabilizing effect, and conversely, a positive value indicates the mutation has a destabilizing effect. The energy
of the folded state of the wild type is derived from the input structure. The structures of the mutants in the folded
state are modeled by keeping the backbone rigid while optimizing the side-chains using the ChiRotor algorithm
(Spassov, Yan, and Flook 2007). Before evaluating the folding energy terms, the structures of the wild type and
mutants are energy minimized using CHARMm. The unfolded state is modeled as a relaxed penta-peptide in an
extended conformation with the mutated residue in the center. The peptide model is applied only to the short
range interactions involving the mutated residues and it is extended with a Gaussian chain model to account for
the long-range electrostatic interactions. This is based on the hypothesis that most of the contacts between amino
acid residues in the unfolded protein are only sporadic if the residues are not immediate neighbors along the
sequence. Considering that van der Waals interactions decline sharply with distance and contribute only at very
close contacts; the method neglects the non-polar interactions between the residues that are separated by more
than two peptide bonds in sequence.

All energy terms are calculated by CHARMm, and the electrostatics energy is calculated using a Generalized
Born implicit solvent model. The total energy is calculated as an empirical weighted sum of van der Waals (Evqw)
interaction, electrostatic interaction (AGelec), an entropy contribution (-TS) related to side-chain mobility, and a
non-polar, surface dependent, contribution to solvation energy (AGnyp). The calculations were performed in pH-
dependent mode.
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