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ABSTRACT

The receptor activity-modifying proteins (RAMPs) are ubiquitously expressed membrane proteins that interact with
several G protein-coupled receptors (GPCRs), the largest and pharmacologically most important family of cell
surface receptors. RAMPs can regulate GPCR function in terms of ligand-binding, G-protein coupling, downstream
signaling, trafficking, and recycling. The integrity of their interactions translates to many physiological functions or
pathological conditions.

Regardless of numerous reports on its essential importance for cell biology and pivotal role in (patho-)physiology,
the molecular mechanism of how RAMPs modulate GPCR activation remained largely elusive.

This work presents new insights that add to the common understanding of the allosteric regulation of receptor
activation and will help interpret how accessory proteins - RAMPs - modulate activation dynamics and how this
affects the fundamental aspects of cellular signaling. Using a prototypical class B GPCR, the parathyroid hormone 1
receptor (PTH1R) in the form of advanced genetically encoded optical biosensors, | examined RAMP's impact on the
PTH1R activation and signaling in intact cells. A panel of single-cell FRET and confocal microscopy experiments as
well canonical and non-canonical functional assays were performed to get a holistic picture of the signaling
initiation and transduction of that clinically and therapeutically relevant GPCR. Finally, structural modeling was
performed to add molecular mechanistic details to that novel art of modulation.

| describe here that RAMP2 acts as a specific allosteric modulator of PTHIR, shifting PTH1R to a unique pre-
activated state that permits faster activation in a ligand-specific manner. Moreover, RAMP2 modulates PTH1R
downstream signaling in an agonist-dependent manner, most notably increasing the PTH-mediated Gi3 signaling
sensitivity and kinetics of cAMP accumulation. Additionally, RAMP2 increases PTH- and PTHrP-triggered B-arrestin2
recruitment to PTH1R and modulates cytosolic ERK1/2 phosphorylation. Structural homology modeling shows that
structural motifs governing GPCR-RAMP interaction originate in allosteric hotspots and rationalize functional
modulation. Moreover, to interpret the broader role of RAMP's modulation in GPCRs pharmacology, different
fluorescent tools to investigate RAMP's spatial organization were developed, and novel conformational biosensors
for class B GPCRs were engineered. Lastly, a high throughput assay is proposed and prototyped to expand the
repertoire of RAMPs or other membrane protein interactors.

These data uncover the critical role of RAMPs in GPCR activation and signaling and set up a novel platform for
studying GPCR modulation. Furthermore, these insights may provide a new venue for precise modulation of GPCR

function and advanced drug design.
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1.INTRODUCTION

1.1 G protein-coupled receptors

Characterized by their seven helices, embedded in the membrane's lipid bilayer, seven-transmembrane
receptors (7TM), or more commonly, G protein-coupled receptors (GPCRs) constitute the most extensive
family of membrane proteins in the human body. As of now, more than 800 genes are known which encode
for a group of surface proteins that are the critical signal transducers in our body. GPCRs transduce signals
from extracellular space to the cell interior in the process of receptor activation. The engagement of receptors
with the various stimuli initiates allosteric rearrangements in the structural core, enabling intracellular
transducers' binding. The primary transducer — guanine nucleotide-binding protein or simpler G protein gave
the name to this superfamily of receptors since most of the GPCRs couple to one of their subtype proteins.
Transducers and further downstream effectors induce a multitude of signaling pathways, which later modulate
various cellular responses, gene expression, and transcription regulation. GPCRs are involved in vision,
gustation, regulation of ion homeostasis, embryonic development, and growth of the organs. Since those
receptors comprise a myriad of functions, is the knowledge about their activation and signaling of the utmost
importance for medicine and, subsequently, drug discovery. Approximately 1/3 of therapeutics target GPCR-
related signaling cascades, and hence, GPCRs represent the most important and studied pharmacology scope
(Pierce et al., 2002; Hill, 2006; Rosenbaum et al., 2009; Hilger et al., 2018; Hauser et al., 2018).

1.1.1 GPCR structural characteristics and classification

GPCRs are characterized by their seven transmembrane helices (TM1-TM7), nested in the membrane's lipid
bilayer. Seven helices are connected by three intracellular loops (ICL-1, ICL-2, and ICL-3), and three
extracellular loops (ECL-1, ECL-2, and ECL-3). Amino-terminus (N-terminus) is positioned in the extracellular
and carboxy-terminus (C-terminus) in the intracellular space (Figure 1A). Helices are organized in a circular way
within the membrane's lipid bilayer (Figure 1B). The cavity between TM3, TM5, TM6, and TM7 creates an
orthosteric ligand-binding pocket, although growing evidence suggests that certain agonists can also bind
intracellularly (Ortiz Zacarias et al., 2018). Helices are generally made of 20 — 27 amino acids, whereas other
parts, C- and N-terminal domains and loops, display great variety within and between classes and receptors.
ECLs are additionally often stabilized with disulfide bonds. Helix-8 is a prolongation of TM7 and spans into the
intracellular space. Different numbering systems are used to identify similar residues across the receptor
structures (Isberg et al., 2015). For class A GPCRs is mostly used Ballesteros-Weinstein numbering system, for
class B GPCRs Wootten, for class C GPCRs Pin, and for class F GPCRs Wang numbering. In brief, the first number
represents helix (TM1-7), and the second residue the placement relative to the most conserved residue, Pro
5.50, which gets the number 50. Since all schemes use similar formatting, it is helpful to add a class name to
identify which classification is used (e.g., 5.40a stands for residue, located in TM5, ten residues before the
most conserved residue, Pro 5.50). “a” symbolizes that it refers to class A of GPCRs and hence Ballesteros-

Weinstein numbering.
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Figure 1: GPCR architecture.
Seven transmembrane helices (7TM) embedded in the lipid bilayer of the membrane are connected with three extracellular

(ECL) and three intracellular loops (ICL) (A). Helices are organized in a circular way (B).

Two different classification systems emerged over the years to organize this superfamily of receptors. A newer
system is the GRAFS classification, relying on phylogenetic analysis of GPCR sequences and classifies GPCRs
into five classes (Table 1, Figure 2). Some GPCRs remain outside this classification, particularly a few orphan
receptors (Fredriksson et al., 2003).

An older classification, classifying GPCRs into A to T classes, is based on structural characteristics: functional
similarity and sequence homology (Table 1), includes all GPCRs of vertebrates and invertebrates, although
some of the included GPCRs are not expressed in the human body (classes D and E) (Attwood & Findlay, 1994;
Kolakowski, 1994).

Classes overlap; the main difference is a further division of class B in GRAFS classification, divided into secretin-

receptor and adhesion receptor families.

GRAFS Homology and structural properties classification

Basis Phylogenetic tree Basis Homology and structural properties
Class Family Class Family

G Glutamate A Rhodopsin-like

R Rhodopsin B Secretin (B1) and Adhesion (B2)

A Adhesion C Metabotropic glutamate

F Frizzled/Taste2 D Fungal mating pheromone (D1)

S Secretin E Cyclic AMP

F Frizzled/Smoothened

T Taste
Table 1: GRAFS and homology and structural properties classification systems for GPCRs.
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Figure 2: GRAFS classification of GPCRs and number of associated receptors.

1.1.2 GPCR activation

In the process of receptor activation, a GPCR translates extracellular signals through allosteric conformational
changes into the intracellular space. After the association of GPCRs with its cognate agonist, conformational
changes commence in the process of ligand-binding. After allosteric spread through the receptor core to
induce the opening of an intracellular cavity to accommodate intracellular effectors — G proteins or arrestins.
GPCRs make an allosteric transition from the inactive to the active state through many intermediate
conformations (Latorraca et al., 2017; Hilger et al., 2018). Recent crystallographic work, cryogenic electron
microscopy (cryo-EM), nuclear magnetic resonance (NMR) structures, and single-molecule fluorescence
techniques help to understand the extent of conformational dynamics that GPCRs adopt during the activation
process. The number of structures available is growing immensely, and with it, the understanding of their
activation mechanism (Manglik et al., 2015; Manglik & Kruse, 2017; Latorraca et al., 2017; Hauser et al., 2021).
The activation process of GPCRs commences with ligand-binding into orthosteric binding pockets, located at
different positions in diverse receptor classes. The classical ligand-binding place is in the middle of the TM
helices (TM3, TM5, TM6, and TM7) in class A. The class C binding pocket is in the extracellular domain, and in
classes B and F, big peptidic ligands bind with a two-step binding mechanism to both — extracellular domains
and between TMs. Ligands and receptors differ significantly between classes, but with a subset of common
activation mechanisms, it is possible to outline receptor activation in a few critical points (Hauser et al., 2021;
Kooistra, Munk, et al., 2021).

Figure 3 visualizes the activation process of a prototypical GPCR. Following ligand-binding, rotation and
significant outward movement of TM6 represent the most common features of the activation process (3 - 20 A
for different classes and different G protein partners), which opens an intracellular cavity for the binding of the
G protein. Slight inward rotations and movement of TM5 and TM7 can be seen while the binding site packs the
ligand, contributing to the high-affinity binding and efficient engagement of the ligand with the receptor core.
The activation process is facilitated by newly made or dissociated intramolecular interactions: salt bridges,
hydrophobic interactions, and hydrogen bonds. Water molecules promote the stabilization of the ligand in the
binding pocket. The process enables the binding of intracellularly located G protein: the C-terminus of the Ga
subunit anchors into the receptor core near the GPCRs' IL2, which further stabilizes the fully active state
(Mahoney & Sunahara, 2016; Manglik & Kruse, 2017).
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Figure 3: Comparison of active and inactive states for a prototypical GPCR.
(A) Inactive-state (gray, PDB entry 3UON) and active-state (orange, PDB entry 4MQS) structures of the human M2
muscarinic acetylcholine receptor are shown in a side view, parallel to the membrane plane. Red arrows indicate
conformational changes upon activation. (B) Same structure, viewed from the intracellular side.
Adapted with permission from (Manglik & Kruse, 2017). Copyright 2017 American Chemical Society.

Structural diversity between the receptor classes also directs different activation processes, and most
described are patterns that drive class A (Deupi & Kobilka, 2007; Hilger et al., 2018), B (Hilger et al., 2020; Qiao
et al., 2020; Cong et al., 2022), C (Kunishima et al., 2000; Hlavackova et al., 2012; Grushevskyi et al., 2019), F
(Qi et al., 2019; Kowalski-Jahn et al., 2021; Wright et al., 2019; Schihada et al., 2021; Turku et al., 2021) and
very recently also adhesion class of GPCRs (Barros-Alvarez et al., 2022; Ping et al., 2022; Qu et al., 2022; Xiao et
al., 2022).

Comparing multiple inactive and active structures allowed recognition of critical structural motifs governing
the receptor activation process. The active structure is maintained with polar interactions between NPxxY and
CWxP motifs located at TM6 and TM7, respectively. The inactive structure is mainly maintained via a salt
bridge between the DRY motif residues, located at TM3 (or related in other subclasses). If residues around this
motif are mutated, a receptor can display the constitutively active phenotype (Schipani et al., 1995, 1999,
2009). Further microswitches induce activation, which was recently described in detail by Venkatakrishnan et
al. and Hauser et al. (Venkatakrishnan et al., 2016; Hauser et al., 2021). Those microswitches are located at
similar receptor areas and are more conserved within the classes. In class A, key microswitches are: the DRY
(TM3), the CWxP (TM®6), the NPxxY (TM7), PIF or PAF motif, and Na* pocket (Nygaard et al., 2009; Zhou et al.,
2019). In class B1, similarly important microswitches are: HETX, NPGQ, and P6.47xxG6.50 motif (TM6) (Yin et
al., 2017; L.-H. Zhao et al., 2019; Cong et al., 2022). For class B2, HETX motif, central ionic lock between H2.50b
and E3.50b, and intracellular ionic lock between R2.46b and E8.49b (Arimont et al., 2019) represent the critical
microswitches. In class F, two important microswitches were identified - R/K6.32f (Wright et al., 2019) and
P6.43f (TM6) (Turku et al., 2021).

Another hallmark of the GPCR activation process is that different ligands use slightly different residues to exert
activation of the receptor and, through them, stabilize diverse receptor conformations, which may dictate
specific downstream signaling pathways (Flock et al., 2017; Gregorio et al., 2017; Hauser et al., 2021;
Heydenreich et al., 2021). Such described conformational selection is a mechanistic explanation for biased
signaling. Today we know that the binding of various transducers to GPCRs triggers diverse responses of

downstream signaling pathways. Biased signaling is the ligand-dependent activation of certain pathways over
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others, and can lead to a functionally selective response (definition from Kolb et al). It is accepted in the
community after years of evidence showing that the rank order of ligands by potency could be different for
different pathways engaged by a single receptor (Roth & Chuang, 1987; Spongier et al., 1993) or inversion of
the ligand modality (Azzi et al., 2003; Baker et al., 2003). The binding of specific ligand can trigger temporally
(primary and secondary waves of signaling (Grundmann & Kostenis, 2017)), spatially (signaling in different
parts of the cell surface or intracellular vesicles (Mohammad Nezhady et al., 2020; A. D. White et al., 2021))
and functionally different patterns (diverse functional outcomes (Urban et al., 2007)) (Lohse & Calebiro, 2013).
Extensive guidelines and terminology were recently published to decrease poor reproducibility and facilitate
descriptions of bias in the field (Kolb et al., 2022).

The vision for the drugs of the future is that ligand will use only the desired type of active receptor form, which
will trigger a cascade of predicted signaling. Therefore, developing better drugs with higher efficacy and fewer
adverse effects is of high interest in the field (Kenakin & Christopoulos, 2013; Kenakin, 2019). Nevertheless,
only very recently first biased agonist, oliceridine, was approved by Food and Drug Administration (FDA)
Agency for moderate to severe acute pain in adults (Mullard, 2020).

Sequence (Thompson et al., 2014; Hauser et al., 2018), expression profile (Kenakin, 2019), and functionally
diverse GPCR isoforms (Marti-Solano et al., 2020) also contribute to signaling diversity and orchestrate the
ability of GPCRs to respond to a variety of stimuli and transduce them into different signaling patterns in
distinct physiological systems. Accumulated knowledge about mentioned areas helps us to understand how
GPCRs as “allosteric microprocessors” through simple switches exert numerous biological roles (Smith et al.,
2018).

1.1.3 GPCRsignaling

Different activation patterns can induce different signaling patterns (Figure 4). Previous understanding of
canonical GPCR signaling proposed that GPCRs can (only) induce G protein-related signaling, routing their
signaling cascade according to the interacting G protein alpha subunit (Gs, Gi, Gg, G11/12, G13, ...). Some of
the receptors decide exclusively for one coupler, whereas others pleiotropically couple to more downstream
effectors to induce diverse signaling patterns (Flock et al., 2017; Hauser et al., 2022). Moreover, although being
called G protein receptors, increasing evidence suggests that some of the GPCRs are actually (also) B-arrestin
coupled receptors (Lefkowitz et al., 2006; Shukla et al., 2008; Gesty-Palmer et al., 2009; Reiter et al., 2012;
Pandey et al., 2021), and induce signaling profiles downstream of those effectors, which were traditionally
viewed as responsible for receptor desensitization (Benovic et al., 1987a). A multitude of intracellular partners
and various functions that regulate signaling were visualized by Apostolakou et al. in a freely available web
application that enables exploration of the human GPCR network in a cell-type-specific manner (Apostolakou
et al., 2020).
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Figure 4: GPCRs and their signal transduction.
Reprinted by permission 5282031368877 from Springer Nature: Nature Structural & Molecular Biology, Structure and
dynamics of GPCR signaling complexes, Daniel Hilger et al., Copyright © 2018, Springer Nature (2018).

1.1.3.1 G protein-dependent signaling
Ligand-stimulated activation of GPCRs mainly initiates G protein signaling (Lefkowitz, 2000; Pierce et al., 2002;
Rasmussen et al., 2007; Flock et al., 2017; Liu et al., 2019). Heterotrimeric G proteins consist of three subunits:
Ga, GB, and Gy (Rodbell et al., 1971; Ross & Gilman, 1977; Gilman, 1987). There are 38 known Ga subunits (21
in humans), 5 GB, and 12 Gy subunits (Downes & Gautam, 1999; McCudden et al., 2005; Hauser et al., 2022),
which creates a vast number of different combinations, which is expected to be tissue-dependent and thus,
regulating numerous intracellular roles (Hauser et al., 2022). The a subunit gave the name to the four families
which share homology and downstream signaling pathways: Gs (Gs and Goir) (Northup et al., 1980), Gi/o (G,
Gi2, Gi3, Go, Gz, Gu1, Gr2, and Ggust) (Codina et al., 1984; Bokoch et al., 1984), Gg/11 (Gq, G11, Gis, and Gis) and
G12/13 (G12 and Gi3) (Downes & Gautam, 1999). According to a recent metastudy, most of the GPCRs couple
to Gijo family (64 %), followed by Gs (55 %), Gg/11 (50 %), and least to Gi2/13 (25 %) (Hauser et al., 2022). Figure 5

portrays G protein families and their regulation of downstream signaling.
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Figure 5: G protein-mediated signaling pathways.
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The basal state of a G protein is characterized by the heterotrimeric complex Gafy and guanosine diphosphate
(GDP) bond to the Ga subunit. Ligand-induced receptor activation leads to structural changes in the receptor
core (Chapter 1.1.2) and the opening of an intracellular cavity of GPCRs for the binding of the G protein — the
a5-helix of Gas docks into a cavity formed on the intracellular side of the receptor by opening TM5 and TM6.
Agonist-bound GPCRs act as guanine nucleotide exchange factor (GEF), and facilitate switching from an
inactive, GDP-bound state to an active GTP-bound state. This leads to conformational changes in the a-
subunit, which then separates from the By-subunit — and both signaling modules can regulate the activity of
effector proteins (Milligan & Kostenis, 2006; Pierce et al., 2002; Rasmussen et al., 2007; Smrcka, 2008).
Activation of G proteins is terminated by the nucleotide guanosine triphosphate hydrolase (GTPase) activity of
the a-subunit (Cassel & Selinger, 1976), which induces hydrolysis of one phosphate of GTP and leads to Gy
reassociation with GDP-bound Ga subunit and, thus, a recreation of the inactive form of GDP-bond
heterotrimeric complex GaPy. For de novo activation, new interaction with the receptor is necessary. The
GTPase process can be modulated by the GTPase-accelerating protein (GAP) activity of the regulator of G
protein signaling (RGS) proteins (Lambert et al., 2010).

Subunits in the heterotrimeric GaBY¥ proteins have different roles; the Ga subunit is responsible for GTP and
GDP binding and GTP hydrolysis, and further activation of enzymes or downstream effectors, whereas the GBy
subunit represents a stable complex and also acts as independent signaling modality (Milligan & Kostenis,
2006; Smrcka, 2008).

Coupling of GPCR to Gs leads to the dissociation of GBy away from Ga, which binds to and activates an enzyme
adenylyl cyclase (AC), that catalyzes the conversion of adenosine triphosphate (ATP) into cyclic adenosine
monophosphate (cCAMP), one of the leading second messengers in the cell (Ross & Gilman, 1977). An increased
level of cAMP in the cell stimulates the activity of cAMP effector proteins: cyclic nucleotide-gated ion channels,
exchange proteins activated by cAMP (EPAC), popeye domain-containing proteins (POPDC), or the enzyme
protein kinase A (PKA). PKA can further phosphorylate many different proteins, including enzymes, receptors,
or transcription factors (Rosenbaum et al., 2009, p.; Weis & Kobilka, 2018).

Contrary, Giso proteins inhibit AC activity and its downstream consequences (Codina et al., 1984; Bokoch et al.,
1984).

Coupling to Gq activates phospholipase C (PLC), which catalyzes the conversion of phosphatidylinositol 4,5-
bisphosphate (PIP,) into inositol-1,4,5-trisphosphate (IP3) and diacylglycerol (DAG). It leads both to Ca?* release
(second crucial second messenger in the cell) as well to the activity of protein kinase C (PKC) (Mizuno & Itoh,
2009). Recent studies suggest that it can also regulate G protein-coupled receptor kinase (GRK) signaling
(Kawakami et al., 2022).

The last group, Giz/13 proteins, regulate the activity of Rho GTPases, which modulate intracellular kinase
activity; they induce activation of Rho A or GRKs (Milligan & Kostenis, 2006).

G protein By subunit can function as a separate signaling entity; most prominently, it recruits GRKs to the
membrane and regulates the activity of specific channels (e.g., G protein-coupled, inwardly rectifying K+ (GIRK)
channels or Ca?* channels) (Smrcka, 2008).

Although the conventional view of GPCR signaling suggests that GPCR — G protein interaction happens and
ends on the cell surface, is now already well established that as class A as well class B GPCR can induce
prolonged signaling from endosomal compartments (Ferrandon et al., 2009; Calebiro et al., 2009; Irannejad et
al., 2013; Kuna et al., 2013; Merriam et al., 2013; Feinstein et al., 2013; Andreassen et al., 2014; Lyga et al.,
2016; Yarwood et al., 2017) and trans-Golgi network (Godbole et al., 2017). The mechanism of prolonged

signaling is described in detail in Chapter 1.2.4.2 for the parathyroid hormone 1 receptor.
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1.1.3.2 G protein-independent signaling
To turn off the continuous stimulus of active GPCRs and in the same moment to signal through G protein
independent cascades, GRKs prepare GPCRs for arrestin binding while they phosphorylate serines and
threonines, located in the intracellular part of GPCRs (in ICL3 and C-terminus) (Tesmer et al., 2005; Krasel et al.,
2005; Komolov & Benovic, 2018; Q. Chen et al., 2021; Drube et al., 2022a). This process is regulated via distinct
“phosphorylation barcodes,” influenced by ligand, GPCR type, as well depending on one of the seven GRKs
isoforms. “Phosphorylation barcodes” dictate different patterns of B-arrestin conformations, efficiencies, and
amplitudes of recruitment and, hence, a continuation of signaling or its termination (Luttrell & Lefkowitz,
2002; Tobin, 2008; Nobles et al., 2011; Liggett, 2011; Shukla et al., 2013; Nuber et al., 2016; Mayer et al., 2019;
Latorraca et al., 2020). Independently of B-arrestin-mediated desensitization, other downstream-activated
kinases such as PKA and PKC can phosphorylate and desensitize receptors (Hausdorff et al., 1989; Lohse, 1993;
Tobin et al., 2008).
As it has become clear that B-arrestin binding does not only terminate signaling but also serves as a signaling
unit, more and more downstream effectors are being identified that sense B-arrestin activation: Src kinases,
mitogen-activated protein kinases (MAPK) (e.g., extracellular-regulated kinases (ERKs)), p38 MAPK, and C-Jun
N-terminal kinase (JNK) 3 (Luttrell & Lefkowitz, 2002; Gurevich & Gurevich, 2019).
It is highly debated if B-arrestin signaling can also exist independent of G proteins and thus create biased
signaling profiles (Reiter et al., 2012). Recent studies in B-arrestin knock-out cell lines denied such G protein-
independent, B-arrestin-dependent signaling (Alvarez-Curto et al., 2016; Grundmann et al., 2018), but the saga
continues as some labs started to identify GPCR-like receptors which are (solely) B-arrestin-coupled (ACRs)
(Pandey et al., 2021).
[B-arrestin functions go beyond this. Most prominently, B-arrestin induces internalization via a dynamin-
dependent process into clathrin-coated vesicles, directs GPCRs to different locations across the cell, or
forwards them for de-/ubiquitination and degradation. In addition, internalized GPCRs can be
dephosphorylated and recycled back to the membrane (Luttrell & Lefkowitz, 2002; Lefkowitz et al., 2006) or, in
some cases, continue signaling from endosomes (Ferrandon et al., 2009; Mullershausen et al., 2009; Calebiro
et al., 2009; Vilardaga et al., 2012; Kuna et al., 2013; Wehbi et al., 2013; Merriam et al., 2013; Andreassen et
al., 2014; Godbole et al., 2017; Yarwood et al., 2017; Nguyen et al., 2019).
Of four different genes that encode arrestin proteins, two exist only in photoreceptors and are thus called
visual arrestins, arrestinl and arrestin4 (Benovic et al., 1987a; Craft et al., 1994). Non-visual arrestins or B-
arrestins are ubiquitously expressed B-arrestinl (arrestin2) and B-arrestin2 (arrestin3) (Lohse et al., 1990;
Attramadal et al., 1992), which serve as multifunctional proteins for all non-visual GPCRs. They got their name
after first identified interacting partner in the non-visual system, B-adrenergic receptor, thus B-arrestins (Lohse
et al., 1990).
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1.2 Class B1 GPCRs

Class B GPCRs are divided into class B1 (secretin-like family) and class B2 (adhesion family). Class B1 GPCRs
consist of 15 members, phenotypically further divided into five subclasses: calcitonin (CT) family, corticotropin-
releasing factor (CRF) family, glucagon family, parathyroid hormone (PTH) family, and vasointestinal peptide

(VIP) and pituitary adenylate cyclase-activating polypeptide (PACAP) family (Figure 6).
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Figure 6: Phylogenetic tree of class B GPCRs.
The phylogenetic tree was created with the GPCRdb tool “sequence comparison” followed by the phylogenetic tree.
Structurally conserved sequence segments were selected, and a phylogenetic tree was visualized as a horizontal
dendrogram (Isberg et al., 2016; Kooistra, Mordalski, et al., 2021; Pandy-Szekeres et al., 2022).

Most of the ligands for those receptors can be assigned through receptor family names and are structurally
polypeptide hormones, governing critical physiological functions (Table 2). Their actions are primarily
transduced via the Gs signaling pathway, and some of them display prolonged signaling from endosomes:
PTH1R (Ferrandon et al., 2009), glucagon-like peptide 1 receptor (GLP1R) (Kuna et al., 2013), PAC1R (Merriam
et al., 2013), CTR (Andreassen et al., 2014), CRLR (Yarwood et al., 2017). Interestingly, an increasing number of
studies suggest that internalized receptors modulate some vital physiological functions such as glucose-
stimulated insulin secretion in pancreatic B-cells (Kuna et al., 2013), pain transmission (Yarwood et al., 2017),
and synthesis of rate-limiting amount of enzymes (A. D. White et al., 2021).

Structurally, class B1 GPCRs consist of an extensive N-terminal ECD, which is highly mobile and involved in a
two-step ligand-binding process (Hollenstein et al., 2014; Cong et al., 2022). In the first step of the binding
process, the C-terminal part of the peptide contacts the N-terminus of receptors ECD in rapid ~140 ms long
action, which is followed by slower insertion of the N-terminal domain of peptide deep into the conserved
orthosteric binding pocket, which coincides with receptor conformational switch and lasts for ~1 s (Vilardaga
et al., 2003a; Castro et al., 2005). Most class B receptors bind their receptors in extended helical conformation,
except CTR and CRLR, where C-terminal parts are unfolded, to accommodate receptor accessory protein
(RAMP) binding (Liang, Belousoff, Zhao, et al., 2020; Sutkeviciute & Vilardaga, 2020). Note, since only shorter
versions of peptides were used for recent structures (e.g., LA-PTH, ePTH), it might be that the C-terminal part,

in reality, adapts to the unfolded form. In comparison to class A, during the activation process, TM6 moves for
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as much as 20 A (6-14 A in class A GPCRs) to create a V-shaped cavity for the binding of the a5 helix of the G
protein. This displacement is supported by the conserved NPGQ motif (TM6). Interestingly, ligand-dependent
bias and allosteric modulation play an important role in the receptor's ECD/ECL conformations. For example,
for GLP1R, the nonpeptidic biased agonist TT-OAD2 binds at a higher level in TMD and thus increases ECD
mobility, which is, in related studies, correlated with Gs protein activation kinetics (P. Zhao et al., 2020;
Deganutti et al.,, 2022). For PTH1R, engagement with different ECL2 results in biasing receptor phenotype;
ECD-binding antibody fragment can abolish B-arrestin recruitment with unaffected Gs signaling (Sarkar et al.,
2019), and specific ligand can, while engaging with ECL2, induce structure-encoded allosteric coupling,
regulating key interactions between PTH1R's ICL3 and B-arrestins (L. J. Clark et al., 2020a). Moreover, ECD/ECL
conformations can be modulated by RAMPs; in CRLR and CTR, RAMPs influence the dynamics of ECD in a
RAMP-dependent manner (Liang, Belousoff, Fletcher, et al., 2020; Cao et al., 2022).
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Receptor Agonists
CRF
Ucnl
CRF
Ucnl
Ucn2

PTH

PTHrP

TIP (1-39), PTH

PACAP-27, ACAP-27, PACAP-38
VIP, PACAP-27, PACAP-38
VIP, PACAP-27, PACAP-38

GHRH
GIP
GLP-1, GLP-1(7-36)

GLP-2

glucagon

secretin
CcT
amylin
amylin
amylin

a-CGRP

b-CGRP

adrenomedullin

intermedin

Antagonists
astressin
CP 154,526
antisauvagine
astressin

TIP39 (7-39)

TIP39 (7-39)

PACAP (6-38)

PG (97-269)

PG (99-465)
IV (1-37)

exendin-(9-39)

GLP-2(3-33)

des-His1-[Leu4-
Glu9]-glucagon-
NH2
CT (8-32) salmon
a-CGRP (8-37)
a-CGRP (8-37)

a-CGRP (8-37)

a-CGRP (8-37)

AM (22-52)

AM (22-52)

Physiological role
response to stress

response to stress
cardiac contractility

calcium and phosphate
homeostasis, bone
growth, skeletal
development
hypothalamic secretion,
calcium transport,
nociception mediation,
wound healing
neuroendocrine
vasodilation
vasodilation
growth hormone release
insulin secretion
insulin secretion

gut mucosal growth
glucose homeostasis
pancreatic secretion
calcium homeostasis
vasodilation
vasodilation

vasodilation

vasodilation

vasodilation

vasodilation

Disease
depression, PTSD, alcoholism
cerebral edema
depression

osteoporosis, hypo/hyperparathyroidism,
metaphyseal Jansen chondrodysplasia, Blomstrand
chondrodysplasia, Eiken syndrome, dental
ankylosis, Ollier enchondromatosis, primary failure
of tooth eruption
osteoarthritis, syndromic short stature

migraine

Sjogren's syndrome
HIV-associated lipodystrophy

type 2 diabetes

short bowel syndrome

chemotherapy-induced diarrhea
type 2 diabetes

osteoporosis, hypercalcemia, Paget's disease

types 1 and 2 diabetes

Migraine

cancer

Drugs (mode of action, clinical phase/marketed)
Verucerfont (non-peptide antagonist, Il)
Corticorelin (ovine CRF, agonist, phase Ill)

Teriparatide (PTH analog, agonist, marketed)
Abaloparatide (PTH-PTHrP chimera, agonist, marketed)

AMG301 (antibody, antagonist, phase Il)

Tesamorelin (GHRH analog, agonist, marketed)

Exenatide (GLP-1 analog, agonist, marketed), Liraglutide (GLP-1 analog, agonist,
marketed), Lixisenatide (GLP-1 analog, agonist, marketed), Albiglutide (GLP-1
albumin fusion, agonist, phase Ill), Dulaglutide (GLP-1 Fc fusion agonist, phase

11), TTP-054 (modified-peptide agonist, phase I), ...
Teduglutide (GLP-2 analog, agonist, marketed), Apraglutide (GLP-2 analog
agonist, phase Il)
Elsiglutide (peptide agonist, phase IIl)
LY-2409021 (non-peptide antagonist, phase ), TT-401 (peptide agonist, phase 1),
ZP-2929 (peptide agonist, phase I)

Secretin synthetic porcine (agonist, phase Il)
Miacalcitonin (salmon agonist, agonist, marketed), Elcatonin (calcitonin, agonist,
marketed)
Pramlintide (amylin analog, agonist, marketed)

Erenumab (CGRP receptor antibody, antagonist, marketed), Rimegepant (non-
peptide antagonist, marketed), Ubrogepant (non-peptide antagonist, marketed),
Eptinezumab (CGRP antibody, marketed), Galcanezumab (CGRP antibody, phase

1), Fremanezumab (CGRP antibody, antagonist, marketed), Atogepant (CGRP

antibody, antagonist, marketed), ...

Table 2: Human class B1 GPCRs and their ligands, physiological roles, associated diseases, and current and prospective drugs.
Adapted after (Hollenstein et al., 2014; Alexander et al., 2015; Fahrenkrug et al., 2019; Serafin et al., 2020; Bisello et al., 2021; D. Hay et al., 2021). Reprinted from Trends in Pharmacological Sciences, 35/1, Kaspar
Hollenstein, Chris de Graaf, Andrea Bortolato, Ming-Wei Wang, Fiona H. Marshall, Raymond C. Stevens, Insights into the structure of class B GPCRs, 11, Copyright 2014, with permission 5282420154966 from Elsevier.
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1.2.1 Parathyroid hormone 1 receptor

Parathyroid hormone 1 receptor (PTH1R) is a secretin-like receptor, a member of class B1 GPCRs, first cloned
from opossum (Didelphis virginiana) kidney cell cDNA (Jippner et al., 1991). Gene PTHIR on chromosomal
position 3p21.1-p24.2. encodes for a protein of 593 amino acids (aa) and ~ 80 kDa (Gelbert et al., 1994). Its
endogenous ligands and signaling cascade are described in Chapters 1.1.4.1 and 1.1.4.2, respectively.

The extracellular part of PTHR consists of 190 aa, where the first 22 aa code for signal peptide cleaved during
receptor maturation (Shimada et al., 2002). Four putative N-glycosylation sites are asparagine 151, 161, 166,
and 176 (Juppner et al., 1991; Bisello et al., 1996). Disulfide bridges between cysteines (48 and 117, 131 and
170, and 108 and 148) help to structure ECD in three layered a-B-B-a conformations and create a unique
“extracellular vestibule” called “hot dog in a bun” for ligand-binding (Grauschopf et al., 2000; Pioszak & Xu,
2008; Pioszak et al., 2009; Ehrenmann et al., 2018; L.-H. Zhao et al., 2019). As classical GPCR, the PTH1R
structure contains seven TMs, three ECLs, and three ICLs, followed by a long C-terminus that spans into
intracellular space. The C-terminus contains nine serines or threonines (Ser489—Ser495 and Ser501-Thr506),
which GRKs phosphorylate after receptor activation (Dicker et al., 1999; Malecz et al., 1998; Zindel et al., 2016;
Drube et al., 2022a). Further phosphorylation sites in ICL3 were shown to be decisive for B-arrestin
recruitment, whereas C-terminus sites help stabilize the PTH1R-B-arrestin complex (Vilardaga et al., 2002; A. D.
White et al., 2021). Figure 7 shows a “snake plot” of PTH1R.
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Figure 7: Snake plot of PTH1R.

Snake plot was created with GPCRdb, receptor page. The grey area indicates the position of the signal peptide (first 22
amino acids) (Kooistra, Mordalski, et al., 2021).

PTH1R is expressed at high levels in PTH target tissues, kidneys, and bones, to a medium extent in the
respiratory system, female tissues (fallopian tube, uterus, placenta, mamma), cardiac and skeletal muscle, skin,
liver, and male tissues (testis) (Urefia et al., 1993; Uhlen et al., 2010; Uhlén et al., 2015). In those locations,

PTH1R mediates the biological roles of two endogenous ligands, parathyroid hormone (PTH) and parathyroid
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hormone-related protein (PTHrP), which action translates into different biological functions (Jippner et al.,
1991; Cheloha et al., 2015a). PTH regulates blood levels of calcium and phosphate in an endocrine manner,
whereas PTHrP acts in a paracrine manner within developing tissues and is secreted in certain cancers. Besides
their biological roles, their biochemical way of functioning is also distinct — PTH can induce prolonged signaling,
which originates from the membrane and from endosomes, while PTHrP signals exclusively from the
membrane (Ferrandon et al., 2009; Vilardaga et al., 2011). It is known that PTHR1 signaling is highly context-
dependent and can be modulated by various ligands, allosteric partners, or cellular backgrounds (Ferrandon et
al., 2009; Cheloha et al., 2015a; A. D. White et al., 2019; Chang et al., 2020; L. J. Clark et al., 2020a; Bisello et
al., 2021; A. D. White et al., 2021).

1.2.1.1 Parathyroid hormone and parathyroid hormone related peptide
Figure 8 illustrates the molecular life of PTH. The precursor of PTH is synthesized by ribosomes as Pre-Pro-PTH
of 115 aa and gets cleaved by signal peptidase during translocation in the endoplasmic reticulum, yielding a 90
aa long Pro-PTH. The remaining six aa are cleaved in the Golgi apparatus, and PTH(1-84) is enveloped by
secretory granules and stored. The secretion of PTH is dependent on extracellular Ca®* levels. Decreased
calcium levels cause activation of the calcium-sensing receptor (CaSR), a GPCR located on the surface of the
parathyroid gland cells. A Gg-mediated release of intracellular Ca?* triggers the exocytosis of the hormone

from the secretory granules.
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Figure 8: Ca?* regulates PTH secretion.

PTH is synthesized as a precursor hormone, Pre-Pro-PTH, cleaved in the parathyroid gland to Pro-PTH and then to PTH.
Secretion of PTH(1-84) is regulated by a negative feedback loop with extracellular Ca?. Most PTH is secreted in this form and
then cleaved in the liver into N- and C-terminal fragments.

In addition to the PTH, another polypeptide binds to the PTH1R. The neuroendocrine peptide PTHrP exists in
two different isoforms; a 139 aa and a 173 aa long version, where the N-terminal part PTHrP (1-36) represents
a bioactive form that binds to PTH1R with similar affinity and efficacy as PTH (JUppner et al., 1991; Sato et al.,
2021). PTHrP is secreted from mesenchymal stem cells, bone marrow, gastric cells, keratinocytes, and cancer
cells and acts as an endocrine, autocrine, paracrine, and intracrine hormone. Most notably, it plays a vital role

in fetal development by regulating endochondral bone development and epithelial-mesenchymal interactions
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during the mammary glands formation and teeth growth (Weckmann et al., 1997; Hens & Wysolmerski, 2005;
Soki et al., 2012; Lyu et al., 2021). PTHrP is also secreted by various tumors (breast, bone, and some lung
tumors), which causes hypercalcemia and hypercalciuria (Ralston, 1987). The C-terminal fragment of PTHrP is
called osteostatin and is a different hormone regulating bone formation and keratinocyte proliferation. Both
PTHrP (107-111) and the entire domain PTHrP (107-139) exert inhibitory effects on osteoclast activity in vitro
and in vivo (Fenton et al., 1991; Fenton et al., 1991; Zheng et al., 1994).

1.2.1.2 PTH1R activation and signaling
Both endogenous agonists, PTH and PTHrP, and their bioactive N-terminal sections, PTH (1-34) and PThrP (1-
36), can bind and efficiently activate PTH1R (JUppner et al., 1991; Vilardaga et al., 2003b; Ferrandon et al.,
2009; Sato et al., 2021). The initiation of the signaling cascade of PTH1R consists of two steps; initial rapid
ligand-binding (t = 140 ms) is followed by slower receptor activation (t = 1 second) (Vilardaga et al., 2003b;
Castro et al., 2005). Critical for activation is the interaction of the N-terminus of the ligand (aa 1-16), which
penetrates the binding pocket of the receptor formed by all TM, except TM4, supported by ECL2 and ECL3
(Carter et al., 1999; Ehrenmann et al., 2018; L.-H. Zhao et al., 2019). In the complex, LA-PTH binds as a single
continuous helix and forms extensive hydrophobic and hydrogen bonds with neighboring residues, giving
rationale for older structure-activity relationship studies of PTH-like ligands (Gardella & Vilardaga, 2015). LA-
PTH, a modified PTH/PTHrP chimera, was used for the recent cryo-EM structure. Due to higher affinity enabled
stabilization of the particles for the successful acquisition of the receptor-Gs complex (Shimizu et al., 2016; L.-
H. Zhao et al., 2019). Studies of PTH identified that aa at positions 10, 11, 12, and 14 are particularly important
for enhanced affinity (L.-H. Zhao et al., 2019) and first 1-3 aa for agonist response since PTH fragments (3-34),
PTH (7-34), PTHrP (7-34), TIP39 (7-39) bind to the receptor and act as competitive antagonists (Rosenblatt et
al., 1977; Juppner et al., 1994; Hoare & Usdin, 2000; Jonsson et al., 2001).
Interestingly, certain parts of the peptide can differentiate between signaling pathways; PTH (1-31) would fully
stimulate AC but not PKC, while a fragment of PTH, only four aa long PTH (29-32) surprisingly induces PKC
pathway (Jouishomme et al., 1994). Furthermore, newer studies suggest that His7 in PTH plays an important
role in B-arrestin binding (Clark et al., 2020) since it engages with the ECL2 region of the PTH1R, where binding
of an antibody can also prevent PTH1R-induced B-arrestin recruitment (Sarkar et al., 2019).
It was recently shown that PTH7d peptide inhibited B-arrestin coupling to PTHR and induced sustained cAMP
production at the cell surface. Comparison of cellular and organismal responses to wild-type PTH, PTH7d, and
LA-PTH resulted in different biological outcomes and thus spatial bias: PTH and LA-PTH could induce the
synthesis of active vitamin D via a-hydroxylase while PTH7d could not. In this way have, PTH ligands, inducing
endosomal productions, a decisive impact on vitamin D-regulated Ca?* concentrations. The plasma membrane
of the PTH1R-related Gs-signaling pool presumably regulates phosphate import through Na*-dependent
phosphate cotransporter 2A (A. D. White et al., 2021).
Engagingly, Ca?*, which is regulated through PTH1R activity, can per se act as a positive allosteric modulator
while binding into acidic clusters within the ECL1 of PTH1R. Along these lines can enhance signaling by inducing
a prolonged duration of PTH1R activation and cAMP signaling (White et al., 2019).
Recent crystallographic, cryo-EM, and AlphaFold structures, visualized in Figure 9, added substantially to the
understanding of the activation mechanism of PTH1R (Ehrenmann et al., 2018; Jumper et al., 2021; Varadi et
al., 2022; L.-H. Zhao et al., 2019).
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Figure 9: Structural models of PTHI1R.

(A) High-resolution crystal structure of parathyroid hormone 1 receptor in complex with a peptide agonist (PDB number
6FJ3) (Ehrenmann et al., 2018).
(B) Cryo-EM structure of parathyroid hormone receptor type 1 in complex with a long-acting parathyroid hormone analog
and G protein (PDB number 6NBF) (L.-H. Zhao et al., 2019).
(C) PTH1R model was downloaded from the Alpha Fold Database (Jumper et al., 2021; Varadi et al., 2022)

Pleiotropic in its signaling (Figure 10), PTH1R couples primarily to Gs and Gq (Abou-Samra et al., 1992) but also
to G12/13 (Singh et al., 2005a), Gi (Miyauchi et al., 1990) and can interact with and signals via B-arrestins
(Syme et al., 2005; Gesty-Palmer et al., 2006). Gs activation causes activation of PKA and is the primary PTH-
and PThrP-induced mechanism for the regulation of serum Ca?* and bone remodeling (Figure 10 A, 1) (Jippner
et al., 1991; Jippner, 1994; Goltzman, 1999). In addition, via Ggq, it stimulates PLC, which induces DAG and IP3
release and the subsequent activation of PKC and the release of intracellular Ca?* from the endoplasmic
reticulum (Dunlay & Hruska, 1990; Offermanns et al., 1996; Pines et al., 1996) (Figure 10 A, 2). It was recently
revealed that Gs and Gg/11-induced GBy signaling, contribute to sustained waves from endosomes (Ferrandon
et al., 2009; A. D. White et al., 2020) (Figure 10 B).

Sustained signaling is the hallmark of PTH1R activation since it was initially described for that receptor by
Ferrandon et al.. The ternary complex of PTH1R—B-arrestin—Gpy is internalized in early endosomes (Figure 10
B, 5). While B-arrestin-induced ERK1/2 inhibits PDE4 (Figure 10 C, 7), cAMP continues to be synthesized and
diffuses into the nucleus, where it activates nuclear PKA (Figure 10 C, 8). Termination of sustained signaling is
PKA-induced activation of the H+ pump v-ATPase (Figure 10 C, 9), which acidifies endosomes, and parts of the
ternary complex are disassembled. Retromer couples to PTH1R and facilitates recycling back to the membrane
or redistribution to Golgi (Figure 10 C, 10). Dysregulation of this complex signaling cascade (Figure 10) can lead

to various diseases, summarized in Table 3.
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Figure 10: Mechanism of PTH1R signaling.

(A) Upon PTH binding, PTHIR couples and activates heterotrimeric Gs (1) and Gq (2) proteins at the plasma membrane. Gs
activates AC, leading to acute cAMP synthesis and activation of PKA. The cAMP activation is short due to the inactivation
by phosphodiesterases (PDE) (pink box). Gq activates PLC8, which cleaves phosphatidylinositol 4,5-bisphosphate
(PI(4,5)P2) into IP3. IP3 diffuses through the cytosol to activate IP3-gated Ca?* channels, releasing stored Ca?*.

(B) GBy and Gag subunits dissociation promote phosphoinositide 3-kinase (PI3K8)-dependent generation of Pl(3,4,5)P3 (3),
which induces 8-arrestin recruitment to the PTH1R (4) and formation of ternary PTH1R—B8-arrestin-GBy complex that
remains active following internalization and redistribution to early endosomes (5). Reassembly of the ternary PTHIR

complex with Gas is thought to be dependent on Gas diffusion. Besides Gas, also Gaq can sustain this complex.
(C) Prolongedoged cAMP production (6) is due to the inhibition of ERK1/2 on PDE4 (7), and cAMP can efficiently diffuse to
the nucleus to activate nuclear PKA (8).

(D) A negative feedback loop initiates termination of endosomal cAMP signaling, where PKA-dependent
activation of the H* pump v-ATPase increases endosomal acidity (9), which sequentially disassembles the

ternary PTHR—arrestin—GB8y signaling complex and engages retromer coupling to PTHIR (10) and its

recycling to the cell surface or redistribution in the Golgi apparatus.

Adapted from JBC. Structural insights into emergent signaling modes of G protein—coupled receptors (Sutkeviciute &

Vilardaga, 2020) under Creative Commons CC-BY license. This research was originally published in (Sutkeviciute et al.,
2019; A. D. White et al., 2020)

After activation of PTHR, various kinases phosphorylate receptor — besides GRKs also second messenger-
induced kinases (PKA, PKC) (Malecz et al., 1998; Dicker et al., 1999; Zindel et al., 2016; Drube et al., 2022a). The
phosphorylation barcode should be decisive for the subsequent interaction with B-arrestin (Matthees et al.,
2021; Drube et al., 2022b). Different conformations of PTH1R are required for interaction with G proteins and
B-arrestin (Vilardaga et al., 2001). Still, initial engagement with B-arrestin is believed to proceed even without
the phosphorylation step since phosphorylation-independent inhibition of PTH1R signaling has been described
(Dicker et al., 1999).

A stable interaction of PTH1R with B-arrestinl or B-arrestin2 leads to desensitization of signaling plus
internalization of the receptors into endosomes (Malecz et al., 1998; Ferrari et al., 1999) — after this, receptors

can either 1) undergo dephosphorylation and recycle back to the membrane, 2) undergo lysosomal

30



degradation or 3) sustain prolonged signaling from endosomes (Ferguson et al., 1998; Luttrell & Lefkowitz,
2002; Lefkowitz et al., 2006; Nguyen et al., 2019).

Highlighted by many studies from Lefkowitz’s, Luttrell’s, and Ferrari’s labs, B-arrestin2-mediated signaling
plays a significant role in PTH-mediated effects in bone. Intermittent PTH administration resulted in
significantly weaker bone formation in B-arrestin2 KO mice than continuous PTH administration. Although the
rate of new bone formation was the same in both groups, there was a concomitant increase in the rate of
bone resorption in the KO animals, resulting in a net reduction in bone mass (Bouxsein et al., 2005; Ferrari et
al., 2005). Those effects of B-arrestin2 might be mediated by a distinct pool of ERK1/2 activation, where B-
arrestin2-mediated activation increases specifically cytosolic phospho-ERK1/2 amounts. The increase in
cytosolic ERK1/2 should lead to decreases in Elk1 reporter transcription, regulation of genes such as p38, and
nuclear factor kappa-light-chain enhancer of activated B cells (NFkB) signaling pathways, which suppress the
maturation of osteoclasts (Tohgo et al., 2003; Ferrari et al., 2005; Gesty-Palmer et al., 2006, 2009; Bianchi &
Ferrari, 2009; Gesty-Palmer & Luttrell, 2011). The proposed mechanism is illustrated in Figure 11.

Therefore, it appears crucial to develop therapeutics targeting the PTH1R-B-arrestin branch of signaling,
particularly in osteoporosis management. In addition to osteoporosis, malfunction of the PTH1R complex
signaling cascade can cause many diseases, which are, together with their current and prospective treatment,

summarized in the Table 3.

G protein-dependent B-arrestin-dependent
ERK1/2 activation ERK1/2 activation

P Nuclear P-ERK1/2 ™ Cytosolic P-ERK1/2
N Elk1 reporter transcription { Elk1 reporter transcription
N DNA replication 1 Phosphorylation of other substrates

Figure 11: Mechanism of G protein-dependent and 8-arrestin-dependent ERK1/2 activation in GPCR
signaling.
Adapted after (Tohgo et al., 2003).
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Disease

Blomstrand's lethal
achondroplasia

Ollier's disease

Familial primary failure of tooth
eruption

Jansen's metaphyseal
chondrodysplasia

Eiken syndrome

Primary hyperparathyroidism

Humoral hypercalcemia of
malignancy

Brachydactyly type E

Hypoparathyroidism

Osteoporosis

Biological cause

Abrogation of PTHR1 function by homozygous mutation
in PTHR1 (Pro132Leu or nonsense mutation)

Heterozygous expression of inactive PTHR1 variants
(Arg150Cys and other variants)

Heterozygous expression of inactive PTHR1 variants
(Pro132Leu, Argl174Cys, and other variants)

Constitutive cCAMP signaling at PTHR1 from a heterozygous
mutation in PTHR1 yields receptor variants with mutations in
transmembrane helices 2, 6, or 7 (His223Arg, Thr410Pro, or
1le458Arg, respectively)

Alteration in PTHR1 function by a homozygous nonsense
mutation in PTHR1 (Arg485stop)

Oversecretion of PTH by parathyroid glands causes excessive
PTHR1 activation

Oversecretion of PTHrP by cancer cells causes excessive PTHR1
activation (observed in 20-30% of patients with cancer)

Heterozygous mutation of PTHLH resulting in expression of
PTHrP variants (Leu44Pro and Leu60Pro, corresponding to
positions 8 and 24 of mature PTHrP) with reduced activity

Surgical damage to or removal of parathyroid glands, a
mutation in calcium-sensing receptor expressed on
parathyroid glands, defective PTH precursor processing

The imbalance between bone resorption and bone-building
processes

Physiological manifestation

Advanced endochondral bone
formation, Prenatal mortality

Development of cartilaginous lesions
and tumors in and around the bone

Premature ceasing of posterior tooth
eruption in children and adolescents

Short limbed dwarfism
Hypercalcemia
Hypophosphataemia

Retarded ossification
Epiphyseal dysplasia

Hypercalcemia
Kidney stones

Hypercalcemia
Cachexia

Short metacarpals and metatarsals
resulting in small hands and feet

Hypocalcemia
Tetany
Numbness

Reduction in BMD, alterations in the
skeletal architecture, and increased
fracture frequency

Table 3: Diseases associated with PTHR1.
Reprinted by permission 5282630343748 from Springer Nature: Nature Reviews Endocrinology, PTH receptor-1 signalling—mechanistic insights and therapeutic prospects, Ross W. Cheloha et

al, Copyright ©2015, Springer Nature (2015).

Current treatment

None

None

None

None

None

Surgical removal of
offending PTH gland

Bisphosphonates
Denosumab in
bisphosphonate-resistant
cases

None

Oral calcium, Vitamin D
Daily PTH (can be
administered separately or
together)

Bisphosphonates
Denosumab
PTH

Prospective treatment

None

None

None

Inverse agonists of constitutive PTHR1
signaling

Inverse agonists of constitutive PTHR1
signaling
Competitive antagonists of PTHR1

signaling

Neutralizing PTHrP antibodies
Competitive PTHR1 antagonists

None

Long-acting PTH derivatives

Analogs of PTHR1 ligands with weak
calcium mobilization activity (PTHrP,
abaloparatide)
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1.3 Modulators of G protein-coupled receptors

The activity of GPCRs can be modulated by different stimuli or biomolecules, which are of endogenous or
exogenous origin. Compared to the traditional belief of receptor signaling, where ligand-receptor interaction
triggers the transduction of a specific response, the contemporary view acknowledges there might be many ligands
or biomolecules that act as allosteric modulators and thus affect signaling cascades (Jeffrey Conn et al., 2009;
Gentry et al., 2015). Furthermore, such modulators are increasingly appreciated as potential therapeutic agents or
co-targets since they usually possess biased preference or spatio-temporal selectivity in the activation process
(bias described in Chapter 1.1.2). Hence, not all modulators are expressed at all times or in all tissues or modulate
the receptor's conformation only at a specific time point. Future drugs will be engineered to multimodal targets,

resulting in very precise effects (George et al., 2002). Figure 12 visualizes possible mechanisms of GPCR

modulation.
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Figure 12: Mechanisms of GPCR modulation.
(A)The current understanding of GPCRs receptor signaling incorporates many interacting proteins and processes, which
modulate receptor activation and signaling and, subsequently, receptor functions.

(B) Ligand (agonist) bias: agonist-dependent preferential receptor activation so that one over other transducer pathways in a
given cellular system and relative to a reference agonist is induced (according to the terminology of Community guidelines for
GPCR ligand bias: IUPHAR review 32 (Kolb et al., 2022)).

(€C) Homo and heterodimerization with the same or different GPCRs and accessory proteins.

(D) Allosteric interactions: receptor function can be influenced by interactions with other proteins (e.g., RAMPs) or other
allosteric ligands or ions (e.g., Ca®*).

(E) Biased signaling through different G proteins and other non-G proteins effectors, such as 8-arrestins.

Adapted after (Foster et al., 2015; Westhuizen et al., 2015).



1.3.1 Receptor activity-modifying proteins

Receptor activity-modifying proteins, or RAMPs, are ubiquitously expressed accessory proteins that have globally
coevolved with GPCRs (Barbash et al., 2017, 2019) and regulate their function. This family of proteins was initially
discovered because of their essential oligomerization with the calcitonin receptor-like receptor (CRLR), which can
neither reach the cell surface without interacting RAMPs nor create a fully functional receptor phenotype
(McLatchie et al., 1998). Since then, plentiful studies have expanded the GPCR-RAMP interactome to first secretin-
like GPCRs, and recently GPCRs from class A (chemokine subgroup) and class C (CaSR) were identified as interacting
partners. As of now, there are more than 40 GPCRs described to interact with RAMPs (Christopoulos et al., 2003;
Lorenzen et al., 2019; Mackie et al., 2019; Serafin et al., 2020; Harris et al., 2021a). Moreover, bioinformatics-aided
studies showed that GPCRs and RAMPs share orthologs in the same species and have correlated phylogenetic trees.
Latter and high expression correlations suggest a broader role of RAMPs in GPCR pharmacology (Barbash et al.,
2017, 2019).

RAMP1,2,3 are of similar size, located in the cell interior, especially when they are not in complex with the
interacting receptor. Structurally, they display three regions: a large extracellular N-terminus (91 — 95 aa) continues
into a membrane-embedded single TM helix and reaches intracellular space with a short intracellular C-terminus (9
or 10 aa) (Figure 13). In the absence of interacting GPCRs, RAMPs form 30-32 kDa disulfide-linked homodimers in

the ER/Golgi, which are resistant to denaturation and reducing agents.

RAMP1 RAMP2 RAMP3

c L M Extracellular N-terminus

‘o

pe

Transmembrane domain

/ Intracellular C-terminus

Figure 13: Structural models of RAMP1, RAMP2, RAMP3 as predicted by Alpha Fold SB.
(Jumper et al., 2021; Varadi et al., 2022)

RAMP1 consists of 148 aa, in mature form, presents a 122 aa big, non-glycosylated protein of 14-18 kDa, depending
on the presence/absence of disulfide bonds. RAMP1 is expressed at high levels in the endometrium,
gastrointestinal tract, cardiomyocytes, neurons, vascular smooth muscle cells, pancreas, and less in various other
tissues (McLatchie et al., 1998). The most prominent pathophysiological function of RAMP1 is in migraine pathology
— where cocreates the Calcitonin gene-related peptide (CGRP) receptor, overexpressed in the central and
peripheral nervous system, where CGRP acts as a potent vasodilator and nociception transmitter and enables

neurogenic inflammation (Brain et al., 1985; Noseda & Burstein, 2013).
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RAMP2 is the biggest of all RAMPs, with 175 aa, and in a mature state, 133 aa, forms a 17 kDa big glycoprotein.
Compared to RAMP1 and RAMP3, possesses a longer extracellular N-terminus. It is expressed abundantly in
cardiomyocytes, placenta, lung, vascular smooth muscle cells, endothelium, adipose tissues, and less in various
brain regions and other tissues (McLatchie et al., 1998). A higher expression was also detected in certain cancers
and appeared to drive its aggressiveness (Larrayoz et al., 2014; Larrue et al., 2021; Vazquez et al., 2021). RAMP2
knockout is lethal due to abnormal vascular development; heterozygous mice survive but develop dilated
cardiomyopathy (Kadmiel et al., 2011a; Kechele et al., 2016; Kadmiel et al., 2017).
RAMP3 is the only RAMP that can reach the cell surface without interacting receptors. RAMP3 compromises 148
aa, in mature form 125 aa large glycoprotein of 20-26 kDa. Its C-terminus forms a type-1 PSD-95/Discs-large/Z0-1
homology (PDZ-1) recognition motif. PDZ-1 motif can lead to interactions with the Na*/H* exchange regulatory
factor (NHERF) or N-ethylmaleimide-sensitive factor (NSF) and influences receptor internalization and recycling
(McLatchie et al., 1998; Bomberger, Spielman, et al., 2005; Bomberger, Parameswaran, et al., 2005). Expressed in
the lung, kidney, cardiomyocytes, skeletal muscle cells, pancreas, thyroid glands, female and adipose tissues, it
conveys cardioprotection in a sex-dependent manner (Mclatchie et al., 1998; Lenhart et al., 2013b). Different
physiological and pathophysiological roles of RAMPs were extensively reviewed in Serafin et al. (Serafin et al.,
2020).
There are many ways in which RAMPs can modulate the functionality of GPCRs, as visualized in Figure 14.

1. Chaperone
RAMPs facilitate correct conformational folding and assembly of GPCRs in ER and their transport to the cell surface,
presumably due to the stabilization of the proteins in the complex (McLatchie et al., 1998; Christopoulos et al.,
2003).

2. Pharmacological switch
RAMPs bind to GPCRs and form either required or optional heterooligomers. The most prototypical example and
described oligomer with GPCR, CRLR, requires RAMPs as their obligate partners: RAMP1 is necessary for CGRP
binding, and RAMP2,3 promote adrenomedullin (AM) and adrenomedullin 2/intermedin (AM2) binding (McLatchie
et al., 1998). The pharmacology of many receptors is RAMP- and ligand-dependent, which suggests that RAMPs can
modulate very subtle changes in GPCRs pharmacology. For example, CTR can bind CT and endocrine hormone
amylin (AMY). The affinity of AMY varies between three amylin receptor subtypes (AMY1-3), each formed by a
different interacting RAMP. Interestingly, RAMP can enhance but also prevent ligand-binding or act as a negative
allosteric modulator (Weston et al., 2015).

3. Signaling switch
RAMPs can switch preference of coupling on specific GPCRs; or favor B-arrestin recruitment and signaling. As in the
case of pharmacological switching, also signaling switch happens in dependence of RAMP and ligand. For example,
RAMP2 decreased the efficiency of glucagon receptor-Gai coupling when stimulated with glucagon. When
oxyntomodulin was used as a ligand, RAMP2 potentiated the Gas activity. RAMP3 can induce higher B-arrestin
recruitment of gastric inhibitory polypeptide on its cognate receptor (GIPR) — similar was described for some amylin
receptors (Weston et al., 2015; Harris et al., 2021a; Shao et al., 2021; Pearce et al., 2022).

4. Trafficking switch
RAMPs, particularly RAMP3, due to their PDZ recognition motif, can interact with PDZ protein NSF and enable rapid

recycling and resensitization of CRLR or atypical chemokine receptor (ACKR3) (Bomberger, Parameswaran, et al.,
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2005; Mackie et al., 2019). Moreover, for ACKR3, it was shown that RAMP3 directed internalization into Rab4- and
not Rab7-positive vesicles. Rab4 vesicles subsequently sorted receptors towards recycling, in contrast to lysosomal

degradation, which would be their path through Rab7-dependent mechanism (Mackie et al., 2019).
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Figure 14: Mechanisms of RAMPs modulation.
RAMPs can act as receptor chaperons modulate ligand specificity and functional selectivity, and direct receptors towards
recycling or degradation.

1.3.1 Structural basis of GPCR-RAMP interaction

Structurally, RAMPs are tightly packed with their interacting GPCR partner, being placed adjacent to TM3, TM4,
TM5 and making contacts with ECL2 of the receptors (Liang, Belousoff, Fletcher, et al., 2020; Josephs et al., 2021;
Cao et al., 2022). The specificity of GPCR-RAMPs interaction originates from various areas across the oligomer
interface, particularly from the RAMP linker, which interacts with ECL2, but also from mobility and, subsequently
stability of their ECD (Booe et al., 2015; J Gingell et al., 2016a; Liang, Belousoff, Fletcher, et al., 2020b).

Structural studies postulated that RAMP changes specify for different ligands in two ways: 1) RAMPs allosterically
reshape ligand-binding pockets, and 2) they enable different contact sites for ligands to emerge as a consequence
of RAMP remodeling (Booe et al., 2015). Cryo-EM and molecular simulations revealed that RAMP association with
CRLR and CTR induces subtle changes in GPCR conformation that allosterically alter the CRLR binding pocket.
Although there are minimal direct contacts between ligands and RAMPs (at distant C-terminal of peptides), their
binding is allosterically impacted by the oligomerization between GPCR and RAMP. Thus, ligand-binding specificity
is different for every receptor-RAMP combination (Booe et al., 2015; Liang, Belousoff, Fletcher, et al., 2020; Cao et
al., 2022).
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1.3.2 PTH1R and RAMPs

Previous studies established interaction between PTHR1 and RAMPs, showing that coexpression of PTH1R enabled
RAMP2, but not RAMP1 or RAMP3 translocation to the cell surface and increased total RAMP2 cellular levels
(Christopoulos et al., 2003). However, newer experiments suggested that PTH1R can interact with RAMP2 and
RAMP3 (Harris et al., 2021a) or even all three RAMPs (Lorenzen et al., 2019).

Recent studies from mouse models showed that the haploinsufficiency of RAMP2 reduced fertility and caused
hyperprolactinemia, skeletal abnormalities, and endocrine dysfunction (Kadmiel et al.,, 2011a). RAMP2-specific
endothelial restoration rescued lethality, but survivors developed dilated cardiomyopathy (Kechele et al., 2016).
Most prominently, the loss of RAMP2 caused placental dysfunction and altered PTH1R regulation (Kadmiel et al.,
2017). Regardless of established physiological relevance, little is known about the molecular mechanism of PTHR1-
RAMPs interaction and its consequences for various aspects which RAMPs were shown to modulate; ligand
specificity, functionally selectivity, or trafficking of the PTH1R. | will try to answer some of those open questions in

the Results and discussion chapter.
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2 RESEARCH OBJECTIVES

GPCRs - a family of membrane proteins with tremendous molecular diversity encompasses more than 800
members and coordinate essentially all cellular functions. GPCR’s signaling orchestrates crucial (patho-
)physiological processes and therefore, their members represent key targets in modern drug discovery. For
example, the main target for osteoporosis and an essential regulator of ion homeostasis and bone metabolism is
PTH1R.

Some of the GPCRs, also PTH1R, oligomerize with accessory proteins, named RAMPs. Three members of the group
RAMP1,2,3 are ubiquitously expressed in the human body and are known to switch receptor functions and
phenotypes. Structural studies suggest that GPCRs and RAMPs exist in heterooligomeric complexes. Still, the
dynamic and kinetic properties of the association, ligand-induced activation, and functional outcomes of those
complexes remain poorly understood.

A widely appreciated methodology for researching protein inter- and intramolecular interactions currently relies on
imaging and the use of biophysical methods. One of them, resonance energy transfer (RET) technology, enables
real-time monitoring of interaction and activation in the intact cells. For this purpose, RET methods are used
together with optical devices with a superb temporal resolution to quantify the subsecond processes in real-time.
In this work, | will study the effect of RAMPs in shaping the dynamics of GPCR activation and signaling. The
physiologically and therapeutically important PTH1R will be used as exemplary GPCR.

For this objective, various optical biosensors and tagged proteins, based on RET principles will be engineered,
optimized, and used in intact cells with high spatiotemporal precision to:

1. Determine preference of interactions between PTH1R and RAMPs.

2. Describe the PTH1R activation process using FRET and a single fluorophore-based conformational biosensor.
Analyze the role of accessory protein RAMP2 in shaping both basal and ligand-stimulated conformations.

3. Investigate RAMP's effect on G protein-dependent signaling cascade by assessing activation of G proteins and
cAMP accumulation.

4, Evaluate RAMP's effect on non-G protein-dependent signaling cascade: GRK recruitment, [B-arrestin
recruitment, and ERK phosphorylation.

5. Describe the structural basis of PTH1IR-RAMP2 interaction.

Moreover, to interpret the broader role of RAMPs modulation in GPCRs pharmacology:
6. Different fluorescent tools to investigate RAMP's spatial organization will be engineered.
7. Novel activation biosensors for class B GPCRs will be made.

8. A high throughput assay for expanding the repertoire of RAMP interactors will be developed.
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3 MATERIALS AND METHODS

3.1

Materials

3.1.1 Cell lines

Human embryonic kidney (HEK)-293 cells; termed HEK293 in the thesis (ECACC #85120602, CRL-1573,
ATCC)

HEK-TSA cells (ECACC #96121229, Sigma-Aldrich)

HEK293A (#R70507, Fisher Scientific)

AGa HEK293A cells (Inoue et al., 2019)

Chinese Hamster Ovary cells (CHO)-K1 cells (ATCC)

Clonal line stably expressing hPTH1Rerer generated from HEK293 cells (this work)

Clonal line stably expressing hPTH2Ragrer generated from HEK293 cells (this work)

Clonal line stably expressing hPTH2Rbsgrer generated from HEK293 cells (this work)

3.1.2 Cell culture media and supplements

Dulbecco's modified Eagle medium (DMEM) 4.5g/L Glucose, w/o: L-glutamine, w: Sodium pyruvate, w: 3.7
g/L NaHCO3 (#P04-03600, PAN Biotech GmbH)

Opti-MEM | Reduced Serum Medium, no phenol red (#11058021, Life Technologies GmbH)

Ham's F12 Medium, without L-glutamine, with 1,176 g/| NaHCO3 (#P04-14550, PAN Biotech GmbH)
DMEM/F12, no phenol red (#21041033, Life Technologies GmbH)

Dulbecco's phosphate-buffered saline (DPBS), calcium, magnesium (#14040091, Life Technologies GmbH)
Penicillin/Streptomycin 10.000 E/10.000 pg/mL (#A2213, Biochrom GmbH)

L-Glutamine 200 mM (#P04-80050, PAN Biotech GmbH)

Trypsin 0,05 %/EDTA 0,02 % in PBS, without Ca2+ and Mg2+ (#P10-023100, PAN Biotech GmbH)

Fetal bovine serum (FBS, #F7524-500ML, Sigma Aldrich Chemie GmbH)

Dimethylsulfoxide for cell culture (DMSO, #A994.1, Carl Roth GmbH & Co. KG)

Poly-D-Lysine hydrobromide (PDL, #P0899-100 mg, Sigma Aldrich Chemie GmbH)

G418 disulfate salt (#G5013-250MG, Sigma Aldrich Chemie GmbH)

3.1.3 Plasmids

Plasmid Source

pcDNA3 Institute of Pharmacology and Toxicology Wiirzburg
GRK2-YFP in pcDNA3 (Wolters et al., 2015) Institute of Pharmacology and Toxicology Wiirzburg
HA-PTH1R-CFP-YFP in pcDNA3 Institute of Pharmacology and Toxicology Wiirzburg
HA-PTH1R-wt in pcDNA3 Institute of Pharmacology and Toxicology Wiirzburg
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HA-PTH1R-cpGFp in pCMV Twist vector

this work; synthesized by Twist Bioscience

HA-PTH1R-mCitrine in pcDNA3

this work; Nemec K.

HA-PTH1R-mTurquoise2-mCitrine in pcDNA3

this work; Nemec K.

HA-PTH1R-mTurquoise2-mCitrine H223R in pcDNA3

this work; Nemec K.

HA-PTH1R-NanoLuc in pcDNA3

this work; Zabel U.

CAAX-mCitrine in pcDNA3

this work; Zabel U.

CAAX-mTurquoise2 in pcDNA3

this work; Zabel U.

B2AR-mCitrine in pcDNA3

this work; Zabel U.

RAMP1-mTurquoise2 in pcDNA3

this work; Zabel U.

RAMP2-mTurquoise2 in pcDNA3

this work; Zabel U.

RAMP2-SNAP-tag in pcDNA3

this work; Zabel U.

RAMP2-wt in pcDNA3

this work; Zabel U.

RAMP3-mTurquoise2 in pcDNA3

this work; Zabel U.

RAMP1-wt, RAMP2-wt, RAMP3-wt in pVitro2 (Schonauer et
al., 2015)

Gift from Annette Beck-Sickinger (University of
Leipzig, Leipzig, Germany)

2AR-NanoLuc in pcDNA3 Annibale P.

Gs BRET  biosensor  (GPi-2A-cpVenus-Gyi-IRES-Gas- | Schihada H.

NanoLuc) in T2A-IRES vector

Gy BRET  biosensor  (GPs-2A-cpVenu-Gys-IRES-Gag- | Schihada H.

NanoLuc) in T2A-IRES vector

Gis BRET  biosensor (GPi-2A-cpVenu-Gy2-IRES-Gai3- | Schihada H.

NanoLuc) in T2A-IRES vector

Gz BRET biosensor (G[s-2A-cpVenu-Gys-IRES-Gal3- | Schihada H.

NanoLuc) in T2A-IRES vector

Lyn-HaloTag-SAH60-HaloTag-CAAX in pcDNA3 Schihada H.

[-Arrestin2-mVenus in pcDNA3 Isbilir A.

R-Flinc A in pcDNA4 (Ohta el al., 2018) Gift from Kazuki Horikawa (Department of Optical
Imaging, The Institute of Biomedical Sciences,

Tokushima University, Tokushima City, Japan)

Epac-S"187 in pcDNA3 (Klarenbeek et al., 2015)

Gift from Kees Jalink (The Netherlands Cancer
Institute, Amsterdam, Netherlands)

SNAP-tag-GABAs1 (Maurel et al., 2008)

Gift from Jean-Philippe Pin (Institut de Génomique
Functionnelle, Montpellier, France)

pFC14K HaloTag® CMV Flexi® Vector

Promega (#G966A)

pFC32K Nluc CMV229 neo Flexi® Vector

Promega (#N1331)

ERKeyto and ERKnua biosensors in pcDNA3 (Harvey et al.,
2008)

Addgene (#18682)

Table 4: Plasmids used in the course of this study.

All plasmids were generated with human gene isoforms. The sequences of all constructs were validated through

Sanger sequencing by Eurofins Genomics or LGC Genomics.
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3.1.4 Primers

All primers used for the generation and amplification of cDNA were synthesized by Eurofins Genomics or BioTeZ
GmbH.

3.1.5 TagMan® Gene Expression Assay probes

- RAMP1 (Hs00195288_m1, #4331182, Fisher Scientific)
- RAMP2 (Hs00237194_m1, #4331182, Fisher Scientific)
- RAMP3 (Hs00389131_m1, #4331182, Fisher Scientific)
- TagMan™ Universal PCR Master Mix (#4304437, Applied Biosystems™)

3.1.6 Cloning enzymes

All restriction enzymes, polymerases ligases, and nucleotides employed for the generation of new plasmid
cDNA were purchased from New England Biolabs.

3.1.7 Fluorescent SNAP-tag® and HaloTag® dyes and luciferase substrate

- SNAP-Cell® 647-SiR (#59102S, NEB)
- HaloTag® NanoBRET™ 618 Ligand (#G980A, Promega)
- NanoBRET™ Nano-Glo® Substrate - furimazine (#N157A, Promega)

3.1.8 Antibodies and HRP substrate

- Anti HA-tag (#ab9110, Abcam)
- Anti-rabbit IgG, HRP-linked antibody (#7074P2, Cell Signalling)
3,3',5,5'-Tetramethylbenzidine — TMB (#T8665, Sigma-Aldrich)

3.1.9 Ligands

- (D-Trp12,Tyr34)-pTH (7-34) amide (bovine) Trifluoroacetate (#H-9115, Bachem)
- (Tyr34)-pTH (7-34) amide (bovine) Trifluoroacetate (#N-1110, Bachem)

- pTH-Related Protein (7-34) amide trifluoroacetate (#H-9100, Bachem)

- pTH(1-31) amide (human) (#H-3408, Bachem)

- pTH (3-34) (bovine) Trifluoroacetate (#H-3088, Bachem)

- pTH(1-34) (human, #H-4835-GMP, Bachem)

- pTHrP (1-34) (human, mouse, rat, #H-6630, Bachem)

- TIP-39 trifluoroacetate salt (#H-4878, Bachem)

- TIP(7-39) (Human, Bovine, #056-52, Phoenix Pharmaceuticals)

- Forskolin (Fsk) (#F3917, Sigma-Aldrich),
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3-Isobutyl-1-methylxanthine (IBMX, #15879, Sigma-Aldrich),
(-)-Isoproterenol x HCI (#16504, Sigma-Aldrich)

All vials were initially stored at -20°C and shortly centrifuged before opening. Fluorescent dyes were reconstituted in
DMSO. Antibodies were diluted in 1 % (wt/vol) BSA/PBS.
All peptide ligands were reconstituted in RET imaging buffer containing 0.1 % (w/v) BSA. Fsk and IBMX were

reconstituted in DMSO. Isoproterenol was freshly prepared in RET imaging buffer right before the measurements

due to its instability in the solution. After reconstitution, aliquots were stored at -20°C, avoiding freezing-thawing

cycles. Furimazine and all ligands were diluted in RET imaging buffer containing 0.1 % (w/v) BSA before the

experiments.

3.1.10 Commercially available kits and reagents

Effectene Transfection Reagent - 4 x 1 mL (#301427, Qiagen GmbH)

Lipofectamine 2000 Transfection Reagent - 0.3 mL (#11668030, Life Technologies GmbH)
Lipofectamine 3000 Transfection Reagent - 1.5 mL (#L3000015, Life Technologies GmbH)

Gibson Assembly Master Mix (#E2611L, New England Biolabs GmbH)
Q5°® Site-Directed Mutagenesis Kit (#E0554S, New England Biolabs GmbH)

Phusion™ High-Fidelity DNA Polymerase (2 U/uL) (#F530S, Fisher Scientific)

Monarch™ Plasmid Miniprep Kit (#71010L, New England Biolabs GmbH)
Monarch™ DNA Gel Extraction Kit (#T1020L, New England Biolabs GmbH)
QIAGEN Plasmid Plus Midi Kit (#12945, Qiagen GmbH)

MycoAlert™ Mycoplasma Detection Kit (#L.T07-118, Lonza)

NanoBRET Nano-Glo Detection System (#N1663, Promega)

GeneRuler 1 kb DNA Ladder (#5SM0313, Fisher Scientific)

Other consumables

TC-Platte 6 Well, Standard F (#833,920,005, SARSTEDT)

TC-Schale 100, Standard (#833,902, SARSTEDT)

TC-Platte 96 Well, Standard F (#833,924,005, SARSTEDT)

TC-Schale 60, Standard (#833,901 SARSTEDT)

Coverslips 24 mm @ (#0111640, Paul Marienfeld GmbH)

Millipore® Millex-MP filter 0.22 um (#10074590, Merck)

96-well plates, black-walled, black bottomed (#BR781968, Brand GmbH)
96-well plates, white-walled, white bottomed (#BR781965, Brand GmbH)
96-well plates, transparent (#BR781962, Brand GmbH)

Reagent Reservoir 25 mL divided (#11475748, Fisher Scientific)
Attofluor™ chamber (#A7816, Fisher Scientific)
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3.1.12

3.1.13

Software

SNAPgene 5.0.8 (GSL Biotech LLC, San Diego, California, USA)
Microsoft Excel 2016 (Microsoft, Washington, USA)

GraphPad Prism software 8.1.2 (GraphPad Software, California, USA)
OriginPro 2018 software (OriginLab, Massachusetts, USA)

Visiview 4.0 imaging software (Visitron Systems)

LAS X microscope control software (Leica, Germany)

Gen5 Data Analysis (BioTek Instruments, Vermont, USA)

OctaFlow Il ™ (ALA Scientific Instruments, USA)

Devices

Brightfield fluorescence microscope:

Leica DMi8 inverted microscope (Leica Microsystems, Wetzlar, Germany), equipped with an oil-immersion
objective (HC PL APO 63x/1.40-0.60 oil, Leica Microsystems), dichroic beamsplitter T505lpxr (Visitron
Systems, Puchheim, Germany), and Xenon lamp coupled with a continuously tunable Visichrome high-
speed polychromator (Visitron Systems). sCMOS camera (Prime 95B, Teledyne Photometrics, USA) with a
dual image splitter (OptoSplit Il, Cairn Research, UK).

Filters: 470/24 et Bandpass (#F49-469, Chroma, Bellows Falls, Vermont, USA), 535/30 et Bandpass (#F47-
535, Chroma), 520/35 BrightLine HC (#F37-520, IDEX Health & Science, Rochester, NY, USA).

Rapid superfusion system:

OctaFlow Il ™ ALA-VMS8 with Quartz MicroManifold® 8 to 1 channel 100 pm (or 200 um) tubing and tip
(ALA Scientific Instruments, Farmingdale, USA).

Confocal setup:

Leica confocal laser-scanning microscope TCS SP8 with an oil immersion objective (HC PL APO (HC PL APO
CS2 40x/1.3 NA), a 1.5 mW white light laser, and HyD photon-counting detectors.

TIRF-microscope

Nikon ECLIPSE Ti2 microscope body with TIRF module for angle control in multiple color imaging with
different layers/ penetration-depths. Acal BFi three Twincams to divide the emission signal in four
different wavelengths. Four Andor iXon Ultra 897 EMCCD cameras with filter sets for DAPI, GFP, Cy3, and
Cy5. Microscope can be used with two lightsources. 1: Nikon laserbox with 405 nm, 488 nm, 561 nm, 647
nm wavelength Laser-diodes. 2: CoolLED LED-based light source with 16 different wavelengths (within 405
nm — 770 nm). Objective: Nikon CFl HP Plan Apochromat TIRF 100x Oil / NA:1.49/ WD:0.12.

Plate reader:

Synergy Neo2 (BioTek) equipped with filters and monochromator optics. Filters: #13 420/50 nm excitation
filter, #14 485/20 nm excitation filter, #43 485/20 - 540/25 nm dual emission filter, #46 516/20 nm —
590/35 nm dual emission filter, #255 460/40 — 520/20 nm dual emission filter, #74 450/50 and 610LP nm
dual emission filter.

Thermal Cycler:
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Biometra TRIO (Analytik Jena, Jena, Germany)

Electrophoresis System:

Mini-Sub Cell GT Horizontal Electrophoresis System and PowerPac Basic Power Supply by Bio-Rad (Bio-Rad,
Hercules, California, USA)

Spectrophotometer/Fluorometer:

NanoDrop ™ DS-11 (Denovix Inc., Wilmington, Delaware, USA)

Cell counter:

Countess 3 Automated Cell Counter (Invitrogen, Fisher Scientific)
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3.2 Methods

3.2.1 Molecular biology

Cloning technique

The cloning of the constructs was executed by following the steps:
1. Design of the constructs
Amplification of fragments” cDNA via PCR
Gel electrophoresis and cDNA extraction
cDNA adjustment and Gibson assembly
Transformation of chemically competent Escherichia coli cells
Extraction and purification of plasmids
Mini/Midi plasmid preparation

© N o v s wN

Concentration adjustment and verification

To express the protein of interest (POI), its cognate cDNA needed to be incorporated into the expression plasmid
vector. To combine different parts into one plasmid vector, specific primers for the insert and the vector part were
designed. A complementary overhanging sequence was introduced into each fragment during the design with
suitable cloning software (e.g., SNAPgene) (Figure 15). All fragments were PCR amplified, and the cDNA was
separated and extracted from an agarose gel. DNA concentration was measured using a UV/Vis- -
Spectrophotometer. Fragments were combined in a suitable ratio and mixed with the Gibson assembly mix. The
mixture was put in a Thermal cycler, and the resulting cyclized plasmid was transformed into competent
Escherichia coli (E. coli) cells. The next day, single clones were picked, and plasmids were amplified in a lysogeny
broth (LB) medium with suitable antibiotics. Plasmids were purified using a mini or midi plasmid preparation
protocol. Each clone was tested by DNA sequencing or control digestion to assure the fragments were combined

appropriately, without mutations or frameshifts.

Design of the constructs
PcDNA3(+), pCMV Twist, and T2A-IRES plasmid vectors were used for high expression of POl in mammalian cell
lines. Plasmids were either created by molecular restriction cloning or the Gibson Assembly technique. Figure 15
shows the typical appearance of primer design.
All PTH1R-based constructs were cloned from full-length human PTH1R. HA-PTH1Rmturquoise/mcitrine (PTH1Rfrer) and
HA-PTH1Rmcitrine were modified from previously described biosensors. For HA-PTH1Rnanotue, NanoLuc was fused to
the C-terminal of HA-PTH1Rwt.
PTH1Rcparer biosensor was cloned into pCMV Twist vector and designed according to the previously described
dLightl cpGFP biosensor and synthesized by Twist Bioscience, California, USA. Influenza A signaling peptide
(MKTIIALSYIFCLVFADYKDDDDA) was fused to the N-terminus of PTH1R, and LSSLI-cpGFP-NHDQL was inserted
between Lys388 and Arg400 in the third intracellular loop.
RAMPmcitrine and RAMPsnap were generated by fusing mCitrine or SNAP-tag to the C-termini of RAMPs. SNAP-tag

sequence was amplified from a SNAP-tag-GABAGg: receptor template. The C-terminus of the CAAX sequence was
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tagged with mCitrine or mTurquoise2. For B2ARmcitrine and B2ARNanoLuc, MCitrine and NanolLuc were fused to the C-
terminus of B2AR, respectively. B-arrestin2mvenus was modified from previously described B-arrestin2ever® by

exchanging EYFP for mVenus.

vector
IF VF
- e
VR IR
b —— —
insert-specific restriction site- vector-specific

sequence (~ 20 nt}  specific sequence (6 nt) sequence (~ 20 nt)

Figure 15: Design of primers for amplifying cDNA.

Insert-forward primer (IF) compromises part of the vector-specific sequence, followed by the insert-specific sequence. Vector-
forward primer (VF) is built from the insert-specific sequence, followed by the vector-specific sequence. Vector-reverse (VR) and
insert-reverse (IR) primers are reverse complementary to IF and VF, respectively. If required, a restriction site-specific sequence is

inserted between the insert and vector part for easier digestion in future cloning procedures.

Amplification of insert and fragment DNA via PCR
Polymerase-chain-reaction (PCR) was used to amplify cDNA fragments, expressed in plasmid vectors. During the
PCR reaction, fragment-specific primers determined the start (forward primer) and endpoint (reverse primer) of
the desired fragment. The sequence was elongated by DNA polymerase at the 3' end while building in suitable
deoxyribonucleotides (dNTPs), corresponding to the complementary DNA strand. Content of the amplification PCR
mix (Table 5) was combined on ice and incubated in a Thermal cycler according to the PCR Program (Table 6). The

annealing temperature and length of each step were optimized for specific fragments.

Amplification PCR mix

20 ng DNA template
1 ul 10 mM dNTP mix (200 uM)
2.5 uL 10 uM forward primer (0,5 uM)

2.5 uL 10 uM reverse primer (0,5 uM)

0.5 pl Phusion polymerase
(1 U/50 pL PCR)
10 pl 5X Phusion HF buffer
1.5 pL 100% DMSO (3%)
ad 50 ul ddH20

Table 5: Ingredients for amplification PCR.
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PCR Program
Step Temperature Time
Initial denaturation 98 °C 30s
30 cycles:

Denaturation 98°C 15s
Annealing X°C 15s
Extension 72°C Y min

Final extension 72°C 5 min
Cooling 4°C hold
X — Annealing temperature is primers-specific.
Y — Extension time is fragment-specific ~ 1kb/min

Table 6: Amplification PCR procedure.

Gel electrophoresis and DNA extraction

Amplified PCR product from the Thermal cycler was examined and purified on an agarose gel. 0.8 — 1 % (w/v) gels
were prepared by dissolving an appropriate amount of agarose powder in 1X tris-acetate (TAE) buffer (Table 7),
boiling the solution, and subsequently adding 0.06% Ethidium Bromide. The solution was poured into a chamber;
combs were added to create holes, and the solution was let to harden at room temperature for 30 min. The gel was
put to an electrophoresis chamber, and 1xTAE buffer was added. PCR product was mixed with 10x DNA loading
buffer (Table 7) and slowly inserted into the gel holes. One hole was loaded with 1 kb DNA ladder to compare the
size of other DNA strands. Electrophoresis was executed at 120 V for 30 min.

Electric field, which was created in the electrophoresis chamber, allowed negatively charged DNA to move towards
the positive electrode. DNA was separated according to size, and DNA-binding dye was used to visualize DNA bands
of different sizes. DNA-binding dye Ethidium Bromide intercalates between the DNA bases, and DNA can be
visualized upon excitation under UV light. Separated DNA bands can be examined, excised, and further extracted

from the agarose gel with Monarch™ DNA Gel Extraction Kit according to the manufacturer's protocol.

TAE buffer (50x) DNA loading buffer (10x)
10 mM EDTA 0.25% (m/v) bromophenol blue
50 mM sodium acetate 50% glycerol
400 mM Tris-HCI 100mM EDTA
H>0, adjust pH=8.0 H20

Table 7: Ingredients for TAE buffer and DNA loading buffer.

DNA adjustment and Gibson assembly
DNA concentration was measured at 260 nm using a microvolume UV/Vis-Spectrophotometer. Appropriate
amounts of fragments were calculated according to Equation 1 and adjusted to combine them in a suitable ratio. A

total amount of 0.03 pmol was used, and there was triple excess of small fragments. Gibson assembly mix (Table 8)
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was put into a Thermal cycler, and a suitable, very conveniently short PCR program was executed (Table 9). 2 pul of

the resulting cyclized plasmid was used for transformation in competent E. coli.

0.03 pmol x size [bp] x 650 daltons
1000

Equation 1: Amount fragment (ng) =

Gibson assembly mix

The total amount of fragments (0.03 pmol)

10 pL Gibson assembly master mix (2x)

H20 ad 20 plL

Table 8: Ingredients for Gibson assembly.

PCR Program
Step Temperature Time
Assembly 50°C 15 - 60 minutes

Table 9: PCR Program for Gibson assembly.

Transformation of chemically competent E. coli cells
For transformation, E. coli competent cells of strain DH5a were used. Bacterial cells have been made competent —
porous to be capable of DNA uptake. During the transformation, competent cells were taking up the plasmid and,
with its machinery, amplifying the cDNA. 100 uL of the bacterial suspension was slowly defrosted on ice, mixed
with 100 uL KCM buffer (Table 10) and either 1 uL of plasmid DNA (1 pg/uL) or 5-10 pL PCR product of Gibson
assembly. The mixture was incubated for 20 minutes on ice, afterward put for 1 minute on 42°C and 5 minutes on
ice for heat shock. 1 mL of antibiotic-free LB medium (Table 10) was added, and the mixture was further incubated
with shaking for 60 minutes (37 °C, 500 RPM). To isolate the transformed bacteria, the mixture was centrifuged (5

min, 5000 RPM), LB medium slowly aspirated, and the pellet was re-suspended in 100 L of fresh LB medium.

KCM buffer LB medium
100 mM KCL 1% (w/v) Trypton
30 mM CacCl, 0.5% (w/v) yeast extract
50 mM MgCl, 1% (w/v) NaCl
H20, sterile filtered 0.2 um H,0, autoclave

Table 10: Ingredients for KCM buffer and LB medium.

Extraction and purification of the plasmids
Suspension of the freshly resuspended pellet was plated on antibiotic-containing agar plates (Table 8) and kept
overnight in a bacterial incubator at 37°C, 5 % COz. On the next day, single colonies were picked and inoculated in 5
mL (for mini preparation) or 50 mL (for midi preparation) of LB medium containing selection antibiotic (e.g., 100

pg/ml Ampicillin). The suspension was kept at 37°C, 5 % COz in a circulatory shaker (150 RPM) overnight or until the
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optical density of the suspension measured at 595 nm reached 0.5 — 0.6. The next day, 500 pL of suspension was
mixed with 500 uL 50 % glycerol to create bacterial glycerol stock (Table 11), which can be kept at -80°C for many
years. The rest of the suspension was centrifuged for 10 minutes at 3500 RPM and 4°C. The medium was aspirated

in pellet resuspended in appropriate Mini or Midi preparation buffer according to the manufacturer's protocol.

LB agar plates Bacterial Glycerol Stocks
1% (w/v) agar in LB-medium 50% bacterial suspension
Selection antibiotic: Ampicillin 25% glycerol

100 pug/mL, or Kanamycin 50 25% ddH20

ug/mL

Table 11: Ingredients for LB agar plates and bacterial glycerol stocks.

Extraction and purification of DNA plasmids
For mini and midi preparation, Monarch™ Plasmid Miniprep Kit and QIAGEN Plasmid Plus Midi Kit were used,

respectively, and procedures were executed according to the manufacturer's protocol.

Concentration adjustment and verification
After purification with the appropriate kit, the concentration of cDNA was measured at 260 nm using a
microvolume UV/Vis-Spectrophotometer NanoDrop ™ DS-11. Quality of purified cDNA was controlled with the
simultaneous measurement at 280 nm, and absorption ratio (AR) at 260 nm/280 nm was controlled to be greater
than or equal to 1.8. Samples with smaller AR were probably contaminated with proteins. DNA concentration was
adjusted to 1 pg/uL for long term storage at -20°C and 50-100 ng/uL for verification with sequencing.
Verification of DNA was performed with Sanger sequencing by Eurofins or LGC Genomics. Alternatively, verification

with restriction digest with unique restriction enzymes could be done.

3.2.2 Cell biology

Cell maintenance

Different clones of human embryonic kidney cells (HEK293) were employed. HEK293 was used to generate a stable
cell line, HEK293T for most experiments, and HEK293A for plate reader experiments of G protein activation and
internalization. They are termed HEK293 in the Result section and corresponding experimental details are
described in the Methods section.

Cells were grown in cell culture medium (Table 12), constituted from DMEM (HEK293 cells) or DMEM/F12 (CHO
cells) medium, further supplemented with 2 mM L-glutamine, 10 % fetal calf serum, 100 ug/mL streptomycin, and
100U/mL penicillin, at 37°C with 5 % CO,. Cells were routinely passaged every 2-3 days when reaching 80 %
confluency. The old medium was aspirated, and cells were carefully washed with PBS. 0.05 %/0.02 % Trypsin/EDTA
solution was added, flown over the whole dish, and aspirated a few seconds later. After detaching, for
approximately 1 minute, cells were resuspended in a fresh culture medium, and an aliquot was transferred to a

new dish. Passages between 4-25 were used for experiments.
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Cells were routinely tested for mycoplasma infection using MycoAlert™ Mycoplasma Detection Kit, and cells were
not contaminated with mycoplasma.

Cell culture medium

DMEM 4.5 g/L glucose (HEK293) or phenol red-free DMEM/F12
(CHO)

10 % (v/v) FBS

100 U/mL penicillin, 100 pg/mL streptomycin

Two mM L-glutamine, sterile filtered 0.2 um

Table 12: Ingredients for cell culture medium.

Freezing and thawing of cell lines
For long-term storage in liquid nitrogen, cells were harvested according to the before-mentioned protocol and
resuspended in 1 mL of freezing medium (Table 13). Cells were aliquoted into cryo-vials and stored for one night in
Nalgene® Mr. Frosty® Cryo 1°C Freezing Container at -80°C to ascertain a cooling rate of -1°C/minute. On the next
day, the cryovials were transferred to liquid nitrogen tank for the extended storage.
To thaw frozen cells, a cryo-vial was thawed quickly in a water bath at 37°C, resuspended in a warm culture
medium, and centrifuged for 3 minutes at 800 RPM. The medium was aspirated to remove DMSO, and cells were

re-suspended in fresh culture medium and plated on cell culture dishes.

Freezing medium

85 % (v/v) cell culture medium
10 % (v/v) FBS (or more)
10 % (v/v) DMSO

Table 13: Ingredients for freezing medium.

Creation and maintenance of stable cell lines
HEK293 cells were used to develop a stable cell line. Cells seeded into 100 mm dishes were transfected at a
confluence of 60 % with 2 pg of desired biosensor cDNA with Lipofectamine 3000, according to the manufacturer’s
protocol. Transfected clones were selected with 600 ug/mL G418 and sorted with a fluorescence-assisted cell
sorting (FACS) into transparent 96-well plates. Monoclonal single clones were grown in DMEM supplemented with
200 ug/mL G418. For further experiments, the best clone was selected based on the brightness and amplitude of

the saturating agonist stimulation of the desired biosensor in a plate reader experiments.

3.2.3 Plating and transfection

Microscopy experiments:

Coverslips were covered with PDL for 30 min, washed twice with PBS, and left to dry before seeding.

51



2x10° HEK293T cells were seeded onto 25 mm coverslips into a 6-well plate. After 24 hours, cells were transfected
with Lipofectamine 3000, according to the manufacturer’s protocol. For all transfections, PTH1R:pcDNA3/RAMP
ratio was 1:1, unless otherwise noted. The empty backbone of pcDNA3 was used throughout to maintain a

consistent level of total cDNA.

Plate reader experiments:

1.5 or 3x10° HEK293T cells were seeded into 55- or 100-mm dishes and transfected 24 hours after at a confluence
of 80 % with 2 or 6 ug of total cDNA with Lipofectamine 3000, respectively.

For FRET experiments, cells were transfected with the combination of PTH1Rerer/PTH1Rcpcre and
pcDNA3/RAMP2wi/RAMP2snap or PTH1Rwt, H187/EKAR biosensor, and pcDNA3/RAMP2wi/RAMP2snap. Combinations
were transfected at a ratio of 1:1 or 1:1:1, respectively.

For BRET experiments, cells were transfected with GRK2eyrp, PTH1RNanoLuc, and pcDNA3/RAMP2yt; B-arrestin2mvenus,
PTH1RNanoLuc and pcDNA3/RAMP2.: or G protein BRET biosensor, PTH1Rw: and pcDNA3/RAMP2.: at an of ratio
1:1:1.

The medium was removed after 12 hours, and after 24 hours, cells were trypsinized and seeded into a PDL-

precoated, black-wall, black-bottomed or white-wall, white-bottomed 96-well plates (50,000 -70,000 cells/well).

Plate reader experiments of G protein activation and internalization:

HEK293A cells were transfected in suspension with a combination of the constructs, at a ratio of 1:1:1 (PTH1Rwt, G
protein BRET biosensor, and pcDNA3/RAMP2u: - G protein activation) or 1:4:2.5 (PTH1RNanoLu, Lyn-Halo-SAH60-
Halo-CAAX, and pcDNA3/RAMP2y: - internalization). Cells were transfected with Lipofectamine 2000 (2 pl
transfection reagent/1 pg total cDNA) according to the manufacturer's protocol and seeded into a PDL-precoated,
white-wall, white-bottomed 96-well plates (30,000 cells/well).

3.2.4 Labeling

Cells were labeled and kept in the dark during the incubation, at 37°C and 5 % CO..

SNAP-tag labeling:

Before experiments, cells expressing a combination of PTH1Rrrer and RAMP2snap were labeled with 1 pM SNAP-Cell
647-SiR in serum-free Fluorobrite™ DMEM for 30 min. Excessive dye was washed by exchanging medium three

times every 10 minutes, and imaging was performed in RET buffer (Table 14).

HaloTag labeling:
12-24 hours before the experiment, 100 nM HaloTag® NanoBRET 618 was added to the cells during plating in 96-

well plates. A minimum of 4 wells remained unlabeled to correct donor bleedthrough (unlabeled control).

Furimazine substrate addition
Before BRET experiments, cells in 96-well plates were washed with RET buffer and incubated with 90 uL of a 1:1000
(vol: vol) stock solution of furimazine in RET buffer (Table 14). After 3 minutes of incubation, measurement was

started.
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RET buffer
0.1 % (wt/vol) BSA
20 mM HEPES
137 mM NacCl
5 mM KCl
1 mM MgCl,
1 mM CaCl,
H,0, pH=7.4
Table 14: Ingredients for RET buffer.

3.2.5 Assessment of PTH1R:er surface expression through live-cell ELISA

3x10° HEK293T cells were seeded into 100 mm dishes and transfected 24 hours later with a combination of
PTH1Rerer and pcDNA3/RAMP24t/RAMP2snap or PTH1Rcparr and pcDNA3 (no HA-tag control) at a ratio of 1:1. The
medium was exchanged after 12 hours, and 24 hours after the transfection, the cells were transferred to PDL-
precoated transparent 96-well plates at a density of 70,000 cells/well. 48 hours later, cells were washed twice with
washing buffer (Table 15). Subsequently, cells were incubated for 1 hour at 4 °C with rabbit anti-HA tag antibody
(1:1000) in antibody buffer (Table 15). Following incubation, cells were washed four times with washing buffer and
incubated for 1 hour at 4 °C with goat anti-rabbit IgG, HRP-linked antibody (1:4000) in antibody buffer. Finally, cells
were washed three times with washing buffer, and 50 pL of the peroxidase substrate TMB was added. Following 30
minutes of incubation and development of a blue product, absorbance was recorded at 665 nm using a Neo2 plate
reader. Subsequently, the cells were incubated for 20 minutes, and 50 pl of 2 M HCl was added. The absorbance

was read at 450 nm using a Neo2 plate reader.

Washing buffer Antibody buffer
0.5 % (wt/vol) BSA/PBS 1 % (wt/vol) BSA/PBS
Table 15: Ingredients for washing and antibody buffer.

3.3 Biophysical methods

Principe of the used method is in detail described at their corresponding Results section and here | present detailed

protocol.

3.3.1 FRET kinetic experiments

Cells were imaged 36 - 48 hours after the transfection. Coverslips were washed once with RET buffer and kept in
buffer at room temperature throughout the experiment. Coverslips were mounted onto an Attofluor™ chamber
and washed once with RET buffer. The chamber was mounted onto an inverted Zeiss Axiovert microscope equipped
with an oil-immersion 63x objective lens and a dual-emission photometric system. Image sequences had 40 ms

acquisition intervals and were recorded with the VisiView 4.0 software.
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For FRET experiments, cells expressing PTH1Rrrer Were excited with a 445 nm laser, and fluorescence emission was
simultaneously recorded at 470/24 nm and 535/30 nm. Cells expressing PTH1Rpcrr Were excited at 483 nm, and

fluorescence emission was recorded at 506 nm.

3.3.2 Ligand application for kinetic experiments

Ligand application was performed using a high-speed solenoid valves perfusion system with a 100 pum inner
diameter 8 to 1 channel manifold-tip. Valves were controlled with Octaflow I, and pressure was set to 60 mbar.
Before the experiment, pressurized syringe reservoirs were washed with ddH,0 and filled with ligand solution in
RET buffer. After the experiments, reservoirs were washed three times with ddH0 and kept till subsequent usage

with a small amount of ddH,0.

3.3.3 FRET acceptor photobleaching

Cells were imaged 36 hours after transfection. Coverslips were mounted onto the Attofluor™ chamber and washed
once with RET buffer. Cells were kept in a FRET buffer at room temperature throughout the experiment.

The chamber was mounted onto a Leica SP8 confocal laser-scanning microscope, equipped with an oil immersion
objective. LAS X microscope control software and the Leica FRET-AB wizard tool were used to perform experiments.
A 1.5 mW white light laser was set to 1 % power, and a 431 nm laser line was used at 1 % power for donor imaging.
For acceptor imaging, a 512 nm laser line at 1 % power was used, and for the bleaching, step increased to 100 % for
ten frames. 512 x 512-pixel images were acquired with a hybrid detector in standard mode. Emission of donor
channel was recorded within 440 — 512 nm, and emission of acceptor channel was recorded within 517 — 620 nm.
The zoom factor was set to 5.5 x, resulting in a pixel size of 103 nm, and the laser scanning speed was set to 400 Hz.
Fixed-size regions of interest (ROI) were selected on the cell membrane. For intramolecular FRET-AB experiments,
ROIs expressing both PTH1Rrrer and RAMP2snap were chosen.

FRET efficiencies were calculated with the manufacturer's Wizard tool, based on the provided Equation 2, where | =
fluorescence emission:

. . Id tbleach)—-1d bleach
Equation 2: FRET ef ficiency (%) = onor (posthleach)—1 donor (prebleach)

I donor (postbleach)

A maximum of 4 cells was taken for analysis per image. To ensure coexpression integrity and enough bleaching of
the acceptor, only cells with initial emission ratios (mCitrine/mTurquoise2) within 0.25 and 4, and bleaching > 20 %,

were considered for statistical analysis.

3.3.4 Confocal microscopy

Coverslips were prepared for imaging as described before. Excitation and emission settings for imaging were: a
1.5 mW white light laser was set to 1 % power, and a 431 nm laser line was used at 2-5 % power for donor imaging.
For acceptor imaging, a 512 nm laser line at 2 - 5 % power was used. Emission of donor channel was recorded

within 440 - 512 nm, and emission of acceptor channel was recorded within 517 — 620 nm. The zoom factor was set
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to 2-10 x, and the laser scanning speed was 200 - 400 Hz. 1024 x 1024-pixel images were acquired with a hybrid

detector in sequential scan mode to avoid bleed through.

3.3.5 Total internal reflection fluorescence microscopy

Total internal reflection fluorescence microscopy (TIRFM) was performed by dr. Jan Moller. Briefly, CHO cells,
expressing HaloTag-RAMP2 were labeled with 1 uM Janelia Fluor® 646 HaloTag® ligand for 15 minutes, followed by
three subsequent washing steps for 5 minutes. Cells were imaged on the above described TIRF-microscope by using
100x objective and the Cy5-emission channel. More details are presented in the works of other lab members (Isbilir
et al., 2020a; Moller et al., 2020a; Moller, 2020).

3.3.6 Microplate photometry

96-well plates were taken from the incubator, the medium was removed, and cells were washed once with RET
buffer and incubated with 90 uL of RET buffer (for FRET experiments) or 90 uL of a 1:1000 (vol: vol) stock solution
of furimazine in RET buffer (for BRET experiments). After 5 minutes, basal reads were recorded for four minutes
and subsequently, 10 pL of 10-fold ligand solution or RET buffer was applied to each well, and the simulated reads
were further recorded.

RET measurements were performed at 37 °C using a Synergy Neo2 Plate Reader with a monochromator optics or
filter sets. FRET experiments were performed with ten excitation flashes per data point. For FRET constructs-
expressing cells, 420/50 nm excitation filter and 485/20 nm and 540/25 nm dual emission filter were used. For
PTH1Rcparr-expressing cells, 485/20 nm excitation and 516/20 nm emission filters were used. For the fluorescence
emission spectrum of PTH1Rpere, cells were excited at 455/10 nm, and fluorescence emission was recorded with
1 nm resolution within 500 - 660 nm.

For the PTH1Rrrer, EKAR, or H187 biosensor-expressing cells, expression levels were measured with a
monochromator optics. Cells were excited at 510/20 nm, and fluorescence emission was recorded at 560/20 nm.
BRET experiments were performed with the NanoBRET filter set - 450/50 and 610LP nm dual emission filter or
516/20 nm and 590/35 nm double emission filter, integration time per data point was set to 0.3 s and gain to
100/120 (GRK2 recruitment) or 90/110 (B-arrestin2 recruitment, Gs activation). GRK2yep- and B-arrestin2-expressing
cells were excited at 510/20 nm, and fluorescence emission was recorded at 560/20 nm for quantification of

expression level.

3.4 Data analysis and statistics
3.4.1 Microscopy

For microscopic FRET experiments, fluorescence emission time courses of both FRET donor and acceptor were
routinely corrected for background and spectral bleed-through, and the FRET ratio was calculated as described
earlier (Vilardaga et al., 2003b; Boérner et al, 2011). Briefly, corrected FRET was calculated:

FRETcor = Cherer = f X CAmTurquoise2. Chrrer and Chmrurquoisez Were the emissions in the FRET and mTurquoise2 channels,
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respectively, and f was previously calculated bleed-through coefficient, estimated to 1,13. Corrected FRET ratio was

FRET Cor

calculated as FRET ratio = —————
Ch mTurquoise2

. The bleedthrough of mCitrine into the 480-nm channel was negligible.

AFRET values were calculated as normalized differences between basal and stimulated FRET ratios.
For calculating time constant t (s), agonist-independent changes in FRET due to photobleaching were subtracted.

The decrease in FRET ratio was fitted with the one-phase decay function Equation 3;

Equation 3: Y = (YO — Plateau) — e"**¥)) + Plateau

Yo is the Y value when X (time) is zero. Plateau is the Y value at infinite times. K is the rate constant, and time
constant t (s) is computed as the reciprocal of K. Xo was constrained to the starting time of the decay during the

curve fitting procedure.

3.4.2 Microplate photometry

For microtiter plate experiments, the data were analyzed in Microsoft Excel and if needed, wells out of the
fluorescence range of plate readers were excluded. For FRET and BRET experiments, raw RET ratios were defined as
acceptor emission/donor emission (Borner et al., 2011; Schihada, 2021). RET ratios before ligand/buffer addition
were averaged and defined as RETbasal. To quantify ligand-induced RET changes, ARET was calculated for each well

and time point as percent over basal with Equation 4.

RETstim— RETbasal

. . 0, —
Equation 4: ARET (%) = 100 x RETbasal

Subsequently, the average ARET of buffer-treated control wells was subtracted. To reduce the fluctuation of the
BRET ratio, three consecutive BRET ratios were averaged before and after ligand addition. Concentration-response
curve experiments were fitted using a three or four-parameters logistic curve fit as stated in corresponding figure
legends.

Statistical differences were evaluated using a one-way ANOVA test followed by Tukey multiple comparisons,
Brown-Forsythe ANOVA, followed by Dunnett T3's multiple comparisons test, Student's t-test, Mann Whitney test,
or extra-sum-of squares F-test. Each figure legend contains a description of statistical treatment. Differences were
considered significant for values of p < 0.05. The data were analyzed and visualized using Microsoft Excel 2016
(Microsoft, Washington, USA), GraphPad Prism software 8.1.2 (GraphPad Software, California, USA), and OriginPro
2018 software (OriginLab, Massachusetts, USA).
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4 RESULTS AND DISCUSSION

4.1 RAMPs - characterization and tools

4.1.1 Characterization of endogenous expression levels of RAMPs in the

experimental model system

The characterization of endogenous RAMPs abundance was performed in-house cell lines to ensure that our
experimental design and our observations are not confounded by observational bias (e.g., assay, cell background)
(Kolb et al., 2022) lines.

The most direct and obvious way to test for the presence of RAMPs in cell lines would be via Western Blot
experiments to detect protein expression in the samples. Unfortunately, antibodies for RAMPs are non-specific,
and their usage is highly contested by the established laboratories working with RAMPs (D. L. Hay & Pioszak,
2016a). After a few unspecific and unreproducible experiments, where many unspecific bands were observed, or
antibodies could not reproduce the effect, although used with the same sample, it was decided not to use them.
Instead, RT-PCR experiments with the adjacent functional assays were recognized as a more reliable indicator of
the cellular background in in-house cell lines.

First, it was made sure that RAMPs can be efficiently transfected in our cell lines to study their modulation effect.
For this reason, different transfection reagents and protocols were tested (Figure 16), and the amount of RAMP2¢fp
was visualized through the emission of its C-terminally fused CFP tag. Finally, the transfection method with
Lipofectamine 3000 was recognized as the most efficient since it enabled the highest amount of transfected

RAMP2crr and was therefore used for future experiments.
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Second, RT-PCR experiments were performed to compare the abundance of mRNA transcripts in the in-house cell
lines. Expression profiles were visualized as inverse cycle threshold values (1/CT) to better perceive the relative
comparison between the amounts. Higher 1/CT represents a more abundant transcript since it reaches the
detection threshold in the earlier cycles than those with smaller 1/CT. Visualization starts at 0.025 (=1/40) to
represent the latest possible cycle used and, therefore, the smallest possible 1/CT.

In some cell lines, RAMP transcripts were not detected. RAMP1,2,3 are differently coexpressed across in-house cell
lines, and its amounts are in accordance with previous reports (D. L. Hay & Pioszak, 2016b). RAMPs transcripts are
usually present in the CHO cells but at very low amounts, not sufficient to create functional AM, CGRP, or amylin
receptor complexes (Tilakaratne et al., 2000; Wootten et al., 2013, p. 2). Here, small amount of RAMP3 was
detected. COS7 cells mostly expressed no (R. J. Bailey & Hay, 2006; Bouschet et al., 2005) or very low amounts of
the endogenous RAMPs and those were usually not enough to construct functional receptor complexes (Biihimann
et al., 1999; Tilakaratne et al., 2000) — cell clone of our lab detected only small amounts of RAMP1 and RAMP3.
HEK293 cells according to the previous reports express RAMP1 (Bouschet et al., 2005), whereas HEK-TSA cells
RAMP1 and RAMP2 (Mclatchie et al., 1998). There are no reports on HEKAD cells. All examined HEK clones from
the lab (HEK293, HEKAD, and HEKTSA) showed detectable amounts of RAMP2, whereas HEK293 and HEKTSA also
RAMP1.

Then, it was tested if transfection of RAMP2wt could increase the amount of detected RAMP2 transcript (Figure 17
B) — change between endogenous and transfected transcript was in 13 cycles. With approximately 85% - 90%
efficiency of duplication in one cycle (which should be separately calculated from the slope of dilution curve) speak
for mRNA abundance difference of 1000-2000x. It would be good to repeat those experiments with endogenous
control to correct mMRNA/cDNA content variation. This variation can originate from reverse-transcription efficiency,
RNA degradation or the presence of inhibitors in the RNA sample, and differences in the handling of the

samples (Nemec, 2017). Therefore, we can compare reliably only samples within one cell line, where the same
sample was tested with specific TagMan @ probes for RAMP1, RAMP2, and RAMP3 (Figure 17 A).
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Figure 17: Expression profile of RAMPs measured by RT-PCR.
(A) Endogenous expression of three RAMP isoforms in different cell lines.
(B) Impact of RAMP2wt transfection on mRNA abundance of RAMP2 transcript in HEKTSA cell line.
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Total mMRNA was extracted from HEK293 cells, transfected with cDNA encoding for pcdna3 or RAMP2wt. Expression of RAMP
transcripts was measured with isoform-specific TagMan probes by RT-PCR. Inverse cycle threshold values (1/CT) values are
reported for all RAMP isoforms. The data are mean + SD of one experiment, performed in triplicates.

The current strategy to test the functionality of the reported low amounts of RAMPs in the cell lines is to
characterize if the detected amount is enough to establish functional receptor complexes. For this, a prototypical
receptor that interacts with all three RAMPs, CRLR, was used with Epac-5'®7 biosensor for cAMP accumulation and
empty vector or RAMP123w:. HEK293 cells were transfected accordingly and tested with increasing concentrations
of cognate agonist (Figure 18). Endogenously present RAMP1 could form high-affinity heterooligomer CRLR/RAMP1
as shown in Figure 18 A with practically identic curves for control (black) and RAMP1w: cotransfected group (green).
Interestingly, although RAMP2y: is present in the previously tested clone of in-house HEK293 cells, its amount
wasn’t enough to construct a high-affinity complex of CRLR/RAMP2 (Figure 18 B). This can be seen as the two logs’
right shift of the curves when RAMP2: (or RAMP34t) was cotransfected. As expected, since RAMP3ut is not present
in HEK293 cells, it could not construct a functional CRLR/RAMP3 complex (Figure 18 C). Also here, two logs” right

shift was observed by cotransfection of RAMP3 .
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Figure 18: cAMP accumulation experiments in native and transfected HEK293 cells.
HEK293 cells were transiently expressing CRLRw:, CAMP-based FRET biosensor (Epac-5'87), and empty plasmid, RAMP1,,,

RAMP2,,: or RAMP3,: in a ratio of 1:1:1. Then, cells were treated with increasing concentrations of cognate agonist for either of
heterooligomers (A) a-CGRP for CRLR/RAMP1, (B) adrenomedullin for CRLR/RAMP2 and (C) intermedin for CRLR/RAMP3.
Experiments were performed in a plate readera and the data were normalized to the final addition of 10 uM Fsk/100 uM IBMX
for each corresponding group and normalized to the response of control cells (with empty plasmid). The data were fitted with
three-response parameters fit and represents the mean + SEM of three independent experiments performed in triplicates.

In summary, in-house HEK293 cells hold a small amount of RAMP1, no RAMP3, and a detectable amount of RAMP2,
which can nevertheless not present a functional CRLR/RAMP2 complex. First, efficient transfection of RAMP2 was
detected via accessing CFP tag of transfected RAMP2crr with measurement of fluorescence emission at the plate
reader. Second, RAMP2u: was transfected, and the abundance of mRNA transcript was measured via RT-PCR. As
later transfection showed to be overriding endogenous levels for approximately 1000x, it was supposed that
cellular background does not confound performed experiments. In fact, expression levels in performed
experiments mimic high expression in specific tissues in the human body (Mclatchie et al., 1998), expecting a
functional role of PTH1R-RAMP2 heterooligomer (placenta, endocrinal tissues, lung).

Hence, experimental setup was properly standardized for analysing modulation effect of RAMP2 and represents

(within ex-vivo cell experimental context) bona fide image of RAMPs effects at the biochemical level.
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4.1.2 Design and characterization of RAMP constructs

RAMPs have been shown to modulate several GPCRs, among others, PTH1R, but the molecular mechanism of their
modulation remained poorly understood. To assemble a toolbox to study GPCR-RAMP interactions, RAMP proteins
were primarily modified to obtain constructs suitable for imaging and FRET studies.

To access their localization and visualize them, RAMP proteins were tagged with different intracellular and
extracellular tags on their N- or C-terminus (Figure 19). First, the mTurquoise2 fluorophore (Goedhart et al., 2012)
was fused to the C-terminal of RAMP1, RAMP2, and RAMP3 (Figure 19 A). Second, the self-labeling SNAP-tag was
fused to the C-terminal of the RAMP2 (Figure 19 B). Third, to investigate RAMPs at the single-molecule level, a
(GGGGS)3-P-HaloTag-P-(GGGGS)® module was added after Ala42, at the N-terminal portion of RAMP2 (Figure 19 C).
Self-labeling SNAP-tag® and HaloTag® allowed maximum versatility by experiments via labeling with various SNAP-
tag® and HaloTag® dyes, resulting in fluorophores emitting at different wavelengths. To further minimize the size of
the tag and its potential interference with protein folding or expression, the unnatural amino acid codon TAG was
inserted on the distal part of the N-terminus; after the position Leu31 or Ala42 (Figure 19 D, E). Finally, with
combinations of N- and C-terminal insertions, UAA-RAMP2ecrr constructs were created (Figure 19 E), which were
used for spatial analysis of RAMP localization. The N-terminal tags were inserted at the the unstructured (Figure 19
F), compared to tree highly structured helices, which play a role in intermolecular interaction with GPCRs (Ouyang
et al., 2020). Knowing that insertion of other tags (e.g., c-Myc tag) or artificial signal sequence in their N-terminal
can affect their subcellular distribution in the cell, especially of RAMP2 or RAMP3 (Christopoulos et al., 2003), it was
aimed to use RAMPs in their near-native form to ensure that modified RAMP construct would interfere minimally

with examined GPCR function and avoided misinterpretation of further experiments.
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Figure 19: Tagging RAMP proteins.

(A) MTurquoise2 was fused to the C-terminal of RAMP1,2,3. (B, C) RAMPs with self-labeling tags: SNAP-tag® was fused to the C-
terminal of RAMP2, and HaloTag® was fused via (GGGGS)3-P linkers after Ala42 on the N-terminal part of RAMP2. (D) RAMP2
with inserted UAA (unnatural amino acid) enables biorthogonal labeling. Two versions were created: UAA was fused after
position Leu31 or Ala42. (E) RAMP2ecrp with inserted UAA codon after position L31 or A42. (F) RAMP2 as predicted in AlphaFold
Protein Structure Database. Arrows indicate points of insertion of the UAA codon. Colour code shows per-residue confidence
score (pLDDT) between 0 and 100: Very high (pLDDT > 90, blue), Very low (pLDDT < 50, orange).
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To examine RAMP2 expression at different time points and determine the best experimental conditions for future
analysis, RAMP2snap was transfected into HEK293 cells (Figure 20 A) and imaged under a confocal microscope.
Transfected cells were labeled with 1 uM SNAP-Cell® 647-SiR dye at each time point. As expected (Christopoulos et
al., 2003), after 16 h (Figure 20 B), RAMP2 expression was primarily detected intracellularly. Total expression of
RAMP2 gradually increased after 22 h (Figure 20 C) and even more after 46 h (Figure 20 D) and at the last time
point - 70 h after the transfection (Figure 20 E) considerable amount of RAMP2 was also detected on the cell
surface. Thus far, RAMP2 was expressed mainly intracellularly and only after longer expression times reached the

cell surface. Therefore, transfection times >46 hours were used for most experiments.
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Figure 20: Visualizing RAMP2 over time.
(A) Graphical depiction of RAMP2syap. (B, C, D, E) HEK293 cells were transfected with RAMP2syap, labeled with 1 uM SNAP-Cell®

647-SiR and imaged under the confocal microscope. Cells were imaged 16 h (B), 22 h (C), 46 h (D), and 70 h (E) after the
transfection. Scale bar = 10 uM.

To distinguish between intracellular and cell surface expression, constructs with intra- and extracellular tags were
created; UAA-RAMP2-ECFP (Figure 21). UAA - unnatural amino acid codon - represents the least invasive genetic
incorporation since this changes solely one residue of native genetic code and thus, minimally perturbs GPCR
function (Serfling et al., 2019). HEK293 cells were transiently transfected with UAA-RAMP2¢crp (Figure 21 A) and
tRNA/AARS plasmid.Cells were labeled with Tetrazine-Cy5 prior to imaging at the confocal microscope.
Qualitatively similar expression levels of UAA31 (Figure 21 B, C) and UAA42-variants (Figure 21 D, E) were
observed. Most of the RAMP was retained intracellularly with minimal expression on the cell surface. Those
experiments could be further improved by using Tetrazine-Cy3 dye, which possesses a higher signal-to-noise ratio

than herein used Tetrazine-Cy5 (Kowalski-Jahn et al., 2021).

UAA31-RAMP2¢ o UAA42-RAMP2,p

Figure 21: Visualizing RAMP2 surface and intracellular expression.
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(A) Graphical depiction of UAA-RAMP2ECFP. (B-E) HEK293 cells were transfected with UAA31-RAMP2ECFP (B, C) and UAA42-
RAMP2ECFP (D, E), labeled with Tetrazine-Cy5, and imaged under the confocal microscope. Cy5 channel represents a cell-surface
expression of RAMP2 (A, C) and ECFP channel intracellular localization (B, D). Scale bar = 10 um. Cells were imaged under the
confocal microscope.

To examine RAMPs localization on the cell surface with the most accurate approach available to date, a high spatial
resolution method based on total internal reflection fluorescence microscopy (TIRFM) was used. This allowed us to
resolve and visualize RAMP at single-molecule precision (Figure 22) at the surface of intact cells. Chinese hamster
ovary (CHO) cells were transiently transfected with HaloTag-RAMP2 (Figure 22 A) and labeled with JF 646 dye. The
experiment at that resolution needed to be done at much shorter expression times of about 6 hours to achieve low
expression levels so that detection and differentiation of single molecules on the cell membrane was possible
(Sungkaworn et al., 2017; Moller et al., 2020b; Isbilir et al., 2020a). TIRFM allows to image only a very narrow
evanescence field and thus can focus only on the membrane and sub-membrane compartment. From TIRF movies
(single shot representation is Figure 22 B), it was concluded that HaloTag-RAMP2 was able to reach the cell surface
and was able to diffuse. In the future, it will be convenient to exchange HaloTag® for SNAP-tag® to use benzyl
guanine derivatives dyes (e.g., SNAP-Surface 549) (Sungkaworn et al., 2017; Moller et al., 2020b; Ishilir et al.,

2020a) or to synthesize HaloTag®-equivalent of this dye to achieve better efficiency and less unspecific labeling.
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Figure 22: Visualizing RAMP2 at the single molecule level.
(A) Graphical depiction of HaloTag-RAMP2. (B) CHO cells were transfected with HaloTag-RAMP2, labeled with 1 uM Janelia

uor aloTag® Ligand, and imaged with a total internal reflection microscope. Scale bar = . The experiment was
Fluor® 646 HaloTag® Ligand, and imaged with li | reflectii 1 Scale b 10 uM. Th i
performed by dr. Jan Mdller.

This section has described different strategies used to label RAMP protein to 1) get information about its cellular
localization in the absence of the interacting receptor, and 2) validate designed genetically encoded constructs,
which were used for further studies. By doing so, a dominantly intracellular RAMP localization was confirmed as
described previously (Christopoulos et al., 2003), and > 48 h post-transfection time was chosen for further
experiments to achieve saturation of RAMP2 molecules on the cell surface. The portfolio of genetically encoded

RAMP constructs was expanded in order to ease handling in different setups and cell types. Working materials need
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to be adapted to the selected experimental techniques since each a different technique favors different approach
to labeling. Here, conventional approaches of fusing fluorescent proteins with two advanced strategies are
highlighted, which could help elucidate RAMP pharmacology in the future: 1) use of self-labeling SNAP-tag® and
HaloTag®, enabling use with numerous dyes, and 2) incorporation of minimally intrusive unnatural amino acid
codons. To note, conventional tags such as HA, FLAG, c-Myc, or similar, which could be accessible through antibody
labeling, were not used due to previous reports of perturbing intracellular localization of RAMPs (Christopoulos et
al., 2003).

Labeling dyes, probes and fluorophores can differ in ("Fluorophores, Dyes & Probes | Biocompare.com," 2022):
wavelength of emission, suitability for extra- or intracellular labeling, appropriateness for labeling of proteins in
vitro and/or in vivo (Juillerat et al., 2003; Maurel et al., 2008; Los et al., 2008; Grimm et al., 2017; Scholler et al.,
2017; Grimm et al., 2020; Kowalski-Jahn et al., 2021), rightness for particular technique, for example, super-
resolution microscopy (Mo et al., 2017; Q. Zheng et al., 2019), single-molecule imaging (Grimm et al., 2016),
expansion microscopy (Sun et al., 2020), photoswitching (Hull et al., 2018; Minoshima & Kikuchi, 2017) or labeling
at the endogenous expression levels with fluorescent ligands (Vernall et al., 2014; Soave et al., 2020; Bathe-Peters
et al., 2021) and CRISPR-ed tags (Soave et al., 2021; C. W. White et al., 2020). The suitability of labeling protocol for
the specific technique is reviewed often (Chudakov et al., 2010; Rodriguez et al., 2017; Shaner et al., 2005; Specht
et al., 2017; Valli et al., 2021; J. Zhang et al., 2002) and should be referred to when future research directions are
designed.

4.2 Analysis of PTH1R-RAMP interaction on the cell surface
4.2.1 Colocalization analysis

Previous reports from the literature stated that PTHIR interacts with RAMP2 or with all three RAMP isoforms
(Christopoulos et al., 2003; Lorenzen et al., 2019; Mackie et al., 2019). Eager to explore RAMPs’ role in the receptor
activation process, it was set out to examine PTH1R-RAMP interaction at the cellular compartment where this
process primarily occurs - on the cell surface.

Based on an established HA-PTH1R,: construct, a new analogous construct HA-PTH1Rmcitrine Was created (Figure 23
A). For this purpose, mCitrine was fused (Zacharias et al., 2002) after Gly497 on the C-terminus of PTH1R. In
parallel, mCitrine was fused to the C-terminus of B2AR. Other constructs were created for examining processes
downstream of receptor activation: NanolLuc was fused to the C-terminus of PTH1R, CTR, and B:2AR, creating
PTH1RwNanotuc, CTRnNanotue, and P2ARwanoruc (Figure 23 B). For control constructs, mTurquoise2 and mCitrine
fluorophores were targeted on their N-terminus to the membrane via a CAAX tag (memMmrturquoise2 aNd MEMmcitrine)
(Figure 23 C, D).
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Figure 23: Tagging PTH1 receptor and control constructs.
PTH1R was tagged at its C-terminus to construct PTH1Rmcitrine (A) and PTH1Rnanotue (B). Creating two versions: first with

fluorescent mCitrine tag and second with the bioluminescent NanolLuc tag enabled its usage in various FRET- and -BRET-based
assays. (C, D) Similarly, mCitrine and mTurquoise2 were anchored via the CAAX tag to the membrane.

| cotransfected PTH1Rmcitrine (Figure 23 A) together with RAMP1mrurquoisez, RAMP2mturquoise2, 0 RAMP3mturquoise2
(Figure 19 A) and imaged them after 48 with a confocal microscope (Figure 24). Successful expression of all
constructs was observed. A higher expression was measured when RAMP2mrurquosiez Was coexpressed with
PTH1Rmcitrine, Which was in agreement with previous studies (Christopoulos et al., 2003), supposing the impact of
stabilization of RAMP2 when it is in complex with the interacting receptor. Mean intensities for RAMPmturquoise2
channel were: 462 (Figure 24 D), 1607 (Figure 24 E) and 1302 (Figure 24 F) fluorescence a.u. when cells were
outlined in a region of interest (ROI), and mean intensity was measured with ImageJ. Line scan analysis (Figure 24 S,
T, U) verified colocalization of CellMask™ Deep Red Plasma membrane stain with PTH1Rmcirrine When it was
coexpressed with RAMP2murquoise2 (Figure 24 T) or RAMP3mturquoise2 (Figure 24 U) but not RAMP1mturquoise2 (Figure 24
S). That could suggest that PTHIR and RAMP1 poorly colocalize (Figure 24 A, D, G, M, P). For experimental groups
of PTH1R+RAMP2 (Figure 24 B, E, H, N, Q) and PTH1R+RAMP3 (Figure 24 C, F, I, L, O, R) line scan analysis revealed

that they are located together on the membrane as also in other cellular compartments.
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Figure 24: Colocalization analysis of PTHIR and RAMPs at the confocal microscope.

Colocalization experiments were conducted in HEK293 cells, transiently cotransfected with a combination of PTHIR (A-U) and
RAMPI1 (A, D, G, M, P), RAMP2 (B, E, H, N, Q) or RAMP3 (C, F, I, L, O, R) constructs. Representative images from confocal
microscope showing expression in different channels, CellMask™ Deep Red Plasma membrane stain (G-1), brightfield images (J-L),
and merged images of PTHIR and RAMP with (M-0) or without membrane stain (P-R). All images were taken at the same
magnification level and acquisition settings, with scale bars = 10 uM. (S-U) Line scans of separate channels as indicated with a
dotted white line in (M-0). Absolute fluorescence values were normalized and overlayed to visualize the colocalization area (S-U).

4.2.2 Acceptor photobleaching analysis

To further quantify PTHIR-RAMP2 interaction on the surface of the cells, acceptor photobleaching experiments
were conducted, employing the constructs presented in Chapter 4.1.1.

Besides PTH1Rmcitime, @ set of control constructs was created to calculate the amount of random, nonspecific FRET,
which could happen at the high expression level of the constructs and consequently cause random colocalization
and collision of the fluorophores (Vilardaga et al., 2008). First, mCitrine was fused to the B.-adrenergic receptor
(B2ARmcitrine), @s a prototypical receptor which is not interacting with RAMPs (Lenhart et al., 2013a; Mackie et al.,
2019) (Figure 23 A). Second, mTurquoise2 and mCitrine fluorophores were targeted to the membrane via a CAAX-
box, attached through their N-terminal (memmturquoise2 and MeMmcitrine, respectively) (Figure 23 C, D).

Constructs were transiently expressed in HEK293 cells, and uniformed ROls were selected on the cell membrane of
intact cells. Acceptor photobleaching experiments were conducted, and FRET efficiencies between the protein of
interest at comparable expression levels were quantified (Figure 23 E). The FRET efficiencies were calculated from
the change in donor emission before and after photobleaching of the acceptor. Calculated FRET efficiency of cells
expressing PTH1Rmc with RAMP2m2 was significantly higher than for a combination of PTH1Rmc with either
RAMP1mm2 (p<0.001) or RAMP3mr2 (p=0.02) or for a combination of the B.-adrenergic receptor (B2ARmc) with
RAMP212 (p<0.001) (Figure 25 C). Moreover, it was also different from background FRET (dotted line, Figure 25 C
and D), which was calculated as the mean of FRET efficiency of various control constructs; membrane tags,

membrane tags with RAMP2m12, and B2-adrenergic receptor (B2ARmc) with RAMP2mr2 (Figure 25 D). Summarizing the
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data in Table 16, it was concluded that PTH1R preferentially interacts with RAMP2, only in a limited manner with
RAMP3 and even less with RAMP1.
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Figure 25: Intermolecular FRET reveals RAMP2 as an interaction partner of PTHIR.

(A) Schematic representation of the constructs for FRET acceptor photobleaching experiments between PTHIR and RAMP2.
Photobleaching experiments were conducted in HEK293 cells, transiently cotransfected with a combination of donor- and
acceptor-tagged constructs. The acceptor fluorophore (mCitrine, mC) was fused to the C-terminal of the PTHIR (PTH1Rmc), to the
control 82-adrenergic receptor (B2AR,c) or targeted to the plasma membrane via a -CAAX sequence (mempmc). The donor
fluorophore (mTurquoise2, mT2) was fused to the C-terminal of RAMPs (RAMP1/2/3,12) or targeted to the plasma membrane via
a -CAAX sequence (memmr).

(B) A representative experiment showing photobleaching efficiency in cells expressing PTH1Rmc and RAMP2 1. Fluorescence
emissions of both donor (mC) and acceptor (mT2) were recorded before and after acceptor photobleaching.

(C, D) FRET efficiencies from photobleaching experiments were recorded with a confocal microscope. The data are expressed as
% of donor emission increase after photobleaching for each experimental group. The dotted line indicates the average FRET
efficiency of negative control groups (grey bars). The data are derived from at least three independent experiments and a
number of cells as stated in Table 16: The bars represent means + SEM. One point represent a single-cell experiments.
Significance between the groups was tested by Brown-Forsythe ANOVA, followed by Dunnett's multiple comparisons test, ns: p >
0.05.

(E) Comparison of expression levels of tagged constructs used in intermolecular FRET photobleaching experiments. Basal
fluorescence emissions of mCitrine (mC, acceptor, yellow) and mTurquoise2 (mT2, donor, cyan) before photobleaching; the
experimental setting corresponds to (A). The data show individual values, mean * SD of at least three independent experiments.

PTH1R ¢ + mempc + meMmumc + Nonspecific
RAMP3,12 memmr2 RAMP2,,1> FRET
FRET efficiency,
3.27 £0.35 6.48 +0.49 4.84 +0.30 3.99 +0.34 3.27+£0.70 3.77 £0.48 3.84+0.26
Mean * SEM, %
n, cells 46 70 71 51 9 39 /

Table 16: FRET efficiencies from intramolecular FRET AB experiments.
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Together with the initial reports, herein described the direct quantitative assessment of the interaction on the cell
surface, provides a more holistic view of the putative PTH1IR-RAMP interaction.

In previous reports, PTH1IR-RAMPs interaction was assessed by confocal microscopy at the single-cell level, where it
was described that PTH1R expression caused increased cell-surface expression of RAMP2, but not other RAMPs.
Interestingly, PTH1R expression caused also an increase in total RAMP2 levels (Christopoulos et al., 2003). Later
studies mainly looked at the total protein-protein interactions regardless of cellular location. For example — studies
with BRET assays (Lenhart et al., 2013a; Mackie et al., 2019; Harris et al., 2021b) or multiplexed suspension bead
array (SBA) immunoassays (Lorenzen et al., 2019) reported that PTH1R interacts with all three RAMPs. The
shortcoming of our and other studies is that they are primarily performed in overexpression conditions in
conventional host cell lines (HEK293, COS7, CHO). Although it is possible to find a range of commercially-available
RAMP antibodies, scientists avoid using them because of low specificity and limited selectivity to distinguish
between all three RAMPs (D. L. Hay & Pioszak, 2016b). Some studies are based on the RAMP antibody recognition
and further validation with common antibody tags (Lorenzen et al., 2019), but the results are probably
overestimated, especially because Lorenzen et al. were overexpressing the genetically modified RAMP proteins.
This could result in the false positive detection of interactors during overexpression while using low specificity and
selectivity antibodies. To note, RAMP2 is 32% identical to RAMP1, and 40% identical to RAMP3, and many
antibodies are made against regions, which overlap between RAMPs. Thus, it is better to avoid using antibodies and
perform RT-PCR analysis of transcripts or functional assays to prove the presence of specific RAMP.

The methodology of described reports differs not only in the spatial resolution but also whether they are of
qualitative (confocal microscopy) or quantitative nature. Methods as BRET, SBA, and FRET AB also provide
quantification. It might indeed be possible that PTH1R interacts with all three RAMP isoforms in intracellular
compartments, as shown by BRET and SBA assays. The impact of RAMP1 or RAMP3 on intracellular signaling should
be further exploited with appropriate functional assays measuring the contribution of those interactions at the
level of entity of interest. Especially, RAMP1 and RAMP3 impacts should be carefully controlled if experiments are

performed on endogenous expression levels of RAMPs to account for potential competition between RAMPs.
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4.3 Designing PTH1R conformational biosensors
4.3.1 Improving PTH1R biosensor

To obtain PTH1R conformational biosensors with improved properties such as better dynamic range and better
signal to noise ratio, modification started from previous variants PTH1IR-cam and PTHR1niuc/Halos18 (Schihada et al.,
2018; Vilardaga et al., 2003a). Intramolecular GPCR FRET and BRET biosensor as those were designed with two tags,
both inserted on conformational selective sites, which move during the activation process. Those insertion sites
were retained from previous variants and HA tag on its N-terminal (Figure 26). Brighter and more photostable
fluorophores were inserted; briefly, CFP-like mTurquoise2 donor was inserted in the third intracellular loop
between Gly395 and Arg396 and YFP-like mCitrine acceptor was fused to the shortened C-terminus at Gly497
(Figure 26 B).

Emission fluorescence spectra were recorded from HEK293 cells stably expressing PTHRrger (Figure 26 C), mCitrine,
and mTurquosie2 fluorophores.

MTurquoise2-expressing cells were excited at 420 nm and emission spectrum was acquired with an emission peak
at expected 474 nm (Goedhart et al., 2012), and similarly, mCitrine-expressing cells were excited at 516 nm, and
emission spectrum acquired, peaking at 529 nm (Zacharias et al., 2002). PTHRrrer -expressing cells were excited at
420 nm, and their emission peaks were analyzed at emissions of 474 nm and 529 nm. The FRET spectrum was in
correspondence with expected emission peaks and was proof of successful incorporated fluorophores. Moreover, it
represented the typical FRET nature of change of intensities — decreased donor intensity at 474 nm due to transfer
of energy to nearby located acceptor (3—6 nm (Sekar & Periasamy, 2003)).

PTH1RrreT-expressing cells were visualized at the confocal microscope (Figure 26 D), where expression of the
biosensor was expressed mainly at the cell surface and less so in other compartments of the cell.

To further advance the biosensor and validate results, a novel conformational biosensor design was explored,
based on a single fluorophore, circularly permuted green fluorescent protein (cpGFP). In previous years, this
protein was engineered to image fast calcium dynamics (T.-W. Chen et al., 2013) and was also successfully
employed to detect conformational changes across various GPCRs (Patriarchi et al., 2018; Schihada, Kowalski-Jahn,
et al., 2021). Positioning the cpGFP fluorophore in conformational sensitive 3" ICL between TM5 and TM6
generated working biosensors for class A GPCRs, mostly monoaminergic receptors (F et al., 2018; J et al., 2019; Jing
et al., 2018; Patriarchi et al., 2018; Wan et al., 2021), but also class F GPCRs (Schihada, Kowalski-Jahn, et al., 2021).
Notably, there was no available class B GPCR cpGFP biosensor at the time of the study, and thus, | aimed to
attempt if this design could be transferred to PTH1R, class B GPCRs.

The PTH1Rcparr biosensor was generated by inserting a cpGFP module with linkers into the third intracellular loop
(Figure 26 E), to the almost adequate position as was the donor insertion position in PTH1Rrrer. The biosensor was
dim in the absence of ligand and showed very low initial fluorescence emission. Ligand-induced change in this type
of biosensor leads to refolding of cpGFP molecule, which subsequently assembles to fully fluorescent protein, and
through this, fluorescence emission increases. Addition of the agonist-induced conformational changes, coupled to
assembly of cpGFP. The integrity of that change has been tested through analysis of the emission profile, where
HEK293 cells were transiently transfected with PTH1Rcpare. Excitation at 455 nm has resulted in the expected

emission spectrum peak at 530 nm (Nagai et al., 2001) (Figure 26 F). Transfected cells were visualized at the wide-
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field epifluorescence microscope, where, similar to PTH1Rrrer, increased expression on the cell surface was

detected besides lower expression in other compartments (Figure 26 G).
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Figure 26: Improving conformational biosensor for PTHIR.
(A) PTH1R receptor biosensor (PTH1Rcam) was updated with brighter and more photostable fluorophores mTurquoise2 and

mCitrine to construct PTH1Reer (B), and single fluorophore cpGFP to construct PTHIRp6rp (E).

(B) Graphical depiction of newly made PTH1Rezer - mTurquoise2 was inserted in 3rd ICL, and mCitrine was fused to C-terminal.
(C) Fluorescence emission spectra of mTurquoise2 (excited at 420/20 nm) and mCitrine (excited at 516/20 nm) and FRET
spectrum of PTHR1gzer after excitation at 420/20 nm (PTHR1ger) and emission intensities were recorded with a monochromator-
based plate reader with 1 nm resolution from 450-700 nm.

(D) HEK293 cells, transiently expressing PTH1Rezer. Image was taken under the confocal microscope.

(E) Graphical depiction of newly made PTH1R pcre - cpGFP module with linkers was inserted into 3rd ICL of PTH1Rw:and IgK was
fused to N-terminal of the receptor.

(F) Fluorescence emission spectrum of PTH1Rycre. Cells were excited at 455 nm, and emission intensities were recorded with
amonochromator-based plate reader with 1 nm resolution and 500-660 nm. PTH1R pcrp Spectrum was recorded 3 min after
activation with 10 uM PTH.

(G) Image of HEK293 cells, transiently expressing PTH1Rpcre, taken on epifluorescence widefield microscope (D, G) Scale bars =
50 um.
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4.3.2 PTH1Rsrer biosensor at the microscope

The ability of PTH1rer (Figure 27 A) to sense conformational changes was further explored at the wide-field
epifluorescence microscope. For the fast agonist delivery, a pressurized rapid superfusion system was used to avoid
the impact of agonist diffusion on the kinetics of the signal. The microfluidic device of the system connects a ligand
solution-containing syringe to a small tip, which is positioned in the near vicinity of the examined cell.

Single intact cells expressing PTH1Rrrer were excited at 420 nm, and fluorescence signals were monitored at
wavelengths of both fluorophores — mCitrine as an acceptor and mTurquoise2 as a donor (Figure 27 B). As
expected for conformational biosensors, adding the ligand, antiparallel changes in donor and acceptor intensities
were detected and the FRET ratio (corrected mCitrine/mTurquoise2 emission) was calculated. Change in intensity
through the activation process happened because conformational-sensitive sites moved, and therefore distance or
orientation between fluorophores changed, and with this, the amount of FRET. The ratio trace of those changes
was fitted with a simple monoexponential curve, which enabled calculation of time constant tau, 1. Since saturating
concentrations of full agonist were used — 10 uM (Figure 28 F),and perfused in the near vicinity of the expressed
biosensor on the cell surface, this value can be used to describe the kinetics of receptor activation. Calculations of
tau confirmed previous reports defining ~ 1 s for this process (Vilardaga et al., 2003a). PTH1Rrrer-expressing cells
switched with median tau time of 710 ms [516, 946 Cl]. Plotting all calculated tau values and fitting them with a
lognormal distribution enabled me to extract the mode value — the peak of this distribution, which was at 410 ms
(Figure 27 D). To note, a slightly higher concentration (10 M) was used in the present study as the first report on
PTH1Rcam activation, where they described a mean + SEM of Tt = 3.00 + 0.25 s (Vilardaga et al., 2003a).
Nevertheless, in their control experiments with higher concentrations of PTH, they showed quicker kinetics ~ 1 s.
Numerous control experiments which they performed excluded the possibility of intermolecular FRET between
receptors dimers. Additional experiments with the antagonist PTH(7-34), which did not impact FRET, confirmed
that the change from basal to stimulated state happens as a cause of agonist-induced conformational switch.
Moreover, the amplitude of the agonist-induced responses was similar also in isolated membranes, supporting the
notion of receptor TM switch rather than a change of the position of the fluorophores due to the receptor - G
protein interaction. Moreover, experiments in Chapter 1.4.2 confirm later since biosensor can still switch in a
knock-out cell line of G proteins.

Presented biosensor design, where advanced fluorophores were used, resulted in a better dynamic range,
calculated as a normalized change in FRET ratio between basal and stimulated FRET. For example, in the initial
experiments before revising the fluorophore, PH1R-cam gave only ~ 5% FRET, whereas PTH1Rerer performed 1,5x
better, as mean * SEM of dynamic range around 7.5 + 0.5 % was measured. In summary, the revised biosensor
variant with the new fluorophores was able to increase the dynamic range when retaining the biosensor properties
of the previous variants (Schihada et al., 2018; Vilardaga et al., 2003a), (Figure 27 E, 28 F) and thus, showed

improved usability for wide-field microscope experiments.
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Figure 27: Characterization of the PTH1Reger biosensor.
(A) Graphical depiction of newly made PTHI1R¢ger.

(B) Representative traces of donor (mTurquoise2, blue) and acceptor (mCitrine, yellow) fluorescence of PTH-mediated changes,
recorded from single-cells, transiently expressing PTH1Rrer biosensor.
(C) FRET ratio traces of PTH-mediated changes in intramolecular FRET, calculated from traces as in (A). Traces were normalized
to the baseline (set to 1) and plateau after stimulation (set to 0). Shown are FRET ratio traces raw (grey) and Fourier-lowpassed
(black) with the corresponding fit (red). Traces were fitted with a monoexponential one-phase decay fit. Trace is representative
of n =41 cells acquired in five independent experiments. Horizontal lines indicate the application of 10 uM PTH with a rapid
superfusion system (A, B).

(D) Time constants tof PTH-induced FRET changes derived from traces as in panel B, calculated from monoexponential curve
fitting. The data represents all single-cell experiments as points, fitted with a lognormal distribution. The boxplot represents
mean + SD, and X represents mean. Median value and 95% confidence interval (Cl) were 710 ms [516, 946 Cl], n = 41 cells.
(E) Amplitude of FRET changes induced by PTH obtained from traces as in panel B. The data represents all single-cell experiments
as points, fitted with a normal distribution. The boxplot represents mean + SD, and X represents mean. Mean * SEM, was 7.5 +
0.5 %, n =41 cells.

4.3.3 PTH1R:er biosensor at the plate reader

As high throughput procedures increasingly gained in importance, some of FRET and BRET conformational GPCR
biosensors were adapted to be used in microtiter plates (Picard et al., 2018; Schihada et al., 2018; Schihada, 2021).
This was explored for herein presented biosensor PTH1Rrrer, and it was examined if it is possible to adapt our first
class B GPCR FRET biosensor to perform reliably in plate reader. Knowing that stable expression of biosensors can
increase signal stability and decrease variability between the experiments (Schihada, 2021), PTH1Rrrer was
transfected in HEK293 cells and stably expressing cells were sorted with flow cytometry. Stable clones were
characterized by accessing the sensor's dynamic range in a plate reader experiments and those with biggest range
were cultured for future experiments (Figure 28 A). PTH1Rrrer-expressing cells were seeded the day before the
experiment into black 96-well microtiter plates. Cells were excited at 420/50 nm, and emission was measured
simultaneously at 485/20 nm and 540/25 nm as a basal signal for 5 minutes (light grey mark). Consequently, ligand
solutions with multichannel pipette were added (one concentration in at least duplicates), and a further stimulated
signal was recorded till full ligand occupancy state was reached and a signal was stable (dark grey mark). As on
microscope, also on a plate reader-based setup, symmetrical, antiparallel increase in mTurquosie2 emission and
decrease in mCitrine emission could be observed (Figure 28 B), typical for FRET. The FRET ratio for each well at
each time point was calculated and normalized to the basal FRET of each well (Figure 28 C). To calculate ligand-

induced FRET changes (AFRET (%)), basal FRET ratios (Figure 28, light grey mark) were averaged for each well, and
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stimulated reads were normalized to that value. Subsequently, buffer wells were subtracted to get buffer
normalized AFRET (Figure 28 D). This step discards ligand-independent changes which happened because of the
solution addition. Such calculations were performed for each separate well, and those of the same concentration of
the ligand were averaged (Figure 28 E), and finally, concentration-response curve was constructed (Figure 28 F).
PTH1rrer biosensor achieved very good dynamic range (~8 %) with great signal/noise ratio. Also, ECso value of PTH

was in accordance with previously described PTH1R biosensors (Schihada et al., 2018; Vilardaga et al., 2003a).
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Figure 28: PTH1Rrer biosensor can be used for detection of conformational changes in microtiter plates.
(A) PTH1Rerer biosensor was stably expressed in HEK293 cells.
(B) Representative traces of donor (mTurquoise2, blue) and acceptor (mCitrine, yellow) fluorescence of PTH-mediated
changes, recorded in microtiter plates with a plate reader. HEK293 cells were stably expressing PTH1Reger biosensor.
(C) FRET ratio traces of PTH-mediated changes in intramolecular FRET, calculated from traces as in (B). Traces were
normalized to the baseline (set to 1). Shown are FRET ratio traces for saturating concentration of full agonist PTH
(black) and buffer (grey). Horizontal lines indicate ligand/buffer addition with a multichannel pipette. The light grey
rectangle and dark grey rectangle symbolize the basal and stimulated experiment window (B - E).
(D) AFRET values were normalized to buffer values at each time point.
(E) FRET ratio time curses of different concentrations of PTH. The grey area indicates saturation window, which was used to
calculate stimulated FRET. AFRET values are expressed as percent change from the basal FRET value.
(F) Representative concentration-response curve obtained from traces in (E). Points were fitted with a three-response parameters
fit, curve fitting resulted in pECso (mean + SEM) of PTH1Reger = 8.42 + 0.5.

After showing that PTH1Rrrer was able to report efficacies and potencies of the full agonist PTH, it was set out to
examine if it could resemble the potencies and efficacies of other ligands targeting PTH1R receptor(Bisello et al.,

2021). The assay in microtiter plates was performed as describes before, and cells were stimulated with nine
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different ligands at saturating ligand concentrations and serial ligand dilutions to construct concentration-response
curves (Figure 29).

Efficacy and potency of the examined ligands were reported for ligands with various pharmacological profiles (A. -
agonist, AN. - antagonist, I.A. - inverse agonists) in Table 17. Reported values for the ligands were mostly congruent
to the literature values (Bisello et al., 2021; Schihada, 2018). | observed a few interesting ligand effects: First,
Abaloparatide, chimera between PTH(1-34) and PTHrP(1-36), well-known drug for the treatment of osteoporosis
induced only partly activation and so, exhibited a profile of partial agonist. Second, surprisingly, agonist Tyr3* — PTH
(1-34) (Jonsson et al., 2021) failed to induce conformational change. TIP(1-39), shown to be primarily a full agonist
of PTH2R and in some assays showed antagonist activity at PTH1R (Jonsson et al., 2021), induced change, which
could be attributed to the inverse agonists. Antagonist/inverse agonist [Leu!!, D-Trp'?]-PTHrP (7-34) acted
similarily. To note, addition of fluorophores in conformational biosensor could induce different conformational
state of PTHI1R, and thus be sensitive to ligand-induce changes that are not to be observed with binding or
downstream assays. If so, this could be tested with PTH1Rw: and some of the biosensors for downstream activation.
Such orthogonal assay could provide supplementary information of the pharmacological profile of the ligand.

Most of the ligands showed the expected pharmacological profile and potency. The biosensor was able to detect
inverse agonism without previous receptor activation, what is noteworthy for potential pharmacological screens of
drugs as many of the currently available and researched novel GPCR drugs block receptor activation (Hauser et al.,
2017).

In summary, it was confirmed that the PTH1R:rer biosensor can accurately report the potencies and efficacies of
ligands as well their pharmacological profile. The revised FRET conformational biosensor is represented as the first
FRET biosensor in class B GPCR, which can accurately sense receptor activation in microtiter plates. With it,
pharmacological effects of agonists as well inverse agonists were determined. Its excellent signal/noise ratio and
specificity toward different classes make it a prime tool for future screening studies. In comparison to
PTHR1niuc/Halos18 biosensor (Schihada, 2018; Schihada et al., 2018) requires only transfection of the plasmid in a cell

line of the choice or usage of stable cell line and no additional, laborious and expensive labeling protocols.

log [ligand], M ~ PTH(1-34) PECso: mean * AT

g [ligand], —— PTHrP(1-34 Profile Ligand mean *
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11109 -8 -7 6,5 - Abaloparatide ’ SEM, %
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s, —~ PTH(1-31) A p ; 7.93+0.05 7.51+0.19
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6 TIP(7-39) A ND 0.46 +0.14
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LA P(1-39 7.05+0.44 0.97 +0.28
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Figure 29: Ligand characterization with PTH1Rger biosensor.

Table 17: Efficacy and potency of examined ligands.
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Concentration-response curves. Points were fitted with a three-response parameters fit; curve fitting resulted in pECso and
amplitude as listed in the table on the right. The action of ligands: A.-agonist, P.A.-partial agonist, AN.-antagonist, |.A.-inverse
agonist. ND — not determined.

4.3.4 Creating a single fluorophore-based biosensor

To construct a PTH1Rcparr biosensor, | inserted the cpGFP molecule with optimized linker module LSSLI-cpGFP-
NHDQL (Patriarchi et al., 2018) into a similar position in the 3" ICL as mTurquosie2 in before-mentioned PTH1Rrer
biosensor (Figure 30 A). Amino acids 389-399 of PTH1Rw: were removed and the insertion was made between
Lys388 and Arg400. In comparison, the previous PTH1Rsrer biosensor carries mTurquoise2 between Gly395 and
Arg396. Knowing that “kinky” basic amino acids in combination with the serines increased maximal coupling of
activation-induced conformational changes to cpGFP fluorescence, | cut out part of the 3™ ICL to optimize the
insertion site (Patriarchi et al., 2018).

In cpGFP biosensor design, activation through agonist-induced conformational changes leads to the structural
rearrangement of the dim cpGFP molecule to the fully fluorescent protein, and fluorescence emission increases
(Figure 30 A, B). Stimulation of cells, transiently expressing PTH1RcpGre biosensor with saturating concentrations of
PTH induced increase in fluorescence emission of cpGFP, which was interpreted as activation of PTH1R. That
process occurred with a similar speed as activation of PTH1Rrrer — for the PTH1RcpGre activation process, tau ~950
ms was calculated (Figure 30 B, C), and for PTH1Rrrer ~710 ms (Figure 27 D). The amplitude of the signal was the
highest of currently established PTH1R biosensors, reaching 15.3 + 1.1 % (Figure 30 D). Cells transiently expressing
PTH1RcpGrr Were measured in the microtiter plates after being treated with increasing concentrations of ligand to
quantify PTH potency (Figure 30 E). The potency for the representative experiment was in the nanomolar range

(pECso = 8.61).
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Figure 30: Characterization of PTH1RcpGFP biosensor.
(A) Graphical depiction of newly made PTH1R pcrp.

(B) Representative fluorescence traces of PTH-mediated changes in AF/Forecorded in a microscopic FRET setup in single HEK293
cells transiently expressing PTH1RcpGFP. Horizontal lines indicate the application of 10 uM PTH with a rapid superfusion system.
(C) Kinetic activation constant t of PTH-induced AF/FO changes derived from traces as in panel (B), calculated from
monoexponential curve fitting. The data represents all single-cell experiments as points, fitted with a lognormal distribution. The
boxplot represents median, box interquartile range (IQR), whiskers are SD, and X represents mean. Median value and 95%
confidence interval (Cl) were PTH1R e = 950 ms [817, 1057 Cl], n = 78 cells.

(D) Amplitude of the AF/FO signals induced by PTH. The boxplot represents median, box interquartile range (IQR), whiskers are
SD, X represents mean. The mean + SEM in % of the AF/FO amplitudes from all cells examined was 15.3 + 1.1 %, n = 78 cells.
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(E) Representative concentration-response curve obtained from plate-reader experiments with PTH1Rc,6ep. Points were fitted
with a three-response parameters fit, curve fitting resulted in pECso (mean + SEM) of: 8.61 + 0.07.

4.3.5 Comparison of newly created biosensors properties

Summarized biosensor properties in Figure 31 and Table 18 provide an overview of the newly made biosensors
compared to the old FRET variant PTH1Rcam (Vilardaga et al., 2003a).

First, time constant tau (Figure 31 A) was compared, and it was in the expected range for both newly made
biosensors— around 1 s. There was a modest difference in activation kinetics between PTH1Rerer and PTH1RcpGre.
Mentioned decrease in activation speed could be due to; 1) different biosensor design and/or 2) cut out amino
acids in TM5,6, which could make conformational transition different of the previously described biosensors.
Reports from the GPCR (Patriarchi et al., 2018; Ravotto et al., 2022) or the calcium field (Kostyuk et al., 2019),
where cpGFP biosensors are longer in use, describe many aspects where slight changes in biosensor design — single
mutations - impacted amplitudes, kinetics or affinity of the biosensors.

Second, amplitudes (Figure 31 B) were compared, and the initial aim to improve the dynamic range of old
biosensor were successfully fulfilled. As expected, the change of the fluorophores in PTH1Rcam yielded a PTH1Rfrer
biosensor with enhanced properties. The amplitude was increased 1,6-fold for PTH1Rfrer: from 5% of PTH1Rcam to
8% of PTH1Rerer, and 3-fold for PTH1Rcparr: from 5% of PTH1Rcam to 15% of PTH1RcpGre. A higher dynamic range
enabled biosensor’s use in microtiter format, what significantly added to scalability, high throughput-ability, and
reproducibility of the experiments. Used combination of mTurquoise2 and mCitrine was selected rationally based
on recent characterization of fluorophore-impacted biosensors efficiencies, which reported higher FRET efficiency
when selected fluorophores were used (Klarenbeek et al., 2015; Thomas, 2019).

As third, PTH1R biosensors potencies were compared (Figure 31 C), which demonstrated that as old and newly
created constructs report wild-type potency (Bisello et al., 2021), comparable with previous biosensor variants
(Vilardaga et al., 2003a; Schihada et al., 2018) and thus, reliably reported pharmacology of PTH1R.

In summary, the design of the two new types of PTH1R biosensors, PTH1Rrrer and PTH1RcpGrp, and their successive
characterization yielded two variants with improved properties and an enlarged toolset available for evaluating the

activity of this, clinically important GPCR.
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Figure 31: Comparison of three different PTH1R biosensors.
(A) Comparison of the time constant tau for three different PTHIR biosensors. The data shows a single value for PTHIRcam

(1000 ms) and mean + SEM in ms for PTH1Reger (710 ms) and PTH1Rcpgep (950 ms).
(B) Comparison of the dynamic range. The data shows mean + SEM AFRET (for PTH1IRcam and PTH1Reger) and AF/FO (for
PTHIR o) in %.
(C) Potency comparison. The data shows log ECsg values of PTH, M of different biosensors.

Sensor design Fluorophores T, ms Amplitude, % PECso, M Applicability Source
. (Vilardaga,
PTH1Rcam CFP, YFP ~1000* ~ 5% 7.9 Microscope
2003)
. - Microscope, .
PTH1ReReT mTurquoise2, mCitrine 710 8 8.0-8.4 This work
plate reader
Microscope, .
PTH1R pGrp cpGFP 950 15 8.2-8.6 This work

plate reader
Table 18: PTHIR biosensor properties: design, kinetics, amplitudes, potencies, and applicability.

4.3.6 Signaling capacity of newly created biosensors

The biosensors PTH1Rrrer and PTH1RcpGre reliably reported the activation of various PTH1R ligands with different
pharmacological profiles. Next, it was aimed to further characterize their capability of coupling to their cognate G
proteins and stimulation downstream signaling cascades.

The cell surface expression of newly made biosensors was not separately quantified, as previous studies showed
that surface expression of PTH1R BRET biosensor PTH1Rniuc/Halos1e Was not significantly altered, compared to
PTH1Rw: (Schihada, 2018). Those findings suggested that intracellular fusions don’t affect cell surface expression
significantly (even for bigger HaloTag insertion in the 3™ ICL), and thus, my study focused on examining their
potency and efficacy.

The PTH1R primarily couples to different G proteins. Gs stimulates adenylyl cyclases (AC) and consequently raises

intracellular cAMP levels. Through another coupler, Gq, stimulates PLC, which leads to the accumulation of inositol
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monophosphate (IP1). To quantify PTH1R biosensors-mediated downstream changes, HTRF technology from Cisbio
was used, where the amount of accumulated metabolites — cAMP and IP1 was quantified.

This approach represents a competitive immunoassay, where native cAMP or IP1 produced by cells compete with
d2-labeled cAMP/IP1 (acceptor) for binding to anti-cAMP/IP1-Cryptate (donor). FRET is thus inversely proportional
to the concentration of IP1/cAMP in the standard or sample. In the state of only a few native cAMP/IP1 molecules,
there will be more FRET as the d2-labeled acceptor transfers the maximum amount of FRET to the anti-Cryptate
donor. When the concentration of native metabolite increases, they outcompete d2-labeled metabolite, and the
amount of FRET will decrease.

HEK293 cells with PTH1Rw: or PTH1R biosensors were transfected, and the accumulation of metabolites with the
corresponding kit was monitored after the selected stimulation time according to the manufacturer’s protocol.
Results were plotted inversely (Figure 32), representing the amount of cAMP/IP1 accumulation relative to the
accumulation caused by PTH1Rwt. Upon stimulation with serial dilutions of the endogenous agonist, PTH came to
the full (PTH1Rwt) or partial accumulation of CAMP (PTH1Rerer, PTH1Rcparp) (Figure 32 A) — potencies of PTH1RFrer-
mediated cAMP accumulation were right-shifted by two logs, resulting in pECso values of pECso ~ 9.12, comparing to
PECso ~ 11.23 of PTH1Rwt (Table 19). PTH1Rpere induced cAMP accumulation only at the highest concentration — 10
UM PTH.

These data suggest that biosensors can couple to cognate G proteins and induce G protein activation and cAMP
accumulation. Nevertheless, a fusion of fluorescent proteins reduces biosensors potency to activate endogenous Gs
proteins (right-shift of the ECso) in PTH1R:e. It allows only partial activation when high concentrations of PTH were
used to stimulate PTH1Rcpre (Figure 32 A). Later is in line with previous reports of cpGFP GPCR biosensors
(Patriarchi et al., 2018), where similar constructs failed to couple with Gs proteins and induce intracellular cAMP
accumulation.

Similarly, PTH1Rerer- and PTH1Rcpere-mediated IP1 accumulation quantification showed that both biosensors can
only partially couple to Gq and induce limited downstream signaling (Figure 32 B). It is evident that comes to a
certain levela of preactivation of Gg-dependent IP1 accumulation with PTH1Rrrer and PTH1Rcparr as different basal
level as in PTH1Rwt were observed. These data indicate that the attachment of fluorophores induced steric conflicts
and through that, conformation that enabled increased Gg-dependent IP1 accumulation in the agonist-free state
(increased of the basal IP1 accumulation ratio). Herein, a fusion of fluorescent proteins reduced biosensor’s
capacity for the intracellular IP1 accumulation.

Saturating concentration with the PTH induced similar cAMP accumulation in the PTH1Rwt- and PTH1Rgret-
expressing cells. However, the right-shifted ECso values displayed reduced potency. This might be due to the design
of the biosensor — mCitrine was fused to the truncated PTH1R C-terminal, lacking terminal 96 amino acids Pro498 —
Met593. In the recent PTH1R structures (Ehrenmann et al., 2018; L.-H. Zhao et al., 2019), that part is not resolved
well or is absent, thus is hard to predict if that receptor part is really needed for successful signal transduction.
Additionally, also truncated versions of PTH1R can still partially recruit B-arrestin2, suggesting that signal
transduction could be successfully initiated also without the last AA of C-terminal (Zindel et al., 2016). Moreover, in
the PTH1Rcparr biosensor, this part is not truncated, but the coupling and connected signal transduction resulted in
only partial efficacy — as for cAMP and IP1 accumulation. A possible scenario is that bulky intracellular tags sterically
hinder coupling to G proteins, and consequently, the intracellular cavity cannot accommodate G proteins, which

would enable complete signal transduction.
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Similar right shifts in inducing downstream effects were also shown for the earlier PTH1R biosensors (Vilardaga et
al., 2003a; Schihada et al., 2018; Schihada, 2018).

In summary, new PTH1R biosensors preserved the functionality of transmitting extracellular stimulation and
provoking G protein-dependent cAMP and IP1 accumulation, albeit not to the full extent. This presumably happens

due to bulky intracellular tags that cause reduced efficacy and potency compared to PTH1Rwt.
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Figure 32: Signaling capacity of PTH1R,: and newly made biosensors.
Normalized concentration—response curves for cAMP (A) or IP1 (B) accumulation measured in HEK293 cells expressing PTHI1R: or

PTH1Reger or PTH1R p6rp biosensor. Measurements were performed with the HTRF kit: Gs HiRange (A) and IP1 (B). The data are
shown as mean + SEM of two independent experiments performed in duplicates. For further statistics and results, see Table 19.

cAMP pECso, mean * SEM, M 11.23 £0.10 9.12+0.17 5.45 +0.56
Amplitude, mean + SEM, %, M 101.20+2.46 87.79+4.64 /

IP1 pECso, mean + SEM, M 8.54+0.10 5.69 +3.62 4.46 £41.53
Amplitude, mean + SEM, %, M 100.10 + 3.93 34.57 £98.73 /

Table 19: Values for efficiencies and potencies from Figure 32.
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4.4 RAMP2impact on PTH1R conformations

RAMP proteins are considered capable of allosterically modulating conformation of the CRLR, the prototypical
receptor, interacting with all three RAMPs (Liang, Belousoff, Fletcher, et al., 2020c). Remarkably, CRLR, with
RAMP1,2,3 created three distinct receptor phenotypes. Each exhibited slightly different motions of ECD, which
were coordinated with G protein dynamics, as reported by cryo-EM micrographs and molecular simulations studies.
This proposed that RAMP can modify receptor conformation in a very delicate way. Nevertheless, there was no
study that would investigate if RAMPs can modulate receptor dynamics or kinetics. Moreover, there was no data
about RAMPs’ effects on PTH1R, although literature suggested they form (patho-)physiologically oligomer (Kadmiel
et al., 2017). To fill that knowledge gap and inspect RAMPs” impact on the PTH1R conformations, an experiment
with the before-mentioned PTH1Rrrer biosensor (Figure 26) and RAMP2snap (Figure 19 B) was designed. In the FRET
AB experiment (Figure 25), interaction between PTHIR and RAMPs showed the highest FRET efficiency for the

PTH1R-RAMP2 pair. Because of this preferential interaction, this pair was used for first experiments.

In the initial experiment, | evaluated which concentration of SNAP ligand should be used to achieve total labeling
efficiency of SNAP-tagged RAMP2. HEK293 cells were transfected with RAMP2snap, and labeled with increasing
concentrations of permeable fluorescent dye SNAP-Cell SiR-647. Labeling efficiency was evaluated in a plate reader
format by accessing emission intensities at 681 nm (Figure 33). The recommended 1 uM of SNAP-Cell® SiR-647
showed very similar labeling efficiency (95.44 + 5.37%) as the highest concentration used and was thus used for the
subsequent experiments. It was essential to establish total labeling efficiency to titrate and measure RAMP2

expression in the following experiment.

0.0 0.5 1.0 1.5
1M [SNAP-Cell® 647-SiR]

()
(@)

c

g X

3.::125

6 o 100

3 L 75

= s

T £ 50

UV ‘»n

S c 25

63 0

E.E | | || 1
o

2

Figure 33: Labeling efficiency of RAMP2syp after labelling with SNAP-Cell® 647-SiR.
Labeling efficiencies were determined by assessing % of labeling at HEK293 cells, transfected with RAMP2syap and labeled with

different concentrations of SNAP-Cell® 647-SiR. The data were fitted with a total binding model.
1 uM concentration of SNAP-Cell® 647-SiR was chosen for the subsequent experiments (labeling efficiency 95.44 + 5.37%).

To inspect RAMP2 impact on PTH1R conformation, | transfected HEK293 cells with the PTH1Reer biosensor, with or
without RAMP2snap (Figure 34). To quantify the expression of RAMP2 in those experiments, titration analysis was
performed via measuring the emission of SNAP-Cell® SiR-647 as a function of RAMP2 expression. With this, it was

evaluated which should be the correct transfection ratio for further experiments.
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With the increased amount of RAMP2snap transfected, significantly elevated expression of labeled RAMP2snap was
measured (Figure 34), and transfection by up to 2 ug of RAMP2snap cDNA (corresponding to a 1:2 PTH1R:RAMP2
transfection ratio) did not alter PTH1Rrer expression. Transfection ratio PTH1Rrret:RAMP2snap = 1:1 was used for all
consecutive experiments (Figure 34 A, B).

HEK293 cells were transfected with PTH1Rrrer in the presence of mock control, RAMP2w: or RAMP2snap (Figure 34 C)
and measured FRET ratio between the acceptor and donor fluorophore in the basal state. The amount of FRET and
consequently, the FRET ratio depends on the inter-fluorophore distance and relative orientation (Forster, 1948). It
was hypothesized that structural changes caused by RAMP2 already in a preactivated state, induce different
distance and/or relative orientation, which was indeed detected as different FRET ratios in experimental groups
where RAMP2 was coexpressed (Figure 34 C). Next, cells were stimulated with serial dilutions of PTH and measured
time courses of PTH-dependent FRET changes in microtiter plates. Significantly smaller amplitude was detected
when RAMP2snap was coexpressed with the PTH1Rrrer biosensor (Figure 34 E) and this was true for the majority of
tested concentrations of PTH (Figure 34 F). The potency of PTH was similar for both examined experimental groups
and, likewise, when RAMP2t or RAMP2snap were used (Figure 34 C).

To investigate RAMP2 impact on the basal and stimulated conformation of PTH1Rerer biosensor, photobleaching
was performed at the single-cell resolution at the confocal microscope (Figure 34 G-1). The advantage of specific
experiments was that it could precisely select cells, which coexpressed PTH1Rerer and labeled RAMP2snap. This is
different and more specific than only looking at the average signal, characteristic of ensemble methods of the cell
population (Figure 34 B-F). Photobleaching experiments were executed, as described in Figure 34, measuring in this
context intramolecular FRET between the fluorophores in conformational biosensor. Recovery of donor emission
after photobleaching of the acceptor (FRET efficiency) was measured, and this was reduced in the presence of
RAMP2ut, as also RAMP2snap (Figure 34 G, Table 20). After stimulation with saturating concentration of PTH, further
reduced FRET efficiency was observed, as expected by activation of PTHIR and movement of the fluorophores
apart in the conformational biosensor. Notably, a similar pattern was observed - in experimental groups with
RAMP2, FRET efficiency was significantly smaller (Figure 34 H, Table 20). Remarkably, there was no difference in
the ability to modulate PTH1R between RAMP2,: and RAMP2snap experimental group, confirming that the addition
of the SNAP-tag ® did not compromise RAMP2 functionality and that conformation change originates from RAMP2
itself.

To note, RAMP2 decreased FRET efficiency more in the basal that in the PTH-stimulated state (Figure 32 G, H, Table
20). FRET efficiency change was smaller in groups with RAMP2 (Figure 32 I, Table 20), suggesting that activation
with or without RAMP2 is a different process. It could also mean that RAMP2 causes specific structural changes,

priming intermediate state or leading to pre-activation of PTH1R.

81



B SNAP-tag emission c mCitrine emission

vs. PTHIR + RAMP2 ® <0.001
= 300, <0.001 =150, . <0.001
® 0.005 . = t ga
= 0.04 ) 3 T
000000 £200 0.002 £100{ e | [4 ¥
I ] . sl
i @ .o §
LA 3 A [ [] e
POOOOOOOOOOCX glou ;:: g ..
2 o = 504 T
£ E
S
3 04 = ol
unl.00.51 2 4 8 0051 2 4 8
RAMPZgyp, 1§ of DNA RAMP24y05, ug Of DNA
FRET e
a D E F
O 0.30- P F 1M PTH 6+~ PTHIRfRerT »
T P 1.00-" syttt o PTHIRmer = +RAMP2gyap
E 0.281 < 0.0001 'J% = +RAMP2y 00
E .g . © o [ ]
© |: ~ 4
15 (- h
w 0.26{ g W =
o E : & 0.95 . &
s 0241 . ﬁ £ Jipgtan fants <] 2
w E
[72) 0.22- .
2 PTHIRgger *R2ur  +R25nap 0.90 t T 1 04
w 0 5 10 15 -12-11-10 -9 -8 -7 -6 -5
Time, min log [PTH], M
G Basal H Stimulated |  Stimulated-Basal
8 < 0.0001
<0.0001 <0.0001 K
X 30 30 ProssTEaa—— g 67
- i " <0.0001 )
— aﬁ‘ K . 3-. -
= g :
E g 20 : : c 20 S 4
¥ 3 g : , o
g £ Soll & g .
10 10 - £ 2
w ] p = B2 2 o
6 g - - e ] ) = i
2 ol - - 0 : £ o
o PTH1Rerer +R2ur  +R2snap PTH1Rgger +R2ut  +R2snap PTH1Rgrer +R2ye +R25npp

Figure 34: RAMP2 modulates PTHIR basal and PTH-stimulated conformations.
(A) Schematic representation of intramolecular PTH1Rger biosensor with and without RAMP2syap. To control RAMP2 expression,

its C-terminally fused SNAP-tag was labeled with 1 uM SNAP-Cell SiR-647.

(B - C) HEK293 cells were transfected with the PTH1Rgrer biosensor plus different amounts of cDNA coding for RAMP2 syap.
Emissions of SNAP-tag labeled with the 1 uM SNAP-Cell® SiR-647 (B) and mCitrine (C) were measured in a plate reader. The bars
represent means + SEM, points are means of the duplicates of individual wells from three (B) and five (C) independent
experiments. Significance between the groups was tested with one-way ANOVA followed by Dunnett's multiple comparisons test;
ns: p > 0.05.

(D) Basal FRET ratios recorded in a plate reader from HEK293 cells transiently expressing PTH1Rgrer alone (black) or together with
RAMP2,: (dark blue) or RAMP2snap (light blue).
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(E) Average time course of PTH-induced FRET changes recorded in a plate reader from cells as in (D). The data are an average of
five independent experiments normalized to the initial FRET value (set to 1).

(F) Concentration-response curves obtained from traces as in (B). AFRET values are expressed as percent change from the initial
FRET value. PECso values (means + SEM) were calculated from curve fitting.

FRET efficiencies of basal (G) and 100 uM PTH-stimulated (H) HEK293 cells transiently expressing PTH1Rgrer (black) alone or
together with RAMP2,,: (dark blue) or RAMP2snp (light blue). The data are from six (basal) and three (stimulated) independent
experiments. Data show values from individual cells; boxes represent the first and third interquartile range (IQR), and whiskers

indicate SD. Significance between the groups was tested with one-way ANOVA followed by Dunnett's multiple comparisons test,
ns: p >0.05.
(1) FRET efficiency changes calculated from (G) and (H), represented as percent change + SEM. For further statistics and results,

see Table 20.

FRET efficiency, mean + SEM, % 14.92 £0.44 10.23 £0.42 9.61 £ 0.46

ULNVNDE S G REECZI  FRET efficiency, mean + SEM, %  10.71 + 0.55 8.02+0.63 7.02 +0.68

N, cells (exp.days) 153 (6) 130 (6) 82 (6)

N, cells (exp.days) 73 (3) 56 (3) 44 (3)

STIMULATED-BASAL FRET efficiency, mean + SEM, % 4.20+£0.70 2,18 +0.76 2.59+0.82

Table 20: FRET efficiencies from intermolecular FRET AB experiments.

PTH1Rerer biosensor expression across the groups in photobleaching experiments was comparable (Figure 35 A), as
also photobleaching (Figure 35 B). Plotting FRET efficiency as a function of acceptor intensity resulted in a
hyperbolic curve by fitting one-site specific binding (Figure 35 C) and confirmed that FRET was specific (Vilardaga et
al., 2008; Meral et al., 2018; Ishilir et al., 2020a).
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Figure 35: Comparison of expression levels of fluorophores and photobleaching experiments with PTH1R rrer expressed in
intact HEK293 cells.
(A) Basal fluorescence emission of mCitrine (mC, acceptor) and mTurquoise2 (mT2, donor) were measured in a confocal
microscope before photobleaching of HEK293 cells expressing the indicated constructs. The square root of the product of mT2
and mC normalizes for different expression levels of fluorophores to compare biosensor expression between experimental
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groups. The data show median emission + 95 % Cl from all cells examined from four independent experiments. Each data point
represents a single cell. Significance between experimental groups was determined by Kruskal-Wallis nonparametric test with
Dunn’s post-hoc test.

(B) Fluorescence emissions before (pre) and after (post) photobleaching show comparable extents of photobleaching in the
different experimental groups. Median photobleaching was PTH1Rger = 39.9 %, RAMP2,,: = 31.7 % and RAMP2syap = 28.5 %.
Significance between pre and post emission was tested with Wilcoxon paired test, ns > 0.05.

(C) FRET efficiencies of PTH1Regrer in the absence or presence of RAMP2,,: or RAMP2syap were calculated as described in Figure 25.
The data are plotted as a function of the acceptor’s emission before photobleaching. The curves were fitted with a one site-
specific binding fit. Each data point represents a single cell. The data are from three independent experiments, for cell number
see Table 20.

To rule out whether the expression of RAMP2 could impact the surface or total expression of the PTH1Rrger
biosensor and those differences would cause reduced FRET ratio and FRET efficiency, expression levels of PTH1Rerer
were measured in all experimental groups. Surface expression was controlled through HA-tag, positioned in the N-
terminus of PTH1Rrer (Figure 36 A), and total expression by measuring direct excitation of mC in PTH1R¢rer (Figure
36 B). Emission of PTH1Rrgrer was constant in all experimental groups, reassuring that coexpression of RAMP2: or
RAMP2snap Was not modulating the surface or total expression of PTH1Rerer. Analogous, also total expression of
PTH1Rcperr Was not impacted by coexpression of RAMP2snap (Figure 36 D). RAMP impact on the concentration-
response curve of both novel biosensors PTH1Rerer and PTH1Rcpare Was quantified (Figure 36 C, E, Table 21). A slight
right shift of the curves was observed when RAMP2 was coexpressed — similar to previously described decreased
potency impact on BRET PTH1R biosensor (Schihada, 2018). Furthermore, in both biosensors, and with both forms
of RAMP2 (RAMP2utand RAMP2snap), smaller amplitude when RAMP2 was present was detected (Figure 36 C). This
was true for stable cell line (Figure 36 C), and transiently transfected HEK293 cells (Figure 36 E). Table 21

summarizes the potencies and efficiencies of both PTH1R biosensor variants with RAMP2y: and RAMP2snap.
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Figure 36: Surface and total expression of PTH1Rrer biosensor are not modulated by RAMP2gyp Overexpression.
(A, B) HEK293 cells transiently expressing the PTH1Rger biosensor were cotransfected with an empty control vector, RAMP2 ,:or

RAMP2syap. (A) Comparison of cell surface expression levels of PTH1Rer visualized by detecting the anti-HA tag epitope fused to
its N-terminus and quantified by ELISA (absorbance at 665 nm). (B) Comparison of total expression levels of PTH1Rger visualized
by recording fluorescence of mCitrine in the same cells as in panel (A) The bars show means + SEM of three independent
experiments done in quadruplicates. Significance between the groups was tested with one-way ANOVA; ns: p > 0.05.

(C) Concentration-response curve for stimulation of PTH1Rerer with increasing concentrations of PTH. The data show the mean +
SEM of three independent experiments performed in quadruplicate. The curve was fitted with a three-parameters concentration-
response curve fit. For further statistics and results, see Table 21.
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(D) Comparison of total expression levels of PTHIR pre visualized by recording fluorescence of cpGFP in a plate reader.
Significance between the groups was tested with a t-test; ns: p > 0.05. The bars represent means + SEM, and points are means of
the quadruplicates from three independent experiments.

(E) Concentration-response curve for stimulation of PTH1Rpcrp With increasing concentrations of PTH. The data show the mean +
SEM of three independent experiments performed in quadruplicate. The curve was fitted with a three-parameters concentration-
response curve fit. For further statistics and results, see Table 21.

PTH1RfReT - +RAMP2§NAP

PECso, mean * SEM, M 10.02 £0.21 9.80 £0.27 9.69 +£0.26

Amplitude, mean + SEM, % 4.76 £ 0.45 4.04 £0.50 3.87+0.42

PTHIRCPGFP - +RAMP2syap

PECso, mean * SEM, M 8.61£0.07 8.48 £0.13 8.32 £0.07

Amplitude, mean +SEM, %  17.89+0.49  13.31+0.72 14.76 £ 0.44

Table 21: Potency and amplitude of PTHI1R biosensors in the presence of RAMP2.

4.5 RAMP1 and RAMP3 impact on PTH1R conformations

Although previous experiments showed only poor interaction of RAMP1 and RAMP3 with PTH1R (Figure 25), |
tested if those interactions were functional and could impact ligand-stimulated PTH1Rrrer activation.

For this reason, a stable cell line of the PTH1RrreT biosensor was cotransfected with an empty plasmid or one of the
RAMPsnap proteins. RAMP expression was controlled via its SNAP-tag in each experimental group (Figure 37). While
transfection of RAMP1snar and RAMP2snap resulted in similar expression level of RAMP isoforms, RAMP3snap seemed
to be expressed approximately 2-3 times better. By the same expression level of the biosensor (Figure 37 A),
neither RAMP1snar nor RAMP3snap exhibited significant modulation of the amplitude of the PTH1Rerer activation,
induced by saturating concentration of PTH, PTHrP, or Abaloparatide (Figure 37 A, B, C). In the same experimental
setup, RAMP2snap impacted PTH- and Abaloparatide-stimulated amplitude significantly (p<0.01) and showed a slight
but not significant trend to decrease PTHrP-induced activation of PTH1Rerer. Latter suggests an agonist-specific
effect of RAMP2 on PTH1R modulation. A decrease of the amplitude is to expect with all agonists of PTH1R since it
appears that RAMP2 can modulate already basal conformations (Figure 34 G). On the other hand, ligand- and
RAMP-specific effects on GPCRs are generally accepted and endorsed by many studies (D. L. Hay et al., 2016; D. L.
Hay & Pioszak, 2016b; Klein et al., 2016; J Gingell et al., 2016b; Harris et al., 2021b; Shao et al., 2021; A. J. Clark et
al., 2021). Thus, it might be possible that the PTH1R-RAMP2 complex favors activation by PTH (and Abaloparatide)
and less so by PTHrP. One possible explanation is the cocreation of different GPCR-RAMP complexes, where RAMP
allosteric alters GPCR conformation (J Gingell et al., 2016b; Garelja et al., 2020; Liang, Belousoff, Fletcher, et al.,

2020c) and differentiates between pharmacological preferences for certain ligands.
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Figure 37: Effects of SNAP-labeled RAMP isoforms on the amplitude of PTH1Rger signals evoked by PTH and PTHrP.
HEK293 cells stably expressing PTH1Rgrer biosensor were transfected with one of the three RAMPsyap isoforms.

(A, B, C) Amplitudes of FRET changes in PTH1Reger induced by PTH (A), PTHrP (B), and Abaloparatide (C). The bars represent
means + SEM of the FRET amplitudes from five independent experiments performed in quadruplicates.
(D) Emissions RAMPsyap, accessed via SNAP-tag, labeled with the 1 uM SNAP-Cell SiR-647.

(E) Emissions of mCitrine in PTH1Rerer were measured to assess the equal expression of the PTH1Rger biosensor in all
experimental groups. The bars represent means + SEM, points are means of 16-plicates of individual wells from five independent
experiments. Significance between the groups was tested with one-way ANOVA, followed by Dunnett's multiple comparisons
tests; ns: p > 0.05.
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4.6 RAMP2 impact on receptor activation kinetics

Inspired to access RAMP2 impact on the activation kinetics of PTH1R, characteristic experiments were designed, to
measure changes in subsecond activation of receptors. For those experiments, intact cells expressing biosensors
were recorded with wide-field microscope. A rapid superfusion system was used, which was able to deliver ligand
in the near the cell surface and eliminate the diffusion time of the agonist. Stable cell line of PTH1Rfrer biosensor
was used, in the presence or absence of RAMP2snap (Figure 38 A). Assuring coexpression of both constructs in
examined cells, cells were labeled with cell-permeable SNAP-tag® ligand SNAP-Cell® SiR-647 and prior to
experiments, selected cells coexpressing both constructs. Intact cells were stimulated with a saturating
concentration of endogenous ligand, and time courses of the PTHI1R activation process were recorded. As
expected, and seen in earlier experiments with PTH1Rrger biosensor, stimulation resulted in decreased FRET ratio,
and antiparallel changes of donor and acceptor emission channels reported that it went for specific FRET (Figure 35
B). Calculating the activation time constant tau (t) in the presence and absence of RAMP2 resulted in intriguing
results. Tau, calculated from time curves as in Figure 38 C, fitted with a monoexponential one-phase decay
function, was reduced from a median time of 710 ms to 330 ms in the experimental group where RAMP was
present (Figure 38 B, C, Table 9). By plotting all calculated tau values, significant shift of activation kinetics with
RAMP2 was observed. Values were fitted with a lognormal distribution, which allowed to calculate mode — the
peak of the distribution, located at 410 ms and 50 ms, for PTH1Rrrer and +RAMP2snap group, respectively (Figure 38
C, Table 22). From the one-phase decay fit, the amplitude of the signal was derived, which was significantly
decreased in the experimental group with RAMP2, similarly as in microtiter plate and photobleaching experiments.
The amplitude of the signal was about two times smaller (Figure 38 D, Figure 3.16) when PTH1Rgrer (~7.5 %) was
coexpressed with RAMP2snap (~3.8 %).

Previously described control experiments (Figure 36) confirmed this reduction is not due to the different expression
levels of the biosensor when coexpressed with RAMP2, as both the cells” surface expression and total expression
PTH1Rerer were similar in the presence or absence of RAMP2snap as also RAMP 2.

Equipped with the novel PTH1Rcarr biosensor, able to sense PTH activation with similar potency and kinetics yet
superior dynamic range (Figure 30), it was aimed to set out the experiment, to validate RAMP2 impact on PTH1R
activation.

We transiently coexpressed PTH1Rcpsre With mock plasmid or RAMP2snap (Figure 38 E) and monitored coexpression
of both constructs in examined cells as previously described. Perfusing cells with the same, saturating 10 uM PTH
induced an expected increase in fluorescence (Figure 38 F), from which activation time constant tau and the signal
amplitude were calculated. In line with the results for the PTH1Rrrer sensor, RAMP2 decreased tau ~two fold, from
a median 950 ms to 390 ms. In addition, the distribution variable mode was decreased from 760 ms to 190 ms in
the presence of RAMP2 (Figure 38 G). Moreover, RAMP2 also decreased the amplitude (AF/FO) of the signal, which
was decreased from 15.3 % to 9.1 % (Figure 38 H), reassuring that RAMP2 impact can also be endorsed with novel
PTH1Rcparr biosensor. Due to the superior amplitudes and easier handling with PTH1Rcperr, those experiments were
performed with another endogenous ligand PTHrP, known to exert somewhat different PTH1R activation
(Ferrandon et al., 2009; Vilardaga et al., 2012). A slight decrease was observed, yet no significant amplitude
reduction (from 17.6 % to 13.6 %) in the presence of RAMP2 (Figure 38 K). This was anyhow expected as previously
detected RAMP2 reduces basal ratios as well as the amount of FRET (Figure 34 D, G) and would so probably
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decrease the amplitude of every ligand-induced signal. PTHrP-induced activation time were in accordance with
previous descriptions. Strikingly, activation constant was very similar for both experimental groups, yet in line with
previously reported values for PTHrP (Ferrandon et al., 2009). Ferrandon et al. described a tau value of 1600 ms,
whereas our results suggest that PTHrP-induced PTH1R activation takes a median time of 1960 ms, in the presence
of RAMP2 1910 ms (Figure 38 J). It seems that structural changes induced by RAMP2 are very subtle and that this
modulation is agonist-specific, adding another level of complexity to the PTH1IR-RAMP2 signaling model. This might
be due to the structural reshaping of PTH1R by RAMPs. This is further discussed in Chapter 4.9.
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Figure 38: Modulatory effects of RAMP2syap coexpression on PTH1Rgrer and PTH1R e biosensor activation.
(A) Schematic representation of intramolecular PTH1Rrer biosensor. To control RAMP2 expression, its C-terminally fused SNAP-

tag® was labeled with 1 uM SNAP-Cell® SiR-647 (red circle).

(B) Representative ratio traces of PTH-mediated FRET changes in single HEK293 cells stably expressing PTH1Rgrer and in the
presence of transiently coexpressed RAMP2syap, recorded in a microscopic FRET setup. To analye only cells that expressed both,
cells were labeled with 1 uM SNAP-Cell SiR-647, and regions of interest were selected where PTH1Rgrer and RAMP2syap were
coexpressed. Horizontal lines indicate the application of 10 uM PTH with a rapid superfusion system. Traces were normalized to
the baseline (set to 1) and plateau after stimulation (set to 0). Shown are FRET ratio traces raw (grey and light blue) and Fourier-
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lowpassed (black, dark blue). Traces are representative of n = 41 cells (PTH1Rerer) and n = 46 cells (+RAMP2syap), acquired in five
independent experiments.

(C) Time constants 7 of PTH-induced FRET changes derived from traces as in panel (B), calculated from monoexponential curve
fitting. The data were fitted with a lognormal distribution, and the dashed line indicates the mode, global maximum of the
distribution. The median value and 95% confidence interval (Cl) are stated in the Table 22. A Mann-Whitney test was used to
assess a significant difference between the groups (p < 0.001).

(D) Amplitude of FRET changes induced by PTH obtained from traces as in panel (B). The bars represent means + SEM, % of the
FRET amplitudes from all examined cells. A t-test was used to assess a significant difference between the groups (p < 0.001).
(E) Schematic representation of the cpGFP-based biosensor to monitor PTHIR activity in single-cell experiments. Receptor
activation upon agonist stimulation was monitored by recording fluorescence at 516 nm.

(F, 1) Representative fluorescence traces of PTH (F) and PTHrP (1) mediated changes in AF/FO recorded in a microscopic FRET
setup in single HEK293 cells transiently expressing PTH1RcpGFP alone or with RAMP2 syap, labeled with 1 uM SNAP-Cell SiR-647.
Horizontal lines indicate the application of 10 uM PTH or PTHrP with a rapid superfusion system. The data shown are in panel B.
(G, J) Time constants 7 of PTH-induced and PTHrP-induced activation derived from traces as in panels F and I. The data were
analyzed as described in panel C. Dashed line indicates the mode, global maximum of the distribution. Median value and 95% CI
for PTH are stated in Table 22. A Mann-Whitney test was used to assess a significant difference between the groups (p < 0.001).
(H, K) Effects of RAMP2 on the amplitude of the AF/FO signals induced by PTH (F) and PTHrP (H). The bars represent means + SEM
in % of the AF/FO amplitudes from all cells examined. A t-test was used to assess a significant difference between the groups (p <

0.001).
Mode 7, ms 410 50
Median 7 [95% CI], ms 710 [516, 946] 330 [144, 416]
Amplitude, mean  SEM, % 7.5+0.5 3.8%0.3
N, cells (experimental days) 41 (5) 46 (5)
Mode 7, ms 760 190
Median 7t [95% Cl], ms 950 [817, 1057] 400 [322, 448]
Amplitude, mean + SEM, % 153+1.1 9.1+1.1
N, cells (experimental days) 78 77
Median 7 [95% CI], ms 1960 [1770, 2660] 1910 [1670, 2100]
Amplitude, mean * SEM, % 17.5+1.8 13.6+1.4
N, cells (experimental days) 38 41

Table 22: Kinetic values from the data in Figure 3.20.

To further characterize RAMP2-induced changes in the PTHI1R activation, tau values and amplitudes were evaluated
through additional statistical analysis.

First, for each cell, the amplitude value was correlated with its respective tau value to confirm that there is no
dependence between tau and amplitude at the saturating concentration of PTH used, thus at the full activation
(Figure 39). The data were plotted and two variables were analyzed: slope and intercepts with y-axis. The slope was

not different in both cases, indicating that AFRET is independent of tau values. This suggests that it goes for the
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similar process which is happening on different amplitude level. In addition, the intercept with y-axis indicates that
the activation process with RAMP happens on smaller amplitude level. This is statistically different for both

examined biosensors (Figure 39 A, B, Table 23).
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Figure 39: Correlation between tau values and amplitude of the PTH1R activation.

(A, B) Ligand-induced AFRET or AF/FO responses are independent of T values. Shown are FRET or AF/FO responses induced by the
saturating concentration of PTH. HEK293 cells were expressing PTH1Reger (A) or PTH1R p6re (B), in the presence or absence of
RAMP2snap. Values for slopes and Y-intercepts are in Table 23.

The data were fitted with a simple linear regression and tested for differences in slopes and intercepts.

Slope 0.0015 -0.00024 p=0.692
Y-Intercept 6.30 3.83 p<0.0001

Slope 0.0019 -0.00080 p=0.6133
Y-Intercept 13.19 9.20 p=0.009

Table 23: Calculated parameters from the data in Figure 3.21.

Second, it was examined if RAMP modulation is titratable and finally, saturable phenomenon, reflecting that RAMP
modulation is conditioned at certain expression levels of RAMP proteins in the human body. The amount of RAMP2
modulation was titrated via different amounts of transfected RAMP2snap cDNA in a stable cell line of PTH1Rerer. This
led to different expression levels of RAMP2snap (Figure 34 B), which corresponded to different amplitude of the
PTH-stimulated PTH1R activation (Figure 40 A, B).
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Figure 40: Effects of RAMP2 expression levels on the modulation of PTH1Rer activation dynamics.

(A) HEK293 cells were transfected with the PTH1Rgrer biosensor plus two different amounts of cDNA coding for RAMP2 syap. The
amplitudes of FRET changes induced by 10 uM PTH were measured in a plate reader. The bars represent means + SEM, % of the
FRET amplitudes from five independent experiments.

(B) Amplitudes of FRET changes induced by 1 uM PTH in the experiment shown in Figure 34 B. The bars represent means + SEM,
from five independent experiments. Statistical differences were tested by one-way ANOVA.

Then, single-cell experiments of PTH-stimulated PTH1Rcpcre activation with coexpressed RAMP2snap were analyzed
for cell-to-cell variability. Although equal amounts of cDNA encoding PTH1Rcperr and RAMP2snap were used for
those experiments, the expression of proteins varied from cell to cell. To evaluate if this variability can provide
some insights into the level of RAMP2 modulation on PTH1R kinetics, ROIs (from which tau values were derived)
were inspected for the RAMP2snap expression (via fluorescence emission of its labeled SNAP-tag®), and PTH1RcpGre
expression (via emission of cpGFP). As next, the time constant t for each ROl was plotted as a function of
RAMP2snap expression (Figure 41 A) or PTH1Rcpere expression (Figure 41 B). Time constant T was not dependent on
the expression level of PTH1RcpGFP (Figure 41 B), whereas increasing RAMP2snap expression lowered t values.
Values from the control group were plotted as mean + SEM (black point), and a three-parameters logistic function
was used to fit the data. Consequent fit displayed decreasing nature of PTH-induced PTHI1R activation (t) by
increasing the expression level of RAMP2snap. This trend advocates in favor of the assumption that RAMP2
modulation depends on the expression level — likely, when the amount of RAMP2 molecules is enough to “ramp” all
PTH1R, the kinetics of the activation process decreases till 378 ms (bottom of the fit). This is in accordance with
median kinetic values which were calculated for the +RAMP2snap group by single-cell kinetic experiments (Table
22).
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Figure 41: Effects of RAMP2 expression levels on the modulation of PTH1R s activation kinetics.
(A) Time constant t of PTH-induced PTHIR activation in single HEK293 cells transiently expressing PTHIR pcrp alone
(black) or with RAMP2syp. The data from Figure 38 G were analyzed for the time constant tas a function of
RAMP2sy4p expression, quantified by labeling with 1 uM SNAP-Cell SiR-647. The data were fitted with a three-
parameters logistic function and shown is fit + 95% confidence intervals. Bottom * 95 % Cl = 378 [202, 554], top + 95
% Cl = 952 [878, 1024], ICsp = 20.36 [0, 49.58].
(B) Time constant t of PTH-induced PTHIR activation in single HEK293 cells does not depend on PTHIRcpcrp emission.
The data were fitted with a simple linear regression fit.

In summary, these data indicate that expression of RAMP2 modulates the PTH1R activation process in a titratable
manner; higher expression of RAMP2 decreases the amplitude of PTH1R activation more as well activation process
happens faster. For the context of the human body, this would suggest two things: 1) that modulation could
depend on the expression level of RAMPs, and 2) that this process can be saturated, presumably when all GPCRs

bind their interacting partner.
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4.7 RAMP2 effect on G protein-dependent signaling
4.7.1 RAMP2 effect on G protein activation

Ligand stimulation of its cognate receptors triggers activation of the GPCR, and the next step in the signal
transduction cascade is the interaction of the receptor with G proteins. PTH1R couples primary to Gs and Gq family
of heterotrimeric proteins, in certain conditions also to G12/13 and Gi (Abou-Samra et al., 1992; Miyauchi et al.,
1990; Singh et al., 2005b; Bisello et al., 2021; Avet et al., 2022; Hauser et al., 2022). To investigate G protein
activation, a set of BRET-based G protein biosensors was employed (Schihada, Shekhani, et al., 2021) (Figure 42,
Table 24). In these biosensors, intermolecular BRET changes when subunits of trimeric G protein dissociate: Ga
subunit with fused luminescent donor NanoLuc moves apart from Gy with fused fluorescent acceptor cpVenus.
HEK293 cells were transfected with the tricistronic plasmid, encoding for three proteins; Ga-NanoLuc, G and Gy-
cpVenus, together with PTH1Rwt, with or without RAMP2y: - Figure 42 A shows schematics of the experimental
setup. Next, cells were stimulated with serial dilutions of PTH and PTHrP, and time courses of ligand-dependent
BRET changes in microtiter plates were measured. Gs (Figure 42 B - E), Gq (Figure 42 F - 1), Gi3 (Figure 42 ) - M) and
G13 (Figure 42 N - Q) protein activations were quantified with cognate biosensors and concentration-response
curves for PTH (Figure 42 C, G, K, O) and PThrP (Figure 42 E, I, M, Q) were constructed. Both ligands successfully
induced concentration-dependent G protein activation of all biosensors in the expected range of ECso values (Figure
42 R, S, Table 26). PTH1R primary couples to Gs; this was reflected in highest efficacy for activation of this G
protein, followed by Gqg, G13, and lastly, Gi3. The summary of calculated efficacy values is represented in the spider
plots (Figure 42 R, S) and Table 24.The data are following previously reported values (Bisello et al., 2021; Sato et al.,
2021), moreover, it extends the knowledge of the field — never before were PTH, and PTHrP-induced G protein
activation analyzed in its entirety with all interacting G proteins.

Then, RAMP2 effects on G protein activation were analyzed, and remarkably, in the presence of RAMP2, PTH
evoked a higher efficacy of Gi3 activation (p < 0.001), and small, albeit not significant trend was visible for PTHrP
(Figure 42 N - Q). Another exciting change was a slightly increased amplitude of Gs activation for both PThrP (p <
0.05) and PTH (Figure 42 B - E). Later changes were reviewed in detail - looking at the most relevant first 10
minutes of PTH-induced Gs and Gi3 activation process (Figure 43 A, B). Upon high concentration of PTH, RAMP2-
coexpressing cells induced a clear overshot of Gs activation (Figure 43 A), which was faster and happened with a
~20% higher amplitude. Similar was visible for Gi3 activation, although here at smaller concentrations — for
example, at the 10 nM PTH came to quicker signal saturation when RAMP2 was coexpressed (Figure 43 B).

We hypothesized that this overshot of signaling comes either from 1) the different starting position of G proteins
when coexpressed with RAMP2 or/and 2) because the preceding process — receptor activation happens faster (as
described in Chapter 4.6.

To test the first hypothesis, basal ratios of trimeric G proteins were analyzed without stimulation. Analysis was
undertaken with the BRETo method, which accounts for various cofounding factors which could prevent reliable
results of G protein analysis between two groups. For example, some of those factors are technical (varying
expression levels of the biosensor or the cell amount in experimental groups) and some biological (interaction
partners of G proteins such as RGS, GTPase activating proteins could have impact on sensitivity of G protein
activation) (Schihada, Shekhani, et al., 2021; Y. Wang & Townsend, 2012). In this approach, emission intensities of

the donor as a function of BRET ratio for corresponding wells were plotted for both experimental groups. By linear
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interpolation fit, the Y-intercept of each group were determined, which were assigned to be the BRETo value
(Schihada, Shekhani, et al., 2021). BRETo before stimulation was analyzed for all before mentioned G proteins, in
the presence and absence of RAMP2y: (Figure 44). In none of the groups, statistical differences between BREToin
the presence or absence of RAMP2u: were detected. Thus, it was concluded that RAMP2 does not induce constitute
activity nor exert direct modulation effects on G proteins. At least not within limits of detection of the currently
used method. In summary, the overshoot, observed with Gs and Gi3 activation in the presence of RAMP2u: was
probably due to accelerated receptor activation, which precedes G protein activation.

Described experiments suggesting differential coupling in the presence of RAMPs are not isolated case. There are
much evidence that RAMPs can act as signaling switch and this was reported for some other interacting GPCRs
(Christopoulos et al., 2003); classical interactor CRLR (Bihlmann et al., 1999; Garelja et al., 2020; A. J. Clark et al.,
2021), CTR (Morfis et al., 2008), GIPR (Harris et al., 2021b), glucagon receptors (Shao et al., 2021), VPAC2 and CRF1
(Wootten et al.,, 2013). It was suggested that the short, although important, C-terminus of RAMPs might be
responsible for some of the observed effects (Udawela et al., 2006, 2008), besides recently described motions of
receptors ECD, which are governing receptor and G protein dynamics (Josephs et al., 2021a; Liang, Belousoff,

Fletcher, et al., 2020c), and collectively help to stabilize receptor.

control RAMP2,,; p n control RAMP2,,; P n
PECsp, M 8.88+0.39 871036  ns 812+0.18 8.12+0.18  ns
G:  Emm% 278+043 328+045 ns 4 204+027 262+027 <0.05
BRET,  0.24+0.02 0.24+0.02 ns
PECsp, M 7.84+0.19 7.72£0.20  ns 816025 8.13+022 ns
Gy  Emmo% 2602%238 2563+235 ns > 020£229 21984221  ns
BRET, 021%005 023%006  ns ]
PECsp, M 7.76+0.24 815+0.25  ns 8.14+0.18 7.77+025  ns
Gz  Em% 884:090 847+090 ns 4 948+074 972+101  ns
BRET, 0.25+0.05 031005  ns  ’
PECsp, M 7.06+0.33 835+044 <0.05 749+068 7.93+041  ns
Gz  Emw% 443+068 416+073 ns 4 298+082 329+058  ns

BRET,  0.31%0.04 034%003  ns | ]

Table 24: Potency and efficiency for PTH- and PTHrP-induced G protein activation.

3

4

4

Potency (pECsq, M) and efficiency (Emax, %) values were obtained from a plate reader experiment as shown in Figure 42. The data
are mean * SEM of n independent experiments. Extra-sum-of-squares test was used to assess the difference between the curves,
ns > 0.05. Part of the data was acquired by dr. Hannes Schihada.
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Figure 42: RAMP2 effects on PTH-stimulated G protein activation.

(A) Graphical depiction of the construct used in the study: NanoLuc was fused to Ga, and cpVenus173 was fused to Gy.
HEK293 cells were transiently transfected with cDNA encoding for G biosensor tricistronic plasmid along with PTHI1R,: with (red,
blue points and traces), or without RAMP2,, (black points and traces).

(B-Q) HEK293 cells transiently transfected with cDNA encoding for BRET biosensors of Gs (A -E), G, (F -1), Giz (J - M), G13 (N - Q),
along with PTH1R: (blue, red), or without RAMP2,, (black).
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BRET signals were recorded in a plate reader from cells stimulated with PTH (black, blue) or PTHrP (black, red). Shown are time
courses of agonist stimulation and corresponding concentration-response curves, fitted with a three-parameters concentration-
response curve fit. The data are mean + SEM of at least three independent experiments performed in duplicates or more. For
further statistics and results, see Table 24.

(R, S) “Spider plots” show mean + SEM pECso (M) values calculated from the concentration-response curves. Parts of the data
was acquired by dr. Hannes Schihada.
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Figure 43: RAMP2 effects on PTH-stimulated G protein activation.
(A, B) HEK293 cells transiently transfected with cDNA encoding for BRET biosensors of G proteins: Gs (A) and Gi3 (B) along with
PTH1R:, with (blue curve) or without RAMP2,, (black curve).
BRET signals were recorded in a plate reader from cells stimulated with indicated concentrations of PTH. Shown are time courses
of agonist stimulation. The data are mean * SEM of three independent experiments performed in duplicates or more. For further
statistics and concentration-response curves, see Table 24. Part of the data was acquired by dr. Hannes Schihada.
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Figure 44: RAMP2 does not have an effect on the basal ratio of G protein activation.
(A - D) HEK293 cells were transiently transfected with cDNA encoding for BRET biosensors for Gs (A), Gq (B), G13 (C), Gi3 (D),
along with PTH1Rw, with (grey) or without RAMP2,, (black).

BRET signals were recorded in a plate reader before stimulation with ligands. BRET, was calculated according to the described
method. Shown is the BRET,-corrected ratio (Gy-mVenus/Ga-NanolLuc). The data are mean + SEM of at least three independent
experiments performed in duplicates or more. For further statistics see Table 24. A t-test was used to assess a significant
difference between the groups (ns; p > 0.05). The data were acquired by dr. Hannes Schihada.
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4.7.2 RAMP2 effect on G protein-dependent downstream effectors

Observations of the accelerated PTH1R receptor activation in the presence of RAMP2 were translated to the
overshoot of G protein activation at Gs and Gi3 proteins. To test if faster G protein activation consequently leads to
the faster cAMP accumulation and show that enhancement in speed can be translated even further, to the
downstream effectors, cAMP accumulation with Epac (cCAMP effector protein biosensor) was measured. Therefore,
the advanced version of the initial FRET-based Epacl-camps biosensor (Nikolaev et al., 2004) - Epac-SH¥” biosensor
(Klarenbeek et al., 2015) was employed, which reports on the conformational change when cAMP binds to Epac
(exchange protein directly activated by cAMP) (Figure 45 A).

First, changes in cAMP accumulation at the FRET microscope were measured using the same setup and settings as
earlier for PTH1R receptor activation. HEK293 cells were transfected with Epac-S"®” biosensor, PTH1Rwt, with or
without RAMP2y: and perfused with saturating (Figure 45 F) concentration of PTH (Figure 45 A). Stimulation
resulted in complete cAMP accumulation for both experimental groups, and there was no observed difference in
the amplitudes (Figure 45 D). Interestingly, when activation constant twas calculated, ~two times increase in speed
of cCAMP accumulation in RAMP2-expressing cells was observed (Figure 45 C). Those results were in agreement with
quicker activation kinetics of the PTH1Rsrer biosensor. The median time constant tau was statistically different
(p<0.0001); 49 s for the control group and 28 s in the presence of RAMP2y: (Table 25).

Next, experiments in microtiter plates to calculate the efficacy and potency of cAMP accumulation in the presence
and absence of RAMP2w: were performed. Such measurements are less laborious, more reproducible, and
advantageous for the construction of concentration-response curves for different conditions or ligands compared
to the experiments at the microscope.

HEK293 cells were transfected in the same manner as mentioned in the previous paragraph and agonist-stimulated
cAMP accumulation was measured. Interestingly, the time course of stimulation with PTH showed similar
overshoot in signal (Figure 45 E) as recorded with the preceding process, Gs a protein activation (Figure 42 A). Also,
subsequent cAMP accumulation happened with overshot, which, however, after normalization to the saturating 10
UM FSk + 100 uM IBMX resulted in the same calculated amplitude. There was no detected difference from a
concentration-response curve, moreover, it looked that tRAMP2u: groups induced a similar amount of potency as
also efficacy (Figure 45 F, Table 25). Notably, when cAMP accumulation experiments with another ligand, PTHrP
were performed, there was no before-mentioned observed overshoot in the signal. This observation was in
agreement with no overshoot at PThrP-stimulated G protein activation level. There was no difference between
concentration-response curves in any parameters calculated (Figure 45, Table 25). The observation that PTH
induces overshot and PThrP not (Figure 45 E, G) points further research to the different conformations to which
those ligands favorably bind (Vilardaga et al., 2012) as well spatial precision of PTH1R signaling — PTH can signal
from membrane and endosomes, whereas PThrP only from the membrane. This may suggest that RAMP2 could
modulate PTH-stimulated endosomal cAMP accumulation, an observation that was described for CGRP receptor
(Yarwood et al., 2017). Since RAMPs are per se expressed in thecell interior, this might functionally explain their
localization and provide physiological diversification of receptor roles — this was seen for CGRP mediating pain
transmission and could help to understand various biological outcomes of PTH1R signaling. It is already known that
spatial bias at PTH1R specifies the amount of circulating vitamin D and Ca?*, and bone constitution in mice (A. D.
White et al., 2021). To understand potential RAMP contribution better, tethered cAMP biosensors (DiPilato et al.,
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2004; Wachten et al., 2010) or other strategies (Gidon et al., 2016) could be used to measure either membrane or
endosomal fraction of cAMP-dependent signaling. Some other downstream cascades, for example, potential
contribution of ERK signaling, is described in Chapter 4.8.3.

In summary, differential activation of both endogenous ligands, PTH and PThrP, is transduced downstream till
cAMP accumulation level. A measured increase in kinetics of PTH-stimulated cAMP accumulation was specifically
seen as overshoot on Gs activation as well cAMP accumulation level. However, there were no differences for PThrP.
That finding adds another layer of complexity to thealready differential signal transduction and associated biology

of those two ligands.

Control experiments of the biosensor Epac-S"®” emission levels in microtiter plates showed that both experimental
groups were expressed to the same extent (Figure 46 A). The total dynamic range of the biosensor remained equal
(Figure 46 B). Later was controlled with the addition of 10 uM Fsk + 100 uM IBMX, positive control, used for
normalization. Fsk induces direct activation of cAMP accumulation, and IBMX acts as nonspecific inhibitor of
phosphodiesterase (PDE), hence prevents that PDE would degrade available cAMP molecules in the cytosol
compromising measured responses. Furthermore, such positive control ensured that equal dynamic range of cAMP
accumulation was used for both groups. The amplitudes for single-cell experiments are plotted in Figure 45 D, and
amplitudes for microtiter plates, in Figure 45 B, respectively.

The last control was of basal ratios, which could indicate that RAMP2.: induced a certain amount of
de/preactivation of Gs-depending signaling, and thus, detection of smaller basal ratios would be possible. A

comparison of basal ratios prior to the stimulation showed that this was not the case (Figure 46 C).

PTH PTHrP
control RAMP2,,; p n control RAMP2,,. p n

pECso, M 11.57+0.05 11.60+0.06 ns 11.12+0.14 11.08+0.19 ns
Ensemble Emax, % 100.00+2.46 99.18+2.86 ns 4 100.00+8.60 97.40+11.03 ns
FRET, 1.13 £0.09 1.15+0.002 ns
Median 1 [95% CI], ms 49 [45, 62] 28 [23, 35] <0.0001
Single-cell A FRET, % 75.8+4.1 79.3+2.1 ns
N, cells 14 16

Table 25: Potency and efficiency for PTH- and PTHrP-induced cAMP accumulation.
The results are from the single-cell method, recorded at FRET microscope, and ensemble method in microtiter plates.
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Figure 45: RAMP2 effects on PTH-stimulated cAMP accumulation.
(A) HEK293 cells transiently transfected with cDNA encoding for the cAMP-based FRET biosensor (Epac-S'87 cAMP biosensor),
along with PTH1R,, with or without RAMP2 ..

(B) Shown are representative ratio traces of PTH-mediated FRET changes in single HEK293 cells recorded in a microscopic FRET
setup. Horizontal lines indicate the application of 10 nM PTH with a rapid superfusion system. The arrow indicates the addition of
10 uM Fsk/100 uM IBMX after signal saturation. Traces were normalized to the baseline (set to 1) and plateau after stimulation
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with Fsk/IBMX (set to 0). Traces are representative of n = 16 cells (control) and n = 14 cells (+RAMP2 ), acquired in two
independent experiments.

(C) Time constants tof PTH-induced FRET changes derived from traces as in panel C, calculated from monoexponential curve
fitting. The data were fitted with a lognormal distribution. Median value and 95% confidence interval (Cl) were: PTHIRger=49 s
[45, 62 Cl], n = 14 cells; RAMP2snap = 28 s [23, 35 Cl], n = 14 cells. A Mann-Whitney test was used to assess a significant difference

between the groups (p < 0.001).

(D) Effects of RAMP2 on the amplitude of the FRET signals induced by PTH. The bars represent means + SEM in % of the AFRET
amplitudes from all cells examined: Epac-S'87 +PTH1Rw: = 75.8 + 4.1 % (n = 16 cells); Epac-$87 +PTH1,: +RAMP2,,:=79.3 + 2.1 %,
(n = 14 cells). A t-test was used to assess a significant difference between the groups (ns, p > 0.05).

(E-H) HEK293 cells are transiently transfected with cDNA encoding for the cAMP-based FRET biosensor (Epac-5'87), along with
PTH1R, with or without RAMP2,,.. FRET signals were recorded in a plate reader from cells stimulated with PTH (black, blue) or
PTHrP (black, red). Shown are time courses of agonist stimulation and corresponding concentration-response curves, fitted with a
three-parameters concentration-response curve fit. The data are mean + SEM of at least three independent experiments
performed in quadruplicates or more. For further statistics and results, see Table 25.

(U, V) “Spider plots” show mean * SEM of the pECso (M) values calculated from the concentration-response curves.
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Figure 46: Controls for cAMP accumulation assay.
The data were obtained from plate reader experiments with HEK293 cells transiently expressing cAMP-based FRET biosensor

(Epac-S187 cAMP biosensor), along with PTH1R ., with or without RAMP2 . The data are from four independent experiments
done in quadruplicates and represent means + SEM. A t-test was used to assess significance between the groups, ns > 0.05.
(A) Comparison of emission of a cAMP biosensor used in the assay in the absence (black) and presence of RAMP2,, (grey) after
excitation at 510 nm. The mean was calculated from 48 wells in a single 96-well plate.

(B) Comparison of AFRET responses in % after the full stimulation with 10 uM Fsk/100 uM IBMX.

(C) Comparison of basal ratios before stimulation.

Next, the orthogonal assay was used to access possible differences in the accumulated amount of downstream
effectors in the presence of RAMP2y:. Two assays, for cAMP and IP1 accumulation, based on HTRF technology
(described in Chapter 4.3.6) were employed, which measure changes, downstream of Gs and Gq proteins,
respectively. HEK293 cells were transfected with PTH1Rwt, with or without RAMP2y: and incubated in the presence
of agonist PTH for requisite time (30 minutes for cAMP and 1,5 hours for IP1) and lysed thereafter. Comparing
potency for those assays showed there is a slight right-shift (p=0.0014) for PTH-stimulated cAMP accumulation
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when RAMP2yt was coexpressed with PTH1Rw: (Figure 47 A, Table 26). There was no difference in PTH-stimulated
IP1 accumulation (Figure 47 B, Table 26), concurring measurements of preceding Gq activation (Figure 42 F, G).

In comparison to previously used assays, offers HTRF detection industry-suitable, no-wash technology, which is
with the less laborious procedure, robustness, and superior sensitivity used in industry. Time-resolved detection of
ratio emission omits possible interferences of solutions, and the final signal is proportional to the extent of analyte
formation. Sensitive and robust measurement offer the possibility of miniaturization of the assay (can be used in
384- and 1536-well). Therefore, this technology signifies for primary and secondary screening phases in the drug
discovery campaigns.

Downside of this detection method is the required lysis of the cells after stimulation as currently available donors
aren’t cell-permeable. Such technology unfortunately cannot report on real-time signaling in the intact cells. On the
other hand, FRET and BRET assays enable monitoring real-time signaling in intact cells but are harder to employ in
such miniaturized formats — however, some successful reports are encouraging this will eventually change
(Schihada, 2018, 2021; Schihada et al., 2018).

In summary, this chapter demonstrates, that HTRF assays verified results demonstrated with BRET and FRET-based
methods previously. After a holistic examination of PTH1R-succeeded G protein cascade, it can be concluded that
RAMP2u: does not significantly changes sensitivity of this signaling branch, but it can induce quicker transduction of

the signal.
It remains to be seen how these differences translate to the gene expression profiles and finally, functional effects.
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Figure 47: PTH-stimulated cAMP and IP1 accumulation.
Normalized concentration—response curves for cAMP (A) or IP1 (B) accumulation measured in HEK293 cells expressing PTH1R

with or without RAMP2,:. Measurements were performed with the HTRF kit: Gs HiRange (A) and IP1 (B). The data are shown as
mean + SEM of two independent experiments performed in duplicates.

PTH
control RAMP2,,; p n
cAMP pECso, M 11.26+0.05 10.920.08 0.0014 2
1P1 PECs, M 9.50+0.12 9.28 £0.06 ns 2
Table 26: Potency for PTH-induced cAMP and IP1 accumulation.
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4.8 RAMP2 effect on non-G protein-dependent signaling

Besides G protein-dependent cascade, signaling of GPCR is further regulated by phosphorylation of G protein-
coupled receptor kinases (GRKs) (Benovic et al., 1987b, 1989), a process which leads to the binding of B-arrestins
(Lohse et al., 1990), and initiates receptor internalization and likely, also B-arrestin-dependent signaling (Shenoy et
al., 2006). B-arrestin-dependent signaling joins the MAPK/ERK pathway, which is also regulated via G proteins. The
cascade transfers signals from the exterior towards DNA in the nucleus of the cell, where they regulate the
activation of various transcription factors. The following chapter discusses steps of the non-G protein-dependent

signaling cascade, which were analyzed by corresponding FRET and BRET biosensors.

In recent years, structural and signaling studies added more details to both signaling cascades downstream of
GPCRs and revealed that the conformational fingerprint of non-G protein dependent one may be different from the
G protein-dependent one (Benovic et al., 1987b, 1989; Gurevich & Gurevich, 2019). Structural requirements for one
either way were also exploited for PTH1R, and two different ligands are known to exert either G protein:
[Trp1]PTHrp-(1-36) (Bisello et al., 2002; Gesty-Palmer et al., 2006) or B-arrestin bias: (D-Trp12,Tyr34)-PTH(7-34)
(Gesty-Palmer et al., 2006, 2009). More importantly, there is an ongoing discussion in the field (Grundmann et al.,
2018; Rajagopal, Kim, et al., 2010; Rajagopal, Rajagopal, et al., 2010; Shenoy et al., 2006) if professed biased ligands
truly exist. Those ligands are converging declared functional selectivity; prefer to activate one signaling branch over
other, and are of considerable therapeutic interest (Whalen et al., 2011). First such “biased drug” oliceridine was
recently approved by FDA (Mullard, 2020).

4.8.1 RAMP2 effect on GRK2 recruitment

GRKs regulate the first phase of desensitization of GPCRS by phosphorylating serine and threonine residues in
intracellular parts of GPCRs (Chaturvedi et al., 2020; Q. Chen et al., 2021), mostly in ICL3 and C-terminus. GRKs and
their phosphorylation pattern (Liggett, 2011; Mayer et al., 2019; Nobles et al., 2011; Staus et al., 2018), often
referred to as phosphorylation barcode, is considered to specify B-arrestin2 binding. Exploring seven isoforms of
GRKs and their involvement in phosphorylation patterns was recently further enabled by the knockout cell lines of
GRKs, characterized by Drube et al. (Drube et al., 2022a) and Kawakami et al. (Kawakami et al., 2022).

To examine whether RAMP2w: could modulate distinct phosphorylation patterns in the PTH1R, recruitment of GRK
to PTH1R was quantified in the presence or absence of RAMP2w:. Since it has been shown that GRK2
phosphorylates PTH1R with the highest efficacy (preceding GRK3 and GRK5) (Dicker et al., 1999), GRK2 isoform was
cloned to GRK2vyrp and used with PTH1RnanoLuc (Figure 48). The resulting BRET assay reported an increase in BRET
when GRK2 was recruited to the activated PTH1R receptor. BRET signals after the full ligand occupancy were
measured at the time of the maximal responses (Figure 48 B, D). Time courses with the saturating concentration of
agonist did not show a change in efficacy between experimental groups — this was the case for PTH (Figure 48 B - C)

as well for PTHrP (Figure 48 D - E). The amount of GRK2 recruitment was concentration-dependent, and, slightly
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higher potencies (p<0.05) were detected when RAMP2 was coexpressed (Figure 48 C, Table 27). For PTHrP, no

differences in potency or efficacy of GRK2 recruitment (Figure 48 D — E, Table 27) were observed.
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Figure 48: RAMP2 effects on GRK2 recruitment.
(A) Graphical depiction of the construct used in the study: NanoLuc was fused to the C-terminus of PTH1R, and YFP to the N-
terminus of GRK2.
(B-E) HEK293 cells were transiently transfected with cDNA encoding for 8-arrestin2yyenus along with PTH1Rnanovuc With (colour
points and traces) or without RAMP2,,: (black points and traces).

BRET signals were recorded in a plate reader from cells stimulated with PTH (B, C, black, blue) or PTHrP (D, E, black, red).
Shown are time courses of agonist stimulation (B, D) and corresponding concentration-response curves (C, E), fitted with a three-
parameters concentration-response curve fit. The data are mean + SEM of three independent experiments performed in
quadruplicates. For further statistics and results, see Table 27.

PTH PTHrP

control RAMP2,; p n control RAMP2,; p n
pPECso, M 884+0.13 8.25+0.14 <0.05 7.04+0.12 7.2310.11 ns
GRK2 r. Emax, % 4.40+0.23 4.23+0.25 ns 3 4.25+024 4.32+0.20 ns

BRET,  0.76+001 070:002 00012 ——

Table 27: The potency and efficiency for PTH- and PTHrP-induced GRK2 recruitment.
Potency (pECsq, M) and efficiency (Emax, %) values were obtained from plate reader experiments, as shown in Figure 48. The data

3

are mean * SEM of n independent experiments. Extra-sum-of-squares test was used to assess the difference between the curves,
ns > 0.05. A t-test was used to assess significance between the groups, ns > 0.05.

Control experiments quantified similar expression for both proteins by assessing the emission of their coupled
fluorophore (YFP in GRK2yrp) (Figure 49 A), and bioluminescent enzyme (NanoLuc in PTH1RNanotuc) (Figure 49 B).
Next, also basal ratios were compared to test if RAMP2u: induced ligand-independent GRK2 recruitment, and thus,
it would be possible to detect higher basal ratios in the presence of RAMP2u:. Interestingly, it appeared that the
basal ratio was smaller in the presence of RAMP2y: (Figure 49 C). That could indicate a different amount of BRET
between examined proteins — such difference could be due to different orientations between the fluorophores or
different distances between them. A possible explanation is that the PTH1RNanoLuc is in da ifferent conformation
when coexpresed with RAMP2, which causes different amount of BRET between donor and acceptor (Figure 49 C).
Nevertheless, a different starting position does not impact GRK2 recruitment (Figure 48, Table 27). NanoLuc was

fused after final Met593 of PTH1R C-terminus, which enables accessibility to all phosphorylation sites (curated in
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such a way that most important clusters are intact in the construct; Ser489-Ser495 and Ser501-Thr506 (Zindel et
al., 2016)). Interestingly, a recent studies suggest that C-terminal sites previously marked as critical are not of such
importance, which was confirmed by phosphorylation deficient mutant of C-terminus which still yielded successful
B-arrestin recruitment. The study by White et al. (A. D. White et al., 2021) also proposes that although there is a
different amount of B-arrestin recruitment when cells are stimulated with different ligands, this is not seen as
phosphorylation pattern of PTH1R. Thus, the proposed phosphorylation might not be directly translated into B-
arrestin recruitment - this is widely researched and believed for some receptors (Latorraca et al., 2020; Liggett,
2011; Mayer et al., 2019; Nobles et al., 2011; Staus et al., 2018).
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Figure 49: Controls for GRK2 recruitment.
The data were obtained from plate reader experiments with HEK293 cells transiently GRK2yep along with PTH1RnanoLuc With or
without RAMP2,,. A t-test was used to assess significance between the groups, ns > 0.05.
(A) Comparison of emission of GRK2ygp in absence (black) and presence of RAMP2,: (grey) after excitation of YFP at 510 nm.
Mean was calculated from 48 wells in a single 96-well plate.
(B) Comparison of emission of PTH1RnanoLuc in absence (black) and presence of RAMP2, (grey) after incubation with substrate
furimazine. Mean was calculated from 48 wells in a single 96-well plate.
(C) Comparison of basal ratios before stimulation. The data are from four independent experiments done in quadruplicates and
represent means + SEM.

4.8.2 RAMP2 effect on B-arrestin2 recruitment

To further explore what impact RAMP2w: has on PTH1R downstream signals, B-arrestin2 recruitment was
monitored. BRET assays were employed, in which B-arrestin2 was tagged with mVenus (Figure 50 A) and used
besides the previously described PTH1RnNanoLuc CONstruct, as in experiments of GRK2 recruitment.

In this series of experiments, HEK293 cells were transfected with PTH1RnanoLuc, B-arrestin2mvenus With or without
RAMP2: (Figure 350). Cells in microtiter plates were stimulated with endogenous agonists PTH (Figure 50 B, G) and
PTHrP (Figure 50 C, H). Remarkably, a profound increase in the amplitude of BRET recruitment in the presence of
RAMP2,: was detected for both ligands. This was true for all concentrations observed and was concentration-
dependent. As previous results showed rather ligand-specific effects in RAMP2 modulation of receptor activation
and G protein activation, here, RAMP2 modulation had an effect on recruitment, surprisingly, on both ligands, PTH

and PTHrP. Encouraged by those findings, different PTH1R agonists were examined; a shorter version of PTH(1-34):
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PTH(1-31) (Figure 50 D, 1); chimera between PTH and PThrP; Abaloparatide (Miller et al., 2016; Tella et al., n.d.;
Varela et al., 2017) (Figure 50 E, J) and lastly, only 14 aa long peptide agonist of PTH1R; DPCAJ-1951 (Carter et al.,
2007) (Figure 50 F, K). Higher BRET signals were quantified with all tested ligands in the presence of RAMP2u:
(Figure 50, Table 28). Besides general RAMP2-induced increase, was this effect ligand-dependent which suggests
that RAMP2 as also ligands affected recruited amount of B-arrestin2 to PTH1R.

Control experiments did not show differences in expression levels of the constructs (Figure 52 A, B). However,
surprisingly, basal ratios, quantified with BRETo method (Schihada, Shekhani, et al., 2021) (described in Chapter
4.7.1) in the absence of receptor stimulation, were found to be significantly higher in RAMP2 group (Figure 52 C,
Table 28). This might suggest that RAMP2 could induce a higher inherent affinity of B-arrestin2 towards PTH1R,
also in the absence of ligand. Previously it was described that the agonist-stimulated PTH1R was still able to recruit
B-arrestin2 in GRK knockout cell lines (Drube et al., 2022a) — RAMP could further increase affinity and, thus, basal
ratio.

The feasible explanation is that RAMP2 allosterically modifies PTHIR conformation and the newly created
conformation accommodates more [-arrestin2. Many studies from the literature show that PTH1R indeed
possesses such allosteric point, which can modify amount of B-arrestin recruitment. For example, in Clark et al. (L. J.
Clark et al., 2020b), group described PTH with modified aa His9. Newly-made peptide after ligand-binding interacts
with the TM core of the receptor and ECL2 residues (Figure 74), creating a unique receptor conformation. This
engagement is further translated toward conformational change in PTHR IL3, abolishing interactions with B-
arrestin's finger loop. Another study by Sarkar et al. (Sarkar et al., 2019) describes that their monoclonal antibody
directed towards the PTH1R a1l helix of the ECD is able to abolish B-arrestin recruitment after PTH-induced receptor
activation. Despite the total inhibition of B-arrestin2 recruitment, Gs-dependent signaling still functions and thus
creates bias in signal transduction.

On the other hand, ECL2 of the receptor is a hotspot of GPCR-RAMPs interaction. RAMPs are located between
TM3,4,5 and help to stabilize receptor at their ECL2 (Liang et al., 2018; Liang, Belousoff, Fletcher, et al., 2020c).
Mutation of the linker region, which connects RAMPs TM with its extracellular helices is contacting receptors ECL2
(Figure 73). Modifications of this region of RAMP were shown to dictate receptor phenotype (Liang, Belousoff,
Fletcher, et al., 2020c).

Chapter 5.3.5 discusses the importance of ECL2 for GPCR-RAMP interaction and emphasizes possible implications
for the B-arrestin recruitment.

Available literature offers many examples of the RAMP-interacting GPCRs, which suggest that RAMP’s modulation
of B-arrestin2 binging might have broader implications as previously appreciated. For instance, Cegla et al. (Cegla et
al., 2017) found that RAMP2 abolished B-arrestin2 recruitment at the GCGR, and a subsequent study by McGlone et
al. (McGlone et al., 2021) revealed that this is due to RAMP2’s effects to promote internalization and increased
activation of Gas proteins at endosomes. They observed apparent decrease in the B-arrestin2 recruitment with no
difference in recruitment of mini-Gas, -Gai, and -Gaq proteins. Thus, RAMP2 at GCGR was able to induce biased
responses. Further study with GIPR receptor by Harris et al. (Harris et al., 2021b) described increased B-arrestin2

recruitment for GIPR’s primary interactor RAMP3.

105



PTH(1-34) PTHrP PTH(1-31) Abalo DPCAJ-1951

10759 [ 1uMPTH(1-34) 10759 M PTHP 1159 ; 1pMPTH(1.31] 1159  : 1uMAbslo 1129 1UMDPCAI1951
PTHIRyanotuc + B-ar2yens £ RAMP2,,, i = Lt - i = ; - :
§ : g : ] H ] : g
" S 1050 5 I £ g
7 & 2 2 E 2
2 ] ] 2 2
Laad £ 1oy g ; g ;
b B 5 5 £ 5 5
& g & & &
* '™ & 10004 & & & g
¥ T —r—r—r —Tr—rTr —r—r—TrT T
aX Ned o 5 10 15 20 o 5 10 15 20 o 5 10 15 20 o 5 10 15 20 o 5 10 15 20
- ’;V\ Time, min Time, min Time, min Time, min Time, min
TORY A
G H | J K
2 e
v 7 81 84 121 12
6 6 " 9
04) ® ® 2 ? . ® % ®
s £ £ e £ E
24 g a & g g & g
& H 2 & H
< < - < <
2 2 3 3
o oL 0 o
-14 12 -10 8 -6 -14 -12 -10 -8 -6 -12 -10 -8 -6 -12 -10 -8 -6
og [PTH], M 1og [PTHeP], M Iog [PTH(2-31), M log [Abalo], M log [DPCAJ1951], M

Figure 50: RAMP2 effects on B-arrestin2 recruitment to PTHIR.

(A) Graphical depiction of the construct used in the study: NanoLuc was fused to the C-terminus of PTHIR, and mVenus to the N-
terminus of B-arrestin2. HEK293 cells were transiently transfected with cDNA encoding for 8-arrestin2 mvenus along with
PTH1Rnanotue With (colour points and traces) or without RAMP2,,: (black points and traces).

(B - F) Averaged time courses of ligand stimulation with 1 uM PTH(1-34), (B) PTHrP (C), PTH(1-31) (D), Abaloparatide (E), DPCAJ-
1951(F), and corresponding concentration-response curves (G - K), fitted with a three-parameters concentration-response curve
fit. The data are mean + SEM of at least two independent experiments performed in duplicates or more. For further statistics and
results, see Table 28. BRET signals were recorded in a plate reader.

With the motivation of observed RAMP effects on PTH1R, other GPCRs were examined. First, B-arrestin2
recruitment was analyzed at another interacting class B GPCR, CTR (Figure 51). A set of similar constructs as
described before was utilized — receptor was tagged with NanolLuc at its C-terminus and mVenus was fused to B-
arrestin2. B-arrestin2 recruitment was quantified upon stimulation with human calcitonin (hCT) (Figure 51) and
salmon CT (sCT) (Figure 51). There was no change in the potency, but there was a slight, albeit significant increase
in B-arrestin recruitment when RAMP2 was coexpressed (Table 28). Control experiments showed that (Figure 52 D,
E) expression of constructs in both experimental groups didn't differ, and basal ratio did not show the change
(Figure 52 F), as for example before for PTH1R. This suggests that there might be a trend of RAMP promoting B-
arrestin recruitment at their interacting GPCRs, however, it is receptor-, and, as shown before, ligand-dependent.

In addition, negative control of B2AR was employed as a prototypical receptor known not to interact with RAMPs.
As anticipated, no RAMP2-modulated changes were observed — nor in potency or efficacy. Furthermore, control
experiments showed that expression of the constructs used in the study were not different and this was true for
various expression levels (Figure 52 G — 1). This excluded possibility that observed changes would be due to RAMPs’

modulation of B-arrestin2 confirmation or binding rather than modulation of their interacting GPCRS.
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Figure 51: RAMP2 effects on B-arrestin recruitment to other GPCRs.
(A) Graphical depiction of the construct used in the study: NanoLuc was fused to the C-terminus of CTR and B2AR, respectively,

and mVenus to the N-terminus of 8-arrestin2. HEK293 cells were transiently transfected with cDNA encoding for: 8-
arrestin2myenus along with PTH1R nanoLuc With (colour points and traces) or without RAMP2,,: (black points and traces).
(B - F) Averaged time courses of agonist stimulation and corresponding concentration-response curves (G - K), fitted with a
three-parameters concentration-response curve fit. The data are mean * SEM of at least two independent experiments
performed in duplicates or more. For further statistics and results, see Table 28. BRET signals were recorded in a plate reader

receptor
ligand pECso, M Emax, % n BRET),
control 9.45+0.14 3.66+0.21 0.75 £ 0.02
PTH(1-34) RAMP2,,; 9.21+0.12 6.48+032 3 0.85 +0.02
p ns <0.05 0.0060

control 8.56+0.12 3.45+0.16
RAMP2,; 845+0.09 585+0.21 3
p ns <0.05
control 8.56+0.12 3.45%0.16

(3
:_E' PTH(1-31) RAMP2,. 845+0.09 5.85+0.21 2
o p ns <0.05
control 8.56+0.12 3.45+0.16
RAMP2,,; 8.45+0.09 585+0.21 2
p ns <0.05
control 8.56+0.12 3.45+0.16
DPCAJ-1951 RAMP2,; 845+0.09 585+0.21 2
I p ns <0.05
control 7.90+0.08 6.56+0.23 0.75 +£0.04
RAMP2,,; 7.68+0.06 8.62+0.26 2 0.73£0.01
E p ns <0.0001 ns
O control 9.15+0.11 6.51+0.09
RAMP2,; 8.79+0.26 843+030 2
| p ns <0.0001
3 control 7.58+0.13 2.43+0.10 0.83+£0.01
S RAMP2,,; 7.81+0.15 2.72+0.13 4 0.82+0.01
@ p ns ns ns

Table 28: Potency and efficiency for ligand-induced 8-arrestin2 recruitment.
Potency (pECsq, M) and efficiency (Emax, %) values were obtained from plate reader experiments in Figure 50, 51. The data are

mean * SEM of n independent experiments. Extra-sum-of-squares test was used to assess the difference between the curves, ns >
0.05.
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Figure 52: Controls for B-arrestin2 recruitment assays.
The data were obtained from plate reader experiments with HEK293 cells transiently f-arrestin2myenus along with PTH1RnanoLuc
with or without RAMP2,.. A t-test was used to assess the significance between the groups, ns > 0.05.
(A) Comparison of emission of f-arrestin2mvenus in the absence (black) and presence of RAMP2,,; (grey) after excitation of mVenus

at 510 nm. The mean was calculated from 48 wells in a single 96-well plate.

(B) Comparison of emission of PTH1Rnanotuc in absence (black) and presence of RAMP2 . (grey) after incubation with substrate
furimazine. The mean was calculated from 48 wells in a single 96-well plate.

(C) Comparison of basal ratios before stimulation. The data are from four independent experiments done in quadruplicates and

represent means + SEM.

4.8.3 RAMP2 effect on ERK phosphorylation

Motivated to see if changes observed in previous cascade steps translate to the ERK1/2 pathway, the FRET-based
EKAR (extracellular signal-regulated kinase activity reporter) biosensor (Harvey et al., 2008) was employed to

observe ERK activity. This biosensor was designed using a conformational sensitive substrate from Cdc25C (Cell
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Division Cycle 25C phosphatase) containing the consensus ERK target sequence (Gonzalez et al., 1991), and the
proline-directed WW phospho-binding domain (Lu et al., 1999). ERK activity induces phosphorylation of the
substrate sequence, and thus, substrate and phospho-binding domain rearrangea leading to an increase in FRET
between the attached fluorophores. Since the WW domain is primarily localized in the cell nucleus, the initial
version of the sensor, EKARnue, residues there. The addition of a C-terminal nuclear export sequence (Figure 3.41 A)
creates a cytoplasmic version of the biosensor (EKARgyto) (Harvey et al., 2008).

Effects on PTH and PTHrP-induced activation of ERK1/2 pathway were measured with both biosensor variants
(Figure 53 A, Table 29) in HEK293 cells, transiently transfected with one of EKAR biosensor, PTH1Rw:, with or
without RAMP2ut.

Effects on PTH and PTHrP-induced activation of ERK1/2 pathway were measured with both biosensor variants
(Figure 53 B — E, Table 29) in HEK293 cells, transiently transfected with one of the EKAR biosensors, PTH1Rwt, with
or without RAMP2.

Cells were stimulated with increasing concentrations of agonists and recorded FRET changes in microtiter plates.
First, changes with the EKARcyto biosensor were quantified, where the concentration-dependent difference in
amplitudes and efficiencies of RAMP2-induced ERK phosphorylation was observed. Those changes were statistically
higher for both agonists — PTH (Figure 53 B) and PTHrP (Figure 53 C). Contrary, when EKARnu Was used, neither
PTH-, nor PTHrP-stimulation showed differences between the experimental groups (Figure 53 F —1).

In summary, it is indisputable that the presence of RAMP2 causes specific alterations of PTH1R signaling in cell
interior and is very possible that initial interaction of PTH1R-RAMP2 and conformational rearrangement already at
the level of receptor activation dictate observed changes. To explore a structural fingerprint of differential signaling

patterns, structural homology modeling was employed and described in Chapter 4.9.

PTH PTHrP

control RAMP2,: p n control RAMP2,; p n
pECso, M 943037 9.12+0.37 ns 7.86+0.86 7.53+0.43 ns
ERK cyto. Emax, % 2.23+0.29 453+0.63 0.0078 3 1.75+0.56 4.28+0.69 0.00143
FRET, 1.09+0.10 0.65+0.05 0.0020
pECso, M 10.21+0.24 9.34+0.39 ns 9.92+040 9.12+0.49 ns
ERK nucl. Emax, % 5.95+0.76  5.39+1.00 ns 3 6.02+0.82 542+0.78 ns

FRET, 0.84+0.04 0.85+0.004 ns  /

Table 29: Potency and efficiency for PTH- and PTHrP-induced ERK phosphorylation.
The potency (pECso, M) and efficiency (Emax %) values were obtained from plate reader experiments in Figure 53. The data are

mean * SEM of n independent experiments. Extra-sum-of-squares test was used to assess the difference between the curves, and

3

a t-test was used to determine the significance between the groups, ns > 0.05.
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Figure 53: RAMP2 effects on PTH- and PTHrP-induced ERK phosphorylation in nucleus and cytosol.
(A) Graphical depiction of EKAR construct: YFP was fused to the C-terminus of Phospho-binding domain WW and CFP to
the ERK docking domain. Upon ERK phosphorylation comes to a conformational change, and FRET increases.
(B - E) HEK293 cells were transiently transfected with cDNA encoding for nuclear EKAR biosensor along with PTH1R,,: with (red,
blue points and traces) or without RAMP2,, (black points and traces).

(F - 1) HEK293 cells were transiently transfected with cDNA encoding for nuclear EKAR biosensor along with PTH1R: with (red,
blue points and traces) or without RAMP2,, (black points and traces). The data are normalized to the expression of cytosolic
EKAR sensor.

Concentration-response curves (B, D, F, E) were fitted with a three-parameters curve fit, and the bottom was constrained to O.
The data are mean *+ SEM of three independent experiments performed in quadruplicates. For further statistics and results, see
Table 29. BRET signals were recorded in a plate reader.

The expression of cytosolic (Figure 54 A) and nuclear biosensor (Figure 54 D) were controlled through direct
excitation of YFP — in the case of cytosolic biosensor, different, ~ 35% smaller expression of the biosensor was
observed, which could compromise signal readout, and therefore, amplitudes were normalized to the direct
expression of the cytosolic biosensor in each separate group (Figure 54 B — C). The sensitivities of both
experimental groups to Epidermal growth factor (EGF) were tested as a positive control (Figure 54 B, E), and they

did not differ between the groups. Lastly, basal ratios were compared to check if RAMP2w: could induce ligand-
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independent ERK phosphorylation (Figure 3. C, F, Table 29). Interestingly, a comparison of the FRETo value (basal
ratios) of the cytosolic biosensor in both experimental groups suggested that this pathway is somewhat slightly
deactivated in the presence of RAMP2u: (Figure 52). Therefore, it could be that higher amplitudes of EKARyto after
stimulation are result of compensation of downregulated pathway (Table 29).

Studies of PTH1R-mediated ERK activation (Gesty-Palmer et al., 2006) report two peaks of ERK activity after
receptor stimulation, where the first contributes to the Gs-related increase, and the second, to the sustained ERK
activation. Tohgo et al. (Tohgo et al., 2003) attributed the first wave of ERK activation to the G protein-dependent
pathway and the second one, to the B-arrestin-dependent ERK1/2 pathway. Comparing those studies with the
results from Figure 53 it could be predicted that RAMP2 modulates the second pool of PTH1R-dependent ERK
activation and, thus, reshapes receptor signaling towards B-arrestin.

Exploration beyond the used assay would help understand how RAMP2,: shapes the activity of the ERK1/2 pathway
of both signaling pools, and further, how it regulates gene transcription. Orthogonal assays used in other studies
relied on either protein quantification with Western Blot (Gesty-Palmer et al., 2006) or commercially available kits
(Harris et al., 2021b) and thus, measured the accumulated amount of phosphorylated ERK. In contrast, currently
employed assay enables detection of ERK activity in intact cells in real-time. Latter approach is better as it does not
represent only a snapshot in very noisy signal transduction pathway, which is influenced by numerous factors.
However, signal-to-noise ratio could be still optimized for better performance. Therefore, it should be aimed to
explore ERK activity also with other available biosensors in intact cells (Xu et al., 2013; de la Cova et al., 2017; Q.
Zhang et al., 2018; Mehta et al., 2018; Chavez-Abiega et al., 2022). Moreover, it would be worth pursuing a follow-
up study with selective PTH analogs, [Trpl]PTHrp-(1-36) for selectively activating Gs/PKA-mediated ERK1/2
activation and [d-Trp12,Tyr34]PTH-(7-34) for G protein-independent/B-arrestin-dependent ERK1/2 activation.
Structural studies from the Sexton lab suggest that different effects on ERK and cAMP efficacy seen for sCT and hCT
at CTR originate from different conformational dynamics states for those signaling pathways (dal Maso et al., 2019;
Furness et al., 2016).

Regarding to RAMPs modulation of ERK1/2 pathway, Harris et al. detected an increase in amount of ERK
phosphorylation when GIPR was coexpressed with RAMP3 (Harris et al., 2021b). This was preceded by increased B-
arrestin2 recruitment, what mirrors experimental findings from Chapter 4.8.2 and Chapter 4.8.3. Yarwood et al.
(Yarwood et al.,, 2017) found that the endosomal fraction of CGRP-stimualted CRLR-RAMP1 signaling axis
contributes to pain transmission. Similarly, as seen in White et al. (A. D. White et al., 2021) for PTH1R, both groups
attribute important physiological signals to the endosomal fraction. They show that compartmentalized signal

transduction matters in cellular perception of signals.
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Figure 54: Controls for ERK phosphorylation assays.
The data were obtained from plate reader experiments with HEK293 cells transiently expressing EKAR biosensors (ERKcyto,

ERKnucl biosensor), along with PTH1R,,, with or without RAMP2,,.. The data are from four independent experiments done in
quadruplicates and represent means + SEM. A t-test was used to assess significance between the groups, ns > 0.05.
(A, D) Comparison of emission of ERK biosensor used in the assay in the absence (black) and presence of RAMP2,: (grey) after
excitation at 510 nm. The mean was calculated from 48 wells in a single 96-well plate.
(B) Comparison of AFRET responses in % after the complete stimulation with 10 ug/ulL EGF.
(C) Comparison of basal ratios before stimulation.
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4.9 Structural basis of PTH1R-RAMP2 interaction

In recent years, the GPCR field observed fireworks in structural studies. Hence, the structural basis of PTH1R
(Ehrenmann et al., 2018; L.-H. Zhao et al., 2019) was exploited along with other GPCRs (Hauser et al., 2021;
Kooistra, Munk, et al., 2021). On the other hand, the first structures of full-length RAMPs with their interacting
GPCRs shed light on their modulation character (Garelja et al., 2020; Josephs et al., 2021b; Liang et al., 2018; Liang,
Belousoff, Fletcher, et al., 2020c). Structurally, RAMPs consist of a single transmembrane domain, located between
TM3,4,5 of the receptor and make contact with receptors ECL2. There are no direct contacts with the ligands,
although it is clear that RAMPs can reshape the binding interface to accommodate peptides with different affinities
(Garelja et al., 2020; Josephs et al., 2021b; Liang, Belousoff, Fletcher, et al., 2020c). Structural studies comparing
receptor states with and without RAMPs recently enlarged our structural and mechanistic understanding about
and their complex was not determined structurally. To explore the structural fingerprint of the examined
interaction partners, AlphaFold (Jumper et al., 2021; Tunyasuvunakool et al., 2021; Varadi et al., 2022) was used

besides structural homology modeling.

4.9.1 Structural prediction with AlphaFold

Since AlphaFold can also predict multimers (Evans et al., 2021), it was aimed to probe the form of predicted PTH-
PTH1R-RAMP2 complexes. First, structures for PTH1R, PTH, PTHrP, and RAMP2 were downloaded from AlphaFold
Protein Structure Database (https://alphafold.ebi.ac.uk/) (Figure 55) and visualized separately to get an initial

impression of their monomeric structural appearance of used proteins.

A B C D

Figure 55: Predicted structures from AlphaFold Protein Structure Database.
Following proteins as predicted in AlphaFold Protein Structure Database; PTHIR (A), PTH (B), PTHrP (C), and RAMP2 (D). The

structure was folded by AlphaFold v2.1.0 using the monomer model and sequences in Table 30.
Colour code shows per-residue confidence score (pLDDT) between 0 and 100; very high (pLDDT > 90, blue), very low (pLDDT < 50,
orange).
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Sequences for PTH, PThrP, PTH1R, and RAMP2 (Table 30) were then copied to the Jupyter Colab notebook of
AlphaFold v2.1.0

(https://colab.research.google.com/github/deepmind/alphafold/blob/main/notebooks/AlphaFold.ipynb), and a

multimer model was used to fold the complex. The resulting model structures (Figure 56) were then visualized in
PyMOL and recolored into distinct chains in the predicted multimer complex of proteins; PTH/PTH1R/RAMP2
multimer complex (Figure 56 A) and PTHrP/PTH1R/RAMP2 multimer complex (Figure 56 A). Both complexes
resulted in a very similar structure of PTH1R and relative position of RAMP2 TM towards receptor TM5 and TM®6,
which is slightly different from the currently proposed location more towards TM3-4-5 of CRLR receptors.
Interestingly, the position of ECD of RAMP2 in the PTH/PTH1R/RAMP2 complex is similar to the one expected from
previous structures and does not interfere specifically with the PTH. On the other hand, in the complex with PTHrP,
RAMP2 ECD seemed substantially more bent, oddly positioning three helixes at an angle of 90°C towards the
receptor ECD. The position of the N-terminus is according to the previously described PTH1R structure (L.-H. Zhao
et al., 2019), and PThrP is bent in the binding pocket, as suggested by the initial PTHrP structure (Weidler et al.,
1999) and prediction from AlphaFold Protein Structure Database (Figure 56). Our collaborators Gunnar Kleinau and
Patrick Scheerer (Charité - Universitatsmedizin Berlin) further curated models to get additional insights into the

structural prediction — their results are presented in the next chapter.

PTH/PTH1R/RAMP2 PTHrP/PTH1R/RAMP2

Figure 56: A predicted complex of PTH-PTH1R-RAMP2 and PTHrP-PTH1R-RAMP2.
RAMP2 is depicted in blue, PTH1R in grey, PTH in orange, and PTHrP in purple. The structure was folded by AlphaFold v2.1.0
using sequences in Table 30 with a multimer model. Structures were visualized in PyMOL.
(A) PTH/PTH1R/RAMP2 multimer complex.
(B) PTHrP/PTH1R/RAMP2 multimer complex.
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hPTH

MIPAKDMAKVMIVMLAICFLTKSDGKSVKKRSVSEIQLMHNLGKHLNSMERVEWLRKKLQDVHNFVALGAPLAP
RDAGSQRPRKKEDNVLVESHEKSLGEADKADVNVLTKAKSQ

hPTHrP | MQRRLVQQWSVAVFLLSYAVPSCGRSVEGLSRRLKRAVSEHQLLHDKGKSIQDLRRRFFLHHLIAEIHTAEIRATSE
VSPNSKPSPNTKNHPVRFGSDDEGRYLTQETNKVETYKEQPLKTPGKKKKGKPGKRKEQEKKKRRTRSAWLDSGV
TGSGLEGDHLSDTSTTSLELDSRRH

hPTHIR | MGTARIAPGLALLLCCPVLSSAYALVDADDVMTKEEQIFLLHRAQAQCEKRLKEVLQRPASIMESDKGWTSASTSG

KPRKDKASGKLYPESEEDKEAPTGSRYRGRPCLPEWDHILCWPLGAPGEVVAVPCPDYIYDFNHKGHAYRRCDRN
GSWELVPGHNRTWANYSECVKFLTNETREREVFDRLGMIYTVGYSVSLASLTVAVLILAYFRRLHCTRNYIHMHLFL
SFMLRAVSIFVK
DAVLYSGATLDEAERLTEEELRAIAQAPPPPATAAAGYAGCRVAVTFFLYFLATNYYWILVEGLYLHSLIFMAFFSEKK
YLWGFTVFGWGLPAVFVAVWVSVRATLANTGCWDLSSGNKKWIIQVPILASIVLNFILFINIVRVLATKLRETNAGR
CDTRQQYRKLLKSTLVLMPLFGVHYIVFMATPYTEVSGTLWQVQMHYEMLFNSFQGFFVAIIYCFCNGEVQAEIKK
SWSRWTLALDFKRKARSGSSSYSYGPMVSHTSVTNVGPRVGLGLPLSPRLLPTATTNGHPQLPGHAKPGTPALETL
ETTPPAMAAPKDDGFLNGSCSGLDEEASGPERPPALLQEEWETVM

hRAMP2 | MASLRVERAGGPRLPRTRVGRPAALRLLLLLGAVLNPHEALAQPLPTTGTPGSEGGTVKNYETAVQFCWNHYKDQ

MDPIEKDWCDWAMISRPYSTLRDCLEHFAELFDLGFPNPLAERIIFETHQIHFANCSLVQPTFSDPPEDVLLAMIIAP
ICLIPFLITLVWWRSKDSEAQA

49.2 S

Table 30: Sequences used for AlphaFold folding.

tructural homology modeling

Modeling of PTH1R in a complex with PTH and RAMP2 was performed by collaborators Gunnar Kleinau and Patrick
Scheerer (Charité - Universitdtsmedizin Berlin). First, the structure of PTH1R with long-acting PTH (LA-PTH) and Gs
based on a cryo-EM structure was determined (L.-H. Zhao et al., 2019). Second, RAMP binding to the PTH1R

complex

informat

was mirrored from the RAMP1-CRLR (Liang et al., 2018) complex since this contained more structural
ion than the available RAMP2-CRLR (Liang, Belousoff, Fletcher, et al., 2020c) structure.

There were a few details to consider while building the model:

1.

Although the PTH1R and CRLR are similar in the receptor-ECD sequences and their structural folding, this is
not true for highly divergent ligands that are distinct in secondary structure and orientation to the
receptor’s ECD. While CGRP (Josephs et al., 2021b; Liang et al., 2018) or adrenomedullin (Liang, Belousoff,
Fletcher, et al., 2020c) are described as kinked helix, LA-PTH has a linear structure. This might be due to an
artificially constructed sequence of LA-PTH ligand (Shimizu et al., 2016), which enabled structural studies.
On the other hand, native PTH (and PThrP) are, as similar peptidic ligands, kinked. Predicted AlphaFold
structures (Figure 56) and NMR structures (Austermann et al., 1995; Weidler et al., 1999, p. 1) support this
premise.

The CGRP ligand's N-terminus is different from LA-PTH at the transmembrane receptor part, having a
specific orientation of the CRLR-ECD and the length of extracellular loop 2 (EL2). This causes CGRP to be
shifted towards TM1 and TM2 of the CRLR compared to the LA-PTH orientation in the PTH1R.
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3. Comparing CGRP and PTH1R aa sequences indicated that crucial aas between the receptor ECD and
RAMP2 RCD are also present in the N-terminal extracellular PTH1R sequence. That aa are Q45 and E54 in
PTH1R (similar to Q54 in CRLR). This strongly suggested that RAMP2 ECD could also bind to the PTH1R ECD
in a mode comparable to that observed for the CRLR-ECD/RAMP1 complex. Moreover, R162 in ECD was
identified as the main aa involved in binding LA-PTH to PTH1R and CGRP to CRLR and is corresponding and
identical to both receptors. This suggests a certain level of conservation in the ligand-binding mode.
4. Llastly, there is a clear distinction between aas, which contribute to either ligand or RAMP1 binding in
CGRP/CR/RAMP1, later being present in PTH1R-ECD.
Thus, it was proposed that binding of the RAMP2 to the PTH1R-ECD could be feasible in a similar manner as
observed for the CGRP/CR/RAMP1 complex. Proceeding from these premises, RAMP2 was structurally mapped to
the active structure of the LA-PTH/PTH1R/Gs complex in two different ways.

version | version |l

Putative complex version Il for
PTH1R with RAMP2 and PTH

Putative complex version | for
Mmoot fmm Lo i PTHAR with RAMP2 and PTHrP

Template CLR-CGRP + RAMP1
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Template PTH1R with LA-PTH
(PDB ID: 6nbh)
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Figure 57: Modeled ligand/PTH1R/RAMP2/Gs complexes.
As indicated in the figure, structural templates were starting material to model putative ligand/PTH1R/RAMP2/Gs-complexes,

resulting in two versions of possible arrangements. RAMPZ2 is depicted in red, PTH in green, and PTHI1R in light grey.
(A) In version I, the RAMP2 ECD is oriented toward the PTH1R. Still, the principle receptor ECD is adjusted according to the
determined LA-PTH/PTH1R/Gs complex (L.-H. Zhao et al., 2019), whereby the ligand forms a regular straight helix.
(B) In version Il, CGRP/CRLR/RAMP1/Gs complex (Josephs et al., 2021b) was a structural template used to adjust the complex
components relative to each other; the PTHIR ECD bound with RAMP2 ECD is differently oriented toward the TMD. In addition,
the ligand (PTH) has a modified secondary structure in the central part compared to LA-PTH in the determined version | complex
(A).

The first version | (Figure 57 A) was constructed with RAMP2-ECD, bound to the PTH1R-ECD similar to the
CGRP/CR/RAMP1 (Liang et al., 2018) complex, while the previously predicted PTH1R/LA-PTH structure stayed

unaffected. The RAMP1 sequence was exchanged by the RAMP2 sequence, and the linker was connected to the
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RAMP2 ECD already merged into the initial LA-PTH/PTH1R /RAMP2 model. The LA-PTH sequence was replaced by
the PTH or the PTHrP sequences, resulting in two versions of the PTH1R/RAMP2/Gs complex with both ligands, PTH
and PTHrP (shown is the version with PThrP).

The second version Il (Figure 57 B) was produced with CGRP/CR/RAMP1 (Liang et al., 2018) complex as a template.
The part of the PTHIR ECD with the LA-PTH C-terminus (L.-H. Zhao et al., 2019) (amino acids 22-34) part was
superpositioned in the CGRP/CR/RAMP1 complex. RAMP1 was inserted from this complex into the PTH1R model
and, after that, substituted with the RAMP2 sequence. Lastly, the extracellular C-terminus and the bound N-
terminus of LA-PTH were connected. The ligand sequence was replaced by the PTH or the PTHrP sequences (shown
is the version with PThrP).

Finally, version Il (Figure 57 B) was identified as more suitable for predicting actual interaction positions. Besides a
few predicted sites for PTHIR/RAMP2 interaction, it was observed that RAMP2 reshaped receptor conformation in
the way that PTH1R ECD and TMD were making novel contacts. In this version, receptor ECD interacted with the
EL3, possibly with EL1. Few new receptor ECD-ligand contacts were possible: K13 of PTH contacted D133 of the
PTH1R. RAMP2 interacted extracellularly with the EL2 of the receptor but also intracellularly with the IL2, low part

of receptor TM 3 and 4, a region associated with G protein binding (Ntt, N-terminal tail; Ctt, C-terminal tail).
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Figure 58: Putative RAMP2 binding mode in a PTH1R-PTH-Gs complex model.
(A) A homology model of PTH/PTH1R/Gs/RAMP2 suggests several specific contacts between the components of this

complex. RAMP?2 is depicted in blue, PTHIR TMD in light grey, PTHIR ECD in orange, PTH in green, and Gs in beige.
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(B) RAMP2 shall interact extracellularly with the EL2 of the receptor (B), but also intracellularly with the IL2 and adjacent
transitions to receptor helices 3 and 4 (C) (red circles), a region that is associated with G protein binding (Ntt, N-
terminal tail; Ctt, C-terminal tail). New intramolecular contacts from the PTH1R ECD to the TMD (yellow circle) are not
present in the recent PTH1R structure (L.-H. Zhao et al., 2019) (PDB ID: 6NBH). In this version, the receptor ECD would
interact directly with the EL3 and potentially with EL1. Moreover, several new receptor ECD-ligand contacts are
possible, such as between K13 of PTH and D133 of PTH1R. Modeling was performed by dr. Gunnar Kleinau and dr.
Patrick Sheerer (Charite - Universitdtsmedizin Berlin).

Interestingly, comparing both generated models, it is an apparent difference in the location of RAMP2 in the PTH1R
structure: AlpaFold model yielded structure, where helix 8 is almost contacting RAMP2, which was not observed in
structure homology versions. This was true for both complexes, either with PTH or PTHrP. It must be noted that
AlphaFold model does not contain Gs protein and could therefore differ in specific structural insights. On the other
hand, due to its nature, AlphaFold predicted the model from the accumulated structural knowledge available at
that very moment can thus provide a probably more integrated view of the possible conformation of PTH1R with
RAMP2. AlphaFold data is not curated by the structural specialist, and there was some skepticism about its ability
to generate complexes. As of now, algorithms for AlphaFold-Multimer are constantly updated, and believed that
accuracy of the prediction will only increase (Evans et al., 2022).
Present structural information suggests that RAMPs are in firm contact with interacting GPCRs — there are placed
between TM3-5, contacting TM5 and adjacent ECL2 and the intracellular side of the receptors at TM3 and 4 (Booe
structural regions involved in the GPCR activation process.
Model variant Il suggests that RAMP2 binding alters the structure of PTH1R to induce novel intramolecular
interactions between ECD and TMD of the receptor, besides new contacts between ligand and receptor TMD. In
comparison to the known PTH1R structure (L.-H. Zhao et al., 2019), model variant Il differs in the ECD-TMD location
of the receptor and ligand PTH. Ligand is in the kinked conformation, similar to CGRP or adrenomedullin in
GPCR/RAMPs structures (Booe et al., 2020; Josephs et al., 2021b; Liang et al., 2018; Liang, Belousoff, Fletcher, et al.,
2020c). Such PTH structure was already proposed by NMR studies (Austermann et al., 1995) and varies to the
straight helix of LA-PTH in the PTH1R structure (L.-H. Zhao et al., 2019). RAMP2-linker interacts with receptor ECL2
and receptors ECD further contacts EL3, a bridge between TM6 and TM7, regions specifically dictating receptor
activation, Gs activation, and B-arrestin binding. Thus, it is reasonable to conclude that RAMP2 binding induces
novel receptor conformation. The mentioned change could be the origin of the observed acceleration of activation
speed (Chapter 4.6) or differential binding of effector proteins (Chapter 4.7, 4.8). Model version Il hints at how
possible pre-activation or unique conformation of PTH1R might occur. Novel intra- and intermolecular contacts
described above could cause pre-activation or stabilization of a unique conformation of the receptor. RAMPs
stabilize the receptor structure in the case of calcitonin-like receptors (Garelja et al., 2020; Josephs et al., 2021b;
Liang et al., 2018; Liang, Belousoff, Fletcher, et al., 2020c), which is feasible also for PTH1R. This unique
conformation could stabilize some of the many conformational states, which would preferentially attract a
particular downstream signaling partner over another. RAMP2-helix contacts IL2 and the adjacent junctions to TM3
and TM4 in the intracellular part of PTH1R — part, which governs G protein binding; thus, it might affect constitutive
receptor activation. The short but functionally crucial, the intracellular part of RAMP is likewise known to control G
protein activation (Udawela et al., 2006).
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Regarding differential ligand effects observed in previous chapters, it needs to be noted that so far, there is no
available full-length structure of PTHrP with PTH1R, which could help get a holistic view of the structure-activity-
relation differences between PTH and PTHrP. The crystal structure of the ECD of PTH1R with PTHrP (Pioszak et al.,
2009) is informative and suggests that PTHrP binds to the same ECD part of the receptor. In contrast to the straight
PTH helix, the PTHrP is slightly bent and has unwound C-terminal. Aa L41 and 1115 of receptor ECD are slightly
shifted to accommodate PTHrP binding. The model version | (Figure 57 A) nicely grasped curved PThrP, which does
not induce significant structural changes — and agrees with the hypothesis of relatively negligible effect observed in
activation kinetics of PThrP on PTH1IR/RAMP2 (Chapter 4.6). PThrP and PTH sequences are “only” 32% identical and
are known to prefer different PTHIR conformations (Cheloha et al., 2015b), which translates to divergent
functional and biological effects operated through PTH1R (Cheloha et al., 2015b). RAMP2 modulation could prompt
another level of complexity for the roles of two endogenous ligands, PTH and PTHrP, which act through a single
receptor.

In summary, these results establish a molecular model for a better understanding of how RAMP2 might shape the
structural architecture of PTH1R with PTH and/or PTHrP. Moreover, those structural models could provide a

template for designing specific therapeutics targeting PTHIR/RAMP2 complex.
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4.10 Beyond PTH1R conformational biosensor

In this chapter, | am outlining two sets of the data, where | explored the ability of the newly created PTH1Rerer
biosensor to report different conformations. First, the mutation was introduced to the biosensor, which induced
constitutively active biosensor form PTH1Rrrer H223R. Second, the conformational switch of PTH1Rrer was

investigated in the absence of G proteins.

4.10.1 Switch of mutated receptor PTH1Rer H223R

PTH1Rrrer biosensor was able to detect differences in conformation induced by RAMP2, and it was of further
interest to understand if introducing single point mutation would still preserve the functionality of the biosensor
and ability to report conformational changes. Therefore, the conformationally sensitive site was mutated (Figure 59
A) — H223R, previously reported being the cause of constitutively active receptor phenotype, inducing ligand-
independent activity (Schipani et al., 1995; Parfitt et al., 1996; Schipani et al., 1997). This position is beside two
others: T410P and 1458R (Schipani et al.,, 1999), activating mutation related to Jansen's Metaphyseal
Chondrodysplasia (JMC), a rare disease associated with increased calcium concentration in our blood as a
consequence of overactive PTH1R receptor. Notably, patients with JMC see a reduced or low normal
concentrations of endogenously expressed and circulating PTH and PTHrP (Kruse & Schiitz, 1993). However, those
two hormones can still bind to the receptor with smaller efficacy and in the case of PTHrP also smaller potency.
Loss of PTHrP-related role on PTH1R is prominently seen in JMC (Schipani et al., 1995). For instance, patients suffer
from abnormal formation of endochondral bone. Currently incurable disease is still lacking adequate therapeutics,
and a biosensor with mutation could help to identify and characterize prospective treatment for JMC. Therefore,
mutated biosensor PTH1Rrrer H223R was designed and characterized.

First, the biosensor was examined in FRET AB experiments (Figure 59 B). | could detect smaller FRET efficiency;
from previously 15.06 % for the PTH1Rrrer biosensor, mutation induced statistically significant fall to 12.83 %. This is
in line with the proposed mutation’s effect toward active-like conformation. Previous studies showed that all three-
mutation led to the difference in ICL3 conformation, a place which is sensitive for activation on one side and on
another — where fluorophores in biosensor are attached. Mutation-imposed conformational change has
presumably induced reposition or reorientation, and thus, distance and/or orientation between fluorophore
changed. This was detected as smaller FRET efficiency.

Next, it was investigated if mutation exerted an effect on ligand-induced activation of the mutated biosensor. PTH-
and PTHrP-stimulated FRET responses were measured in microtiter plates (Figure 59 C, D, Table 31). As expected,
the amplitude of those responses was smaller for the cells expressing mutated biosensor. Not only PTH but also
PTHrP stimulation led to the ~two times concentration-dependent decrease in the amplitude of the mutated
biosensor PTH1Rrrer H223R. Interestingly, PTH-induced responses were of similar, slightly left-shifted potency,
whereas PTHrP-induced major right-shift for more than one log unit. First, this suggested that H223R mutation-
imposed conformational dynamics represent different interface for their interacting ligands and highlight another
level of complexity which might be seen in patients with JMC. It might be that observed left-shifted potency
happens because of easier activation of H223R mutant (FRET AB data suggest that is a receptor in the basal state in
more active-like conformation). Second, different potencies and efficacies for both ligands indicate that there

might be ligand-specific conformations of PTH1Rrer H233R. Finally, it could be that mutation induces an almost
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fully active PTHrP-induced state (and thus very little further activation is seen with this agonist), while being only
partially active in the direction of the PTH-induced state.

Ligand-specific conformations of PTH1R for PTH and PTHrP were characterized previously (Hoare et al., 2001; Dean
et al., 2006, 2008). RO conformation is stable in the presence of GTPyS and is bound preferentially by PTH. Another
conformation named RG, is sensitive to GTPyS addition and is bound preferentially by PTHrP. H233R mutation
could change the natural preference of the PTH1R receptor toward those conformations.

Older control experiments showed that poorer surface expression of PTH1Rrer H223R is not a cause for the change
in the amplitude since the mutated receptor showed only a slightly (~15%) reduced level of cell surface expression
(Schihada, Shekhani, et al., 2021). This is not surprising for the constitutive active receptors, as internalization
represents protection from the enhanced signaling. Nevertheless, two times reduction in the amplitude (Figure 59
C, D, Table 31) presumably does not arise only from the cell surface change and likely represents the ability of the
PTH1Rrrer H223R biosensor to pick up different, more active-like conformation.

This data argue that biosensor can report 1) mutation-induced conformation, and 2) different ligand-specific
conformations.

Hence, | add the new tool to the panel of biosensors, which could be useful in design of novel therapeutics for IMC.
Recently described negative allosteric modulator of PTHIR, Pitt12 (Sutkeviciute et al., 2021), is an example of a
guide compound, which might be used for drug discovery of future compounds against that, currently incurable

disease.
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Figure 59: PTH1Rggrer biosensor reports mutant-induced conformational change.
(A) Schematic representation of intramolecular PTH1Rrer biosensor with constitutive activity causing H223R mutation.
(B) FRET efficiencies from photobleaching experiments recorded with a confocal microscope. The data are expressed as % of a
donor emission increase after photobleaching for each experimental group. A t-test was used to assess a significant difference
between the groups (p < 0.001).
(C, D) The data were fitted with three response parameters fit to construct concentration-response curves. AFRET values are
expressed as percent change from the initial FRET value. For further statistics and results, see Table 31.
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PTH1Reger PTH1Rerer H223R

FRET efficiency, mean + SEM, % 15.06 £ 0.45 12.83+0.62
N, cells (experimental days) 149 (6) 60 (2)
PECso, M 7.96 £0.12 8.51 +0.19
Amplitude, % 5.91+0.34 3.40 £0.33
N, experimental days 2 2
PECso, M 7.66 £0.16 6.24 £0.42
e
I Amplitude, %, M 4.60 +0.33 2.12+0.52
&
N, experimental days 2 2

Table 31: Descriptive statistics for Figure 59.

4.10.2 PTH1R:rer switch in absence of G proteins

Although are GPCRs characterized by common structural architecture, they differ between the classes in key
“microswitches” which control the receptor activation process (Chapter 1.1.2) (Hauser et al., 2021; Hilger et al.,
2020; Kooistra et al., 2021) as well the final conformation of TM6 in the active state. The dynamic of receptor
activation was widely described in the past, mostly employing crystallography, cryo-EM, NMR and single-molecule
fluorescence techniques (Deupi & Kobilka, 2007; Dror et al., 2011; Manglik & Kruse, 2017; Rasmussen et al., 2007).
It was believed that class A and class B GPCRs share common activation characteristics. In contrast, a recent
analyses of a large amount of structural data are now discovering that the key switches between classes A and B
differ and dictate different process (Hauser et al., 2021; Hilger et al., 2020; Kooistra et al., 2021). For example,
fluorescence and double electron-electron resonance studies from Hilger et al. suggest that switching in GCGR,
class B GPCRs requires a higher energy barrier and its TM6 fully moves only when G protein engages with the
receptor.
To test the hypothesis if class B GPCRs truly require the presence of G proteins for TM6 to switch in active
confromation, a AG protein knock-out cell line was employed. PTH1Rrrer biosensor was used to monitor ligand-
induced receptor activation in the presence or absence of heterotrimeric G proteins. Stimulation of cells expressing
PTH1Rrrer biosensor with increasing concentrations of PTH resulted in decreased FRET ratio in both experimental
groups (Figure 60 A). The amplitudes of FRET responses were concentration-dependent (Figure 60 B) and slightly,
but not significantly smaller in the presence of G proteins. Moreover, the affinity of the responses was somewhat
higher when G proteins were cotransfected, as expected for imitating the scenario of high-affinity binding (Wehbi
et al., 2013).
In summary, the switch of PTH1R also happened in the absence of G proteins, which was against initial hypothesis
of Hilger et al. — or it might be specifically the case for PTH1R and not for GCGR. The difference in the amplitude
could mean that it still comes to “kink” for a certain population of the receptors; however, in the presence of G
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proteins, the majority of the population makes a move towards fully active conformation. It could also mean that
the receptor switches anyway, but its conformations are still switching, and G proteins help to stabilize the final
state. The molecular basis of this state, previously noted as high affinity state, was recently described by Warne et
al. (Warne et al., 2019). Group described a smaller orthosteric binding pocket, shorter hydrogen bonds, and up to
30% of increase in atomic contacts between ligand and receptor — an increased number of connections makes
sticks ligand better to the receptor. Such tighter bonds would stabilize the final state of TM6, which would mean
that a higher population of receptors stays in it. Moreover, for glucagon receptor it was observed that TM6
sustained in the active state even after Gs detachment. This might be one of the reasons for prolonged, persistent
cAMP signaling, described for certain class B receptor (Ferrandon et al., 2009; Dror et al., 2011; Thomsen et al.,

2016; Manglik & Kruse, 2017).
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Figure 60: PTH1Reger is able to switch in the absence of G proteins.

(A) Average time course of PTH-induced FRET changes recorded in plate reader from AG protein HEK cells transiently expressing
PTH1Rerer (black) alone or together with trimeric G proteins (Gusz + Gsz + Gsz) (red). The data are an average of two independent
experiments normalized to the initial FRET value (set to 1).

(B) Concentration-response curves obtained from traces as in (A). AFRET values are expressed as percent change from the initial
FRET value. Curve fitting gave pECso values (mean + SEM, M) of: PTH1Rerer = 8.62 + 0.15 and PTH1Rerer + G proteins = 8.76 + 0.29.
Top of the curve (mean + SEM, %): PTH1Reger = 3.11 + 0.14 and PTH1Rgger + G proteins = 1.95 + 0.17. The top of the curve is
statistical different (p<0.0001). The difference was tested with extra sum-of square F test.
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4.11 Multiplexed detection of PTH1R signaling

To probe if it is possible to detect real-time PTH1R signaling wave of GPCR as well intracellular effector, two
parameters imaging setup was established. For this experiment, the PTH1Rcre biosensor was coexpressed with R-
Flinc A, a red single-fluorophore-based biosensor, capable of detecting cCAMP signaling with low affinity (Kd=0.3
KUM) and excellent dynamic range (Ohta et al., 2018). Figure 61 shows two single fluorophore-based biosensors
which allowed multi-channel/function imaging of the PTH1R signaling cascade. HEK293 cells were grown at 32°C
(Harada et al., 2017) and imaged at the wide-field microscope, using GFP/RFP emission filter to simultaneously
detect the intensities of both observed channels in intact cells. Imaging successfully detected PTH1R signaling wave,
originating at the cell surface with activation of PTH1Rcpere and thereafter leading to cAMP accumulation, observed
by R-Flinc A biosensor (Figure 61 D). cAMP accumulation started with a ~10 s delay after stimulation, which is
expected (Vilardaga et al., 2012), and accounted for the time of G protein activation, dissociation from the
receptor, and following activation of adenylyl cyclases. The addition of saturating concentrations of 10 uM Fsk +
100 uM IBMX caused saturation of the signal.

Although the concentration (1 uM PTH) used in those experiments should produce saturating amounts of cAMP
(Figure 45), it lacks full signal, probably due to the reduced signaling capacity of PTH1Rc.cre (Figure 32 A).
Therefore, it might be useful to cotransfect PTH1Rwt in such experiments and enhance signal-to-noise to detect the
accurate kinetic and full signal detection. The experimental setup is still in its infancy and could get a few practical
upgrades.

In summary, it is feasible to access the PTH-stimulated signaling cascade using the multiplexed imaging with
PTH1Rcere and R-Flinc A. Furthermore, since detection is made with GFP/RFP filters, which are often present in
microscopic laboratories, such an approach can be generally used and help to pave the way for the ultimate

elucidation of GPCR cascade dynamics.

124



A PTHIR G + R-Flinc A

cpmApple

cAMP

CNBD-A .ﬁ gg

@
O

PTH F+IBMX

40 : : FHIBMX 100+
3 3 : 3
[ © ©
- - S
7] Q
] 3 o
c c c

] [7] v 504
Q s Q
(%] w (7]
'] [ L
b f =
] o =]
= = =
w [ TS

20 t T ] 20 1 ' ) 0

0 50 100 150 0 50 100 150 0 50 100 150
Time, s Time, s Time, s

Figure 61: Multiplexing of PTH1R,crp and R-Flinc A biosensor for simultaneous detection of PTH-stimulate signaling pathway.
(A) HEK293 were cotransfected with PTH1R,cee and R-Flinc A, single fluorophore biosensor for detection of cAMP accumulation.
Schematics represent activation of signaling cascade which starts with activation of receptor in the presence of PTH and
continues in cell interior (with few intermediate steps) till binding of cAMP into the cAMP-binding motif of PKA regulatory subunit
la (CNBD-A), which is fused to comApple fluorophore.

(B) Representative fluorescence time courses of PTH-mediated changes, recorded in a microscopic FRET setup in single HEK293
cells transiently coexpressing PTH1Rcpgrr and R-Flinc A. Horizontal lines indicate application of 1 uM PTH and 10 uM
Forsokolin/100 uM IBMX with a rapid superfusion system. Fluorescence was simultaneously recorded at (B) and (C) using
GFP/RFP emission filter.

(D) Time courses from (B) and (C) were normalized to 0 and 100 and represent two-parameters real-time transduction of the
signal from receptor activation to cAMP accumulation. The data are representative for n = 9 cells from two independent
experimental days.

125



4.12 Expanding repertoire of conformational biosensors for class B
GPCRs

To probe the transferability of recently described FRET and BRET conformational biosensors for class A GPCRs
(Schihada, 2018; Schihada et al., 2018, 2020), and enlarge the toolbox of available conformational biosensors for
class B GPCRs, physiology-relevant secretin-like CTR, CRLR, and PTH2R were selected as the new test receptors.
FRET and BRET versions of them were generated, following the previously described biosensor design:
1) FRET biosensors were based on PTH1Rgger design: in 3™ ICL mTurquoise2 was inserted, and mCitrine was
fused to the C-terminus;
2) BRET biosensors were based on PTH1Rnic/Halo design: in 3™ ICL HaloTag® was inserted, and NanoLuc was
added to the truncated C-terminus.
Since none of the stated receptors had available biosensor precedent, were available receptor sequences aligned
with earlier successfully designed biosensors, and similar insertion places in 3™ ICL and on the C-terminus were
selected. Selected insertion sites are stated in Table 32. For PTH2R two BRET variants a and b were created, of
which variant a showed improved performance in this same insertion site was used for transferring design to

PTH2Rerer biosensor.

FRET variants  Acceptor: mCitrine  Donor: mTurquosie2 BRET variant Acceptor: HaloTag Donor: NanoLuc
Position C-terminal 3rd|CL Position 3rd|CL C-terminal
PTHlRNIuc/HanTag
PTH1Rgger After Gly497 Gly395-Arg396 After Gly497 Gly395-Arg396
(Schihada et al., 2018)
PTH2Raggrer a: Val350-Gly351
PTH2Rerer After Val451 Val350-Gly351 After Val451 .
PTH2Rbgger b: His348-Asn349
CRLRgRet After Thrd22 Ser328-Asn329 CRLRgger After Thr422 Ser328-Asn329
CTRerer After Ala429 Ser335-His336 CTReger After Ala429 Ser335-His336

Table 32: Insertion sites for donors and acceptors in FRET and BRET biosensors.

4.12.1 Generation of the PTH2R, CRLR and CTR FRET biosensors

PTH2R, CRLR, and CTR FRET biosensors were transiently transfected into HEK293 cells and visualized by
fluorescence microscopy. All biosensors achieved excellent transfection efficiency when used in HEK293 cells
(Figure 62).

Cells expressing biosensors were seeded for the experiments in microtiter plates, and first emission spectra were
acquired. Cells were excited at 420/20 nm, and emission spectra were generated, which peaked at expected 474
nm and 529 nm (Figure 63), similar to the described for PTH1Rrrer biosensor in Chapter 4.3.1 (also mTurquoise2-
and mCitrine-based sensor). This confirms the successful incorporation of fluorophores, which are presumably
located at the FRET distance of 3-6 nm (Zacharias et al., 2002) and, thus, the generation of FRET-able biosensors for
PTH2R, CRLR, and CTR.
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Figure 62: Expression of FRET biosensors in HEK293 cells.
Fluorescence photo of HEK293 cells, transiently expressing (A) PTH2R¢get, (B) CRLReger, and (C) CTRerer. Scale bar = 100 um.
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Figure 63: Spectra of FRET biosensors in HEK293 cells.
Fluorescence emission spectra of HEK293 cells, transiently expressing (A) PTH2Reget, (B) CRLReger, and (€) CTReger.
Cells were excited at 420/20 nm, and emission intensities were recorded with a monochromator-based plate reader with 1 nm
resolution from 450-700 nm.

Second, AFRET responses were measured with serial dilutions of their cognate endogenous agonist. All biosensors
exhibited concentration-dependent responses, which could be monitored in microtiter plates. Surprisingly,
PTH2Rrrer (Figure 64 A) induced higher amplitudes at smaller concentrations, which could be an indication of
unspecific FRET changes upon ligand-induced activation. The nature of that signal remains to be elucidated. Ligand
stimulation of the CRLRrrer biosensor (Figure 64 B) induced a modest amplitude change; 1.54 + 0.60 %, which was
concentration-dependent and in accordance with expected potency of a-CGRP at this receptor (Hay et al., 2021).
Stimulation of CTrrer with h-CT caused a maximal amplitude of 3.22 + 0.61 % (Figure 64 C). Stimulated responses
were concentration dependent and resulted in ~two logs higher potency value as expected for h-CT at CTRw: (D. Hay

et al., 2021). It could be predicted that the insertion of fluorescent tags caused a conformational destabilization of
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the receptor. Through that, rearrangement of the binding pocket is feasible, which could result in a change in the
potency of the tested ligand.
In summary, the creation of novel FRET biosensors yielded at least two novel successful reporters that might be

further developed for studies of receptor activation of CTR and CRLR receptors.
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Figure 64: Concentration-response curves of FRET biosensors in HEK293 cells.
HEK293 cells, transiently expressing (A) PTH2Reger, (B) CRLRerer, and (C) CTRerer were seeded in black 96-well plates, and AFRET
responses were measured after stimulation with serial dilutions of their cognate agonists.
Representative concentration-response curves for TIP (1-39) stimulation at PTH2gerer (A), @-CGRP stimulation at CRLReger (B), and
h-CT stimulation at CTRerer (C). Points were fitted with a three-parameters fit, curve fitting resulted in pECso (mean * SEM) of two
independent transfections: PTH2Rerer = 8.94 + 0.87, CRLRerer=9.43 # 0.43, CTReger = 7.10 £ 0.41.

4.12.2 Generation of the PTH2R BRET biosensor

For the generation of the PTH2R BRET biosensors, the insertion sites for donor and acceptor were selected as
described in Chapter 4.3.1. Briefly, the two BRET biosensor variants were constructed by inserting donor NanoLuc
to the 3™ ICL either between Val350-Gly351 (variant a) or His348-Asn349 (variant b) (Table 32). BRET acceptor
HaloTag was inserted after Val451. HEK293 cells were transfected with both biosensor variants, and spectra in
basal state were recorded (Figure 65 B). Spectra of furimazine-treated NanolLuc resulted in an expected emission
maximum at 450 nm, and when cells were labeled additionally with HaloTag® NanoBRET™618 Ligand, additional
acceptor emission peak at 620 nm and decreased donor peak were measured. That indicated evident energy
transfer (Figure 65 B) between fluorophores in both biosensor variants. Variant a resulted in a higher amount of
energy transfer between activated NanoLuc and labeled HaloTag, and since it was performing better, it was
selected for further experiments. When HEK293 cells were visualized under the microscope and labeled HaloTag
with cell-permeant TMR ligand, successful PTH2Ragrer expression in the cells could be observed (Figure 65 C).
Subsequently, a stable cell line of the PTH2Rasrer was created and used for experiments in microtiter plates.
Stimulation of these cells with serial dilutions of the endogenous PTH2R agonist Tuberoinfundibular peptide (TIP)
provoked a ligand-specific, concentration-dependent decrease in BRET ratio and consequently ABRET (Figure 65 D,
E), as in similar GPCR biosensors (Vilardaga et al., 2003a; Schihada et al., 2018). Moreover, PTH, noted as full
agonist of PTH2R induced similar but slower and partial decrease in BRET — different efficacy of this ligand was
detected. So it might be that PTH actually exerts partial agonistic properties on PTH2R. In the recent cryo-EM
structure of PTH2R, Wang et al. described the mechanism of specificity difference between TIP and PTH on PTH2R.
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The critical residue of the interacting peptide makes decisive hydrophobic interactions with the PTH2R receptor
core. Hydrophobic interaction with the aromatic Phel0P of TIP39 is stronger than the interactions with the smaller
hydrophobic side chains of corresponding residues at PTH (Met8P), which could contribute to the different
pharmacological profile of those two ligands (X. Wang et al., 2021).

To rule out any unspecific BRET changes, different peptide ligand CXCL12 was tested on PTH2Ragger biosensor, and
confirmed no significant change in BRET, when PTH2Rgrer-expressing cells were stimulated with the mentioned
ligand. In fact, caused change was superimposed to another control — stimulation with buffer (Figure 65 D). From
time courses at different concentrations of ligands, concentration-response curves were constructed, and ECso
values were calculated, indicating reduced potency of PTH2R biosensor (Figure 65 E) compared to currently
available values of affinity from ratio ligand biding experiments (Bisello et al., 2021). Nevertheless, since PTH2Ragger
biosensors showed successful expression, satisfying amount of BRET energy transfer, and concentration-
dependence by stimulation with agonist, it was evaluated as a successful example of a transferability of BRET
conformational biosensors design to a new receptor. Reporting on different efficacies and potencies of two
agonists, could be further used to explore pharmacological characteristics of this understudied receptor. This
PTH2R biosensor seems to be better suitable for such studies than in the earlier chapter described FRET version of

the biosensor.

129



C

2 1009

= k — PTH2Ra

4 Y BRET
: g P — PTH2Rbgger
I a ' \ --- only Nanoluc

Q 1 \

£ ' !

g 509 , \

= ] \

3 ' .

~ \

= \

1] \

E ‘\\

g 0 T — 1

A: V350-HaloTag-351 400 500 600 700

B: N348-HaloTag-A349 Wavelenght, nM

D E

ligands
2] — CXCL12
X 0 -.’.“AW buffer X
P m
e - : PTH &
< -4 : <
64 : — TIP

O O ® &

Time, min

-6 LEL L L
NFCIE IS I

log[ligand], M

Figure 65: Design and characterization of conformational biosensor for PTH2R - PTH2Rggert.
(A) PTH2R receptor biosensor (PTH2RBRET) was created based on PTH1Rnuc/Haios18- HaloTag unit was inserted into two different
sites of the 3rd ICL, and NanoLuc was fused to its C-terminal. As a result, two variants, A and B, were created.

(B) Luminescence emission spectra of two biosensor variants and biosensor, labeled only with donor.

(C) Confocal photo of corresponding biosensors variant PTH2Ragget, transiently expressed in HEK293 cells. HaloTag was labeled
with intracellular HaloTag ® ligand TMR. Scale bar = 50 um.

(D) Time courses of PTH2Ragger transfected cells with the following ligands: 1 uM CXCL12, 100 uM PTH(1-34), 10 uM TIP(1-39).
(E) Concentration curses from traces as in (D). Curves were fitted with a three-parameters fit, which resulted in pECso + SEM (M)

values: PTH: 6.10 + 0.38 and TIP: 6.00 + 0.19.
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4.13 Exploring novel GPCR-RAMP interactions

Since the initial identification of the first GPCR-RAMP interaction in 1997 (McLatchie et al., 1998) and the expansion
of further interaction partners to nearly all class B1 receptors in early 2000, have current years experienced a
additional wave of novel RAMP interactors. Recently, Caron (Lenhart et al., 2013b; Mackie et al., 2019), Ladds
(Mackie et al., 2019; Harris et al., 2021b; S. Bailey et al., 2019; Weston et al., 2015), Sakmar (Barbash et al., 2017,
2019; Lorenzen et al., 2019), and other groups (Wootten et al., 2013; Shao et al., 2021; McGlone et al., 2021;
Meyrath et al., 2021) expanded the list of interacting GPCRs beyond class B by using a multiplexed suspension bead
array (SBA), BRET saturation methods, or functional assays. In parallel, bioinformatics-based studies (Benitez-Paez
& Cardenas-Brito, 2008; Topaz et al., 2017; Barbash et al., 2017, 2019) evaluating genomic- and expression-based
observations established the global role of RAMPs in GPCR interactome. As part of this, bioinformatics tools were
generated to explore GPCR-RAMP interactions, for example, a database (Topaz et al., 2017) available at

http://rampdb.biology.gatech.edu/.

Inspired by the many recent reports of novel GPCR-RAMP interactions and the universal role of RAMPs in GPCRs’
signaling, and on the other side, having available tools at hand to interrogate PPI interaction, it was set to evaluate
available bioinformatics data (Barbash et al., 2017), and prepare a method to test further GPCRs for the interaction
with RAMPs.

A supplementary dataset (Barbash et al., 2017) was downloaded. First, class B of GPCRs was evaluated and
visualized (Figure 66) to compare proteins on three entities - % of shared species, phylogenetic correlation
coefficient, and coexpression correlation coefficient. The generated heat maps represent a quantified measure of
each comparing entity (Figure 66 A-C).

The first entity of comparison, % of shared species, reflects the number of orthologous genes across the species
and presents the most general estimate of coevolution as it shows the direction of a gene pair to coevolve. A higher
coefficient should indicate higher interaction, relying on the prediction that interacting proteins would coexist in
genomes of more species (Pazos et al., 2005). Figure 66 A shows % of shared species across class B GPCRs, and by
first observation, it can be seen that VIPR1 and VIPR2 receptors don’t share orthologues across many species,
whereas, for example, PTH1R and RAMP3 as well GHRHR and RAMP1, 3 do. Interestingly, stimulation of PTH1R was
shown to induce higher expression of RAMP3 (Phelps et al., 2005), although its main interactor is not RAMP3 but
RAMP2 (Christopoulos et al., 2003) (this work). Interestingly, also reverse trend can be observed — the main
interactor of GIPR is RAMP3 (Harris et al., 2021b). However, shared species show a higher % of orthologues for
RAMP2.

The phylogenetic correlation coefficient indicates if pairs of analyzed proteins have coevolved and have spread
through generations together (Pazos et al., 2005). This suggests shared functions that were important for the
organism. Besides shared function, those proteins would also have related phylogenetic changes — mutation and
alteration would be happening simultaneously because of evolution pressure to evolve together. Surprisingly,
comparing phylogenetic correlation coefficients, VIPR1 and RAMPs indicate to be important interaction partners —
also confirmed in the past studies (Christopoulos et al., 2003; Wootten et al., 2013).

Another important observed feature of this analysis is that RAMP1 and RAMP3 have related, higher correlation

coefficients with interacting GPCRs, unlike RAMP2, which mainly shows smaller coefficients. Although not to such
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an extent, a similar trend is visible for % of shared species (Figure 66 A). This observation might be explained by its
sequence and structural similarity - RAMP1 and RAMP3 are more similar than RAMP2 and, consequently, interact
with a matching set of proteins. It might also give a thought that although they went through a very similar
evolution procedure, both might not be needed — it could be that RAMP1 -3 are redundant, and one could execute
the job for another. This seems to be different for the remaining isoform of the family - RAMP2, which was shown
to play a crucial role in embryonal development, as its knockout in mice causes the death of an embryo (Kadmiel et
al., 2011a, 2012; Kechele et al., 2016). CALCRL (CRLR) (McLatchie et al., 1998), cadherin EGF LAG seven-pass G-type
receptor 1 (CELSR1), and secretin receptor (SCTR) (Shao et al., 2021) show equivalent phylogenetic correlation
coefficients with all three RAMPs. CELSR1 interaction with RAMPs was still not explored, although it plays a vital
role in embryonic development, similar to RAMPs (Kadmiel et al., 2011a, 2011b, 2012). Considering the essentiality
of all three RAMPs with CALCRL (CRLR) to construct functional CGRP, AM1, and AM2 receptors, it could be assumed
that CELSR1 and SCTR would also form important heterooligomers.

It must be noted that both mentioned entities of comparison account for proteins being direct or indirect
interaction partners — there might also be part of the more extensive protein complex executing specific functions.
The third entity of comparison, the coexpression correlation coefficient (Figure 66 C), represents the measure of
coexpression networks (Butte et al., 2000), relevant since coexpressed genes constitute the same pathway, protein
complex, or are under the shared transcriptional regulatory program, which accounts for functional connection.
The coexpression correlation coefficient suggests that RAMP2 and RAMP3 are coexpressed with proteins at a
similar level (Figure 66 C), distinct from RAMP1-interacting proteins. The highest coefficient was detected for
obligate interactor CALCRL and previously mentioned CELSR1. A very high coefficient was also shown for VIPR2 with
RAMP1; interestingly, some studies did not identify the interaction between those two partners (Lorenzen et al.,
2019).

Barbash et al. (Barbash et al., 2017) analyzed coexpression patterns throughout the whole GPCR-RAMP
interactome. They were compared to random coexpressed proteins (this negative control was shown to be around
0) and receptor-ligand and receptor complex gene pairs (positive controls around correlation coefficient 0.3). The
heat map in Figure 66 C shows that class B GPCRs reach coefficients of 0.5. Also, global analysis (Barbash et al.,
2017) revealed that GPCR-RAMP pairs showed a higher correlation coefficient than expected by chance, positioned
between mentioned positive and negative controls.

Evaluating class B GPCR with all three analyses shows that neither of the used parameters can unambiguously
predict the interaction between GPCRs and RAMPs. For some protein pairs, bioinformatics parameters contradict
experimentally-argumented studies from the literature as described before. Once more is shown that dry-lab
bioinformatics needs wet-lab experiments to confirm their hypothesis. Nevertheless, a holistic analysis review can
provide valuable clues to identify potential partners but should not be used as an isolated methodology to give
claims on functional interactors.

Similarly, class C GPCRs were also analyzed for their potential interactions with RAMP1, RAMP2, and RAMP3 (Figure
67). In this class, CaSR (Bouschet et al., 2005) was the only GPCR known so far to interact with RAMPs. Evaluating
heat maps, CaSR seems to be expressed in many shared species with RAMP3 and less so with RAMP1 and RAMP2
(Figure 67 A). All three RAMP isoforms are highly phylogenetically connected (Figure 67 B), but it seems that they
are not abundantly coexpressed together, rated by the coexpression correlation coefficient (Figure 67 C). Also, in

class C, specific patterns are observed: 1) Phylogenetic correlation coefficient is higher and akin for RAMP1 and
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RAMP3-potential interactors, and 2) coexpression correlation coefficients are more alike for RAMP2 and RAMP3
interactors. First would suggest that RAMP1 and RAMP3 coevolved with similar GPCRs but differently from RAMP2,
which was also the conclusion from the Barbash et al. global analysis of GPCR-RAMP interactome (Barbash et al.,

2017). The second could suggest that the coexpression network includes either RAMP1 or RAMP2 and RAMP3.

A B Phylogenetic C Coexpression

% shared species correlation coeficient correlation coeficient
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Figure 66: Evaluation of potential RAMP interactors between class B GPCRs.
(A = C) Heat maps of the class B GPCRs for % of shared species (A), coexpression analysis, phylogenetic correlation
coefficient (B), coexpression correlation coefficient (C). Cell range from blue (max rank in each category) to white (minimal
rank). Receptor gene symbols as reported in GPCRDB.
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Figure 67: Evaluation of potential RAMP interactors between class C GPCRs.
(A —C) Heat maps of the class C GPCRs for % of shared species (A), coexpression analysis, phylogenetic correlation
coefficient (B), coexpression correlation coefficient (C). Cell range from teal (max rank in each category) to white (minimal
rank). Receptors are rearranged in alphabetic order. Receptor gene symbols as reported in GPCRDB.
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The current understanding of RAMPs-GPCRs modulation suggests that pairs of proteins need to be expressed
together for a functional modulation to happen. They are probably physically connected (at least transiently) and
also propose structural studies (Garelja et al., 2020; Liang et al., 2018; Liang, Belousoff, Fletcher, et al., 2020c).
Accounting for this knowledge, it was set to explore further potential GPCRs in class A, F, and Taste receptors
assessing only the coexpression correlation coefficient. This analysis will still return GPCR as a potential interactor
for allosteric modulation or indirect interactions (e.g., if pairs are part of the more extensive complex as for
example receptor signalosomes (Nguyen et al., 2019; Sutkeviciute & Vilardaga, 2020)).

The selected coexpression correlation coefficient was analyzed and visualized for all provided GPCRs from the
supplementary data set (Barbash et al., 2017). GPCR-RAMP pairs were eliminated, where all RAMPs that showed a
correlation coefficient equal to or less than zero were eliminated before the analysis and visualization.

Again, the previously described trend is visible across analyzed and visualized protein pairs, indicating that RAMP2
and RAMP3 coexpressed with similar GPCRs, differently from RAMP1. This is true throughout all studied classes. For
example, HTR1F is highly coexpressed with RAMP2 and RAMP3 and HTR1E with RAMP1. In addition, subtypes of
the same receptor are often coexpressed with either RAMP2 and RAMP3 or RAMP1.
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Figure 68: Evaluation of potential RAMP interactors between GPCRs through coexpression correlation coefficient.
Heat maps of the ranked values for % of shared species for different classes of GPCRs. Cell ranges from full saturation (max rank in each category) to white (minimal rank).
Receptor gene symbols as reported in GPCRDB.
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As noted, this can provide a valuable clue; however, additional analysis to evaluate the functionality of those
interactions is needed. Therefore, it was aimed to scale up the previously described method (Chapter 4.2.2) to
detect PPI interactions — FRET AB. Experiments, which are traditionally performed on fluorescent wide-field or
confocal microscopes, provide reliable assessment for potential PPI.

First, it was set out to evaluate possible interaction with in-house available GPCRs, which might interact with
RAMPs. First, the mGIluR1 receptor, a member of class C GPCRs, was used in combination with one of the RAMP
isoforms. Figure 69 A shows the schematics of the experiment conducted with the wide-field microscope. Emission
intensities of donor and acceptor were collected before and after 3 min of photobleaching of the acceptor
fluorophore. More than 70% bleaching of the acceptor fluorophore was achieved during this procedure, and donor
intensity subsequently increased (Figure 69 A). A combination of mGIuR1cre with EYFP-tagged RAMPs was tested
(Figure 69 B) as well reverse combination of mGluR1eyrr with CFP-tagged RAMPs (Figure 69 C). Both experimental
combinations yielded FRET efficiencies between 16 and 25%. As a control receptor, f2AR was used in similar setup
combinations as mGIuR1. FRET efficiencies for those combinations were between 2 and 16% (Figure 69 D, E).
Although experiments with mGIuR1-RAMPs resulted in higher FRET efficiencies than those with B2AR-RAMPs,
testing efficiencies between Figure 69 B and Figure 69 D didn’t significant differ. Moreover, the results of this
analysis might be confounded since no identical donor fluorophore was used with GPCR. Besides this, more
experiments and experiments with positive control should be performed to give a reliable claim about a potential
interacting partner of RAMPs. The downside of those experiments is that they are expensive and time-consuming

and thus, enable only a limited amount of the potentially tested pairs in one go.
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Figure 69: Preliminary FRET acceptor photobleaching experiments for interaction between mGluR1 and RAMPs.
Photobleaching experiments were conducted in HEK293 cells, transiently cotransfected with a combination of donor- and
acceptor-tagged constructs. The acceptor (EYFP) and donor fluorophores (CFP, mT2) were fused to the C-terminal of the mGIuR1
(MmGIuR1crp, mGIUR1gyep), to the control 82-adrenergic receptor (B2ARmt2, B2ARevep), and the C-terminal of RAMPs
(RAMP1/2/3vep, RAMP1/2/3cep).

(A) A representative experiment showed the fluorescence emission change before and after photobleaching in cells expressing
mGIuR1cep and RAMPI gyep.

(B - D) FRET efficiencies from photobleaching experiments were recorded with a wide-field microscope. The data are expressed as
% of donor emission increase after photobleaching for each experimental group. The bars indicate means + SEM. One point
represents one experimental day.
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To overcome laborious and low throughput single-cell measurement, an updated experimental set-up was
envisioned where it would be possible to test for PPI in the high throughput screening (HTS) format (Figure 70).
Selected combinations of protein of interest (Figure 70 A) would need to be transfected and seeded into the
microtiter plates (Figure 70 B). Still, the use of the plate reader (Figure 70 D) to measure fluorescence intensity

before and after the bleaching (Figure 70 C) would facilitate a greater number of examined combinations of
proteins.

A B C D

GPCRsp + RAMP2,ypp

HEK293 cells

Figure 70: Experimental plan for HTS FRET-AB setup for detecting novel PPI.

(A) Schematic representation of the constructs for FRET acceptor photobleaching experiments between GPCRs and
RAMPs. Photobleaching experiments were conducted in HEK293 cells, transiently cotransfected with a combination of
donor- and acceptor-tagged constructs. The donor fluorophore (CFP) was fused to the C-terminal of the GPCRs. The
acceptor fluorophore (EYFP) was fused to the C-terminal of RAMPs (RAMP1/2/3¢yep).

(B) HEK293 cells were transfected and seeded into black 96-well microtiter plates one day before the experiment.
(C) In all experiments, pE4000 (CoolLED Ltd., UK) diode system was used for photobleaching acceptor (EYFP). A 500 nm
and 525 nm diodes were used, which were coupled to the collimator (COP-1A, Thorlabs GmbH, Germany) through a
liquid light guide. The collimator with an aspheric condenser lens (@50 mm, f=40 mm, NA=0.60, ARC: 350-700 nm)
provided sufficiently even illumination of nine wells with cells on a microtiter plate.

(D) Fluorescence emission was measured with a plate reader before and after the photobleaching process.

Dr. Eugene Grushevskyi participated in the experimental design.

The hypothesis that differences in fluorescence emission due to photobleaching are possible to access also in
microtiter format was tested with the protocol mentioned above and selection of proteins, all being fused to CFP
and EYFP fluorophores. First, the a2A-CFP-EYFP biosensor (Vilardaga et al., 2003a), a well-characterized
intramolecular biosensor, was used as a positive control. Second, muscarinic acetylcholine receptor M2 (M2gvrp)
together with mGIluR1crr was employed as negative control accounting for nonspecific interactions, which could
happen because of random colocalization of the fluorophores. Lastly, mGluR1cre was coexpressed with one of three
RAMPs; RAMP1-3evre. Figure 71 A shows an exemplary experiment and changes in emissions before and after the
photobleaching process. The efficiency of the photobleached acceptor was smaller than in the single-cell
microscopic experiments; nevertheless, it was possible to observe donor increase, which reached around 5 % for

the visualized exemplary experiment (Figure 71 A).
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FRET efficiencies for donor increase of positive control were around 7 %, negative control around 1 %, and values
for RAMPs proteins with mGIuR1 were about 3% (Figure 71 B). Those results suggest that mGIuR1 might interact
with RAMP proteins. Nevertheless, because of the infancy of the used method, orthogonal assays would be

required to confirm those results.
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Figure 71: FRET-AB microplate reader-based set-up for detecting novel PPI.
(A) A representative experiment showed the fluorescence emission change before and after photobleaching in cells
expressing GPCRcrp and RAMPeyep.
(B) FRET efficiencies from photobleaching experiments recorded with a plate reader. The data are expressed as % of
donor emission increase after photobleaching for each experimental group. The data shows mean + SEM with data
points representing wells from two independent experiments.

The envisioned method would be further equipped with more biological and technical controls. For example, when
investigating GPCRs-RAMP interaction, it would be helpful to include described interactors and their cognate
controls when used for other PPI proteins.

Moreover, it would be meaningful to control for 1) amount of bleaching between groups, and 2) the expression
level of the fluorophores, and thus introduce a similar controlling procedure as was used in Chapter 4.2.2.

Further improvements of the setup and a step closer to the endogenous-like expression levels would be to CRISPR
fluorescently tagged RAMP into the cell of interest and examine the interaction at the more native-like level.

The scalable method could be broadly employed to discover novel PPI, allowing for quicker data collection than
conventionally used single-cell-based methods. Moreover, data output from a plate reader is effortlessly connected

to automatic data processing software, enabling more efficient detection of novel PPI.
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4.14 CONCLUSION

This work represents one of the first studies examining the impact of accessory proteins on the GPCR activation
process. First, | report on the engineering of novel tools to study the interactions between proteins and their
modulation effect (Chapter 4.1). Second, | use those tools to follow the signaling cascade from the activation
process toward downstream effectors to elucidate the impact of intermolecular interactions between PTH1R and
RAMPs (Chapters 4.2, 4.4. - 4.8).

The first chapters demonstrate how the FRET and BRET conformational biosensor can be broadly used to study the
activation dynamics of physiologically and therapeutically important class B GPCRs (Chapters 4.3, 4.11, 4.13, 4.14)
and engineered RAMPs, visualizing the proteins using different setups and attaining distinct levels of precision
(Chapter 4.1). It further establishes unique experimental designs to study specific RAMP modulation mechanisms.
This is broadly examined and discussed to prove that RAMPs have modulatory roles in activation dynamics from the
biophysical (Chapter 4.4, 4.5) and structural perspective (Chapter 4.10).

The novel concept that RAMPs modulate receptor kinetics is a significant addition to the current understanding of
the roles that RAMPs play. The demonstration that these effects are ligand-specific suggests that modulation is
very delicately orchestrated and adds another level of complexity to established concepts of GPCR pharmacology.
Assessing downstream levels of PTH1R-RAMP2 heterooligomer, | proved that interaction is highly relevant. | could
observe a few unique alterations in the signaling cascade; ligand-specific change of Gi3 potency (Chapter 4.7), and
increased B-arrestin2 recruitment, which is further translated to differences in cytosolic EKAR signaling (Chapter
4.8). This divergence of signaling cascade after interaction of RAMP2 provides clues that such signaling modes
could exist in particular cells or tissues.

The specific modulation of B-arrestin-dependent PTHIR signaling is has been shown to increase bone mass,
suggesting that the examined heterooligomer constitutes a plausible therapeutic target. The fact that RAMPs are
forming tissue-dependent heterooligomers with their interacting partners advocates that it could be possible to
create very specific drug designs, avoiding adverse effects.

The broader implications of GPCR-RAMP interactions are explored in Chapter 4.14, where bioinformatic GPCR-
RAMP datasets are used to look for potential novel interactors and pave the way for future experiments. In that
chapter | propose a new, HTS method to study PPl interactions to validate those predictions.

In summary, | establish novel tools and experimental setups to precisely study the way GPCR activities are
modulated by accessory proteins. We prototype our approach on the therapeutically important PTH1IR-RAMP2
heterooligomer and inaugurate a novel role for RAMPs, as functionally important modulators of GPCR activation

dynamics.
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5 OUTLOOK

This work illustrates that accessory proteins have a significant modulating impact on receptor activation and
downstream signaling and provides an example of how GPCR signaling can be modulated in highly specific way. |
discuss the experimental results directly in connection with the findings in the Results chapter. Here | outline

selected inspiring insights and significant findings from my studies.

5.1 Revised PTH1R biosensors and their potential in the drug
discovery

To precisely examine the modulation effect of RAMPs on receptor activation, it was required to establish a FRET-
based biosensor with better quality of signal-to-noise ratio as previously available. Therefore, two new biosensors
were created, which proved to be valuable tools for looking at the activation process with a microscope and a plate
reader. Expanding their usability to plate readers made work less laborious and smoothened data collection.
Moreover, it provided an important tool to study the modulational effect on PTH1R conformation, which was our
main scope, and potential novel ligands against therapeutically important receptors. PTHI1R is an essential target
for osteoporosis and hyper- and hypoparathyroidism, a prospective target for Eiken syndrome, Jansen's
metaphyseal chondrodysplasia, and humoral hypercalcemia during cancer (Cheloha et al., 2015a). The current
repertoire of registered drugs targeting PTH1R receptor (Teriparatide, Abaloparatide and their Biosimilars
(Drugs@FDA, n.d.; EMA, 2022)) will likely expand, and currently available biosensors could help to speed up drug
discovery by providing a tool to test potential ligands. Especially in the Eiken syndrome and Jansen's metaphyseal
chondrodysplasia, where inverse agonists against PTH1R constitute receptor phenotype are lacking, ligands could
be screened with the PTH1Rrrer H223R biosensor, which was able to report constitutive activity.

Additionally, employing those sensors together with modulators as Ca®* ions or accessory proteins can fine-tune
ligand pharmacology further and help to understand in which context they work best. It could be plausible to
construct a specific antibody targeting heterooligomers of PTH1IR-RAMP2, similarly to the already approved
erenumab, which targets CRLR-RAMP1 (Dolgin, 2018). Another strategy would be to deliver drugs together with
Ca2+ ions, potentiating agonistic effects and achieving synergistic mode or even super agonism (A. D. White et al.,
2019). Agonists with chelators could decrease activation by depletion of Ca2+ ions, allosteric modulators of PTH1R
activation. Bioconjugates of chelators with peptides had a significant diagnostic and therapeutical impact in the
cancer field (Jackson et al., 2020); therefore, it would be pragmatic to rethink if hypercalcemia during cancer could
be treated in that way. All mentioned targeting strategies could be tested with the use of PTH1R biosensors.

Thus, revised PTH1R biosensors represent a valuable tool for drug discovery of novel ligands and could be broadly

employed in the future studies in the academic or industrial context.

5.2 Different approaches to measure the kinetics

For a holistic understanding of signaling dynamics, high temporal and spatial resolution methods are required. The
appropriate techniques need to be used to derive the parameters required to describe the signaling profiles of

specific molecules. For this purpose, two more general experimental setups on how to collect pharmacology-
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relevant data are represented in this work. At first, cells responses are recorded in ensemble acquisition mode (at
the plate reader) and second from the single-cells (at the microscope).

Ensemble methods are performed in microtiter plates, which convey a less laborious way to collect a larger amount
of data and are usually connected to more automated forms of data analysis. The downside is that currently,
available plate readers cannot measure single-cell responses and thus, report on cell-to-cell variability.
Nevertheless, machines that combine a microscopic acquisitions and a plate reader setups are entering the market
— for example, Cytation series from Agilent or Spark® Cyto from Tecan, and Cellinsight from Thermo Fisher. Those
can significantly increase the number of analyzed cells per experiment but cannot precisely measure kinetic
parameters. Microscopic investigations can thus, give us supreme precision and, with 43x objective, track real-time
changes of 5-6 HEK293 single-cells and deliver more precise kinetic parameters. Microscopic setup is equipped with
automated perfusion system (as OctaFlow Il (OctaFlow Il — Automated Perfusion System — NPI Electronic, n.d.))
which can deliver ligands in the near vicinity of the cell membrane with expressed receptors (< 100 um) and by
incorporated solenoid valves, which switch within 1-2 ms, enables rapid solution delivery in less than 10 ms.

FRET biosensors were the most precise way to measure kinetics parameters for a substantial period of time. In the
last years, the time needed for the ligand delivery was overcome with the elegant use of an uncaging experimental
setup (Grushevskyi et al., 2019), where photolabile inactive caged ligand derivative is already positioned in the near
vicinity of the binding pocket. Subsequently, a UV laser pulse is applied to break the cage, rapidly release the ligand,
and consequently the ligand immediately activate the receptor. Another way to measure precise activation kinetic
is by using photoswitchable ligands, where one of the cis-trans isomers is able to activate the receptor and another
would not. Mentioned photo-pharmacological strategies are already available (Broichhagen et al., 2015; P.
Donthamsetti, Konrad, et al., 2021; P. C. Donthamsetti et al., 2019; P. Donthamsetti, Winter, et al., 2021; Morstein
et al.,, 2022), and there are experimental optical setup developed, that are able to photoswitch and measure

activation with high temporal precision in living cells.

5.3 GPCR-RAMP interaction
5.3.1 Stabilization of functionally different conformations by RAMPs

Interpreting the data in the context of energy landscapes, field, widely employed to explore a conformational
variety of GPCRs can provide a link between the structure and function of GPCRs (Deupi & Kobilka, 2010; Dong et
al., 2016; Alhadeff et al., 2018; Fleetwood et al., 2020). It is generally accepted that GPCRs use their structural
plasticity for existing in multiple conformations and alternate between them. Specific ligand stabilize some of the
active conformations and through that dictate particular pathways (Kenakin, 2002). Different ligands, lipids, or
molecular interacting partners (e.g., G proteins, GRKs, arrestins) (Sengupta & Chattopadhyay, 2015; Damian et al.,
2021) can shift preference for activation for particular pathways via inducing a higher probability of certain
conformation. This dynamic structural ensemble is most evident when describing ligand-specific conformations
that transduce extracellular stimuli to different intracellular cascades. For a pleiotropic receptor, such as PTH1R,
different interactors could induce active-state conformations favoring specific downstream patterns. Regarding the
presented work, it is believed that RAMP proteins possess the power to shift the functional selectivity of PTH1R
signaling. To illustrate this, Figure 72 shows different conformations of PTH1R and corresponding thermodynamic

energy profiles. The first section presents receptor biosensor in their inactive state (R), ligand-free state. When the
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agonist is added, the binding energy of the agonists shifts the equilibrium to the ligand-activated state (R*),
portrayed in the third section. The results section of this thesis shows and argues that RAMP2 can induce a novel,
partially pre-activated state; it could also be a (meta)stable intermediate state, which is different from R or R* and
is energetically closer to the ligand-activated state. This state allows a quicker activation process with faster kinetics
and smaller amplitude as described with PTH1Rerer and PTH1Rcpere biosensor. RAMP2-induced confirmation was not
recognized as active by G proteins biosensors or GRKs (unaltered basal ratio). It, however, changed the basal ratio
of the PTH1R - B-arrestin BRET experiment. The existence of B-arrestin-primed high-affinity conformation was
described for some class A and B GPCRs (Jorgensen et al., 2005; Sanni et al., 2010). Different ligand-induced GPCR
conformation can be recognized by B-arrestin even in the absence of receptor phosphorylation (Shukla et al., 2008)
and exert functionally specific conformations in B-arrestin structure. It might be that B-arrestin can sense and
functionally specify ligand-induced conformations and RAMP-induced conformation. This phenomenon is described
in Chapter 4.8 where it was shown that RAMP coexpression led to an enhanced amount of B-arrestin recruitment —
finding, also described for some other GPCR-RAMP complexes (Harris et al., 2021b; Shao et al., 2021; Pearce et al.,
2022). This indicates that distinct receptor conformations induced and stabilized by RAMP can promote specific and

functionally important divergence in signaling.

+RAMP2
No ligand +RAMP2 +PTH(1-34) +PTH(1-34)

R*
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\ /
v
R R RT R R R* | R R R* | R R _R*

Figure 72: Activation model of PTH1R-RAMP interpreted in the energy landscape.

Moreover, it would be exciting to evaluate if stabilization of GPCR conformation by RAMP is a permanent or
transient event, already initial studies which suggested that receptor dimers are “born” together in ER and travel to
the membrane were recently outmoded by refined methodology (Calebiro et al., 2013; Méller et al., 2020a; Isbilir
et al., 2020b, 2021; Ferré et al., 2014), and similar predictions were proposed for RAMPs (McLatchie et al., 1998;
Klein et al., 2016). To tackle this question, FRET studies that require single-molecule precision and multiplexing are
needed (Sungkaworn et al., 2017; Moller et al., 2020a; Isbilir et al., 2020a). This work initiated a few constructs
(Chapter 4.1.2) which will be helpful in such studies.
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In summary, to expand knowledge of the proposed RAMP-stabilized conformational landscape, different structural
and biophysical methods need to be employed as double electron-electron resonance (DEER) analysis, single-
molecule FRET experiments, NMR studies, Hydroxyl radical footprinting mass spectrometry (HRFMS) and hydrogen-
deuterium exchange mass spectrometry (HDX-MS) (Deupi & Kobilka, 2010; Gregorio et al., 2017; Gusach et al.,
2020).

It was extensively described for CRLR receptors that RAMP changed their structural dynamics and cocreated
different receptor profiles (Liang, Belousoff, Fletcher, et al., 2020a; Josephs et al., 2021b; Liang et al., 2018; J Gingell
et al., 2016b), and it is to believe that (at least RAMP2) can recreate one of the unique PTH1R conformations with

relevant functional outcomes.

5.3.2 Modulation of ligand-binding by RAMPs

Is RAMP able to dictate to the GPCR which ligand should preferentially bind? Indeed, studies suggest that RAMPs
help to allosterically reshape binding pocket and dictate preference for binding between amylin and calcitonin at
their cognate receptors (Cao et al., 2022). Those observations are highly relevant for human physiology; since there
are many circulating ligands present, RAMPs could help the GPCR to decide which one to bind.

Reviewers raised the need to experimentally demonstrate this by using conformational biosensors during the
revision of our article (Nemec et al.,, 2021). Reviewer 2 suggested to tackle this question with simultaneous
perfusion of two endogenous PTHIR ligands — PTH and PTHrP. This experiment would probably not result in
wanted observation, since | would probably observe mixture of PTH- and PTHrP-stimulated responses.

Most of the RAMPs interacting partners are peptide receptors — very high-affinity substances. They are all binding
to the same position; therefore, it would be more beneficial to observe this in the context of binding — part of the
signal transduction, which was not analyzed in our experiments. A binding experiment setup in the presence and
absence of RAMPs could help to answer this question.

Different ligands have been shown to regulate and further fine-tune GPCR-RAMP pharmacology. Therefore, it is to

the aspect that RAMP with GPCR can recreate or reshape binding pocket and slightly switch preference for ligands.

5.3.3 Which GPCR to “ramp”?

Another exciting question is what happens in the cell where are many interacting GPCRs and a limited number of
RAMPs: does some of GPCR possesses a higher affinity to bind RAMPs than others, or is it solely coexpression
driver, which dictates the likelihood of GPCR-RAMP complexation? When we have all three RAMPs and the
interacting GPCR, which complexation happens initially?

In one way, it is to expect that obligate GPCR partners as CRL would have an initial higher affinity to bind RAMP
than non-obligate interactors such as CTR or PTH1R. However, some GPCRs, such as CRL, can interact with all three
RAMPs. So which event is most likely?

Recent CRISPR studies reveal that each of the CRL-RAMP phenotypes is needed for human cardiovascular cells since
it displays differential phenotypes (A. J. Clark et al., 2021). To uncover preferences for engagement between GPCRs
and RAMPs, one should approach multiplexing methods and label GPCRs and RAMPs with different colors to look at
intermolecular dynamics of the changes. Such experiments should be done with single molecule FRET to achieve

appropriate precision. Then, receptors should be stimulated with different ligands to reveal if interaction can be
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modulated and if it is transient or stable over time. Laboratory of dr. Graham Ladds (University of Cambridge)
recently initiated such studies.

Also, it is known that likelihood of oligomerization increases with the higher expression level of proteins and that
this is relevant in certain pathophysiological situations (Isbilir et al., 2020b). That would suggest that the rate-
limiting step for the interaction of GPCR and RAMP originates from the protein expression. If this were regulated
via gene expression, the cell would be able to modulate the number of RAMP proteins synthesized to interact with
GPCRs to exert specific function. Thus, the cell somehow dictates how many RAMPs are present, what they do, and
with which receptor they interact with.

Interestingly, it was shown that increased stimulation of the PTH-stimulated cAMP cascade could increase RAMP3
MRNA synthesis (Phelps et al., 2005). Moreover, RAMP2 and RAMP3 transcripts are enriched in failing rat
cardiomyocytes, associated with increased adrenomedullin responsiveness (@ie et al., 2005). Is this a mechanism to
make the receptor more potent and increase its efficacy? It is feasible that RAMP helps sustain a higher degree of
signaling in examples of drug-tolerant acute myeloid leukemia (AML) cells (Larrue et al., 2021), where its cascade
controls relapse of AML. Instead, this intensification speaks for noxious effects; thus, therapeutic designs should
aim to inhibit this overreactive cascade. Since RAMPs-interacting receptors critically orchestrate cellular signaling, it
should be sought to develop precise targeting strategies. First, targeting only receptors or only RAMP is not viable
since both play essential roles in signaling. Instead, it could be aimed to break oligomers by targeting specific GPCR-
RAMP interfaces and avoiding complexation in certain tissues. Certain nanobodies were shown to possess the
ability to break GPCR dimers by spherical hindrance and, thus, inhibit downstream cascades (Isbilir et al., 2020b).
Intriguingly, suppose we align the expression profile of RAMP2 with energy-consuming organs or (patho-
)physiological scenarios. In that case, the brain, heart, placenta, or cancer are each significant consumers of energy,
and also those where the role of RAMP2 is well established (@ie et al., 2005; Ichikawa-Shindo et al., 2008, p. 2;
Igarashi et al., 2014, p. 2; Kadmiel et al., 2017; Larrue et al., 2021). It could be expected that the RAMP-involving
cascade might be connected with ATP synthesis or some other mechanism that feeds the cells.

In summary, many unresolved questions in the GPCR-RAMP pharmacology remain to be investigated henceforth.

5.3.4 Importance of (novel) GPCR-RAMP interactions

Recent years saw significant expansion of the GPCR repertoire with which RAMPs are interacting - as of now
counting, around 40 described interactors. The current repertoire of interactors could be structurally analyzed to
recognize and develop a structural basis for GPCR-RAMP interaction, which could be translated into a system to
decode new potential receptor partners. Such structural debugging could help with deorphanization of specific
receptors, which is still a neglected but very relevant field, since 29% of non-olfactory GPCRs keep being orphans
(Tang et al., 2012). The orphan GPCR, which might be an obligate RAMP partner, would fail to induce signaling in
the deorphanization screenings since it lacks part of the complex, which constructs functional receptor phenotype
— a story most known for rudimentary RAMP partner CRLR (MclLatchie et al., 1998).

Moreover, exploring structural fingerprints will help better understand “druggable GPCR pocket,” which should be
revised to GPCR-RAMP pocket. Such a pocket constitutes a more specific drug target and could represent tissue-
dependent therapy. This drug design strategy was successfully probed with the first-ever antibody against GPCRs,

erenumab (Dolgin, 2018), a monoclonal antibody against CRLR-RAMP1 complex, approved for migraine therapy.
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Moreover, a few small molecule ligands such as Rimegepant or Ubrogepant targeting CRLR-RAMP1 complex.
Analogous targeting strategies will be of undeniable relevance in drug designs of the future.

Regarding the broader functional importance of RAMP modulation on expanding the repertoire of GPCRs, it is to
envision that RAMPs will be part of experimental designs in preclinical studies for GPCR drugs. Moreover, cell and
tissue-dependent effects will be more closely monitored, which could ultimately help to understand some adverse
effects and construct very specific therapeutics.

High expression of CRLR-RAMP2 was shown to be the driver of relapses of AML malignancy (Larrue et al., 2021;
Vazquez et al., 2021), thus, this oligomer would not only represent potential drug target but also prognostic marker
for the acute myeloid leukemia.

Ultimately, discovering new GPCR-RAMP pairs generates many opportunities for drug discovery and disease
prognosis. Deorphanization of GPCRs, the creation of specific drug targets, and prognostic markers are some of the

areas which would enormously benefit from accumulating knowledge of novel interactions.

5.3.5 Conservation of GPCR-RAMP oligomerization and modulation across class B

GPCRs

Just five years ago, there were only 11 interacting GPCRs described to interact with RAMPs (Klein et al., 2016), all
except GPER and CaSR being members of class B GPCRs. Recent exploration of novel interaction showed that RAMP
interactome is wider than previously appreciated and broadened described RAMP interactors to almost all
members of class B. Therefore, it could be that exist specific structural fingerprint dictating the interaction and,
even more interestingly, mode of modulation. Initial structural studies identified that structural conservation of
residues is important to interact with RAMP (Liang et al., 2018). In currently available structures (Booe et al., 2015;
Liang et al., 2018; Garelja et al., 2020; Liang et al., 2020; Josephs et al., 2021; Cao et al., 2022), this region
compromises TM3, TM4, and TM5 of the receptor and ECL2, which is an especially interesting structural motif. An
extensive mutagenesis study of the linker region of RAMP, performed by Liang et al. showed that this part is crucial
in shaping peptide selectivity and efficacy. This part is described as an allosteric hotspot in PTH1R (L. J. Clark et al.,
2020a), which impacts B-arrestin2 recruitment after stimulation with a specific ligand. The Ser355 and Gly357 of
PTHI1R are part of more extensive region (aa 348-356), which according to our structural models in Chapter 4.9
contacts RAMP. Figure 73 shows ECL2 residue conservation across some class B GPCRs; CW+ at the position .50,
.51, and .52. It is interesting that RAMP modulation of GIP and glucagon modulated B-arrestin recruitment (Cegla et

al., 2017; Harris et al., 2021b; Pearce et al., 2022), similar to the experiments in Chapter 4.8.
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Figure 73: Conservation of ECL2 residue between some class B GPCRs.
Sequence alignment of class B GPCRs residues .50, .51, and .52 and adjacent ones from GPCRdb show a high conservation
degree. Sequence alignment was created with GPCRDB.

The second interesting structural motif in PTH1R, presumably essential for RAMP modulation, could be part of

“kink 5”, which is also highly conserved across class B GPCRs (Figure 74). It goes for inward kink in the cytosolic

extension of TM5 (residues V382°°8-T392568), where PTH1R and GIPR have polar aa, whereas in GCGR nonpolar aa

on position 5.63. The nature of those structural motifs could be investigated with the mutational screenings.

Information about the decisive aa would add to the knowledge of the activation mechanism of class B GPCRs.
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Figure 74: Amino acids position of kink five residues among class B GPCRs.

Sequence alignment of class B GPCRs residues 5.58 — 5.

65 (Numbering after Wooten) from GPCRDB shows a high conservation

degree among class B GPCRs. Colors represent the chemical properties of the residues. Reprinted with permission
5295681171628 from Springer Nature: Nature Chemical Biology, Allosteric interactions in the parathyroid hormone GPCR—
arrestin complex formation, Clark et al., Copyright © 2020, Springer Nature (2018).
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6 SUMMARY

The G protein-coupled receptors (GPCRs) constitute the largest and pharmacologically most important family of cell
surface receptors, which supervise many (patho-)physiological processes in the human body. GPCRs transfer
extracellular signals to the cell interior during the receptor activation process, where extracellular stimulation
initiates conformational rearrangements of the receptor core and enables binding of intracellular binding partners
— G proteins, G protein-coupled receptor kinase, and B-arrestins. Thus, this is a critical process in signal
transduction that can be modulated by some of the endogenous molecules, including ions, lipids, or other proteins,
and impacts downstream signaling cascades. GPCRs are forming tissue-dependent oligomers with their interacting
partners, receptor activity-modifying proteins (RAMPs), ubiquitously expressed membrane proteins. They are
known to modulate ligand-binding, G protein coupling, downstream signaling, trafficking, and recycling of some
GPCRs.

Yet, only limited research was conducted on their role in the most critical signal transduction process — receptor
activation.

Using the physiologically and therapeutically important parathyroid hormone 1 receptor (PTH1R), a class B GPCR,
modulation effects of RAMPs on the receptor activation process and its consequences for downstream signaling
were analyzed. Therefore, different optical biosensors to measure the activation of PTH1R and its signaling cascade
were developed and employed in various setups to construct a holistic view of PTHIR-RAMP interaction and its
functional outcomes.

Interaction between PTH1R and RAMPs proved to be most prominent for RAMP2 and RAMP2 showed specific
allosteric modulation on PTH1R conformation, in both basal and ligand-activated states. A unique RAMP2-induced
pre-activated (or meta-stable) state enabled faster receptor activation in a ligand-specific manner. Furthermore,
RAMP2 affected G protein and non-G protein signaling. It modulated PTH-mediated Gi3 signaling sensitivity and
kinetics of cAMP accumulation. Additionally, RAMP2 elevated the amount of B-arrestin2 recruitment to PTH1R and
increased the amount of cytosolic ERK, which was distinctive from nuclear ERK phosphorylation. In order to suggest
a molecular mechanism for presented findings, several structural models were developed and analyzed.

This work provides evidence that RAMP modulates GPCR activation with functional consequences on cellular
signaling. This should be interpreted in the context of cell-specific coexpression patterns and could lead the design
of advanced therapeutics. Since GPCRs coordinate an array of cell functions and have always been significant drug
targets, the knowledge presented here adds to the universal understanding of molecular mechanisms which

orchestrate the human body.
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7 ZUSAMMENFASSUNG

G Protein-gekoppelte Rezeptoren (GPCRs) bilden die groRte und pharmakologisch wichtigste Familie von
Zelloberflachenrezeptoren, die zahlreiche (patho-)physiologische Prozesse im menschlichen Kérper steuern. GPCRs
Ubertragen wahrend des Rezeptoraktivierungsprozesses extrazelluldre Signale in das Zellinnere, wo durch die
extrazelluldre Stimulation Konformationsdanderungen des Rezeptorkerns auslost und die Bindung intrazelluldrer
Bindungspartner — G Proteine, G Protein-gekoppelte Rezeptorkinase und Arrestine - ermoglicht. Es handelt sich
also um einen kritischen Prozess in der Signaltransduktion, der durch einige endogene Molekiile wie lonen, Lipide
oder andere Proteine moduliert werden kann und Auswirkungen auf nachgeschaltete Signalkaskaden hat.

GPCRs bilden gewebeabhingige Oligomere mit ihren interagierenden Partnern, Rezeptor-Aktivitats-modifizierende
Proteinen (RAMPs), ubiquitar exprimierten Membranproteinen. Bekannt ist, dass sie die Ligandenbindung, die G-
Protein-Kopplung, die nachgeschaltete Signalisierung, das Trafficking und das Recycling einiger GPCRs modulieren.

Ihre Rolle im kritischsten Prozess der Signaltransduktion - der Rezeptoraktivierung - wurde jedoch nur begrenzt
erforscht.

Anhand des physiologisch und therapeutisch wichtigen Parathormon-Rezeptors (PTH1R), einem GPCR der Klasse B,
wurden die Modulationseffekte von RAMPs auf den Prozess der Rezeptoraktivierung und ihre Folgen fiir die
nachgeschaltete Signallibertragung analysiert. Hierzu wurden verschiedene optische Biosensoren zur Messung der
Aktivierung des PTH1R und seiner Signalkaskade entwickelt und in verschiedenen Versuchsanordnungen
eingesetzt, mit dem Ziel einen holistischen Blick auf die Interaktion zwischen PTH1R und RAMPs und ihre
funktionellen Auswirkungen zu erhalten.

Die Interaktion zwischen PTH1R und RAMPs erwies sich als besonders ausgepragt fir RAMP2, und RAMP2 zeigte
eine spezifische allosterische Modulation der PTH1R-Konformation, sowohl im basalen als auch im Liganden-
aktivierten Zustand. Ein einzigartiger voraktivierter oder (meta-stabiler) Zustand ermoglichte eine schnellere
Rezeptoraktivierung auf Liganden-spezifische Weise. AuRerdem beeinflusste RAMP2 die G Protein- und Nicht-G
Protein-vermittelte Signallibertragung indem es die PTH-vermittelte Gi3-Signalempfindlichkeit und die Kinetik der
cAMP-Akkumulation modulierte. Weiterhin erhohte RAMP2 die Menge der B-Arrestin2-Rekrutierung an PTH1R auf
Liganden-spezifische Weise. Dies kdnnte mit einer erhéhten zytosolischen ERK-Menge zusammenhangen, die hat
sich von der nukledaren ERK-Phosphorylierung unterscheidet. Um einen molekularen Mechanismus fir die
vorgestellten Ergebnisse vorzuschlagen, wurden mehrere strukturelle Modelle entwickelt und analysiert.

Diese Arbeit liefert den Beweis, dass RAMP die GPCR-Aktivierung mit funktionellen Auswirkungen auf die zellulare
Signallbertragung reguliert. Die Ergebnisse sollten im Zusammenhang mit zellspezifischen Koexpressionsmustern
interpretiert werden und kénnen zur Entwicklung von fortschrittlichen Therapeutika positiv beitragen. Da GPCRs
praktisch alle Zellfunktionen koordinieren und seit jeher wichtigen Angriffspunkten fiir Medikamente sind, tragen
die vorgestellten Erkenntnisse zum universellen Verstandnis der molekularen Mechanismen bei, die den

menschlichen Koérper orchestrieren.
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