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2 Summary

The superfamily of G protein-coupled receptors (GPCRs) comprises more than 800
members, which are divided into five families based on phylogenetic analyses (GRAFS
classification): Glutamate, Rhodopsin, Adhesion, Frizzled/Taste2 and Secretin. The
adhesion G protein-coupled receptor (aGPCR) family forms with 33 homologs in
Mammalia the second largest and least investigated family of GPCRs. The general
architecture of an aGPCR comprises the GPCR characteristics of an extracellular
region (ECR), a seven transmembrane (7TM) domain and an intracellular region (ICR).
A special feature of aGPCRs is the extraordinary size of the ECR through which they
interact with cellular and matricellular ligands via adhesion motif folds. In addition, the
ECR contains a so-called GPCR autoproteolysis-inducing (GAIN) domain, which
catalyzes autoproteolytic cleavage of the protein during maturation. This cleavage
leads to the formation of an N-terminal (NTF) and a C-terminal fragment (CTF), which
build a unit by means of hydrophobic interactions and therefore appear as a
heterodimeric receptor at the cell surface.

In the past, it has been shown that the first few amino acids of the CTF act as a tethered
agonist (TA) that mediates the activation of the receptor through the interaction with
the 7TM domain. However, the molecular mechanism promoting the TA-7TM domain
interaction remains elusive. This work reveals a novel molecular mechanism that does
not require the dissociation of the NTF-CTF complex to promote release of the TA and
thus activation of the aGPCR. The introduction of bioorthogonal labels into receptor-
signaling-relevant regions of the TA of various aGPCRs demonstrated that the TA is
freely accessible within the intact GAIN domain. This suggests a structural flexibility of
the GAIN domain, which allows a receptor activation independent of the NTF-CTF
dissociation, as found in cleavage-deficient aGPCR variants. Furthermore, the present
study shows that the cellular localization and the conformation of the 7TM domain
depends on the activity state of the aGPCR, which in turn indicates that the TA
mediates conformational changes through the interaction with the 7TM domain, which
ultimately regulates the receptor activity. In addition, biochemical analyses showed that
the GAIN domain-mediated autoproteolysis of the human aGPCR CD97 (ADGRES/ES)
promotes further cleavage events within the receptor. This suggests that aGPCRs
undergo cleavage cascades, which are initialized by the autoproteolytic reaction of the
GAIN domain. Thus, it can be assumed that aGPCRs are subject to additional
proteolytic events. Finally, the constitutive internalization of the NTF and the CTF of
E5 was demonstrated by various labeling methods. It was possible to label both
fragments independently and to follow their subcellular location in vitro. In summary,
these obtained results contribute to a better understanding about the molecular
mechanisms of activity and signaling of aGPCRs.
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3 Zusammenfassung

Die Superfamilie der G-Protein-gekoppelten Rezeptoren (GPCRs) umfasst weit mehr
als 800 Mitglieder, welche aufgrund von phylogenetischen Analysen in funf Familien
unterteilt werden (GRAFS Kilassifizierung): Glutamat, Rhodopsin, Adhasion,
Frizzled/Taste2 und Sekretin. Die Familie der Adhesions-G-Protein-gekoppelten
Rezeptoren (aGPCRs) bildet mit 33 Homologen in Saugetieren die zweitgrof3te Familie
innerhalb der GPCRs. Die generelle Architektur eines aGPCRs weist die GPCR
typischen Merkmale einer extrazellularen Region (ECR), einer sieben
Transmembrandomane (7TM) und einer intrazellularen Region (ICR) auf. Eine
Besonderheit stellt hierbei die aullergewohnliche GroRe der ECR, welche uber
vielfaltige Domanen mit zellularen und matrixgebundenen Liganden interagieren, dar.
Zusatzlich umfasst die ECR eine sogenannte GPCR Autoproteolyse-induzierende
(GAIN) Domane, an welcher wahrend der Proteinreifung eine autoproteolytische
Spaltung stattfindet. Diese Spaltung fuhrt zur Entstehung eines N-terminalen (NTF)
und C-terminalen Fragmentes (CTF), welche mittels hydrophober Wechselwirkung
eine Einheit an der Zelloberflache und daher einen heterodimeren Rezeptor bilden.

In der Vergangenheit zeigte sich, dass die ersten paar Aminosauren des CTF als
angebundener Agonist (TA) agieren und Uber die Interaktion mit der 7TM Domane eine
Aktivierung des Rezeptors vermitteln. Der molekulare Mechanismus, welcher die
Wechselwirkung zwischen TA und 7TM Domanen fordert, ist jedoch weiterhin
unbekannt. Diese Arbeit enthullt einen neuartigen molekularen Mechanismus, welcher
keine Dissoziation des NTF-CTF Komplexes bendtigt, um eine Freisetzung des TA
und damit eine Aktivierung des aGPCR zu gewahrleisten. Mittels der Einbringung von
bioorthogonalen Markierungen in rezeptorsignalisierungs-relevante Bereiche des TA
von diversen aGPCRs, wurde gezeigt, dass dieser innerhalb der intakten GAIN
Domane freizuganglich vorliegt. Dies lasst auf eine strukturelle Flexibilitat der GAIN
Domane schliel3en, welche eine Rezeptoraktivierung unabhangig von der NTF-CTF
Dissoziation erlaubt, wie sie auch bei spaltungsdefizienten aGPCR Varianten
vorzufinden ist. Des Weiteren zeigt die vorliegende Arbeit, dass sich die zellulare
Lokalisation und die Konformation der 7TM Domane abhangig vom Aktivitatszustand
des aGPCR ist, was wiederrum daraufhin deutet, dass der TA Uber die Interaktion mit
der 7TM Domane eine Konformationsanderung vermittelt, welche letztendlich die
Rezeptoraktivitat reguliert. Zudem zeigten biochemische Analysen, dass neben der
GAIN Domanen-vermittelten Autoproteolyse des humanen aGPCRs CD97
(ADGRES/ES) weitere proteolytische Spaltungen innerhalb des Rezeptors stattfinden.
Dies deutet daraufhin, dass aGPCRs Spaltungskaskaden durchlaufen, welche Uber
die autoproteolytischen Reaktion der GAIN Domane initialisiert werden. Dadurch kann
angenommen werden, dass aGPCRs zusatzlichen proteolytischen Ereignissen
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unterliegen. Schlussendlich konnte mittels diverser Markierungsverfahren die
konstitutive Internalisierung des NTF und des CTF von E5 nachgewiesen werden. Es
war moglich beide Fragmente unabhangig voneinander zu markieren und deren
subzellulare Lokalisation in vitro zu verfolgen. Zusammenfassend tragen die
gewonnen Ergebnisse zu einem besseren Verstandnis der zugrundeliegenden
molekularen Mechanismen in Bezug auf Aktivitat und Signalibertragung von aGPCRs
bei.



Introduction

4 Introduction

4.1 Adhesion class G protein-coupled receptors

G protein-coupled receptors (GPCRs) represent, with approximately 800 members in
human, the largest known protein superfamily characterized by the existence of a
seven transmembrane (7TM) domain and the interaction with heterotrimeric guanine
nucleotide-binding proteins (G proteins) (Fredriksson et al., 2003; Lagerstrom and
Schioth, 2008). GPCRs are able to bind a variety of ligands, resulting in a
conformational change of the receptor and the activation of the 7TM domain-
associated G protein (Weis and Kobilka, 2018). Activation leads to the dissociation of
the G protein, which enables the regulation of downstream signaling pathways (Weis
and Kobilka, 2018). Along this path, GPCRs play an important role in the processing
of biological signals, e.g. taste, smell, light, cell metabolism, neurotransmission and
immune response (Hu et al., 2017). Furthermore, defects in GPCR functions correlate
with a broad spectrum of disease, e.g. cancer, neurodegenerative malfunctions or
metabolic disorders, such as obesity or diabetes (Heng et al., 2013). Approximately
over 40 % of all clinical drugs target GPCRs, further indicating their relevance for
clinical application and research (Heng et al., 2013).

Based on phylogenetic analyses, the GPCR superfamily was subdivided into five
families (GRAFS classification): Glutamate, Rhodopsin, Adhesion, Frizzled/TasteZ2,
and Secretin (Fredriksson et al., 2003). Adhesion G protein-coupled receptors
(aGPCRs) form with 33 homologs in Mammalia the second largest, however, least
investigated family of GPCRs (Langenhan et al., 2013). A hallmark feature of aGPCRs
is the large extracellular region (ECR), which contains a pattern of diverse adhesion
motif folds. This pattern forms the basis for the categorization of the aGPCRs into nine
subfamilies (Hamann et al., 2015) (Fig. 1A). In this thesis, | will focus on diverse
aGPCR members of different subfamilies, including rat Latrophilin (ADGRL1/L1),
Drosophila CIRL, human EMR2 (ADGREZ2/E2), human CD97 (ADGRES5/ES), mouse
GPR116 (ADGRF5/F5) and human BAI3 (ADGRB3/B3) (Fig. 1B).

Even though aGPCRs are widely expressed in most organ systems, which conceivably
reflects their involvement in a variety of physiological processes (Hamann et al., 2015),
their detailed structural and functional aspects are still incompletely understood.
Interestingly, the malfunction of aGPCRs correlates with a broad spectrum of human
disorders, ranging from bilateral frontoparietal polymicrogyria (Piao et al., 2004), Usher
syndrome (Reiners et al., 2005; Weston et al., 2004) and neural tube defects (Allache
et al,, 2012; Robinson et al., 2012) to vibratory urticaria (Boyden et al., 2016).
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Furthermore, aGPCRs are linked to a variety of cancer types (Aust et al., 1997; Lum
et al., 2010; Ward et al., 2011), which suggests the importance for a prospective
elucidation of unknown mechanisms regarding their structure and function.

A

Subfamily L Subfamily E Subfamily A Subfamily C Subfamily D Subfamily F Subfamily B Subfamily G Subfamily V

EPTP/EAR

(PTX) PTX
cuB
RBL LAM CALXB
(SEA) TsP
OLF coF (LRR)
EGF G
HRM § (1G) HRM PTX) EHF{M)
aPS GAIN
7TV SN signature

ADGRL1 ADGRE2 ADGRF5 ADGRB3

CIRL ADGRES

Fig. 1: Adhesion GPCR family.

(A) aGPCRs are subdivided into nine subfamilies based on the unique compositions of the N-
terminal domains. Hallmark features of every aGPCRs is the existence of the 7TM domain and
the juxtamembrane GAIN domain (except GPR123/ADGRA1/A1), which catalyzes
autoproteolysis during protein maturation and ensures the formation of a heterodimer. Most
aGPCRs are expressed in vertebrates, in contrast, until now homologs in invertebrates are
exclusively found for subfamily L and subfamily C. Adapted from Langenhan et al., 2013. (B) In
this thesis investigated aGPCRs members and their subfamily affiliation. L1 and CIRL belong
to the subfamily L, E2 and E5 are members of the subfamily E, F5 is characterized as a
subfamily F member and B3 is classified as a subfamily B member.

4.2 Structural hallmarks of aGPCRs

Based on their topology, the general architecture of an aGPCR can be subdivided into
three parts: an ECR, a 7TM domain and an intracellular region (ICR) (Langenhan et
al., 2013) (Fig. 2). The 7TM domain forms a barrel-like structure and anchors the
receptor to the cell membrane (Nijmeijer et al., 2016). Moreover, the interaction with
the G protein occurs at the intracellular face of the 7TM domain (Nijmeijer et al., 2016).
The ECR typically includes subfamily-dependent adhesion domains, which are able to
recognize and interact with cellular and matricellular ligands (Arag et al., 2016). In
addition, the ECR contains a juxtamembrane GPCR autoproteolysis-inducing (GAIN)
domain (Arag et al., 2016, 2012). The highly conserved GAIN domain exists in 32 out
of the 33 human aGPCRs (absentin A1) (Hamann et al., 2015). Interestingly, the GAIN
domain mediates an autocatalytic self-cleavage, first observed for the E5 receptor
(Gray et al., 1996). Self-cleavage occurs during protein maturation at the GPCR
proteolysis site (GPS), which is closely located to the C-terminal end of the GAIN
domain (Nieberler et al., 2016). In addition, the GPS encompasses a cleavage
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tripeptide consisting of an histidine, followed by a leucine or isoleucine and ending with
a serine or threonine (HL/IL'S/T) (Lin et al., 2010). The autoproteolytic reaction results
in the separation of the aGPCR, rendering an N-terminal fragment (NTF) and a C-
terminal fragment (CTF) (Gray et al., 1996; Krasnoperov et al., 1997). These two
fragments appear as a non-covalently attached heterodimer at the cell membrane
(Arag et al., 2012; Gray et al., 1996; Krasnoperov et al., 1997; Lin et al., 2004).
However, a minority of aGPCR members are non-cleaved, because of the missing
consensus sequence or due to structural hinderance as is the case of B3 (Arag et al.,
2012; Langenhan, 2019).
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Fig. 2: General molecular structure of aGPCRs.

Topology-based compartmentation of aGPCR architecture implicates a three-partite structure
consisting of an ECR, a 7TM domain and an ICR. The ECR contains adhesion domains of
different nature, which are characterized by their function in cell-cell and cell-matrix
interactions. In addition, the ECR comprises a GAIN domain, which catalyzes the self-cleavage
of the receptor at the highly conserved GPS during the protein maturation. Self-cleavage
results in the formation of an NTF and a CTF (cleavage-based compartmentation). These two
fragments are attached to each other through non-covalently forces mediated by the GAIN
domain. Attachment of NTF and CTF ensures the presence of heterodimeric aGPCRs at the
cell membrane. The last B-strand of the GAIN domain is separated from the NTF through the
autoproteolytic reaction. This p-strand acts as a tethered agonist (TA), which is able to interact
with the 7TM domain, resulting in the activation of downstream signaling pathways (see 4.3).

4.3 Mechanisms of aGPCR activation

There are currently several principles that describe the activation of aGPCRs. Previous
studies indicated tethered agonism as a possible molecular mechanism able to
modulate the activity of aGPCRs. In addition, the solved crystal structures of the L1
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and B3 GAIN domains indicated the molecular foundation of this mechanism. The
crystal structure of the GAIN domain is composed of a subdomain A consisting of six
a-helices and a subdomain B consisting of 13 p-strands (Arag et al., 2012) (Fig. 3A).
The autoproteolytic reaction occurs between the last two B-strands resulting in the
cleavage of the full-length receptor into an NTF and a CTF. The last B-strand of the
GAIN domain forms the beginning of the newly appearing CTF. In vitro and in vivo
analyses of aGPCRs indicated that this B-strand acts as a tethered agonist (TA)
(Liebscher et al., 2014; Stoveken et al., 2015). The principle behind this observation
was based on experiments with engineered aGPCRs containing a deletion of the NTF,
which resulted in a high receptor activity (Fig. 3B), whereas the deletion of the whole
ECR led to an abolished signaling (Hilbig et al., 2018; Liebscher et al., 2014; Paavola
et al., 2011; Stoveken et al., 2015). Furthermore, synthetic peptides derived from the
TA sequences were able to induce a receptor activation (Liebscher et al., 2014;
Stoveken et al., 2015; Wilde et al., 2016). Also using synthetic peptides from other
aGPCRs led to an increased activity (Demberg et al., 2017).

A B
GAIN Adhesion
 ~7, subdomain A domains
\. Y
/ ~— P oA
¢ “TA
- 7TM m w
GAIN ) “ 7 HormR Fragment | Full-length ANTF AECR
subdomain B g N Activity Basal T ¢

Fig. 3: Tethered agonism of aGPCRs provides a possibility to activate intracellular
signaling cascades.

(A) Crystal structure of rat L1 GAIN and hormone receptor motif (HRM) domain. The GAIN
domain can be subdivided into a subdomain A consisting of six a-helices and subdomain B
consisting of 13 B-strands. Autoproteolytic reaction (asterisk) occurs between the last two -
strands. Furthermore, the crystal structure indicates that the TA is deeply buried inside the
remaining GAIN domain. Adapted from Arag et al., 2012. (B). Artificial aGPCRs constructs
demonstrated the activation of downstream signaling by tethered agonism. Signaling assays
revealed a high activity for ANTF aGPCRs (exposed TA) compared to a basal activity for full-
length receptors (buried TA) and absent activity for AECR receptors (no TA).

Interestingly, the crystal structure of the cleaved L1 GAIN domain showed that the TA
is deeply buried inside the remaining domain, leading to the question of how the TA is
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able to successfully activate the receptor. Current working models have different ideas
on how the activation of aGPCRs is mediated through the TA.

The first model, termed dissociation model, describes the separation of the NTF and
the CTF, which releases the buried TA (Fig. 4). The hydrophobic nature of the TA
triggers the interaction with the 7TM domain leading to the stabilization of an active
receptor conformation. However, this model is inapplicable for aGPCRs, which
naturally display a cleavage-deficiency (Hamann et al., 2015). In addition, the
mechanism of tethered agonism was already confirmed for naturally non-cleaved
GPR114 (ADGRGS5/G5) through in vitro signaling assays (Wilde et al., 2016).
Furthermore, in vivo experiments regarding the receptor activity of invertebrates
Latrophilin homologs CIRL and LAT-1 indicated no negative effect due to an abolished
self-cleavage (Promel et al., 2012; Scholz et al., 2017). These findings lead to a second
model describing the successful activation of aGPCRs through the TA. This so-called
non-dissociation model suggests the interaction of the TA and the 7TM domain upon
a conformational change of the GAIN domain without the separation of the
heterodimer.

Adhesion

Dissociation Non-dissociation
model model
Fig. 4: Possible signaling models for TA-dependent activation of aGPCRs.

Hypothetical models describe the conformational response of an aGPCR due to a mechanical
stimulation and/or ligand binding. Stimulation results in a (1) dissociation- or (2) non-
dissociation-mediated activation. (1) Separation of NTF and CTF or (2) conformational/
distance change of the GAIN-7TM domain tandem leads to a release of buried TA and
subsequent interaction with the 7TM domain.

In addition, the mechanism of a TA-independent activation was observed for GPR56
(ADGRG1/G1) and BAI1 (ADGRB1/B1) (Kishore et al., 2016; Kishore and Hall, 2017;
Salzman et al., 2017). B1 lacking the ECR displayed an increased activity in various
signaling assays, indicating a receptor activation independent of the TA (Kishore et al.,
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2016). However, the activity of G1 ranged from increased to decreased in dependency
of the used signaling assay (Kishore et al., 2016). These findings support the idea that
the activation of several downstream signaling pathways is TA-independent, whereas
others are TA-dependent (Kishore et al., 2016). In addition, the TA-independent
signaling of G1 using synthetic ligands interacting with the ECR (Salzman et al., 2017),
suggests that the activation mechanisms of aGPCRs are versatile and complex.

Most of the experiments regarding the discovery that aGPCRs are activated by
tethered agonism were based on artificially truncated receptor variants lacking the NTF
(Liebscher et al., 2014; Stoveken et al., 2015). In contrast, the physiological stimuli
(e.g. ligands, force) for the activation of aGPCRs through the release of the TA are still
unknown for the majority of aGPCRs. However, previous findings suggested the
involvement of aGPCRs in mechanosensation (Scholz et al., 2016). The Drosophila
melanogaster homolog CIRL is, amongst other neuron populations, expressed in the
chordotonal neurons, which offers extero- and proprioceptive functions (Scholz et al.,
2017, 2015). In vivo data revealed the modulation of ionotropic receptor currents and
the downregulation of cCAMP levels in sensory neurons upon mechanical stimulation of
CIRL, which directly demonstrated the molecular function of CIRL as a potential
mechanosensor (Scholz et al., 2017, 2015). Interestingly, the molecular composition
of the ECR, which includes a broad spectrum of adhesive folds, implies the
involvement of membrane- or matrix-fixed ligands to mediate the mechanical forces
into signaling. Hints therefore were observed in the dynamic activation of GPR126
(ADGRG6/G6) through a combination of mechanical forces and the binding of his
natural ligand laminin-211 (Petersen et al., 2015).

Furthermore, mechanosensation has also been linked to human disorders. A
prominent example is a rare autosomal dominant form of vibratory urticaria (VBU).
Affected patients carry E2 receptors with a C492Y mutation within the GAIN domain.
This mutation causes dermal hives and increased histamine levels due to enhanced
degranulation of mast cells. Symptoms are triggered by vibratory stimulation of the
skin. The destabilization of the NTF-CTF heterodimer was hypothesized as the
molecular mechanism, leading to an increasing separation (Boyden et al., 2016). Later
in this thesis, | will further focus on the investigation of the C492Y mutation in the E2
receptor and its influence on the GAIN domain conformation.

In summary, the experimental data indicate the existence of two different TA-
dependent activation models, which are mediated by mechanical stimulation and/or
ligand interaction. Furthermore, these models are not mutually exclusive, which leads
to the assumption of a context dependent co-existence, e.g. ligand type, type and
strength of the mechanical stimuli, and cellular localization of the aGPCR. In addition,
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the observation of TA-independent signaling modes implies the versatility of aGPCRs
activation mechanisms.

4.4 ADGRES5 as a model aGPCR

ES5 belongs to the aGPCR subfamily E, one of the most investigated subfamilies. In
1995, E5 was the first described aGPCR alongside E1 (Baud et al., 1995; Hamann et
al., 1995). Already then it was noted that these receptors contain a 7TM domain and
several epidermal growth factor (EGF)-like domains at the N-terminus, accordingly the
name of this receptor family EGF-7TM was chosen (McKnight and Gordon, 1996).
Over the past years, several other members of this family were discovered in
vertebrates, leading to presently five members. All members indicate a high similarity
in the structural composition of the NTF consisting of 2-5 consecutive EGF-like
domains (Krishnan et al., 2016).

4.4.1 Structure of ADGRES5

ES comprises the common structural features of the aGPCR family: an ECR, a 7TM
domain and an ICR. The ECR consists of EGF-like domains and the GAIN domain.
Like most aGPCRSs, ES is also cleaved by an autoproteolytic reaction during the protein
maturation (Gray et al., 1996). However, the self-cleavage can be inhibited by a single
point mutation of the cleavage tripeptide HLIS either to ALS, HLA or HLG (Hilbig et
al., 2018; Hsiao et al., 2011; Yang et al., 2017). Alternative RNA splicing of E5 leads
to the existence of three isoforms in humans, differing in their number of EGF domains
(Kwakkenbos et al., 2004) (Fig. 5A). The EGF domain at the N-terminal end without
the ability of calcium-binding is present in all isoforms, whereas the number of
remaining calcium-binding EGF domains ranges from 2-4 (Kwakkenbos et al., 2004).
Interestingly, E2 shows a high similarity in the arrangement of the NTF and, additionally
in the sequence of the EGF domains with a difference of only three amino acids when
compared to E5 (Lin et al., 2000). Furthermore, EGF domains are also present in other
aGPCRs subfamilies, e.g. CELSRs (Krishnan et al., 2016). A PSD-95/discs-large/ZO-
1 (PDZ)-binding motif (PBM) consisting of ASESGI is present at the C-terminal end
and is highly phosphorylated after mechanical stimulation, resulting in a disrupted
binding to scaffolding proteins and, consequently, a promoted cellular detachment
(Hilbig et al., 2018).

In contrast to other members of the aGPCR family, a number of ligands are known for
ES (Fig. 5B). The glycosylphosphatidylinositol (GPl)-anchored CDS5, which is
expressed on most leukocytes, was the first ligand described to bind E5 (Hamann et
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al., 1996). Further characterizations of the CD55-E5 interaction revealed the binding
of CD55 to the first two EGF domains, whereas the third EGF domain is important for
a successful binding (Hamann et al., 1998). Moreover, larger ES isoforms containing
four or five EGF domains showed a reduced binding affinity for CD55 (Hamann et al.,
1998). Interestingly, despite the high sequence similarity of the EGF domains of ES
and E2, CD55 binds specifically to ES (Lin et al., 2001, 2000). Another ligand of ES is
the glycosaminoglycan chondroitin sulfate B, which binds to the EGF4 domain of E5
and E2 (Kwakkenbos et al., 2005). Additionally, a GPl-anchored surface protein named
CD90 interacts with the GAIN domain (Wandel et al., 2012). The integrins a531 and
avB3 bind to the RGD motif, which is located near the N-terminal end of the GAIN
domain (Wang et al., 2005).

A B

Ligand Interaction
CD55 EGF12

EGF Chondroitin sulfate B EGF4
CD90 GAIN
a5B1, avp3 RGD

PBM
E5 (EGF125) E5 (EGF1235) ES (EGF1-5)

Fig. 5: Human E5 comprises three isoforms differing in the number of EGF-like domain
repeats and interactions with known ligands.

(A) Schematic illustration of three known E5 isoforms resulting through alternative RNA
splicing. The ECR contains one EGF-like domain (dark green) and an isoform-depending
number of calcium-binding EGF-like domains (light green). The GAIN domain of E5 includes
an RGD motif. A PBM is located at the C-terminal end. (B) Several ligands and their interaction
sites are known for E5. CD55 interacts with the EGF1-EGF2 domain tandem, chondroitin
sulfate B binds the EGF4 domain, CD90 binds to the GAIN domain, whereas a5B1 and av33
integrins interact with the RGD motif.

4.4.2 Functions of ADGRE5

Native E5 protein is mostly expressed in smooth muscle cells and a variety of cell types
of the immune system, e.g. macrophages, dendritic cells, T- and B-cells (Hamann et
al., 2016; Jaspars et al., 2001). Based on its expression pattern in different cell types
of the immune system and/or the interaction with matricellular ligands (Fig. 5B), E5
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was found to play a role in immune processes (Lin et al., 2017), angiogenesis (Wang
et al., 2005) and cancer (Aust et al., 2016).

The expression and presence of E5 is upregulated at sites of inflammation, indicating
its important role in the immune response (Leemans et al., 2004). For example, E5
expression correlates with the lesion stages of multiple sclerosis brain tissue (Visser
et al., 2002). In addition, altered expression levels of CD55 suggested the involvement
of the CD55-ES5 interaction in the inflammatory processes of multiple sclerosis (Visser
et al., 2002).

Furthermore, in vitro experiments verified the strong binding of a5B1 integrin to the
GAIN domain-located RGD motif of E5 (Wang et al., 2005). Interestingly, it is known
that an antagonist treatment of a5B1 integrin results in an abolished angiogenesis,
which verified its involvement in this process (Kim et al., 2000). In addition, the
involvement of E5 in inflammation-dependent angiogenesis through the RGD-
mediated a5B1 integrin interaction was observed by in vivo assays indicating an
increased vascularization after treatment with the recombinant ES NTF (Wang et al.,
2005).

E5 is involved in a broad spectrum of cancer types including thyroid, gastric,
pancreatic, esophageal, colorectal, prostate, gall bladder, breast, glioblastoma and
leukemia (Aust et al., 2016). Interestingly, the involvement of E5 in cancer often
correlates with the presence of the EGF1-EGF2 domain tandem interacting ligand
CD55. In pancreatic cancer the expression levels of ES and CD55 are highly
upregulated (He et al., 2015), which was also observable in other cancer types such
as primary gallbladder carcinoma (Wu et al., 2012). However, the functional
mechanism of this co-expression is still unknown and has to be further analyzed. In
addition, experiments regarding E5 expression and signaling in prostate cancer
revealed an interaction with Gou12/13 to increase RhoA levels (Ward et al., 2011).

In summary, the presence and modified expression levels of E5 and other members
of the aGPCR family in immune reactions, angiogenesis and cancer point to a
prospective pharmacological target in the therapy of related diseases.

4.5 Fluorescent labeling of proteins

In this thesis, | focused on the use of different labeling methods for aGPCRs, which
will be introduced in more detail below. In general, fluorescence-based labeling
encompasses a broad toolbox of different techniques providing a non-invasive method
to analyze biological processes in vitro and in vivo. The fluorescent labeling of proteins
allows the visualization of protein transport and localization, intra- and intermolecular
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interactions and conformational changes using specific assays (Toseland, 2013).
Depending on the question and the associated experiments, the type of fluorescent
labeling technique is more or less suitable for this.

4.5.1 Genetically encoded fluorescent proteins

The most common method for live cell imaging is the direct fusion of genetically
encoded fluorescent proteins to the target protein (Fig. 6A), which enables a defined
stoichiometry. The green fluorescent protein (GFP, ~27 kDa) was discovered and
isolated from Aequorea victoria (Shimomura et al., 1962). Later, its cDNA was cloned
(Prasher et al., 1992) and successfully expressed in pro- and eukaryotic cells being
used as a gene expression marker (Chalfie et al., 1994). Over the past years, a library
of fluorescent proteins with additional wavelengths, increased photon stability and
higher brightness has been discovered (Toseland, 2013). Prominent examples are the
cyan fluorescent protein (CFP) and the yellow fluorescent protein (YFP), which based
on their physical properties are widely used in Forster resonance energy transfer
(FRET) approaches (Bajar et al., 2016). FRET describes the non-radiative energy
transfer via dipole-dipole interactions from an excited donor fluorophore to an acceptor
fluorophore, resulting in the emission of photons (Forster, 1948). Efficiency of the
energy transfer (FRET efficiency) depends on the distance between the donor and the
acceptor fluorophores, allowing the use of this technology as a spectroscopic ruler
(Stryer, 1978). Typically, FRET occurs between 1-10 nm, which offers an ideal method
to investigate intra- and intermolecular interaction, e.g. conformational changes or
oligomerization (Bajar et al., 2016). Beside FRET approaches, genetically encoded
fluorescent proteins are important for protein counting regarding their provided defined
stichometry (Toseland, 2013).

4.5.2 Immunofluorescence staining

Another widely used labeling method is the immunofluorescence (IF) staining using
antibodies (Fig. 6B). IF staining is a very old technique, which was first described in
1941 for fluorescent B-anthryl-carbamide conjugated to anti-pneumococcus strain |l
serum (Coons et al., 1941). After years of improvements regarding antibody
production, fluorescent dyes and microscopy, we are now able to resolve small
subcellular structures like single microtubule filaments (~25 nm) using
immunofluorescence combined with super-resolution microscopy approaches
(Heilemann et al., 2008; van Ooij, 2009). Mostly, IF staining is used with fixed samples.
However, antibodies directly conjugated to fluorophores are well suitable for live cell
imaging. An advantage of IF labeling is the customized production of specific
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antibodies recognizing an epitope within the target protein, while the additional
introduction of a tag is not necessary. However, the disadvantage of antibodies is their
comparatively large size of ~150 kDa (IgG) and the potentially linked structural
hindrance of the target protein. A smaller option are nanobodies, which have a size of
~15 kDa and comprise a single variable domain of heavy-chain-only antibodies mainly
from camelidae (Mitchell and Colwell, 2018). Even more, small antibody mimics like
monobodies (~10 kDa) are an ideal alternative to classical antibodies. In contrast to
anti- and nanobodies, the nature of monobodies is derived from the human fibronectin
type Il domain representing structural homology to the immunoglobulin domain (Koide
and Koide, 2006).

(B) IF staining
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Fig. 6: Overview of common live cell labeling methods.

(A) Labeling using genetically encoded chromophores (e.g. GFP) fused to the target protein.
Crystal structure of GFP adapted from Ormoé et al., 1996. (B) IF staining using fluorescently
labeled antibodies, nanobodies or monobodies (antibody mimics) directed against an antigen.
(C) BBS tag fused to the target protein binds irreversibly fluorescently labeled a-BuTX.
(D) Labeling of tetracysteine sequences (e.g. CCPGCC) through membrane-permeable
FIAsH-EDT.. (E) Labeling using bioorthogonal click chemistry comprises the incorporation of
an UAA and the subsequent labeling of this UAA by a small dye (e.g. tetrazine dye derivatives).
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4.5.3 Labeling using fluorescently labeled toxins

The incorporation of peptide tags interacting with toxins provide a further method for
the fluorescent labeling of proteins (Fig. 6C). Peptides from animal venom are
commonly used as therapeutic drugs, insecticides and cosmetics (Pennington et al.,
2018). The small size and their high selectivity and affinity set the ideal basis for
labeling approaches. A commercially available fluorescently labeled representative
toxin is the ~8 kDa small a-Bungarotoxin (a-BuTX), a neurotoxin found in the snake
venom of Bungarus multicinctus (Chang and Lee, 1963). a-BuTX acts as a competitive
antagonist binding with high affinity and specificity to the a-subunit of postsynaptic
nicotinic acetylcholine receptors (Nirthanan and Gwee, 2004). Further screens for an
optimized a-Bungarotoxin binding site (BBS) using a phage-display peptide library
revealed a collection of peptide sequences able to bind a-BuTX (Balass et al., 1997).
Finally a 13 amino acid motif, WRYYESSLEPYPD, was found to bind a-BuTX with the
highest affinity compared to the previously investigated peptide sequences (Kasher et
al., 2001). This peptide sequence has already been successfully used for the
visualization of GPCRs (Sergin et al., 2017; Wilkins et al., 2008). The broad spectrum
of fluorescently labeled and commercially available a-BuTX variants ensures its use in
different fluorescence-based approaches, e.g. FRET analysis. Furthermore, the
membrane-impermeability of o-BuTX provides the ability to distinguish between
surface and intracellularly located proteins (Hannan et al., 2013).

4.5.4 Fluorescent labeling of tetracysteine motif

A prominent and minimally invasive labeling method provides the binding of fluorescein
arsenical hairpin binder, bis-EDT adduct (FIAsH-EDT.) to a tetracysteine motif
(CCXXCC) (Giriffin et al., 1998) (Fig. 6D). The naturally non-fluorescent FIASH-EDT
has a size of only ~0.7 kDa and becomes fluorescent after binding to the tetracycsteine
motif (Griffin et al., 1998). The chemical background to this reaction is the reversible
covalent bond between the arsenic compounds of FIAsH-EDT> and the thiols groups
of the tetracycsteine motif (Griffin et al., 1998) Further analysis on the labeling
efficiency of FIAsH demonstrated increased affinities using a hairpin forming CCPGCC
motif (Adams et al., 2002). Optimizations of the flanking regions of the tetracysteine
motif led to the 12 amino acid motifs, HRWCCPGCCKTF and FLNCCPGCCMERP,
which provide a higher fluorescence signal and stronger binding (Martin et al., 2005).
Along the yellow fluorescent FIAsH, the red fluorescent ReAsH is prominently used
(Adams and Tsien, 2008). The yellow fluorescent nature of FIAsH provides the use for
FRET analysis as an acceptor fluorophore in combination with CFP. The advantage of
FIAsH over YFP as an acceptor for CFP lies in its reduced size of ~0.7 kDa compared
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to 27 kDa providing less structural and functional hindrance and, at the same time,
greater FRET signals (Hoffmann et al., 2005).

4.5.5 Fluorescent labeling using bioorthogonal click chemistry

Live cell labeling using bioorthogonal click chemistry represents the currently least
space demanding labeling method (~0.5 kDa) used in this thesis (Fig. 6E). The basic
principle is the specific and spontaneous reaction of non-toxic compounds in aqueous
solutions under physiological conditions (Kolb et al., 2001). In detail, the necessary
compounds for live cell labeling comprise unnatural amino acids (UAAs) bearing
strained alkenes and tetrazine dye derivatives (Nikic et al., 2016, 2015). The
incorporation mechanism of these UAA at a specific site within the target protein is
ensured by genetic code expansion (Niki¢ et al., 2016, 2015). A detailed overview of
the molecular background of this method will be highlighted later in this work (see
6.3.3). Briefly, the incorporated UAA reacts with a tetrazine dye derivative within
several minutes via a strain-promoted inverse electron-demand Diels-Alder
cycloaddition (SPIEDAC) (Blackman et al., 2008; Niki¢ et al., 2015). A variety of
tetrazine dye derivatives are available, differing in their spectroscopic properties and
cell permeabilities, therefore providing a toolbox for labeling of intra- and extracellular
proteins (Beliu et al., 2019).

4.6 Aim of this study

Labeling of proteins using fluorescent proteins or dyes are common approaches to
investigate their functional behavior and properties. However, there is a broad
spectrum of labeling methods available, differing in sensitivity, specificity and spatial
size. Interestingly, the label size and position are crucial to avoid a negative effect on
the protein function due to structural hindrance. In the past, fluorescent labeling already
helped a better understanding of GPCRs regarding their cellular localization,
interaction partners, oligomerization and conformational changes. In prospect,
methods with minor effects on the physiological behavior of a receptor, such as FIAsH
labeling or the labeling using bioorthogonal click chemistry, will further shed light on
this.

Interestingly, most labeling methods have not been utilized for the aGPCRs so far.
Reason for this is the extraordinary architecture of aGPCRs, which comprises a variety
of N-terminal domains. These domains share physiological functions for the aGPCRs,
making it difficult to find suitable labeling positions without hindrance of the receptor.
However, the molecular mechanism behind aGPCRs activity and signaling are still
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unknown. Therefore, the screening of suitable labeling techniques and their ideal
insertion sites within the aGPCR architecture are of great interest to investigate
aGPCRs in extensive detail.

Ideally, | will find a set of suitable fluorescence-based labeling methods, which provide
the potential for functional and structural analyses of aGPCRs, contributing to improve
the general knowledge about this receptor family relating to the cellular localization
and the structural mechanism of its activation including the tethered agonism.
Additionally, I will investigate the potential existence of alternative cleavage events
over than the GAIN domain-mediated cleavage.
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5 Materials and Methods

5.1 Solutions

All chemicals and reagents used in this thesis were, if not stated otherwise, purchased
from Merck, Sigma-Aldrich or Carl Roth.

Solutions:

10x PBS 74 g NaCl
12.46 g Na2HPO4 x 2H20
4.14 g NaH2PO4 x H20
ad 11dH20
pH 7.4

4 % (w/iv) PFA 8 g paraformaldehyde (PFA) in 15 ml dH20 (55 °C)
10 drops 2 N NaOH

20 ml 10x PBS
ad 200 ml dH20
pH 7.4
X % PBS-T 1x PBS + x % (v/v) Tween-20
x % PBT 1x PBS + x % (v/v) Triton X-100

Running buffer 3.03 g Tris
(Western blot) 14.4 g glycine
1.0 g SDS
ad 11dH20

Labeling buffer 2.4 g HEPES
(FIAsH) 8.7 g NaCl
1.85 g KCI
2 ml MgClI (1 M)
4 ml CaClz (1 M)
1.8 g Glucose
ad 11dH20
pH 7.3
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Imaging buffer 2.4 g HEPES
(FIAsH) 8.12 g NaCl
0.4 g KCI
1 ml MgCl (1 M)
2 ml CaCl2 (1 M)
ad 11dH20
pH 7.3

TEV buffer 50 mM Tris
138 mM NaCl
1 mM 1,4-dithiothreitol
pH 8.0

5.2 Molecular biology
5.2.1 Polymerase chain reaction-based cloning

Polymerase chain reaction (PCR) is a method used to amplify linearized DNA
fragments using oligonucleotide DNA primers (produced by Eurofins Genomics or
Microsynth Segqlab).

Inverse PCR was performed using Q5 High-Fidelity DNA polymerase (New England
Biolabs) according to manufacturer’s recommendations. Site-directed mutagenesis
(SDM) PCR was performed using Pfu DNA polymerase (Agilent) or PfuUltra High-
Fidelity DNA polymerase (Agilent) according to manufacturer’'s recommendations.
Sequence- and ligation-independent cloning (SLIC) PCR was performed using
AccuStar DNA polymerase (Eurogentec) or Q5 High-Fidelity DNA polymerase
according to Li and Elledge, 2012.

5.2.2 DNA restriction digest

Type |l restriction endonucleases were purchased from New England Biolabs. Digest
of plasmid DNA was performed for a minimum duration of 1 h at 37 °C in the provided
buffers.

5.2.3 Agarose gel electrophoresis and DNA purification

Linearized DNA fragments resulting from restrictions digests or PCRs were size-
dependently separated by gel electrophoresis using an electrophoresis unit. Samples
were mixed with loading buffer and loaded on 0.5-2 % (w/v) agarose gels (Biozym
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Scientific). To visualize the separated DNA fragments, samples were excited at
600 nm by a diffused light source of the Odyssey Fc Imaging System (Licor).
Subsequently, the DNA fragments were extracted from the gel and purified using
QIAquick Gel Extraction Kit (Qiagen). All procedures were performed according to
manufacturer’'s manual.

5.2.4 DNA ligation

DNA fragments were ligated at 16 °C overnight using T4 DNA ligase (Roche). The
backbone-containing fragment was dephosphorylated using Antarctic phosphatase
(Roche).

5.2.5 Transformation into competent bacterial cells

To amplify plasmid DNA, the DNA was transfected into chemically competent XL1-
Blue cells of the genotype:

recA1 endA1 gyrA96 thi-1 hsdR17 supE44 relA1 lac [F" proAB lacl"ZAM15 Tn10 (Tet")]

5.2.6 DNA isolation

Plasmid DNA of XL1-Blue cells was isolated using QlAprep Spin Miniprep Kit (Qiagen)
or CompactPrep Plasmid Midi Kit (Qiagen). All procedures were carried out according
to manufacturer’s recommendations.

5.2.7 DNA sequencing

Plasmid DNA was externally sequenced by Eurofins Genomics or Microsynth Seqlab.

5.2.8 Plasmid and primer list

Detailed information of kindly provided plasmids (Supp. Tab. 1), generated plasmids
(Supp. Tab. 2) and used primers (Supp. Tab. 3) are listed in the supplemental
information. In this study used receptors based on specific isoforms: Drosophila CIRL
constructs based on isoform E, human E2 constructs based on EGF1-5 isoform,
human E5 constructs based on EGF125 isoform, rat L1 constructs based on isoform
CL1AA and human B3 constructs based on isoform A. Constructs only used for cloning
are indicated as subclones. Additionally, some constructs were externally synthesized
by GenScript (Leiden, Netherlands).
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5.3 Cell culture
5.3.1 Maintenance and seeding

Human embryonic kidney 293 cells (HEK-293, RRID:CVCL_0045), HEK-293T cells
(RRID:CVCL_0063) and COS-7 cells (RRID:CVCL_0224) were maintained in petri
dishes (#664160, Greiner Bio-One) with cell growth medium, which consists of
Dulbecco's modified eagle medium (DMEM, #11995065, Gibco) containing 10 % (v/v)
fetal bovine serum (#10500, Gibco) and 1 % (v/v) penicillin-streptomycin mixture
(#15140122, Gibco). Mammalian cells were incubated in a 5 % CO2 atmosphere at
37 °C. Cells were grown to a nearly confluent cell layer and then subcultured at a 1:20
(HEK-293, HEK-293T) or 1:10 ratio (COS-7) typically twice a week (Monday and
Friday). Forimaging experiments cells were seeded before transfection on cover slides
in a 24 well plate (#662160, Greiner Bio-One) or directly on a p-slide 8 well (#80826,
ibidi). For ELISA experiments cells were seeded on 96 well plates (#655090 or
#655098, Greiner Bio-One). To produce a high protein amount for biochemical analysis
(Western blot), cells were seeded on 6 well plates (# 657160, Greiner Bio-One). Prior
to seeding the dishes were coated with 0.01 % (w/v) poly-L-Lysine (#P9404, Sigma-
Aldrich) for 30-60 min at RT.

5.3.2 Transfection

Mammalian cells were transfected at 60-80 % confluency with the transfection reagent
Lipofectamine 2000 (#11668019, Invitrogen) with the suitable 1:1 plasmid/reagent
mixture (according to manufacturer’s recommendations) and incubated for at least
24 h at 37 °C and 5 % CO.. The plasmids encoding for constructs with an amber stop
codon (TAG) were mixed in a 1:1 ratio with pcDNA3.1-tRNAPY/NESPYIRSAF plasmid
(RSLemke) (Niki¢ et al., 2016) or pcDNA3.1-MbPyIRSFARNAM'S plasmid (RScoin)
(Serfling et al., 2018). These plasmids were kindly provided by Edward Lemke and
Irene Coin. In addition, the UAA trans-Cyclooct-2-en — L - Lysine (TCO*A, #SC-8008,
SiChem) was supplemented in the cell growth medium at a final concentration of
250 uM, diluted 1:4 with 1 M HEPES. After 8 h of incubation, the cell growth medium
was exchanged to fresh cell growth medium without added UAA. The cells were
incubated for at least 16 h before labeling.

5.3.3 Surface ELISA

HEK-293 or HEK-293T cells were fixed with 4 % (w/v) PFA at RT for 10 min. Next,
cells were blocked with 1x PBS containing 5 % (v/v) goat serum (#G6767, Sigma-
Aldrich) at RT for 30-60 min. Then, cells were incubated for 1 h at RT with 1:1000
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dilution of a-HA-Peroxidase (RRID: AB_390917) in 1x PBS containing 5 % (v/v) goat
serum. After at least three washing steps using 1x PBS, the cells were incubated with
a substrate solution consisting of 1 mg/ml o-phenylenediamine and 1 pl/ml hydrogen
peroxide solved in a 0.05 M citric acid and 0.05 M disodium phosphate solution (pH 5)
at RT. The reaction was stopped within 10 min using 2.5 M sulfuric acid. The
absorbance of the supernatants was measured at 490 nm using a multimode-reader
(GloMax-Multi+, Promega or SpectraMax M, Molecular Devices). Whole cell ELISA
was performed using 0.05 % PBT instead of 1x PBS.

5.4 Protein biochemistry
5.4.1 DAPT treatment

Prior to the chemical lyse and following biochemical analysis via Western blot, HEK-
293T cells were treated with 10 pyM N-[N-(3,5-Difluorophenacetyl)-L-alanyl]-S-
phenylglycine t-butyl ester (DAPT, #D5942, Sigma-Aldrich), which was solved in
dimethyl sulfoxide (DMSQ) and directly added to the transfection mixture. Cells treated
with DMSO served as a control. Treated cells were incubated with these mixtures for
1 day at 37 °C and 5 % CO:..

5.4.2 Thrombin & TEV proteolysis

HEK-293T cells were treated with 7.5 U thrombin protease (#19326, Sigma-Aldrich) in
DMEM for 1 h at 37 °C and 5 % COa.. Cells treated exclusively with DMEM served as
a control. Protein samples were harvested and biochemically analyzed via Western
blot.

In a further experiment, HEK-293T cells were treated with 10 yM TEV protease, which
was produced in-house, in TEV buffer (see 5.1) for 1 h at 30 °C. Next, cells were
washed once with TEV buffer. Cells treated exclusively with TEV buffer served as a
control. Protein samples were harvested and biochemically analyzed via Western blot.

5.4.3 Protein harvest

HEK-293T cells were chemically lysed with 200 yl M-PER buffer (#78503, Thermo
Scientific) containing 1:100 protease inhibitor (#P8340, Sigma-Aldrich) on an orbital
shaker for 5 min at 4 °C. The lysate was collected and centrifuged at 15.200 xg for
5 min at 4 °C. Supernatants were collected and stored at -80 °C.
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5.4.4 SDS-PAGE

Supernatants were diluted 4:1 with 4x protein loading buffer (#928-40004, Licor)
containing 10 % (v/v) B-mercaptoethanol. Samples were loaded on a Novex 4-12 %
Tris-Glycine Mini Gel (Invitrogen) or a Novex 8-16 % Tris-Glycine Mini Gel (Invitrogen),
which were applied in a Mini Gel Tank (Invitrogen). Electrophoresis was performed in
Running buffer (see 5.1) at RT.

5.4.5 Western blot

Protein bands were transferred from the gel on a nitrocellulose membrane with 0.2 ym
pore size (Invitrogen). Transfer was performed in an iBlot 2 Dry Blotting System
(Invitrogen). After the transfer, the membrane was incubated with a blocking solution
on a shaker for 1 h at RT. Blocking solution consisted of a 1:2 dilution of blocking buffer
(#927-40000, Licor) and 1x PBS. Next, the membrane was treated with 1:1000 rabbit-
o-HA (RRID:AB_1549585), 1:1000 mouse-a-V5 (RRID:AB_2792973) and 1:5000
mouse-a-E7 (RRID:AB_2315513) diluted in blocking solution containing 0.1 % (v/v)
Tween-20 on a shaker overnight at 4 °C. Following at least three washing steps with
0.1 % PBS-T, the membrane was incubated with 1:15000 IRDye 680RD Goat anti-
Rabbit IgG (#926-68071, Licor) and 1:15000 IRDye 800CW Goat anti-Mouse 1gG
(#926-32210, Licor) diluted in blocking solution containing 0.1 % (v/v) Tween-20 on a
shaker for 1 h at RT. After the membrane was washed several times with 0.1 % PBS-
T, the protein bands were detected by the excitation at 685 nm and 785 nm using a
solid-state diode laser of the Odyssey Fc Imaging System (Licor).

5.5 Labeling techniques
5.5.1 Labeling with CellMask Orange

Living HEK-293 cells were stained with 1x CellMask Orange (#C10045, Invitrogen)
diluted in 1x PBS for 5 min at RT. Cells were washed three times with 1x PBS before
imaging in 1x PBS.

5.5.2 Immunofluorescence staining

HEK-293 and HEK-293T cells were immunolabeled using antibodies listed in Tab. 1.
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Tab. 1: Antibodies used for IF staining.

Antibody Dilution Reference
rat-a-HA 1:500 RRID:AB_390918
mouse-a-V5 1:500 Invitrogen
rabbit-a-ADGRES 1:200 RRID:AB_1846345
mouse-a-HA-Alexa 488 1:500 RRID:AB_2610624
mouse-a-Calnexin-Alexa 488 1:500 RRID:AB 2662809
goat-a-rat-Alexa 488 1:250 RRID:AB_2534074
goat-a-mouse-Alexa 488 1:250 RRID:AB_2534088
goat-a-rabbit-Alexa 488 1:500 RRID:AB_143165

To label the HA epitope with rat-a-HA or the V5 epitope with mouse-a-V5, the HEK-
293 cells were fixed with 4 % (v/v) PFA for 10 min at RT. Next, cells were blocked for
1 hin 0.1 % PBT containing 5 % (v/v) normal goat serum (NGS, RRID:AB_2336983)
at RT. Next, samples were incubated with 1:500 rat-a-HA or 1:500 mouse-a-V5 in
0.1 % PBT containing 5 % (v/v) NGS overnight at 4°C. After at least three washing
steps using 0.1 % PBT, the samples were incubated for 2 h at RT with 1:250 goat-a-
rat-Alexa 488 or 1:250 goat-a-mouse-Alexa 488 in 0.1 % PBT containing 5 % (v/v)
NGS. Again, the samples were washed at least three times with 0.1 % PBT and imaged
in 1x PBS afterwards.

Live cell immunolabeling of HEK-293T cells with mouse-a-HA-Alexa 488 was
performed by the 1:500 dilution of the antibody in cell growth medium. Cells were
incubated for 30 min at 37 °C and 5 % CO.. After labeling, the cells were rinsed once
with fresh cell growth medium and either fixed at RT with 4 % (w/v) PFA for 10 min or
directly imaged in live cell imaging solution (#A14291DJ, Invitrogen). Fixed cells were
imaged in live cell imaging solution too.

The GAIN domain of E5 was labeled using 1:200 rabbit-a-ADGRES5 diluted in cell
growth medium for 30 min at 37 °C and 5 % COa. After labeling, the cells were rinsed
once with cell growth medium and fixed at RT with 4 % (w/v) PFA for 10 min. Fixed
cells were blocked with 1x Dulbecco's phosphate-buffered saline (DPBS, #14190144,
Gibco) containing 2 % (w/v) bovine serum albumin (#126593, Sigma-Aldrich) at RT for
1 h and labeled with 1:500 goat-a-rabbit-Alexa 488 overnight at 4 °C. Cells were
washed three times with 1x DPBS before imaging in live cell imaging solution.

Procedure for dual labeling via IF labeling and bioorthogonal labeling is described in
5.5.5.
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5.5.3 Labeling of tetracysteine motif

HEK-293, HEK-293T and COS-7 cells were FIAsH-labeled according to standardized
and published protocol (Hoffmann et al., 2010). Briefly, cells were washed twice with
Labeling buffer (see 5.1). Next, 1 ml DMSO and 2.1 pl 1,2-ethanedithiol (EDT) were
mixed (solution 1). A mixture of 0.5 pl solution 1 and 0.5 pl FIAsH in 1 ml Labeling
buffer were added to each well, resulting in 500 nM FIAsH and 12.5 yM EDT per well.
Cells were incubated for 1 h at 37°C. After incubation, the cells were washed once with
Labeling buffer. Next, 1 ml DMSO and 42 yl EDT were mixed (solution 2). To remove
unspecific FIAsH binding, cells were incubated with a mixture of 0.5 pl solution 2 in
1 ml Labeling buffer per well, resulting in 250 nM EDT per well. Cells were incubated
for 10 min at 37°C. After incubation, the cells were washed twice with Labeling buffer.
Finally, the cells were imaged in Imaging buffer (see 5.1).

5.5.4 Labeling of a-bungarotoxin binding site

HEK-293T cells were incubated with 1:500 a-BuTX-Alexa 488 (#B13422, Invitrogen)
in cell growth medium for 30 min at 37 °C and 5 % CO.. After one washing step using
cell growth medium, the cells were either fixed at RT with 4 % (w/v) PFA for 10 min
(confocal imaging) or directly imaged in live cell imaging solution (FRET
measurements). Fixed cells were imaged in live cell imaging solution too.

5.5.5 Bioorthogonal labeling

For single bioorthogonal labeling of UAAs, the transfected HEK-293T were labeled
with 1.5 pM tetrazine dye derivative H-Tet-ATTO 488 (#CLK-010-02, Jena Bioscience),
H-Tet-Cy3 (#CLK-014-05, Jena Bioscience) or H-Tet-Cy5 (#CLK-015-05, Jena
Bioscience) in cell growth medium for 30 min at 37 °C and 5 % CO.. After labeling, the
cells were directly imaged in live cell imaging solution or washed once with cell growth
medium and fixed at RT with 4 % (w/v) PFA for 10 min. Fixed cells were imaged in live
cell imaging solution too.

Dual labeling via IF labeling and bioorthogonal labeling was achieved through a co-
incubation of 1.5 yM tetrazine dye derivative and antibody for 30 min at 37 °C and 5 %
COs.. After labeling, the cells were rinsed once with cell growth medium and fixed at
RT with 4 % (w/v) PFA for 10 min. The fixed cells were imaged in live cell imaging
solution.

Optionally, the endoplasmic reticulum (ER) of fixed cells was stained using mouse-a.-
Calnexin-Alexa 488. Therefore, the fixed cells were permeabilized for 30 min at RT
using 0.05 % PBT containing 5 % (v/v) goat serum. Next, cells were incubated for 1 h
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at RT with antibody in 0.05 % PBT containing 5 % (v/v) goat serum. After two washing
steps using 1x PBS, the cells were imaged in live cell imaging solution.

5.5.6 Proximity ligation assay

The proximity ligation assay (PLA) is already well established for Drosophila larvae
using the Duolink In Situ Red Kit Mouse/Rabbit (#DUO092101, Sigma-Aldrich) (Wang
et al., 2015). | used the PLA to verify the interaction between Complexin (Cpx) and
Bruchpilot (Brp) at the active zone of Drosophila melanogaster. Therefore, living third-
instar Drosophila larvae were dissected in ice-cold hemolymph-like solution (Stewart
et al., 1994) and fixed for 15 min at RT using 4 % (w/v) PFA afterwards. Next, third-
instar larvae were blocked for 1 h in 0.05 % PBT containing 5 % (v/v) NGS. Next,
samples were incubated with 1:500 rabbit-a-Cpx (RRID:AB_2568068) and 1:250
mouse-a-Brp (RRID:AB_528108) antibodies overnight at 4°C. After three 10 min
washing steps using 0.05 % PBT, the samples were incubated for 2 h at 37 °C with a
1:5 dilution of a-rabbit PLUS (#DUO92002, Sigma-Aldrich) and a-mouse MINUS
(#DUO92004, Sigma-Aldrich) PLA probes, which were added to 5 % (v/v) NGS
containing blocking solution. 1:250 a-HRP-Alexa 488 antibody (RRID:AB_2338965)
was added to the mixture in order to enable visualization of neuronal membranes.
Following two 5 min washing steps with Wash buffer A, samples were treated with
ligation solution (1:40 dilution of ligase in ligase buffer) for 1 h at 37 °C. Again, samples
were washed twice for 2 min with Wash buffer A. Next, the samples were incubated in
amplification solution (1:80 dilution of polymerase in amplification buffer) for 2 h at
37 °C. After two 10 min washing steps using Wash buffer B, samples were washed
twice in 0.01x Wash buffer B and kept in Vectashield-H1000 (#H-1000, Vector
Laboratories) overnight at 4 °C before mounting and imaging.

5.5.7 Cell vibration

HEK-293T cells were seeded on a p-slide 8 well, which was coated with 0.01 % (w/v)
chondroitin sulfate B (#C3788, Sigma-Aldrich) for 60 min at RT. Transfected HEK-293T
cells were labeled with 1.5 yM H-Tet-Cy5 in cell growth medium for 20 min at 37 °C on
an orbital shaker at 750 rpm. Control cells were labeled without shaking. After labeling,
the cells were washed once with growth medium and fixed at RT with 4 % (w/v) PFA
for 10 min before imaging in live cell imaging solution.
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5.6 Microscopical techniques
5.6.1 Confocal microscopy

Confocal images were obtained with a LSM5 Pascal microscope (63x/1.25 oil objective
and 63x/1.0 water objective, Zeiss) or SP8 micoscope (63x/1.3 glycerol objective and
63x/1.2 water objective, Leica). Single plane images on the LSM5 Pascal were
acquired with suitable excitation settings for the respective fluorophore (mTurquoise:
diode with 405 nm; EGFP/mVenus/Alexa 488: argon laser with 488 nm; CellMask
Orange: helium-neon laser with 543 nm). Images were adjusted for brightness and
contrast using Fiji (RRID:SCR_002285).

Single plane images on the SP8 were acquired with suitable settings for the respective
fluorophore (mTurquoise: diode with 405 nm or 442 nm; ATTO 488/Alexa 488: argon
laser with 488 nm or 496 nm; Cy3/FIAsH/mCitrine: argon laser with 514 nm; mRFP:
diode-pumped solid state laser with 561 nm; Cy5: helium-neon laser with 633 nm).
Same imaging settings were chosen when receptor variants were compared. Images
were adjusted for brightness and contrast using Fiji.

5.6.2 FRET measurements using acceptor photobleaching

Living HEK-293T cells expressing potential FRET sensors were confocally imaged in
live cell imaging solution using a SP8 microscope (63x/1.3 glycerol objective).
Exemplary intensity curves of mTurquoise and mCitrine were obtained by time-lapse
microscopy. The FRETEesicency Was calculated by acceptor bleaching method using
FRET AB mode of the Leica Application Suite X (LAS X, RRID:SCR_013673). The
acceptor fluorophore was bleached in a region of interest (ROIl). The ROl included one
transfected HEK-293T cell. Intensity of the donor fluorophore was measured before
(Donorpre) and after the bleaching (Donorpost).

The Efficiency of intramolecular FRET was quantified as

Donoryyst — Donoty,y,

FRETEfficienCy = DOTlOrpost

The Efficiency of intermolecular FRET was quantified as

Donorcorrected post — Donorpre

FRETEffici =
Effictency Donorcorrected post
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The intensity of Donorpost was corrected by the difference of Donorpost and Donorpre Of
the receptor variant containing a single mCitrine (R™"). The difference was averaged
by the number of analyzed cells (n).

n
1 . .
Donorcorrected post — Donorpost - E Z (Donorpost (RmClt))i - (DOTLOT‘pre (Rmat))i
i=1

5.6.3 Quantification of imaging data

Quantifications were based on single plane images with an optimized resolution
(calculated by LAS X) at a zoom level of 0.75. The intensity of H-Tet-Cy5 signal was
measured without accumulation or averaging using the hybrid photodetector of the
SP8 microscope (63x/1.3 glycerol objective), which returns linear measurements of
single photon counts. Single photon counts of ROIls were calculated with LAS X based
on the raw 8-bit images. ROIs were defined as HEK-293T cell patches expressing
labeled receptors within the focus level and with intact membrane. ROls were manually
outlined. The sum of all photons above the background noise were calculated and
divided through the number of labeled cells within the ROI. Cells transfected with
empty vector (EV) served as a negative control to calculate the background noise. The
number of labeled cells were manually counted.

5.7 Statistics

ELISA experiments were performed with indicated number of duplicates (n) and each
experiment was independently repeated by indicated number (N). Individual
measurements were normalized to the empty vector (EV) and the indicated control
construct. Normalized datasets with N > 2 were checked for their Gaussian distribution;
depending on the result datasets from individual receptor variants were compared via
an unpaired t test or Mann-Whitney test.

Quantification of bioorthogonal H-Tet-Cy5 labels was calculated based on indicated
number of images or cells per experiment (n). The experiment was independently
repeated by indicated number (N). Individual data points were normalized to the EV
and the indicated control construct. Normalized datasets with N > 2 were tested for
normal distribution and depending on the result compared via an unpaired t test or
Mann-Whitney test.

Analyses were performed using Prism 7 (RRID:SCR_002798). All graphs show the
mean and standard error of the mean (SEM) of normalized datasets.
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6 Results

6.1 Introduction of the used receptor nomenclature

In order to better understand which receptor variants have been studied and which
changes have been made to the receptor layout, a short nomenclature was introduced

(Fig. 7).

Short nomenclature of the investigated aGPCR member

(1) ES - CD97/ADGRES5

Mutation of the receptor

(2) ES"A . I . - : .
- Mutation of Histine to Alanine within the cleavage tripeptide of E5

Fusion of a small protein or tag to the NTF

(3) mTurg-E5 - mTurquoise in the NTF of E5

Fusion of a small protein or tag to the CTF

4 _ ECLA1
&) B-IAE - Amber stop codon in the CTF, more presicely in the ECL1 of E5

Fig. 7: Explanation of the introduced nomenclature used in this study to describe
receptor variants.

6.2 Selection of a model aGPCR

The aim of this chapter was the identification of a member of the aGPCR family serving
as a model receptor to study aGPCR signal transduction using well established and
innovative fluorescence-based labeling techniques in vitro. The main characteristics of
the sought model receptor are its high expression and successful membrane trafficking
to the plasma membrane of mammalian cell lines like the human kidney cell lines HEK-
293, HEK-293T or the monkey kidney cell line COS-7. These cell lines are commonly
used in combination with fluorescence-based approaches because of their high
transfection efficiency and reliable protein biosynthesis. In the first step of my thesis, |
tested the expression of diverse aGPCRs using fluorescence microscopy and ELISA.
All investigated receptor variants in this study were extended with an N-terminal HA
tag following the signal peptide (if not stated otherwise), which was used for expression
analysis by ELISA using a monoclonal HRP-coupled antibody directed against the HA
epitope.
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6.2.1 Expression studies of ADGRES5, ADGRF5 and CIRL

Protein expression levels and the cellular localization of three aGPCR members were
analyzed: Drosophila CIRL, mouse F5 and human ES5. Advantages of these aGPCRs
regarding functional analyses are the existence of binding partners and the direct
evidence of coupling several downstream signaling pathways (Langenhan, 2019).
Furthermore, experimental data suggest that these aGPCR members are associated
with mechanosensation (Bridges et al., 2013; Hilbig et al., 2018; Scholz et al., 2015).
Consequently, we consider them to represent ideal model receptors to analyze the
complex activation mechanisms of the aGPCR family.

A

CIRL-mVenus F5-mVenus E5-EGFP

mVenus/EGFP

mVenus/EGFP

CellMask

Merge

Fig. 8: F5 and E5 are successfully delivered to the plasma membrane of mammalian
cells.

(A) Schematic illustration of the aGPCR structure indicates the position of the C-terminally
fused mVenus or EGFP. (B) Live cell imaging of HEK-293 cells expressing CIRL-mVenus, F5-
mVenus and E5-EGFP (cyan) on a confocal level. The plasma membrane was stained with
CellMask Orange (magenta). The merged image reveals surface delivery of F5 and E5 (white
arrow), whereas CIRL is not transported to the plasma membrane (white asterisk). Scale bar
20 pym.

In a first setup, | transfected these aGPCR constructs into HEK-293 cells. To visualize
the receptor localization within HEK-293 cells, the genetically encoded chromophores
mVenus or EGFP were fused to the C-terminal end of the receptors (Fig. 8A). |
determined the cellular localization of the fusion proteins using confocal microscopy
(Fig. 8B). Confocal images showed expression of all three aGPCRs in HEK-293 cells.
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In addition, a clear visualization of the HEK-293 plasma membrane was ensured using
the membrane stain CellMask Orange as a co-marker to analyze the successful cell
surface delivery. Overlap between the fluorescence signal of the fusion proteins and
the membrane stain revealed a successfully surface delivery of F5 and ES. In contrast,
no proper plasma membrane trafficking was observable for CIRL. However, using a
different labeling strategy (bioorthogonal labeling, see 6.3.3) showed that a small
amount of CIRL was also present at the plasma membrane of HEK-293T cells (Supp.
Fig. 1).

To further verify the microscopy data, | quantified the surface expression and whole
cell expression of CIRL, F5 and E5 by ELISA. The analyzed aGPCRs were cloned in
two different mammalian expression vectors (pcDps and pHL-sec), hence for the
ELISA experiments the receptors were subdivided into two groups.
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Fig. 9: Quantified expression levels verify the surface delivery of F5 and ES5.

(A) Schematic illustrations of P2Y4,, CIRL and ES5 in a pcDps vector backbone. Receptor
specific domains (HRM = hormone receptor motif; EGF = epidermal growth factor) are
highlighted. (B) Quantification of surface and whole cell expression levels of P2Y4,, CIRL and
ES in HEK-293 cells by ELISA. Dataset normalized to the expression level of P2Y,. Data are
shown as mean + SEM (N = 1, n = 6). (C) Schematic illustrations of F5 and CIRL in a pHL-sec
vector backbone. Receptor specific domains (SEA = sea urchin sperm protein, enterokinase,
agrin; 1G = immunoglobulin) are highlighted. (D) Quantification of surface and whole cell
expression levels of F5 and CIRL in HEK-293 cells by ELISA. Dataset normalized to the
expression level of F5. Data are shown as mean £ SEM (N = 1, n = 6).

35



Results

In the first experiment, CIRL and E5 were compared with the human P2Y 12 receptor, a
member of the GPCR superfamily (class A), which is involved in platelet aggregation,
thrombosis and hemostasis regulation (Cattaneo, 2015) (Fig. 9A). P2Y+2 served as a
positive control for this experimental setup (Liebscher et al., 2014; Mogha et al., 2013).
The evaluation of the ELISA data demonstrated that the surface expression of P2Y 2
and E5 were on a comparable level (Fig. 9B). In contrast, no surface expression of
CIRL was detectable. However, whole cell expression analyses showed that the
general synthesis of these three receptors in HEK-293 cells occurred.

In a second experiment, | compared the expression levels of CIRL and F5 (Fig. 9C).
Quantified data indicated surface expression of F5 and CIRL (Fig. 9D). The CIRL
expression was sharply reduced to ~18 % compared to F5. In contrast, ELISA analyses
of the whole cell expression displayed the synthesis of these aGPCRs on a similar
level in HEK-293 cells.

6.2.2 Chimeric and cleavage-deficient CIRL variants show impaired surface
delivery

Chimeric receptor variants of CIRL were designed to further investigate the insufficient
surface expression using ELISA. In addition, | analyzed the potential effect of GAIN
domain cleavage-deficiency on the membrane trafficking of CIRL.

Currently, no signal peptide of CIRL is known, which could be the reason for its
impaired membrane trafficking. However, in vivo experiments with CIRLRés¢“¢ animals
showed a proper receptor function compared to wildtype animals, suggesting that the
membrane delivery is unimpaired (Scholz et al.,, 2017, 2015). Consequently,
heterologous expression of a Drosophila protein in a mammalian cell line may be
causing insufficient surface delivery due to problems with protein synthesis and/or
surface delivery machinery. Interestingly, the plasma membrane localization of several
aGPCRs could be improved by the fusion of the P2Y 2 N-terminus (Bohnekamp and
Schoneberg, 2011; Hilbig et al., 2018; Liebscher et al., 2014), therefore | fused the N-
terminus of P2Y+. to the CTF of CIRL with/without the TA sequence (Fig. 10A). |
expressed these chimeric receptor variants in HEK-293 cells and analyzed the surface
expression. While the evaluation of the ELISA data demonstrated surface expression
of the positive control P2Y 42, no surface delivery was observable for CIRL (Fig. 10B).
In contrast, chimeric receptor variants P2Y12-CIRLA™ and P2Y1.-CIRL displayed a
slightly increased localization of 3-6 % compared to P2Y12 at the plasma membrane
suggesting that the P2Y 12 N-terminus is also able to improve the surface expression of
CIRL in vitro.

36



Results

Next, | investigated the correlation between the surface expression and GAIN domain-
mediated cleavage of CIRL. A potential separation of the NTF and CTF of the native
receptor or during protein maturation through internal or external factors could lead to
a loss of the HA-tagged NTF, consequently this would be associated with a reduced
or undetectable surface delivery. Furthermore, studies indicated contrary results
regarding the influence of the GAIN domain-mediated cleavage on the surface
expression, ranging from normal to no delivery (Bohnekamp and Schoneberg, 2011;
Krasnoperov et al., 2002). For this purpose, | abolished the autoproteolysis reaction of
CIRL through mutations of the cleavage tripeptide HL{T either to ALT or to HLA
(Scholz et al., 2017). Then, | transfected cleavable CIRL, cleavage-deficient CIRL"A
and CIRL™* constructs into HEK-293 cells and subsequently quantified their surface
expression. ELISA data displayed no enhanced surface delivery of the cleavage-
deficient CIRL variants, indicating that the surface delivery is independent of the self-
cleavage (Fig. 10C).
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Fig. 10: Chimeric P2Y2-CIRL and cleavage-deficient CIRL variants show insufficient
surface expression.

(A) Schematic illustration of P2Y1,, CIRL and chimeric P2Y1>-CIRL, P2Y+1,-CIRL*™ variants.
Chimeric P2Y1,-CIRL variants consists of a P2Y, N-terminus (magenta) fused to the CIRL
CTF (green) with/without the TA (cyan). (B) Quantification of surface expression levels of
P2Y,, CIRL and chimeric receptors in HEK-293 cells by ELISA. Dataset normalized to the
expression level of P2Y1,. Data are shown as mean + SEM (N = 1, n = 6). (C) Quantification
of surface expression levels of P2Y,, cleavable CIRL, cleavage-deficient CIRL™* and CIRL™*
variants in HEK-293 cells by ELISA. Dataset normalized to the expression level of P2Y 2. Data
are shown as mean + SEM (N =1, n =6).
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6.2.3 ADGRES5 as a model aGPCR

Previous experiments showed abundant surface delivery of the human ES receptor
compared to CIRL and F5 in mammalian cells (see 6.2.1). Therefore, | chose this
receptor as a model aGPCR to investigate the molecular mechanisms of its activity by
fluorescence-based approaches. Hence, | continued with a thorough characterization
of the expression and visualization behavior of this receptor in vitro.

First, | analyzed the influence of the autoproteolysis reaction on the surface expression
of ES by ELISA as previously described. For this purpose, | inhibited the natural
cleavage of E5 through mutations of the cleavage tripeptide HL{S either to ALS or to
HLA (Hilbig et al., 2018; Hsiao et al., 2011) (Fig. 11A). To quantify surface expression
levels in dependency of the autoproteolysis, | transfected cleavable E5, cleavage-
deficient E5"* and E55** constructs into HEK-293T cells. ELISA data revealed a
cleavage-independent surface delivery of E5 (Fig. 11B). However, expression levels
of E5 and E5">A were comparable, whereas the surface delivery of E55°A was slightly
increased.

Additionally, | focused on the RGD motif, which is located in the GAIN domain of E5
and is necessary for the interaction with integrins (Hamann et al., 1995; Wang et al.,
2005) (Fig. 11A). There is a known genetic polymorphism of the RGD motif to a QGD
motif. Consequently, | investigated whether the QGD motif has a significant impact on
the surface expression of E5 by ELISA. To this end, E59%83 and E5R?83 constructs were
transfected into HEK-293 cells. Quantified surface expression levels of both variants
were indistinguishable from each other, indicating no negative influence on a proper
membrane trafficking by the RGD or QGD motifs (Fig. 11C).

Finally, the E5 layout was genetically expanded by an N-terminal HA epitope, which
was already utilized for the ELISAs, and a C-terminal V5 epitope (Fig. 12A). These
epitopes are useful for the separate detection of the NTF and the CTF. To test the
labeling through both epitope tags, | expressed E5 in HEK-293 cells and performed IF
stainings afterwards. Confocal imaging of permeabilized cells indicated a specific
staining of the NTF and the CTF compared to control cells lacking transgenetically
expressed E5 (Fig. 12B). Furthermore, images showed intracellular and surface
localization of NTF and CTF.
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Fig. 11: Surface expression of E5 is independent of the autoproteolytic cleavage and
the integrin-binding motif.

(A) Schematic structure and amino acid sequence of the human E5 receptor used in this thesis.
The amino acid sequence indicates mutated positions (H>A, S>A), which prevent the self-
cleavage. Furthermore, the RGD motif and the position of the natural R>Q variant is indicated.
(B) Quantification of surface expression levels of cleavable E5, cleavage-deficient E5"* and
E55™ variants in HEK-293T cells by ELISA. Dataset normalized to the expression level of E5.
Data are shown as mean + SEM (N = 3, n = 4). (C) Quantification of surface expression levels
of E5%%8 and E5R?8% in HEK-293 cells by ELISA. Dataset normalized to the expression level of
E59%83, Data are shown as mean + SEM (N = 2, n = 6).

Additionally, | was able to directly demonstrate the antibody-induced internalization of
the E5 receptor by IF staining of the N-terminal HA epitope. HEK-293T cells expressing
ES were fixed prior to an IF staining for 30 min (non-permeabilized, t = 0 min). Confocal
images displayed an exclusive surface localization of E5 (Fig. 12C). In contrast, HEK-
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293T cells expressing E5 receptors, which were immunostained for 30 min prior to the
fixation (non-permeabilized, t = 30 min), showed internalized E5 receptors in vesicular
structures. In 6.3.4, | will further focus on this observation.

A B

Control

a-HA

a-V5

E5

E5 Control

a-HA

t = 30 min

Fig. 12: Separate visualization of NTF and CTF indicates the internalization of ES5.

(A) Schematic illustration of ES displays the position of the N-terminal HA epitope and C-
terminal V5 epitope. (B) Confocal images of HEK-293 cells expressing E5 and control cells
(only treated with transfection reagent). Images display a specific IF staining of the HA epitope
and V5 epitope of E5. (C) Confocal images of HEK-293T cells expressing E5 and control cells
(only treated with transfection reagent). The IF staining of fixed cells (t = 0 min) compared to
living cells (t = 30 min) by a-HA-Alexa 488 indicates the internalization of E5 (white arrow).
Scale bars 20 pm.

In summary, the experimental data demonstrated the efficient in vitro expression and
visualization of the aGPCRs CIRL, F5 and E5 by fluorescence-based microscopy and
ELISA approaches. Plasma membrane trafficking was shown for F5 and ES5 receptors.
The attempt to guide CIRL to the plasma membrane by the fusion of the P2Y> N-
terminus to CIRL was successful, but its surface expression was significantly
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decreased compared to P2Y 2. Furthermore, the inhibition of the CIRL cleavage at the
GPS had no positive effect on the surface delivery in HEK-293 cells. Therefore, |
decided to focus on E5 as a model receptor for further analyses regarding the
molecular mechanisms of the aGPCR activity. The surface delivery of E5 was
independent of the GAIN domain-mediated proteolysis. In addition, E5 receptors
containing the natural variant QGD instead of the RGD motif within the GAIN domain
showed an unimpaired surface expression. Furthermore, | established IF staining of
ES NTF and CTF. In this context, | was able to demonstrate that the immunostaining
of the N-terminal HA epitope enabled the direct visualization of internalized E5 in vitro.

6.3 Fluorescent labeling of ADGRES in vitro

In this chapter the goal was to establish fluorescent labeling methods for in vitro
aGPCR visualization. In addition, the desired fluorescent labeling strategies will be the
foundation for the generation of optical aGPCR sensors to further analyze the
molecular mechanism of aGPCR function, e.g. of conformational changes in response
to a receptor stimulation using FRET. To create optically tractable sensor proteins, |
focused on a broad spectrum of live cell labeling techniques such as genetically
encoded chromophores, IF staining, FIAsH labeling, o-BuTX labeling and
bioorthogonal labeling. The previously characterized ES receptor served as a model
aGPCR due to its high expression levels in mammalian cells (see 6.2.1).

6.3.1 Labeling of tetracysteine-tagged ADGRES5 by FIAsH-EDT:

First, | focused on a minimal space demanding labeling technique based on a
permeable fluorescein derivative named FIAsH-EDT: (~0.7 kDa). This naturally non-
fluorescent substance becomes fluorescent after binding to a motif containing a
tetracysteine sequence (Griffin et al., 1998). In the past, FIAsH labeling in combination
with CFP was successfully employed to determine conformational changes of GPCRs
with minor hindrance of the receptors structure and function (Hoffmann et al., 2005).
Therefore, the transfer of FIAsH labeling to aGPCRs in view to its use for functional
analyses was of great interest. The successful procedure of FIAsH labeling was
conducted in collaboration with Nelly Ruttiger (Institute of Molecular Cell Biology at the
University Hospital of Jena).

To compare the FIAsH labeling efficiency for its potential use in prospective FRET
approaches, | expanded the E5 receptor layout by a genetically encoded CFP variant
mTurquoise. To avoid negative effects on the receptor folding and based on previous
aGPCR engineering approaches (Promel et al., 2012; Scholz et al., 2017), mTurquoise
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was inserted into an unstructured linker region between the EGF5 and GAIN domains
in the NTF of E5. mTurquoise is characterized by a high quantum yield and long
fluorescence lifetime (Goedhart et al., 2010).
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Fig. 13: mTurquoise inserted into the NTF offers the direct visualization of E5 in living
cells.

(A) Schematic illustration of E5 indicates the position of mTurquoise within the NTF close to
the EGF5 domain (mTurg®). (B) Quantification of surface expression levels of cleavable
mTurg®-E5 and cleavage-deficient mTurg®-E5"* compared to E5 in HEK-293 cells by ELISA.
Dataset normalized to the expression level of E5. Data are shown as mean + SEM (N = 1,
n = 6). (C) Confocal images of HEK-293 cells expressing cleavable mTurg®-E5 and cleavage-
deficient mTurg®-E5™" indicate the presence of the receptors at the plasma membrane (black
arrow). (D) Schematic illustration of E5 indicates the position of mTurquoise within the NTF
close to the GAIN domain (mTurgP). (E) Quantification of surface expression levels of cleavable
mTurqgP-E5 and cleavage-deficient mTurg®-E5"* compared to E5 in HEK-293 cells by ELISA.
Dataset normalized to the expression level of E5. Data are shown as mean + SEM (N = 1,
n = 6). (F) Confocal images of HEK-293 cells expressing cleavable mTurg®-E5 and cleavage-
deficient mTurgP-E5™* indicate the presence of the receptors at the plasma membrane (black
arrow). Scale bars 10 pym.

mTurquoise was integrated at two different positions between the EGF5 and GAIN
domains of cleavable E5 and cleavage-deficient E5"A, in one case closer to the EGF5
domain (mTurg?®) (Fig. 13A), in the other closer to the GAIN domain (mTurqgP)
(Fig. 13D). | analyzed the potential effect of the fused mTurquoise on the surface

42



Results

delivery of ES by ELISA. For this purpose, | transfected these E5 constructs into HEK-
293 cells. ELISA data showed an indistinguishable surface delivery of 30-32 % of the
mTurg?-ES variants compared to the E5 fraction, suggesting that the incorporation of
mTurquoise into the EGF5-GAIN domain linker region led to a decreased surface
expression (Fig. 13B). However, the GAIN domain-mediated cleavage had no
negative effect.

Moreover, confocal imaging confirmed the surface expression of mTurg?-ES variants
(Fig. 13C). Fluorescence signals appeared inside and weakly at the plasma membrane
of HEK-293 cells. Interestingly, the surface delivery was independent of the
mTurquoise position within the linker region of the EGF5 and GAIN domains, which
was indicated by comparable results rendered by ELISA (Fig. 13E) and confocal
imaging (Fig. 13F) of the mTurg®-E5 variants.

Previously, | had inserted mTurquoise into the NTF of E5. Consequently, the next step
was the additional insertion of a tetracysteine motif for further labeling approaches by
FIAsH-EDTo. | inserted the modified tetracysteine motif, ESQCCPGCCARS, which had
previously allowed a successful FIAsH labeling of the Aoa-adenosine receptor
(Hoffmann et al., 2010). Based on the experience of GPCR FIAsH labeling
approaches, | decided to integrate the tetracysteine motif into the 3™ intracellular loop
(ICL3) of ES (Hoffmann et al., 2010, 2005) (Fig. 14A).

First, | compared the FIAsH labeling of cleavable (mTurg®-E5-FIAsH) and cleavage-
deficient dually tagged E5 (mTurg?-E5"A-FIAsH) using confocal imaging. Cleavage-
deficient constructs served as a control, to test whether the FIAsH labeling procedure
led to a separation between the NTF and the CTF. | expressed the FIAsH-tagged E5
variants and a positive control in HEK-293 cells and labeled them with FIAsH-EDT>
afterwards. Confocal imaging indicated no prominent FIAsH labeling neither of cleaved
mTurg?-E5-FIAsH nor of non-cleaved mTurg?-E5HA-FIAsH (Fig. 14B). Additionally,
the mTurquoise signal revealed the vesicular aggregation of E5 inside the cells, which
further indicated an insufficient surface delivery. However, the E5-FIAsH construct
without mTurquoise also showed a missing FIAsH labeling, assuming that the
presence of an N-terminal mTurquoise per se was not the reason for an insufficient
labeling. The a2a-adrenergic receptor (02aAR) served as a positive control for a
successful FIAsH labeling (Hoffmann et al.,, 2005). Imaging of a2aAR showed
mTurquoise and FIAsH signal at the plasma membrane.

In addition, | observed an impaired surface localization of FIAsH-labeled mTurg-E5
variants without the tetracysteine motif by confocal imaging. This suggested a possible
negative effect on the aGPCR localization due to the FIAsH labeling procedure in HEK-
293 cells (Fig. 14C).
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Fig. 14: FIAsH labeling of E5 demonstrates no distinct fluorescence signal.

(A) Schematic illustration of ES containing an mTurquoise within the NTF close to the EGF5
domain (mTurg?®) and a tetracysteine motif (FIAsH tag) within the ICL3. (B) Confocal images of
HEK-293 cells expressing E5-FIAsH constructs with and without NTF-fused mTurquoise
(cyan) indicate no successful FIAsH labeling (yellow) compared to the positive control (c.2aAR-
FIAsH-mTurq). mTurquoise signals demonstrate the vesicular aggregation of E5 inside the
cells (white asterisk). 02aAR shows mTurquoise and FIAsH signal at the plasma membrane
(white arrow). (C) Confocal images of HEK-293 cells expressing E5 constructs without FIAsH
tag suggest an impaired surface localization due to the FIAsH labeling procedure. E5 forms
vesicular aggregates inside the cells (white asterisk). Scale bars 10 pm.

Since the FIAsH labeling approaches in HEK-293 cells were unsuccessful, | decided
to focus on additional mammalian cell lines, HEK-293T and COS-7, to increase the
surface expression and the number of labeled receptors at the membrane. To this end,
| expressed cleavable mTurg?-E5-FIAsH (Fig. 15A) and cleavage-deficient mTurg-
E5HA-FIAsH (Fig. 15C) in HEK-293, HEK-293T and COS-7 cells. At first, the surface
expression was analyzed without FIAsH labeling by confocal microscopy.
Fluorescence signals of the NTF-fused mTurquoise showed no evidence for an
improved surface delivery neither of cleaved E5 (Fig. 15B) nor of non-cleaved ES
(Fig. 15D) in HEK-293T and COS-7 compared to HEK-293.
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Fig. 15: Tetracysteine-tagged E5 shows an absent FIAsH signal at the plasma membrane
in different mammalian cell lines.

(A) Schematic illustration of the cleavable mTurg®-E5-FIAsH construct. (B) Confocal images of
mammalian cell lines (HEK-293, HEK-293T and COS-7) expressing mTurqg®-E5-FIAsH without
FIAsH labeling. mTurquoise signal indicates surface expression in the tested cell lines (black
arrow). (C) Schematic illustration of the cleavage-deficient mTurg®-E5™*-FIAsH construct.
(D) Confocal images of mammalian cell lines (HEK-293, HEK-293T and COS-7) expressing
mTurg®-E5™A-FIAsH without FIAsH labeling. mTurquoise signal indicates surface expression
in the tested cell lines (black arrow). (E) Schematic illustration of the E5-FIAsH construct.
(F) Confocal images of FlAsH-labeled HEK-293T and COS-7 cells expressing E5-FIAsH
indicate an absent FIAsH label at the plasma membrane. FIAsH signal is detectable in the
intracellular space of COS-7 cells (white asterisk). Scale bars (B,D) 20 um, (F) 10 pm.

Then, | tested the FIAsH labeling in combination with HEK-293T and COS-7 cells. To
this end, | transfected the E5-FIAsH construct (Fig. 15E) into these cell lines, labeled
them with FIASsH-EDT. and analyzed the fluorescence signals afterwards. FIAsH
signals were not detectable at the cell surface in any of the tested cell lines (Fig. 15F).
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However, a strong FIAsH signal was observable in the intracellular space of COS-7
cells.

In sum, these findings suggested that the FIAsH method under the tested conditions
is not applicable to aGPCRs labeling approaches including the subsequent usage for
optical sensors.

6.3.2 Labeling of BBS-tagged ADGRE5 by o-BuTX

In my own hands, the successful fluorescent labeling of aGPCR CTF in non-
permeabilized living cells was a great challenge. Neither live cell IF staining of tagged
ECLs was fruitful (data not shown) nor the use of alternative methods like the FIAsH
labeling of tetracysteine-tagged ICL3 (see 6.3.1).

In search of alternative minimal invasive fluorescent labeling methods, the labeling of
a BBS tag using membrane-impermeable o-BuTX (~8 kDa) appeared to be an
appropriate approach. o-BuTX was initially discovered in the snake venom of
Bungarus multicinctus (Chang and Lee, 1963). In the past, a variety of synthetic
peptides were discovered, which indicated a high binding affinity for a-BuTX. One of
these high affinity peptides consists of the amino acid sequence WRYYESSLEPYPD
(Kasher et al., 2001). To test the labeling of aGPCRs with fluorescently labeled o-
BuTX, | inserted the BBS sequence mentioned above into the ECLs of E5. The
insertion (1) of the BBS tag was either placed into the center of the ECL with (I+R) or
without replacement (I-R) of an amino acid fragment of the loop corresponding in size
to the length of the BBS tag (Fig. 16A). In addition, in some receptor variants |
increased the flexibility of the BBS tag by fusion with a GGGGS linker (L) on both N-
and C- termini, which has already been successfully used for other proteins (Zhao et
al., 2008).

At first, the surface delivery of E5 in dependency of the fused BBS tag into the 1St
(ECL1), 24 (ECL2) or 3 ECL (ECL3) was quantified (Fig. 16B). For that purpose, |
transfected BBS-containing E5 constructs into HEK-293T cells and analyzed the
surface expression by ELISA. Quantified data of E5-BBSEC-! variants revealed a
surface delivery of at least ~68 % of E5 fraction (Fig. 16C). Additionally, the ELISA
data of E5-BBSFCL? variants demonstrated at least ~63 % surface expression
compared to E5 (Fig. 16D). The last panel demonstrated the surface delivery of E5-
BBSECL3 variants (Fig. 16E). Quantified expression levels were not less than ~65 % of
ES5 fraction. All collected ELISA data taken together, revealed a sufficient surface
delivery of all tested E5-BBSECX variants, which differed depending on the BBS tag
position within the ECLs. The highest surface expression of 88-93 % was shown in the
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case of E5-BBSECH¥R-L variants containing an inserted (without replacement) linker-
free BBS tag.
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Fig. 16: E5 constructs containing a BBS tag in the ECL are expressed at the plasma
membrane.

(A) Schematic illustration of different BBS tag incorporation strategies. The BBS tag is inserted
with or without the replacement (1+R or I-R) of the corresponding amino acid sequence. In
addition, the BBS tag is expanded with or without N- and C-terminal GGGGS linkers (L).
(B) Different BBS tag incorporation strategies are conducted for ECL1, ECL2 and ECL3 of ES.
(C,D,E) Quantification of surface expression levels of E5 variants containing a BBS tag in
(C) ECL1, (D) ECL2 or (E) ECL3 compared to E5 in HEK-293T cells by ELISA. Dataset
normalized to the expression level of E5. Data are shown as mean + SEM (N = 1, n = 4).

Previous ELISA data indicated surface delivery of all tested E5-BBSECY* variants.
Therefore, | decided to transfect all variants into HEK-293T cells to further benchmark
the accessibility and beneficial usage of the BBS for fluorescence microscopy. To this
end, | labeled living cells expressing BBS-expanded ES5 receptors with a-BuTX-
Alexa 488. Prior to confocal imaging, cells were fixed to prevent any further change of
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fluorescence signals. Images demonstrated a prominent labeling of most E5-BBSECLX
variants at the plasma membrane, with the exception of E5-BBSEC-X*RL variants
(Fig. 17). Interestingly, the presence of a linker (E5-BBSECX*R*L) |ed to weak
fluorescence signals for the ECL1 and ECL3 positions, and to a stronger signal for the
ECL2 position. E5-BBSECY¥-RL variants indicated a labeling only for the ECL1 and
ECL2 variants, while no fluorescence signal was detectable in the case of the ECL3
variant. The brightest signals were detectable for E5-BBSEC-¥"R*Lvariants, suggesting
that the expanded size of the ECL by the insertion without replacement and the
bilateral linker improved the accessibility of the BBS tag. Additionally, | observed the
internalization of all labeled E5-BBSECX variants, which indicated that fluorescently
labeled a-BuTX could be generally suitable to study receptor internalization.
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Fig. 17: Fluorescent labeling of the BBS tag in the ECL of E5 shows efficiency
differences depending on position and insertion strategy.
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Confocal images of HEK-293T cells expressing E5 constructs containing a BBS tag in the
ECL1 (left panel), ECL2 (middle panel) or ECL3 (right panel). Panels indicate from top to
bottom different BBS tag insertion strategies. The BBS tag is integrated in the ECL via insertion
with or without replacement (I+R or I-R) of the corresponding amino acid sequence. In addition,
the BBS tag is expanded with or without N- and C-terminal GGGGS linkers (L). BBS tags were
labeled with a-BuTX-Alexa 488. Images indicate highest fluorescence signals in case of E5-
BBSECY¥R'L variants. Scale bar 50 um.

In the last part of this section, | investigated the potential use of a-BuTX in combination
with a genetically encoded chromophore for dual labeling of aGPCRs to serve as part
of an optical conformation sensor (e.g. FRET sensor) to shed light on the structural
mechanisms underlying aGPCR activation. Previously, | inserted mTurquoise into the
unstructured linker region between the EGF5 and GAIN domains of E5, which led to a
decreased surface expression (see 6.3.1). Interestingly, mTurquoise and the EGF5
domain share a comparable size. Consequently, the replacement of the EGF5 domain
by mTurquoise was chosen to avoid a negative impact on the E5 surface expression
through an excessive elongation of the receptor’'s ECR by the mTurquoise addition.

To quantify the surface expression of newly generated mTurg-ES (Fig. 18C), the
construct was transfected into HEK-293T cells and then the surface expression
analyzed by ELISA. Quantified ELISA data showed the expression of mTurg-E5 at the
plasma membrane and, interestingly, demonstrated no significant differences
compared to E5 (Fig. 18A). Moreover, confocal imaging of HEK-293T cells expressing
mTurg-ES verified receptor synthesis and surface delivery (Fig. 18B).

Previous experiments indicated a high surface expression and best labeling result of
E5-BBSECYX-R*L variants. For this purpose, | combined these constructs with the
mTurg-E5 construct, which resulted in mTurg-E5-BBSECY¥-R*L variants (Fig. 18C). In
collaboration with Mareike Hemberger, | investigated the surface expression of these
variants by ELISA. Quantified data demonstrated a surface delivery of at least ~72 %
compared to E5 (Fig. 18D). In addition, confocal imaging of mTurg-E5-BBSECLX/-R+L
variants showed fluorescence signals of mTurquoise and a-BuTX-Alexa 488 at the
plasma membrane (data not shown).

Fluorescently labeled a-BuTX in combination with a BBS tag proved a useful strategy
for aGPCR labeling. The experiments indicated an effective labeling of BBS-tagged
ECL1, ECL2 and ECL3 of E5. Furthermore, a-BuTX labeling was suitable for dual-
tagging of E5 in combination with mTurquoise, which provided a potential usage for
the functional analysis of aGPCR activity, e.g. by FRET experiments (see 6.4.1).
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Fig. 18: mTurquoise- and BBS-tagged E5 sensor shows a proper surface delivery.

(A) Quantification of surface expression levels of mTurg-E5 compared to E5 in HEK-293T cells
by ELISA. Dataset normalized to the expression level of E5. Data are shown as mean + SEM
(N = 3, n = 4). (B) Confocal images of HEK-293 cells expressing mTurg-E5 display distinct
fluorescence signals at the plasma membrane (white arrow). (C) Schematic illustration of E5
indicates the position of a fused mTurquoise within the NTF and a BBS tag within the ECL.
The BBS tag is integrated in the ECL via the insertion without replacement (I-R) of the
corresponding amino acid sequence. In addition, the BBS tag is expanded with N- and C-
terminal GGGGS linkers (L). (D) Quantification of surface expression levels of E5-BBSECX/R+L
variants compared to E5 in HEK-293T cells by ELISA (performed by Mareike Hemberger).
Dataset normalized to the expression level of E5. Data are shown as mean + SEM (N = 1,
n = 12). Scale bar 10 ym.

6.3.3 Labeling of ADGRES by bioorthogonal click chemistry

Live cell labeling by bioorthogonal click chemistry represents the least space
demanding method (0.5-2 kDa) at the moment (Niki¢ et al., 2015). The basic principle
is the site-specific incorporation of UAAs by genetic code expansion of the amber stop
codon (TAG) using a modified pyrrolysine RS/ARNA (PyIRS/tRNAPY) pair of
Methanosarcina (Niki¢ et al., 2016, 2015) (Fig. 19A). The modified RS loads the UAA
to the modified tRNA, which recognizes the amber stop codon of the mRNA. Finally,
this leads to the successful incorporation of the UAA. In this thesis, | used the UAA
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TCO*A, which reacts via SPIEDAC with the tetrazine group of functionalized organic
fluorophores (Blackman et al., 2008; Nikic et al., 2015) (Fig. 19B).
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Fig. 19: Bioorthogonal click chemistry provides a minimally invasive, rapid and specific
method to label aGPCRs.

(A,B) Schematic illustration of the general principle behind bioorthogonal click chemistry.
(A) The host genetic machinery is expanded by the introduction of a modified RS and modified
tRNA, which is able to interact with amber stop codons. This enables the incorporation of UAAs
into the protein sequence during the protein translation. (B) The UAA reacts via a SPIEDAC
reaction with the tetrazine group of a functionalized organic fluorophore. (C) Confocal images
of HEK-293T cells expressing E5-TAGN'F reveal a specific bioorthogonal labeling with H-Tet-
Cy5 (magenta) and IF staining using a-HA-Alexa 488 (cyan) of E5 compared to the control
constructs E5 and E5*"A-TAGN". (D,E) Confocal images of HEK-293T cells expressing E5-
TAGV " reveal a specific (D) bioorthogonal labeling with H-Tet-Cy5 (magenta) and IF staining
using a-CD97/1-Alexa 532 (cyan), or (E) bioorthogonal labeling with Me-Tet-ATTO 488
(magenta) and IF staining using a-CD97/3-Alexa 647 (cyan). (F) Confocal images of HEK-
293T cells expressing E5-TAGN'" demonstrate a specific bioorthogonal labeling with H-Tet-
ATTO 488, H-Tet-Cy3 and H-Tet-Cy5 compared to untagged E5. (C,D,E) performed by Gerti
Beliu. Used PylIRtRNAPY system: RS\ emke. Scale bars 20 um.
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To adapt and characterize this method, the ES receptor was bestowed with an amber
stop codon in the unstructured linker region between the EGF5 and GAIN domains. In
a first experiment, in collaboration with Gerti Beliu (Department of Biotechnology and
Biophysics at the University of Wurzburg), | analyzed the specificity of the
bioorthogonal labeling compared to IF labeling of the HA epitope. Therefore, we
separately expressed E5-TAGNTF (both tags) and the control variants E5 (HA tag only)
and E5*"A-TAGNTF (bioorthogonal tag only) in HEK-293T cells. All variants were co-
expressed with the PyIRS/tRNAPY system in the presence of UAAs. E5 variants were
labeled with the membrane-impermeable H-Tet-Cy5 and a-HA-Alexa 488. Confocal
imaging confirmed the specificity of bioorthogonal and IF labeling (Fig. 19C).

Additionally, we used two monoclonal antibodies, CD97/1 and CD97/3, to compare the
labeling specificity and efficiency of bioorthogonal labeling with standard immunolabels
for ES. CD97/1 recognizes the EGF1 domain of E5 (Eichler et al., 1994) and CD97/3
is directed against the GAIN domain of ES (Hamann et al., 2000). Confocal images
displayed a complete overlap of bioorthogonal labels and fluorescently labeled
antibodies, which indicated that the labels are present in the same target protein
(Fig. 19D,E). Furthermore, this approach demonstrated that the bioorthogonal click
chemistry matches conventional IF methods for aGPCRs. In addition, | demonstrated
the specific bioorthogonal labeling of E5-TAGN™F compared to untagged E5 for
additional tetrazine dye derivatives H-Tet-ATTO 488 and H-Tet-Cy3 (Fig. 19F).

To further optimize the bioorthogonal labeling of the E5 receptor, | tested the efficiency
of the UAA incorporation into the NTF in dependency of two different PylRS/tRNAPY
systems by Western blot, ELISA and confocal microscopy. | compared the previously
published and  well-characterized  PyIRS/ARNAPY'  systems:  pcDNA3.1-
tRNAPY/NESPYIRSAT (RS emke) (Niki¢ et al., 2016) and pcDNA3.1-MbPyIRSF/ARNAM1S
(RScoin) (Serfling et al., 2018).

First, | transfected cleavage-deficient E55* and E55*A-TAGN'F constructs into HEK-
293T cells and analyzed cell lysates by Western blot. Cleavage-deficient variants
provided the opportunity to analyze exclusively full-length receptors. Protein fractions
were detected using antibodies directed against the N-terminal HA epitope and the C-
terminal V5 epitope (Fig. 20A). Western blot analysis of E55** demonstrated the
appearance of full-length ES in the a-HA- and a-V5-representing channel between the
75 kDa and 100 kDa marker band (Fig. 20B), which fits to the predicted size of
84.2 kDa (Fig. 20C). Interestingly, the protein expression level of full-length E55>A-
TAGNTF was noticeably increased in combination with the RScoin system (Fig. 20B).
Furthermore, | observed the formation of two lower bands between 25 kDa and 37 kDa
when using the a-HA antibody. These bands may indicate the formation of truncated
NTFs compared to the predicted NTF size of 48.5 kDa (Fig. 20C).
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Fig. 20: Benchmarking of the UAA incorporation in E5 using two different PyIRS/tRNAY
systems (RSLemke and RScoin).
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(A) Schematic illustration of E5-TAGN'" expanded by an N-terminal HA epitope, a C-terminal
V5 epitope and an amber stop codon (TAG) within the linker region between EGF5 and GAIN
domains. (B) Western blot analyses of non-cleaved E5%* and E55A-TAGN™" transfected into
HEK-293T cells compared to control cells (only transfected with EV) using a-HA and a-V5
antibodies. Detection of B-tubulin serves as an internal loading control. (C) Predicted E5
fragment sizes of full-length receptor, NTF and CTF based on their amino acid sequence.
(D) Quantification of surface expression levels of E5-TAGN™™ compared to E5 in HEK-293T
cells by ELISA. Dataset normalized to the expression level of ES. Data are shown as mean +
SEM (N =1, n = 4). (E) Confocal images of HEK-293T cells expressing H-Tet-Cy5-labeled E5-
TAGNF compared to control cells (only transfected with the respective PyIR¥tRNAPY system).
Scale bar 50 pm.
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Additionally, | investigated the influence of RSLemke and RScoin Systems on the surface
expression of E5. To this end, | expressed E5-TAGN™™ in HEK-293T cells and
determined the surface delivery compared to E5 using pre-described ELISA.
Quantified surface expression levels showed an increased expression from 13 % to
41 % for the RScoin system compared to the RSiemke System (Fig. 20D). ELISA data
additionally showed the absence of truncated E5-TAGN'" at the plasma membrane
when cells were transfected without an extra RS system.

Finally, | investigated the influence of the RSLemke and RScoin System on the efficiency
of the bioorthogonal labeling. To this end, E5-TAGNTF were expressed in HEK-293T
cells and confocally imaged after labeling with H-Tet-Cy5. Microscopic images showed
an increased fluorescence signal for E5-TAGNTF in combination with the RScoin system
(Fig. 20E). In addition, the confocal imaging of control cells indicated that both
PyIRSARNAPY systems permitted a specific bioorthogonal labeling.

6.3.4 Bioorthogonal and IF labeling of ADGRES5 indicates co-residence of NTF
and CTF at the plasma membrane

Useful features of bioorthogonal click chemistry in cells are the temporal and spatial
separation between UAA incorporation and the reaction with the tetrazine dye
derivative. If the UAA is located in the ECR of the target protein and if membrane-
impermeable dyes are employed, bioorthogonal labeling occurs only at proteins
located in the plasma membrane. This comprises an alternative method for surface-
exclusive aGPCR visualization besides the use of IF staining and a-BuTX labeling. |
tested this assumption with the already characterized mTurg-ES variant (see 6.3.2),
which contains an NTF-fused mTurquoise instead of the EGF5 domain. Since
genetically encoded fluorophores like mTurquoise are readily detectable upon folding
in the ER, this obscures exclusive plasma membrane labeling. For this purpose, |
combined mTurg-E5 with bioorthogonal labels within the extracellular loops of the 7TM
domain representing the CTF label. These generated mTurg-E5-TAGECX variants
displayed an ideal model to demonstrate the surface-exclusive labeling of E5 using
bioorthogonal click chemistry compared to genetically encoded fluorophores.

In a first experiment, | tested the bioorthogonal labeling of the ECL3 of E5. To do so, |
transfected mTurg-E5-TAGECS® (Fig. 21A) and control constructs (E5, mTurg-E5) into
HEK-293T cells and labeled these with H-Tet-Cy5 afterwards. Confocal imaging
revealed the effective labeling of mTurg-E5-TAGECS® compared to the control
constructs without bioorthogonal label (Fig. 21B). In addition, dually labeled mTurg-
E5-TAGECL® demonstrated the co-residence of the NTF (mTurquoise) and the CTF
(bioorthogonal label) at the cell surface. Furthermore, | observed a large fraction of
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mTurquoise signal in intracellular locations, e.g. vesicular and perinuclear cisternal
structures, which likely corresponded to newly synthesized receptors in the ER. The
fluorescence signal of the bioorthogonal labeling was mainly detectable on the cell
surface, only a few intracellular fluorescent vesicles were present. Interestingly, these
constitutively internalized vesicles included mTurquoise signals, which indicated the
internalization of E5 as a full-length heterodimer. Internalized vesicles did not correlate
with the ER, which was stained with a-Calnexin-Alexa 488 antibodies.

In addition, the bioorthogonal labeling of mTurg-E5-TAGECL® was successfully
accomplished with H-Tet-Cy3, which once again confirmed the surface expression and
internalization of E5 as a heterodimeric receptor (Fig. 21C). In contrast, the
bioorthogonal labeling of mTurg-E5-TAGEC-® using H-Tet-ATTO 488 was not
successful due to absent fluorescent signals.

In addition, | repeated the experiment also for mTurg-E5-TAGEC! and mTurg-E5-
TAGECL? variants, and compared the results with the already established mTurg-E5-
TAGECL (Fig. 22A). | transfected these constructs into HEK-293T cells. This time, |
combined mTurquoise and bioorthogonal labeling of the ECL with IF staining of the N-
terminal HA tag to visualize E5 by confocal imaging. This way, both receptor tags
become exposed to their respective label, the a-HA-Alexa 488 (NTF) and H-Tet-Cy5
(CTF), only upon presentation of E5 at the plasma membrane. Moreover, this allows a
clear demonstration of the internalization of E5 as a heterodimer without background
signals (mTurquoise) of newly synthesized receptors. Confocal images of transfected
cells allowed for a clear distinction between the NTF and the CTF for all three ES
variants (Fig. 22B). In contrast, the mTurquoise signal scattered widely inside cells,
which represents internalized receptors and large amounts of newly synthesized
receptors.
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Fig. 21: Dually labeled mTuq-E5-TAG®®"®* demonstrate the surface expression and
internalization of E5 as a heterodimeric receptor.

(A) Schematic illustration of mTurg-E5-TAG®"® expanded by an NTF-fused mTurquoise
(instead of EGF5 domain) and an amber stop codon (TAG) within the ECL3. (B) Confocal
images of HEK-293T expressing E5, singly labeled mTurg-ES and dually labeled mTurg-E5-
TAGECS, Cells are labeled with H-Tet-Cy5 (magenta) and an ER marker (a-Calnexin-Alexa
488, green). mTurquoise signals (cyan) are only detectable for the mTurg-fused E5 variants.
Dually labeled mTurg-E5-TAGE®-® shows fluorescence signals of the NTF-fused mTurquoise
and the CTF-fused bioorthogonal label. The inset reveals the surface expression and
internalization of mTurg-E5-TAGE as a heterodimeric receptor (white arrow). (C) Confocal
images of HEK-293T expressing mTurg-E5-TAGE®® demonstrate the labeling and co-
residence of NTF (mTurquoise, cyan) and CTF using H-Tet-Cy3 or H-Tet-Cy5 (magenta). The
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labeling with H-Tet-ATTO 488 shows no fluorescence signals. Used PylIR¥tRNAPY system: (B)
RScoin, (C) RSLemke- Scale bars (B) 10 um, 2 ym (inset), (C) 20 ym.
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Fig. 22: Bioorthogonal and IF labeling of mTurq-E5-TAGF** variants shows co-
residence of NTF and CTF at the plasma membrane and in the internalized vesicles.

(A) Schematic illustration of E5 variants represents tag positions: an N-terminal HA epitope,
an mTurquoise instead of the EGF5 domain and an amber stop codon (TAG) within the ECL1
(left panel), ECL2 (middle panel) or ECL3 (right panel). (B) Confocal images of HEK-293T
expressing mTurg-E5-TAGE®Y', mTurg-E5-TAGE2 and mTurg-E5-TAGECS. Cells are
bioorthogonally labeled with H-Tet-Cy5 (magenta) and IF-labeled using a-HA-Alexa 488
(green). IF label (NTF) and bioorthogonal label (CTF) verify the co-residence of NTF and CTF
at the plasma membrane and the internalization of E5 as a heterodimer. NTF-fused
mTurquoise (cyan) displays large intracellular fractions of newly synthesized E5 receptors.
Used PyIR¥tRNAPY' system: RScoin. Scale bar 20 ym.
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6.3.5 Differential effects of GPS mutations on ADGRED5 surface residence

In previous experiments, | demonstrated that the abolition of the self-cleavage in E5
has no impact on the surface delivery (see 6.2.3). However, the effect of the
bioorthogonal labeling on the autoproteolysis reaction of ES is still unknown. Therefore,
| utilized a set of cleavage-deficient ES variants to study how the abolition of the GAIN
domain-mediated autoproteolysis impacts on the protein expression and surface
delivery of bioorthogonally labeled ES5.

First, | expressed E5""A-TAGNTF and E55*A-TAGN'F containing an N-terminal
bioorthogonal label in HEK-293T cells and subsequently analyzed protein fractions by
Western blot using an antibody directed against the N-terminal HA epitope together
with an antibody directed against the C-terminal V5 epitope (Fig. 23A). Cleavage-
deficient variants provided the opportunity to analyze exclusively full-length receptors.
Western blot analyses revealed the same band pattern compared to the previous
analysis of E55"A-TAGN™F (see 6.3.3). The band pattern using o-HA and a-V5
antibodies verified the appearance of full-length E5, which has a predicted size of
84.2 kDa (Fig. 23B), between the 75 kDa and 100 kDa marker bands (Fig. 23C).
Furthermore, | observed the formation of two lower bands between 25 kDa and 37 kDa
in the a-HA-representing channel. These bands may indicate the formation of
truncated NTFs compared to the predicted full-length NTF size of 48.5 kDa (Fig. 23B).
Interestingly, protein band intensities indicated that the expression level of E55™A-
TAGNTF was increased compared to E5HA-TAGNTF,

Next, | quantified the surface expression of cleavage-deficient E5"*A-TAGN™" and
E5S*A-TAGN™" compared to cleavable E5-TAGN'F by the pre-described ELISA.
Quantified data showed an indistinguishable surface delivery for E5-TAGNTF and
E55*A-TAGN™F (Fig. 23D). In contrast, E5"*A-TAGNTF was significantly reduced to
~37 % compared to E5-TAGN'F. | confirmed this observation by bioorthogonal H-Tet-
Cy5 labeling of these E5*-TAGNTF variants. Confocal imaging of E5-TAGNTF and E55>A-
TAGNTF showed a stronger fluorescence signal compared to E5"A-TAGN'" (Fig. 23E).

To measure this finding, | quantified the H-Tet-Cy5 signals based on fluorescence
images, which were generated by a hybrid photodetector. The hybrid photodetector
returns linear measurements of single photon counts, which allows for the direct
readout of fluorescence signals of the different E5 variants and, thus, quantification of
the respective receptor label. Also, these measurements confirmed that the E5H>A-
TAGNTF variant was expressed at a lower level at the cell surface (Fig. 23F). All in alll,
the experimental data demonstrated that ELISA and bioorthogonal labeling are both
reliable and comparable means for the quantification of the NTF amount at the plasma
membrane.
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Fig. 23: Bioorthogonal label in the NTF of E5 offers a reliable quantification of surface
expression and labeling.

(A) Schematic illustration of E5-TAGN'" expanded by an N-terminal HA epitope, a C-terminal
V5 epitope and an amber stop codon (TAG) within the linker region between EGF5 and GAIN
domains. (B) Predicted E5 fragment sizes of full-length receptor, NTF and CTF based on their
amino acid sequence. (C) Western blot analysis of cleavage-deficient E5"A-TAGN™" and
E5S*A-TAGN™ transfected into HEK-293T cells using a-HA and o-V5 antibodies. Detection of
B-tubulin serves as an internal loading control. (D) Quantification of surface expression levels
of HEK-293T cells expressing E5*-TAGN'" variants by ELISA. Dataset normalized to the
expression level of E5-TAGV'". Data are shown as mean + SEM (N = 2, n = 8). (E) Confocal
images of HEK-293T cells expressing E5*-TAGN'F variants. Untagged E5 serves as labeling
control. Cells were labeled with H-Tet-Cy5. (F) Quantification of the bioorthogonal label
intensity of HEK-293T cells expressing E5*-TAGN™™ variants. Dataset normalized to the
fluorescence signal intensity of E5-TAGN™". Data are shown as mean + SEM (N = 2, n > 10).
Used PyIR¥tRNAPY system: RScoin. Scale bar 20 ym.
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Next, | moved the bioorthogonal label from the NTF to the CTF by the integration of an
amber stop codon in ECL1, ECL2 or ECL3. To test whether this represents a reliable
method to quantify the NTF and the CTF separately, | employed the same procedures
as for the E5*-TAGNTF receptor variants before.
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Fig. 24: Bioorthogonal labels in ECLs of E5 lead to the surface expression of truncated
unlabeled receptors.

(A) Schematic illustration of E5-TAGE®-® expanded by an N-terminal HA epitope, a C-terminal
V5 epitope and an amber stop codon (TAG) within the ECL3. (B) Predicted E5 fragment sizes
of full-length receptor, NTF and CTF based on their amino acid sequence. (C) Western blot
analysis of cleavage-deficient E5", E55#, E5™A-TAGFC™ and E55A-TAGFC™* variants
transfected into HEK-293T cells compared to control cells (only transfected with the
PyI*¥tRNAPY system) using a-HA and a-V5 antibodies. Detection of p-tubulin serves as an
internal loading control. (D) Quantification of surface expression levels of HEK-293T cells
expressing E5*-TAGE" variants by ELISA. Dataset normalized to the expression level of E5-
TAGN'F. Data are shown as mean = SEM (N = 1, n = 12). (E) Confocal images of HEK-293T
cells expressing E5*-TAGE™® variants. Untagged E5 serves as labeling control. Cells were
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labeled with H-Tet-Cy5. (F) Quantification of the bioorthogonal label intensity of HEK-293T
cells expressing E5*-TAGF“"® variants. Dataset normalized to the fluorescence signal intensity
of E5-TAGFC. Data are shown as mean + SEM (N = 3, n = 48). Used PyI*¥tRNA™ system:
RScoin. Scale bar 20 um.

First, | analyzed the protein amount of E5"*A-TAGEC™X and E55*A-TAGECX by Western
blot analysis using an antibody directed against the N-terminal HA epitope together
with an antibody directed against the C-terminal V5 epitope (Fig. 24A). The band
pattern of cleavage-deficient E5"* and E55*A demonstrated that the full-length E5
appears near the 100 kDa marker band (Fig. 24C), which fits to the predicted size of
84.2 kDa (Fig. 24B). Interestingly, | noted that the incorporation of UAAs led to the
production of a majority of truncated receptors, which were shortened in accordance
with the bioorthogonal label position, and to an almost complete loss of the full-length
receptor based on missing C-terminal receptor fragments (Fig. 24C).

In contrast, surface expression analyses revealed an unimpaired surface expression
for E5MA-TAGECLS and E55*A-TAGECL compared to E5-TAGECL (Fig. 24D). However,
confocal imaging of bioorthogonally labeled E5*-TAGECS variants using H-Tet-Cy5,
showed a stronger fluorescence signal for E5-TAGECL and E55*A-TAGECE? at the cell
surface, whereas the label intensity of E5S™A-TAGECL3 was reduced (Fig. 24E).

The signal quantification of bioorthogonal labels, which only represent full-length but
not truncated receptors due to the missing UAAs, confirmed that E5-TAGEC-® and
E5S*A-TAGECL3 are expressed at similar levels, while the delivery of E5S"™A-TAGECLS to
the cell surface is reduced (Fig. 24F).

In summary, the experimental data of this section demonstrated the successful
incorporation of bioorthogonal labels into the receptor layout of E5. However, the
efficiency of the label depended on the used PyIRS/tRNAPY' system. Furthermore, |
showed that a combination of bioorthogonal labeling using membrane-impermeable
tetrazine dye derivatives and IF staining using specific antibodies allowed a surface
exclusive visualization of ES5. In addition, | demonstrated the spontaneous
internalization of the NTF and the CTF of E5S in mammalian cells.

Importantly, experimental data revealed that the position of the bioorthogonal label is
crucial for the reliability of quantitative analyses such as ELISA and fluorescent label
quantifications: The incorporation of a bioorthogonal label into E5 resulted in the
formation of full-length and truncated proteins depending on the efficiency of the UAA
insertion. In case of the insertion of the UAA in the receptor before the first TM helix
truncated receptor parts were possibly secreted and therefore not present at the
plasma membrane. Consequently, only full-length UAA-labeled E5 molecules existed
at the cell surface, allowing for reliable quantification of the membrane-bound labeled
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receptor population through NTF and CTF tags. In contrast, | demonstrated that the
incorporation of UAAs C-terminal to the first TM helix of E5 led to the formation of full-
length (UAA-labeled) but also truncated (not UAA-labeled) receptors both containing
the full or only parts of the 7TM domain anchored to the cell membrane. In this case,
the quantification of E5 based on an independent NTF label (in this case an HA tag)
assayed a mixed population of full-length and shortened receptors rendering surface
amount quantification approaches of the NTF moot through overestimating its
abundance, while quantification of a CTF label conceivably still reflected the correct
amount of membrane-resident full-length receptors. See the summary of these
conclusions in Fig. 25.
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Fig. 25: Position of the UAA incorporation is essential for the reliability of stoichiometric
quantification analyses of NTF and CTF.

The incorporation of a bioorthogonal label into the NTF of E5 results in the formation of full-
length proteins and truncated NTFs depending on the success of the UAA insertion. Truncated
NTFs are secreted and therefore not present at the plasma membrane. Consequently, only
full-length E5 exists at the cell surface, which allows a reliable quantification of NTF and CTF.
In contrast, the incorporation of a bioorthogonal label into the CTF of E5 leads to the formation
of full-length and truncated CTFs both containing parts of the 7TM domain. Remaining
fragments of the 7TM domain allow a surface delivery of truncated CTFs. Consequently, the
quantification of E5 NTF returns an overestimation since full-length and truncated E5 receptors
are present at the plasma membrane. However, the quantification of bioorthogonal labels or
other tags in the CTF are likely correct because these tags are only present in full-length
receptors.
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6.3.6 Labeling of ADGRES5 through the fusion to genetically encoded
chromophores

The fusion of genetically encoded chromophores to a target protein provides one of
the most used labeling techniques. An advantage of this method is the defined
stoichiometry between chromophore and protein, which ensures protein counting and
provides an easier interpretation of FRET data.

In this thesis, | combined and compared the NTF-fused genetically encoded
chromophore mTurquoise with CTF-located FIAsH (see 6.3.1), BuTX (see 6.3.2) and
bioorthogonal labeling (see 6.3.4). In addition, the combination of the cyan fluorescent
protein mTurquoise with a-BuTX or bioorthogonal labels provided a potential use in
FRET experiments to analyze conformational changes within the GAIN-7TM tandem
in relation to the aGPCR activity (see 6.4.1). Interestingly, mTurquoise negatively
influenced the surface expression depending on its exact position within the NTF of
E5. The surface delivery was strongly impaired when mTurquoise was inserted into
the linker region between the EGF5 and GAIN domains (see 6.3.1), whereas the
replacement of the EGF5 domain by mTurquoise had a minor impact on the surface
delivery (see 6.3.2). Furthermore, | used the cyan fluorescent protein mTurquoise and
the yellow fluorescent protein mCitrine to create an intracellularly tagged ES FRET
sensor, allowing the analysis of conformational changes within the 7TM domain (see
6.4.2). Fused chromophores had no effect on the surface expression of the FRET
Sensor.

Summing up, in this chapter | transferred and established a panel of live cell labeling
methods for aGPCRs on the example of the ES receptor. | screened these labeling
methods for their potential use for functional analyses. The most important
characteristics are listed in Tab. 2.

Tab. 2: Characteristics of used labeling methods for ES.

Labeling Size Permeability Surface expression Procedure
method (kDa) time (min)

(label position)

unimpaired (CTF-fused, NTF-

Fluorescent o7 directly fused | fused instead of EGF5 domain) 0
protein to ES impaired (NTF-fused between
EGF5 and GAIN domains)
IF staining ~150 | impermeable | unimpaired 30-60
a-BuTX . slightly impaired (ECL1, ECL2,
~ I -
labeling 8 | impermeable | o) 3y 30-60
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Labeling Size Permeability Surface expression Procedure
method (kDa) (label position) time (min)
FIAsI.-I ~0.7 | permeable no surface expression (ICL3) 120-180
labeling
i permeable*/ | <50 % using RScoin (NTF
Bloorthogonal 0.5.2 o using RScoin (NTF) 10-30
labeling impermeable | unreliable due to truncation (CTF)

*only impermeable dyes were used in this study

6.4 Functional analysis of aGPCRs via distance measurements

Previously, several members of the aGPCR family were found to function in
mechanical contexts (Scholz et al., 2016). In addition, experimental data indicated an
involvement of aGPCRs in mechanosensation (Petersen et al., 2015; Scholz et al.,
2017, 2015). This leads to the assumption that mechanical forces are able to regulate
aGPCR signaling. Presently, it is still unknown how this receptor family converts a
mechanical stimulation into signaling and whether the presence of a ligand is
necessary to transmit the mechanical forces onto the receptor protein. However,
previous experiments showed an activation of downstream signaling pathways after
the TA exposure and subsequent interaction with the 7TM domain, indicating a TA-
dependent aGPCR activation (Liebscher et al., 2014; Stoveken et al., 2015).
Furthermore, cell based assays demonstrated that the TA-dependent aGPCR
activation is mediated by mechanical forces (cell shaking) or the combination with a
ligand (Petersen et al., 2015; Wilde et al., 2016). However, molecular mechanisms of
the TA release are still ill-defined. Currently, there are two models discussed among
the aGPCR community. The dissociation model suggests that the NTF removal uncaps
the TA, which subsequently engages with the 7TM domain to stabilize an active
receptor conformation. In contrast, the non-dissociation model entails a TA-dependent
receptor activation through conformational changes of the GAIN and the 7TM domain,
resulting in a TA-7TM domain interaction. In this chapter | focused on the elucidation
of molecular mechanisms of aGPCR activation using the previously established
labeling methods and optical sensors.

6.4.1 Extracellular distance measurements within the GAIN-7TM domain
tandem of ADGRE5S

In this section, | focused on the molecular investigation of the dissociation and non-
dissociation model of aGPCR activation (Fig. 26). A FRET approach provides a
suitable tool to determine structural changes allowing distance measurements within
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10 nm between a donor and acceptor fluorophore. To measure distance changes
within the NTF-CTF heterodimer, more precisely between the GAIN domain and the
7TM domain, | used previously designed dually tagged ES sensors. Hypothetically, the
dissociation would correlate with a lower or, respectively, complete loss of FRET signal
due to the increasing distance between donor and acceptor. In contrast, the non-
dissociation model would predict a lower or higher FRET efficiency depending on the
conformational change within the GAIN-7TM domain tandem. Since a low FRET signal
could occur in both models, it should be possible to distinguish between the two models
by switching off the cleavage.
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Fig. 26: Possible signaling models for a TA-dependent activation of aGPCRs and their
expected FRET efficiencies.

Hypothetical models describe the conformational response of an aGPCR due to a mechanical
stimulation and/or ligand binding. Stimulation results in a (1) dissociation-mediated or (2) non-
dissociation-mediated activation. (1) Separation of NTF and CTF or (2) conformational/
distance change of the GAIN-7TM domain tandem leads to a release of the buried TA and
subsequent interaction with the 7TM domain. The NTF-CTF separation correlates with low or,
respectively, no FRET signal due to the increasing distance between donor (NTF-located) and
acceptor (ECL-located), whereas conformational changes of the GAIN-7TM domain tandem
correlate with a lower or higher FRET signal depending on spatial orientation of donor and
acceptor.

In the first experiment, in collaboration with Mareike Hemberger, | focused on the E5
receptor tagged with an mTurquoise instead of the EGF5 domain and a BBS tag within
the ECL. Previous experiments indicated a high surface expression and best labeling
result of E5-BBSECXR*L variants (see 6.3.2). For this purpose, | combined these
constructs with the mTurg-E5 construct, which resulted in mTurg-E5-BBSECHX/-R+L
variants. We expressed mTurg-E5-BBSEC-/-R*L (Fig. 27A) in HEK-293T cells. The
BBS tag was labeled with Alexa 488 conjugated a-BuTX. The spectral properties of
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mTurquoise (donor) and Alexa 488 (acceptor) theoretically ensured the energy transfer
between these fluorophores allowing FRET analyses (Fig. 27B). The efficiency of the
energy transfer was quantified via the acceptor bleaching method. To this end,
confocal images were captured before and after the bleaching of the acceptor (Alexa
488) within a defined ROI (Fig. 27C). Fluorescence intensities within the ROI before
and after bleaching revealed no FRET efficiency and therefore no further usage of this
sensor for extracellular distance measurements (Fig. 27D).
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©
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Wavelength (nm)
mTurg-E5-BBSECH/HR+
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mTurquoise mTurquoise Channel Mean intensity

mTurq,, 13.941
mTurq,,,  13.334
Alexa 488, 11.874
Alexa 488 3.680

Post
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Fig. 27: mTurquoise- and BBS-tagged E5 sensor shows no FRET efficiency in an
unstimulated situation.

(A) Schematic illustration of mTurqg-E5-BBSF-¥"** expanded by an NTF-fused mTurquoise
(instead of the EGF5 domain) and a BBS tag within the ECL3. (B) Excitation (ex) and emission
(em) spectra of mTurquoise and Alexa 488 indicate the theoretical energy transfer between
these fluorophores. (C) Confocal images of HEK-293T cells expressing mTurg-E5-
BBSECL¥-RL BBS tags are labeled with a-BuTX-Alexa 488. Images show mTurquoise (cyan)
and Alexa 488 (yellow) channels pre- and post-bleaching of the acceptor. White box indicates
the bleached ROI (experiment performed by Mareike Hemberger). (D) Measured mean
intensities of mTurquoise and Alexa 488 before and after acceptor bleaching within the ROI.
Scale bar 10 ym.
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mTurg-E5-BBSECYX-R*L variants containing a BBS tag within the ECL1 or ECL2
exhibited a similar result, indicating that the absent FRET signal was independent of
the BBS tag position (data not shown).
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Fig. 28: mTurquoise- and TAG-tagged E5 sensor shows no FRET efficiency in an
unstimulated situation.

(A) Schematic illustration of mTurg-E5-TAGE®"® expanded by an NTF-fused mTurquoise
(instead of the EGF5 domain) and an amber stop codon within the ECL3. (B) Excitation (ex)
and emission (em) spectra of mTurquoise and Cy3 indicate the theoretical energy transfer
between these fluorophores. (C) Confocal images of HEK-293T cells expressing mTurg-E5-
TAGECS, UAAs are labeled with H-Tet-Cy3. Images show mTurquoise (cyan) and Cy3 (yellow)
channels pre- and post-bleaching of the acceptor. White box indicates the bleached ROI.
(D) Measured mean intensities of mTurquoise and Cy3 before and after acceptor bleaching
within the ROI. Used PyI*/tRNAPY system: RS emke. Scale bar 10 um.

Next, | tested the prospective use of an E5 sensor tagged with an mTurquoise instead
of the EGF5 domain and a bioorthogonal label within the ECL. For this purpose, |
expressed mTurg-E5-TAGECS (Fig. 28A) in HEK-293T cells. In this experiment, the
UAA was labeled with the acceptor-representing fluorophore H-Tet-Cy3, which is a

67



Results

suitable partner for the energy transfer with mTurquoise (Fig. 28B). The FRET
efficiency was quantified using the acceptor bleaching method. Confocal images were
captured before and after the bleaching of the acceptor (Cy3) within a ROl (Fig. 28C).
Fluorescence intensities within the ROl before and after bleaching revealed no
sufficient energy transfer (Fig. 28D). Therefore, | decided to further test other tetrazine
dye derivatives.
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Fig. 29: mTurquoise- and TAG-tagged E5 sensor shows no FRET efficiency in an
unstimulated situation.

(A) Schematic illustration of mTurg-E5-TAGE®"® expanded by an NTF-fused mTurquoise
(instead of the EGF5 domain) and an amber stop codon within the ECL3. (B) Excitation (ex)
and emission (em) spectra of mTurquoise and Cy5 indicate the theoretical energy transfer
between these fluorophores. (C) Confocal images of HEK-293T cells expressing mTurg-E5-
TAGFECS. UAAs are labeled with H-Tet-Cy5. Images show mTurquoise (cyan) and Cy5 (yellow)
channels pre- and post-bleaching of the acceptor. White box indicates the bleached ROI. (D)
Measured mean intensities of mTurquoise and Cy5 before and after acceptor bleaching within
the ROI. Used PyIRS/tRNAPY system: RSiemke. Scale bar 10 pm.
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Previously, | showed that the labeling of mTurg-E5-TAGEC- with H-Tet-ATTO 488 was
not possible, so | tried H-Tet-Cy5 as an acceptor fluorophore, which had shown the
best labeling results before (see. 6.3.4). Again, | transfected the mTurg-E5-TAGEC:®
construct (Fig. 29A) into HEK-293T cells and labeled with H-Tet-Cy5, which is a
suitable partner for the energy transfer with mTurquoise (Fig. 29B). The FRET
efficiency was quantified using the acceptor bleaching method. Confocal images were
captured before and after the bleaching of the acceptor (Cy5) within a ROI (Fig. 29C).
Also, in this context, no energy transfer was observable (Fig. 29D).

mTurg-E5-TAGECHX variants expanded by bioorthogonal labels within ECL1 or ECL2,
showed similar results for H-Tet-Cy3 and H-Tet-Cy5 labeling, indicating that the absent
FRET signal was independent of used tetrazine dye derivatives and bioorthogonal
label positions (data not shown).

In summary, extracellularly tagged E5 variants were not suitable to determine distance
changes within the GAIN-7TM domain tandem by FRET analyses. Reasons for this
could be an inappropriate distance and/or the relative orientation between the donor
and acceptor fluorophore. To address and overcome this problem, the future sensor
designs will have to ensure a close proximity between the donor and acceptor
fluorophore. The insertion of a label into the GAIN domain could be a possibility to
decrease the distance, however, the labeling method used should not impair the
integrity of the GAIN domain. The experimental data in this study suggested that the
bioorthogonal labeling of the TA, a part of the GAIN domain, had no effect on its
integrity (see 6.5.1) and, therefore, allowing its potential use in future E5 FRET
sensors. Another possibility to approximate donor and acceptor is the use of suitable
linkers. In addition, such linkers could also help to improve the relative orientation of
the fluorophores.

6.4.2 Intramolecular distance measurements within the 7TM domain of ADGRES

It is well known that the activation of GPCRs leads to a conformational change of the
7TM domain, which results in an activation and dissociation of the G protein and the
regulation of a variety of signaling cascades (Weis and Kobilka, 2018). To investigate
whether the activation of aGPCRs correlates with a conformational change within the
7TM domain, | engineered a FRET sensor layout, which was successfully used for
class A GPCRs in the past (Hoffmann et al., 2005; Jensen et al., 2009; Vilardaga et
al., 2003). This FRET sensor layout encompassed an mTurquoise inserted into the
ICL3 and an mCitrine fused to the ICR of the E5 receptor (Fig. 30A). The spectral
properties of mTurquoise (donor) and mCitrine (acceptor) ensure a successful energy
transfer (Fig. 30B). To test the functionality of this sensor for FRET experiments, |
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expressed the sensor (E5-mTurg-mCit) in HEK-293T cells and bleached the mCitrine
over 60 seconds. Confocal images before and after bleaching proved the energy
transfer and functionality of the FRET sensor (Fig. 30C). Additionally, | plotted the
fluorescence intensities of the donor and the acceptor over time (Fig. 30D). The
acceptor bleaching led to a decrease of the mCitrine signal, while at the same time the
mTurquoise signal was increased.
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Fig. 30: mTurquoise- and mCitrine-tagged E5 sensor shows FRET efficiency in an
unstimulated situation.

(A) Schematic illustration of E5-mTurg-mCit expanded by an ICL3-fused mTurquoise and an
ICR-fused mCitrine. (B) Excitation (ex) and emission (em) spectra of mTurquoise and mCitrine
indicate the theoretical energy transfer between these fluorophores. (C) Confocal images of
HEK-293T cells expressing E5-mTurg-mCit. Images show mTurquoise (cyan) and mCitrine
(yellow) channels pre- and post-bleaching of the acceptor. (D) Normalized fluorescence
intensities of mTurquoise and mCitrine over a bleaching period of 60s. Scale bar 10 um.

The next step was to discover whether the ES FRET sensor could be used to quantify
conformational changes of the 7TM domain depending on the activity state. In vitro
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signaling assays suggested a basal activity for full-length aGPCRs, high activity for
receptors lacking the NTF and an abolished activity for receptors with the deletion of
the entire ECR (Hilbig et al., 2018; Liebscher et al., 2014; Stoveken et al., 2015)
(see 4.3). To test whether these principal signaling states correlate with conformational
states of the 7TM domain, | combined the FRET sensor layout either with E5 variants
lacking the NTF (E5*NTF-mTurg-mCit) or the ECR (E5%F°R-mTurg-mCit) and compared
them with cleavable and cleavage-deficient full-length E5 variants (Fig. 31A).

First, in collaboration with Mareike Hemberger, | analyzed the surface expression of
the generated E5 FRET sensors. For this purpose, the FRET constructs were
transfected into HEK-293T cells and subsequently the surface expression quantified
by the pre-described ELISA. ELISA data showed an unimpaired surface delivery for
cleavable and cleavage-deficient (H>A) full-length E5-mTurg-mCit compared to E5
(Fig. 31B). Only the cleavage-deficient (S>A) variant showed a slightly reduced
expression. Interestingly, both truncated E5 sensors revealed a significantly reduced
expression at the plasma membrane, which was slightly higher than the EV control.

Next, the FRET efficiencies of these ES variants were quantified by acceptor bleaching
in living HEK-293T cells. Independent of the cleavage, the full-length E5 sensors
showed similar efficiencies (Fig. 31C). The FRET efficiencies of E5 variants lacking
the NTF (~65 %) or the ECR (~86 %) differed significantly compared with each other
and with full-length E5. This resulted in E5, E5NTF and E5%ECR assuming different
conformational states of the 7TM domain, which correlates with different metabotropic
activity levels of the respective receptor layouts. An additional explanation could be
that differences in subcellular locations of these E5 variants lead to the different FRET
efficiencies.

It has been shown for aGPCRs that missense mutations within the TA can abolish the
metabotropic activity without affecting surface expression levels (Liebscher et al.,
2014; Stoveken et al., 2015). We tested the relationship between the TA mutations
and conformational changes of the 7TM domain with regard to the receptor activity
using FRET. For this purpose, | mutated the TA of full-length E5 and E52NF at position
+3 (F>A) and +7 (M>A) (Fig. 32A) and subsequently transfected these ES constructs
into HEK-293T. The surface expression determination using ELISA and the
quantification of FRET efficiencies by acceptor bleaching were performed in
collaboration with Mareike Hemberger. ELISA data revealed an impaired surface
delivery for TA-mutated E57A-mTurg-mCit and E5M*A-mTurg-mCit variants (Fig. 32B).
In detail, the surface expression was reduced to ~64 % and ~72 % respectively
compared to E5. However, both mutations in full-length ES showed a similar
expression compared to each other. Truncated E5 sensors demonstrated a
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significantly reduced surface delivery to the plasma membrane, which was still above
the EV control, independent of the TA mutations.

A EE HA
TA
mTurquoise mCitrine

E5-mTurg-mCit E5NTF-mTurg-mCit E5*€°R-mTurg-mCit
q
® ~ [e0] © -~ ~—
[} N o o
3§ & 8| s
o o o v \ =
g
c
S ~ 1.01 = oo
‘B 0 S i~
g o E =
85 05- . ot
8% | 5
S ® g o
g8 - x 2
=t Eﬁ# Lo
2] 0 HaE »g
1o
. Y=

Fig. 31: Full-length and truncated E5 variants differ in their surface expression and 7TM
domain conformation.

(A) Schematic illustration of full-length (green), ANTF (orange) and AECR (blue) FRET sensors
of E5. (B) Quantification of surface expression levels of cleavable and cleavage-deficient full-
length (green), ANTF (orange) and AECR (blue) FRET sensors of E5 compared to E5 in HEK-
293T cells by ELISA. Dataset normalized to the expression level of E5. Data are shown as
mean + SEM (N = 2, n = 4). (C) Quantification of FRET efficiency levels of cleavable and
cleavage-deficient full-length (green), ANTF (orange) and AECR (blue) E5 FRET sensors in
HEK-293T cells by acceptor bleaching. Dataset normalized to the FRET efficiency level of E5-
mTurg-mCit. Data are shown as mean + SEM (N = 4, n > 10). (B,C) performed by Mareike
Hemberger.

FRET efficiencies of these ES variants were quantified by acceptor bleaching. Both
full-length E5 variants with mutated TA showed significantly reduced FRET efficiencies
on a similar level of 77-83 % compared to unmutated E5-mTurg-mCit (Fig. 32C).
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Interestingly, the FRET efficiencies were at a similar level as the efficiency of the
E5%ECR sensor suggesting a comparable 7TM domain conformation and likely similar
receptor activity (Fig. 31C). FRET efficiencies of all E5*N'F variants were at a similar
level of 64-68 % compared to the unmutated E5-mTurg-mCit (Fig. 32C). In this case
the TA mutation had no effect on the FRET efficiency and thus on the conformation of
the 7TM domain. Reasons for this needs to be investigated in the future.
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Fig. 32: Influence of a mutated TA on the surface expression and 7TM domain
conformation of full-length and ANTF ES5 variants.

(A) Schematic illustration of full-length (green) and ANTF (orange) FRET sensors of ES.
Mutation within the TA at position +3 and +7 is highlighted. (B) Quantification of surface
expression levels of cleavable and cleavage-deficient full-length (green) and ANTF (orange)
FRET sensors of E5 in dependency of the TA mutation compared to E5 in HEK-293T cells by
ELISA. Dataset normalized to the expression level of E5. Data are shown as mean + SEM (N
= 2, n = 4). (C) Quantification of FRET efficiency levels of cleavable and cleavage-deficient
full-length (green) and ANTF (orange) FRET sensors of E5 in dependency of the TA mutation
in HEK-293T cells by acceptor bleaching. Dataset normalized to the FRET efficiency level of
E5-mTurg-mCit. Data are shown as mean + SEM (N = 2-4, n > 12). (B,C) performed by Mareike
Hemberger.
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6.4.3 Intermolecular distance measurements of ADGRE5

To further analyze and interpret the previous FRET data, we tested whether the
measured FRET efficiencies were exclusively the result of intramolecular FRET or
were influenced by intermolecular FRET events, such as dimerization/oligomerization.
To this end, | cloned single chromophore constructs of full-length E5, E5*NTF and
E52ECR containing either an mTurquoise or an mCitrine (Fig. 33A). In collaboration with
Mareike Hemberger, these constructs were singly transfected or co-transfected in
HEK-293T cells and compared to the respective dually tagged E5 sensor. The surface
expression, determined by ELISA, indicated an unimpaired expression of E5-mTurg-
mCit and E5-mTurq compared to E5 (Fig. 33B). Only E5-mCit showed a slightly
decreased surface expression.

FRET efficiencies of these ES variants were quantified by acceptor bleaching in living
HEK-293T cells. Calculated values were corrected for the absolute intensity
differences of the mTurquoise channel since cells expressing only E5-mCit showed
FRET events also in the absence of mTurquoise. The FRET efficiency of co-expressed
E5-mTurg and E5-mCit was at ~15 % compared to ~45 % of E5-mTurg-mCit
(Fig. 33C). This indicated the presence of intermolecular FRET events in addition to
intramolecular FRET signals.

The same experiments were repeated for the E5°NTF FRET sensor. ELISA data
demonstrated a slightly increased surface expression for variants containing either an
mTurquoise or an mCitrine compared to E5*NT"-mTurquoise-mCitrine (Fig. 33D).
However, the expression level was still significantly reduced compared to E5.

The corrected FRET efficiency of HEK-293T cells co-expressing E5*N"F-mTurq and
E52NTF-mCit was at ~19 % compared to ~29 % of E5*NTF-mTurg-mCit, which also
indicated the presence of intermolecular FRET events in this set of measurements
(Fig. 33E).

Finally, we conducted the same experiments for the E5*5CR FRET sensor. The surface
expression quantified by ELISA was slightly increased for variants containing only one
chromophore, either an mTurquoise or an mCitrine, compared to dually tagged E5*ECR-
mTurquoise-mCitrine (Fig. 33F). However, the expression level was still significantly
reduced compared to E5.

The corrected FRET efficiency of co-expressed E5*F°R-mTurq and E5%F°R-mCit was
at ~10 % compared to ~37 % of E5*E°R-mTurg-mCit, again indicating the presence of
intermolecular FRET events (Fig. 33G).
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Fig. 33: FRET analyses of singly tagged E5 variants demonstrate intermolecular
interactions for full-length and truncated E5 variants.

(A) Schematic illustration of full-length (green), ANTF (orange) and AECR (blue) FRET sensors
of E5 and their respective singly tagged variants. (B,D,F) Quantification of surface expression
levels of singly and dually tagged (B) full-length, (D) ANTF and (F) AECR ES5 variants compared
to E5 in HEK-293T cells by ELISA. Datasets normalized to the expression level of E5. Data
are shown as mean = SEM (N = 2, n = 4). (C,E,G) Quantification of FRET efficiency levels of
singly and dually tagged (C) full-length, (E) ANTF and (G) AECR E5 in HEK-293T cells by
acceptor bleaching. Intermolecular FRET is analyzed via co-expression of E5-mTurqg and E5-
mCit. Datasets were corrected for absolute intensity differences of the mTurquoise channel.

75



Results

Data are shown as mean + SEM ((C) N =4, n > 10, (E,G) N = 1, n = 10). (B,C,D,E,F,G)
performed by Mareike Hemberger.

Altogether, the intramolecular FRET analyses indicated that the deletion of the NTF or
the ECR resulted in a conformational change of the 7TM domain. Furthermore, we
observed the existence of intermolecular FRET events with proximity differences
depending on the extent of the ECR truncation of E5, suggesting the formation of
oligomeric ES fractions in vitro.

6.4.4 Proximity ligation assay as an alternative tool to probe molecular
interactions/distances

In the last part of this chapter, | introduce the proximity ligation assay (PLA) - a
technique to analyze molecular interactions besides FRET approaches. PLA allows
the in situ detection of intra- or intermolecular interactions on a highly specific and
sensitive level within 40 nm or less (Soderberg et al., 2006). Specificity and sensitivity
are guaranteed by the binding of two antibodies from different species on the target
protein/proteins. Secondary antibodies containing oligonucleotides bind to the
previous antibodies. Briefly, the oligonucleotides are ligated by connector
oligonucleotides if they are in close proximity to each other. Amplification leads to the
formation of a long DNA strand, which builds the template for hybridization of
fluorescently labeled oligonucleotides.

Based on the additional long-time research experience of the laboratory with
presynaptic active zones in Drosophila melanogaster, we decided to use this model as
a starting point for the establishment of the PLA. Previous experiments focused on the
identification of binding partners of the active zone protein Bruchpilot (Brp). Brp is an
essential and critical component for an intact active zone assembly and physiological
neurotransmitter release in Drosophila melanogaster (Kittel, 2006; Wagh et al., 2006).
At the active zone, the Brp molecules are assembled in filamentous oligomers
(Fouquet et al., 2009). These oligomers are orientated with the N-terminus to Ca?*
channels of the presynaptic plasma membrane and the C-terminus to the cytoplasm
(Ehmann et al., 2014; Fouquet et al., 2009). The C-terminal part of Brp tethers synaptic
vesicles to the presynaptic plasma membrane, resulting in the release of
neurotransmitters and subsequent activation of postsynaptic receptors. To better
understand the process of synaptic transmission, the identification of novel molecular
interaction partners of Brp involved in the tethering of synaptic vesicles is crucial.

Genetic and functional analyses revealed Complexin (Cpx), a high affinity binding
partner of the presynaptic SNARE complex and regulator of synaptic vesicle
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exocytosis, as a vesicular interaction partner of Brp (Ishizuka et al., 1995; McMahon
et al., 1995). However, coimmunoprecipitation and photoaffinity labeling indicated no
evidence for the binding of Brp and Cpx suggesting that both interact indirectly with
each other (Scholz et al., 2019). In this context, the PLA seemed to be an applicable
tool to confirm the close localization between Cpx and Brp at the active zone cytomatrix
of Drosophila melanogaster. Therefore, | dissected living third-instar Drosophila larvae
and performed a PLA using a-Brp and a-Cpx antibodies. Maximal projections of
confocal images indicated the location of Brp and Cpx within ~40 nm in the larval axons
(Fig. 34A) and neuromuscular junction (NMJ) (Fig. 34B). These results are an
additional evidence for the cooperation of Cpx and Brp at the active zone besides other
genetic and functional analyses (Scholz et al., 2019). Furthermore, | demonstrated the
functionality and specificity of the PLA in vivo.

A

a-Brp only

a-Brp + a-Cpx

a-Brp only

a-Brp + a-Cpx

Fig. 34: Brp and Cpx are located in close proximity to each other at the active zone.

(A) Maximal projection of confocal images indicates the localization of Brp and Cpx within
~40 nm in larval axons of Drosophila melanogaster by PLA. (B) Maximal projection of confocal
images indicates the localization of Brp and Cpx within ~40 nm in NMJs of Drosophila
melanogaster by PLA. Scale bars (A) 5 um, (B) 10 um, 3 um (inset). Adapted from Scholz et
al., 2019.
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In prospective view, the PLA appears a suitable means to identify and investigate novel
interaction partners for members of the aGPCR family. At the moment only for a
minority of aGPCRs the binding partners are known (Langenhan, 2019). Further
binding partner identification could thus help to elucidate physiological activation
mechanisms, signal transduction or yet unknown functions of aGPCRs.

In sum, in this chapter | screened a panel of extracellularly tagged E5 variants for their
potential ability to investigate conformational changes within the GAIN-7TM domain
tandem by FRET. Conceptually, this was undertaken to investigate the molecular
mechanism of aGPCR activation depending on mechanical forces and/or ligand
interaction. So far, the tested FRET sensors suffer from the lack of signal. | also
investigated a classically used GPCR FRET sensor layout comprising a fluorophore in
the ICL and another one in the ICR (Hlavackova et al., 2012; Hoffmann et al., 2005;
Vilardaga et al., 2003). This setup allowed for the analysis of conformational changes
within the 7TM domain in response to stimulation. | transferred this layout to the E5
receptor through the fusion of mTurquoise in the ICL3 and mCitrine in the ICR. To
validate the functionality of these FRET sensors, | designed constitutively active and
inactive receptor variants by truncation of the NTF and the ECR. Previous publications
showed that the NTF truncation led to a TA release and an activation of the receptor,
whereas the truncation of the remaining TA resulted in an abolished activity (Hilbig et
al., 2018; Liebscher et al., 2014; Stoveken et al., 2015). Interestingly, | verified with the
constitutively active E5*NTF and inactive E5%ECR receptor variants that FRET signals
change possibly due to a conformational change of the 7TM domain, showing the
functionality of this aGPCR FRET sensor layout. In addition, | observed no
conformational changes in dependency of GAIN domain-mediated proteolysis.
Furthermore, mutation of the TA, which in other aGPCRs correlated with an abolished
receptor activity (Liebscher et al., 2014; Stoveken et al., 2015), evoked homonymous
differences in FRET states of the ES receptor. Interestingly, mutations of the TA of
E52NTF had no effect on the 7TM domain conformation as reported through FRET
measurements. Additionally, the presence of intermolecular FRET signals suggested
the oligomerization of E5 in transient transfected cells. | also established an alternative
method to investigate protein interactions using a PLA to allow for the detection of
molecular interactions within the range of 40 nm or less (So6derberg et al., 2006). Using
this method, | was able to confirm the close location of the active zone members Brp
and Cpx in larval axons and NMJs suggesting the cooperation of these proteins. In
terms of the aGPCR family, this method could be used to discover further
interaction/binding partners helping for a better understanding of fundamental receptor
mechanisms. At the moment only a limited number of extra- and intracellular binding
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partner for half of the aGPCRs are known (Langenhan, 2019), therefore the PLA
represents an ideal technique to address this knowledge gap.

6.5 Demonstration of tethered agonist exposure by bioorthogonal
labeling

The past years showed that the activation mechanism of aGPCRs are more complex
and differing i.a. in the involvement of the TA and external stimuli. Regarding the
involvement of the TA, two models for a TA-dependent aGPCR activation are
discussed, the dissociation and non-dissociation model (see 4.3). A variety of
published results support the non-dissociation model, but the molecular mechanism
on how the TA, which is deeply buried inside the GAIN domain, is able to interact with
the 7TM domain and therefore regulates the receptor activity is still unknown.
Compounding this issue is the fact that the molecular structure of the GAIN-7TM
domain tandem of an aGPCR at atomic resolution is not available yet, which would
certainly help to further investigate the signaling mechanism of this receptor family.
Therefore, the goal of my study was to investigate potential molecular mechanisms of
the TA-7TM domain interaction within the intact GAIN domain. A possible mechanism
could be a conformational flexibility of the GAIN domain, which allows an interaction of
the TA with the 7TM domain even in a non-dissociated situation.

6.5.1 Tethered agonist is accessible in full-length aGPCRs

To investigate the conformational flexibility of the GAIN domain and, in particular of the
TA, the accessibility of the TA was directly tested by bioorthogonal labeling. To this
end, | introduced an UAA into the highly conserved TA region of the E5 receptor,
comprising the first eight amino acids (Liebscher and Schoneberg, 2016). The exact
position within the TA core region was selected by an amino acid sequence alignment
with TA sequences of aGPCRs, which were experimentally characterized and/or from
which crystal structures of the GAIN domain are available. The alignment revealed a
high conservation at position +3 and +6 within the TA sequence across different
aGPCRs (Fig. 35A). As a control, | used position +15, which is located in the linker
region between the GAIN domain and the 7TM domain and, therefore, likely irrelevant
for the tethered agonism of the E5 receptor (Hilbig et al., 2018).
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Fig. 35: Bioorthogonal labeling confirms the TA accessibility to the solvent within the
intact GAIN domain of ES5.

(A) Amino acid sequence alignment of exemplary aGPCR regions containing the GPS and TA
regions. Alignment indicates the sequence of experimentally confirmed TAs (yellow) (Brown
et al., 2017; Liebscher et al., 2014; Mdller et al., 2015; Stoveken et al., 2015) and label
positions in the TA and TA-7TM linker region (magenta), residue numbering with respect to
GPS is indicated above the alignment. (B) Quantification of surface expression levels of HEK-
293T cells expressing E5 variants with/without the addition of H-Tet-Cy5 by ELISA. Variants
containing bioorthogonal labels at position +3 and +6 of the TA and in the TA-7TM linker region
at position +15. Datasets normalized to the expression level of E5-TAG®"$*'%. Data are shown
as mean + SEM (N = 3, n = 4). (C) Confocal images of HEK-293T cells expressing E5-
TAG®P$™* variants. Cells were labeled with H-Tet-Cy5. (D) Quantification of bioorthogonal label
of HEK-293T cells expressing E5-TAG®”S** variants. Dataset normalized to the fluorescence
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signal intensity of E5-TAG®S*'®_ Data are shown as mean = SEM (N = 3, n = 20). (E) Ratio of
TA to NTF confirms the TA accessibility. Used PyIRS/tRNAPY' system: RScoin. Scale bar 20 um.

First, | tested whether the incorporation of UAAs within the TA had an influence on the
membrane trafficking of E5-TAG®PS*X variants. | transfected E5-TAG®PS*3 and E5-
TAGCPS* constructs into HEK-293T cells and quantified the surface expression
compared to the control construct E5-TAG®PS*15 by the pre-described ELISA. To
further analyze whether the incorporation of the tetrazine dye derivative disrupts the
heterodimeric receptor structure, | quantified its surface expression level with and
without the addition of H-Tet-Cy5. ELISA data revealed indistinguishable expression
levels of all E5-TAGC®PS*Xvariants, indicating that the H-Tet-Cy5 addition had no effect
on the NTF-CTF interaction (Fig. 35B).

Next, | analyzed the accessibility of TA using confocal imaging. To do so, E5-TAG®PS*X
variants were expressed in HEK-293T cells and bioorthogonally labeled with H-Tet-
Cy5. Interestingly, the confocal images indicated a weaker but distinct bioorthogonal
labeling of E5-TAG®PS*3 and E5-TAGCPS*6 compared to the control construct E5-
TAG®PS*15 (Fig. 35C). This suggested a better accessibility of E5-TAGCPS*'S for the
bioorthogonal label. To quantify this observation, | measured photon counts of the
bioorthogonal labels of the different E5-TAG®PS*X variants. The fluorescence signal
quantification revealed a ~4 times lower labeling of E5-TAG®PS*3 and E5-TAGCPS*6
compared to the control construct E5-TAG®PS*'5 (Fig. 35D). These findings were
confirmed after normalizing bioorthogonal labeling to the surface expression of all
receptor layouts (Fig. 35E).

To verify the obtained results, | additionally compared the surface expression of E5-
TAG®PS*X with E5-TAGNTF and E5 in HEK-293T cells. The ELISA data demonstrated
an already described decreasing effect on the surface expression by the introduction
of UAAs within the E5 receptor layout (Fig. 36A, see 6.3.3). However, the E5-TAGCPS*X
variants showed slightly increased surface expression levels compared to the E5-
TAGNTF variant. Expression of all tested E5 variants were independent of the addition
or omission of tetrazine dye derivates.

Additionally, | controlled the GAIN domain integrity depending on the UAA
incorporation. For this purpose, | expressed the three E5-TAG®PS*X variants, E5-
TAGNTF and E5 in HEK-293T cells and labeled non-fixed cells with a polyclonal a-
ADGRES antibody directed against the GAIN domain afterwards. | observed
indistinguishable differences of the labeling efficiency between the UAA insertion
within the GAIN domain or the TA-7TM linker region (Fig. 36B). Additionally, the
fluorescence signals of confocal images correlated with surface expression levels.
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Fig. 36: Bioorthogonally labeled E5-TAG®"*** does not impede receptor trafficking and

GAIN domain formation.

(A) Quantification of surface expression levels of HEK-293T cells expressing E5 variants
with/without the addition of H-Tet-Cy5 by ELISA. Variants are expanded by bioorthogonal
labels at position +3, +6 of the TA or in the TA-7TM linker region at position +15. Control
constructs E5-TAGN™ and E5. Datasets normalized to the expression level of E5-TAGV'". Data
are shown as mean = SEM (N = 3, n = 4). (B) Confocal images of HEK-293T cells expressing
E5 variants (indicated above). Untagged E5 serves as positive control and control cells
expressing EV as negative control. Cells were labeled using a-ADGRES5 antibody. Used
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All results together suggested that the GAIN domain formation is unimpeded despite
of the UAA incorporation.

To test the generality of the TA accessibility across the aGPCR family, | generated L1,
B3 and G1 variants containing homologous amber stop codons at positions +3, +6 and
within the linker region between the GAIN and 7TM domains.

First, | analyzed the TA accessibility of the L1 receptor (L1 receptor layout: Supp.
Fig. 3). To do so, | quantified whether the incorporation of UAAs within the TA had any
influence on the membrane trafficking of L1-TAGC®PS*X variants. Therefore, | expressed
L1-TAG®PS*3| L1-TAG®PS*6 in HEK-293T cells and analyzed the surface expression
compared to the control variant L1-TAG®PS*15 by ELISA. In contrast to the E5 receptor,
the ELISA data of L1 showed a significantly reduced surface delivery of L1 variants
with a tagged TA compared to L1-TAG®PS*15, which ranged from ~41 % (L1-TAGCPS*3)
to ~21 % (L1-TAGCPS*S) (Fig. 37A).

Next, | analyzed the TA accessibility using confocal microscopy. Images indicated a
weaker but distinct bioorthogonal labeling of HEK-293T cells expressing L1-TAGGPS*3
and L1-TAG®PS*6 compared to L1-TAG®PS*'® (Fig. 37B). This finding demonstrated a
better accessibility of L1-TAG®PS*'S for tetrazine dye derivatives. In contrast, the
untagged L1 receptor showed no fluorescence signals, which confirmed the specificity
of the bioorthogonal labeling for the L1 receptor. To quantify the labeling efficiency, |
measured the photon counts of bioorthogonal labels in relation to the position within
the L1 receptor. This quantification revealed a similar result as for the E5 receptor. In
detail, the labeling of L1-TAG®PS*3 and L1-TAG®"S*6 was ~4 times lower compared to
the control construct L1-TAG®PS*'S (Fig. 37C). However, the ratio between
bioorthogonal labels and surface expression levels indicated a ~75 % labeling
accessibility of the TA compared to TA-7TM linker region (Fig. 37D).
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Fig. 37: Bioorthogonal labeling confirms the TA accessibility to the solvent within the
intact GAIN domain of L1.

(A) Quantification of surface expression levels of HEK-293T cells expressing L1 variants by
ELISA. Variants are expanded by bioorthogonal labels at position +3, +6 of the TA or in the
TA-7TM linker region at position +15. Dataset normalized to the expression level of L1-
TAG®PS*'5 Data are shown as mean + SEM (N = 3, n = 4). (B) Confocal images of HEK-293T
cells expressing L1 variants (indicated above). Untagged L1 serves as labeling control. Cells
were labeled with H-Tet-Cy5. (C) Quantification of bioorthogonal label of HEK-293T cells
expressing L1-TAG®PS*™*. Dataset normalized to the fluorescence signal intensity of L1-
TAGC®P$*15, Data are shown as mean = SEM (N = 3, n = 20). (D) Ratio of TA to NTF confirms
the TA accessibility. Used PyIRS/tRNAPY' system: RScoin. Scale bar 10 pm.

Next, | analyzed the TA accessibility of the B3 receptor (B1 receptor layout: Supp.
Fig. 4). Again, | quantified whether the incorporation of UAAs within the TA had any
influence on the membrane trafficking of B3-TAG®PS*X variants. For this purpose, |
expressed B3-TAG®PS*3, B3-TAGCPS*6 in HEK-293T cells and analyzed the surface
expression compared to the control variant B3-TAG®PS*15 by ELISA. The quantified
data of B3 variants showed an indistinguishable surface expression, which was
consistent with the data of the E5 receptor (Fig. 38A).

Next, | analyzed the TA accessibility using confocal microscopy. Images showed a
weaker but distinct bioorthogonal labeling of HEK-293T cells expressing B3-TAGGPS*3
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and B3-TAGCPS*6 compared to B3-TAGCPS*'5 (Fig. 38B). The fluorescence signals
showed an increased accessibility of the UAA for the B3-TAG®PS*'8 variant. In contrast,
B3 without amber stop codon showed no fluorescence signal, which verified the
specificity of bioorthogonal labeling for the B3 receptor. The labeling efficiency was
quantified by measuring the photon counts of bioorthogonal labels in relation to the
position within the B3 receptor. The quantification revealed a ~4 times lower
fluorescence signal of B3-TAGC"S*3 and an approximately half reduced signal of B3-
TAGCPS*6 compared to B3-TAG®PS*15 (Fig. 38C). | confirmed these findings through
the ratio between bioorthogonal labels and surface expression levels (Fig. 38D).
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Fig. 38: Bioorthogonal labeling confirms the TA accessibility to the solvent within the
intact GAIN domain of B3.

(A) Quantification of surface expression levels of HEK-293T cells expressing B3 variants by
ELISA. Variants are expanded by bioorthogonal labels at position +3, +6 of the TA or in the
TA-7TM linker region at position +15. Dataset normalized to the expression level of B3-
TAG®PS*'5 Data are shown as mean + SEM (N = 3, n = 4). (B) Confocal images of HEK-293T
cells expressing B3 variants (indicated above). Untagged B3 serves as labeling control. Cells
were labeled with H-Tet-Cy5. (C) Quantification of bioorthogonal label of HEK-293T cells
expressing B3-TAG®PS™X. Dataset normalized to the fluorescence signal intensity of B3-
TAGC®P$*15, Data are shown as mean = SEM (N = 3, n = 20). (D) Ratio of TA to NTF confirms
the TA accessibility. Used PyIRS/tRNAPY' system: RScoin. Scale bar 10 ym.
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In a last experiment, | also tested the TA accessibility of G1. HEK-293T cells
expressing G1-TAG®PS*3, G1-TAGCPS*¢ and control variants G1-TAG®PS*8 G1-
TAGNTF were bioorthogonally labeled with H-Tet-Cy5 and subsequently confocally
imaged. In this case, | also demonstrated the TA accessibility using bioorthogonal
labeling. However, the weak intensity of the fluorescence signals of the bioorthogonal
labels allowed no deeper quantification (Supp. Fig. 2).

Summarizing, | showed for three aGPCRs from different subfamilies the generality of
TA accessibility by the incorporation of bioorthogonal labels within the TA core region.
This leads to the assumption that the TA and the GAIN domain in general are highly
flexible. Furthermore, the experimental data demonstrated that the bioorthogonal
labeling had no impact on the GAIN domain integrity, suggesting a prospective use for
the direct labeling of entire domains.

6.5.2 A vibratory urticaria mutation in ADGRE2 GAIN domain does not increase
tethered agonist accessibility

Previous experiments regarding the TA accessibility formed the basis to investigate
the effect of a human missense mutation in the GAIN domain of E2, which leads to a
rare autosomal dominant form of VBU. The affected patients carry a C492Y mutation
within the GAIN domain of E2 receptors (E2 receptor layout: Supp. Fig. 5). This
mutation causes dermal hives and increased histamine levels due to enhanced
degranulation of mast cells. The symptoms are triggered by vibratory stimulation of the
skin (Boyden et al., 2016). The suggested molecular mechanism of this disease is the
destabilization of the NTF-CTF heterodimer of E2¢4%2Y based on the reduction of non-
covalent binding forces within the cleaved GAIN domain. Therefore, | assumed that
the decreased affinity within the NTF-CTF heterodimer is caused or at least
accompanied by a higher flexibility of the GAIN domain, subsequently resulting in an
increased exposure of the TA of E2, which should be detectable by bioorthogonal
labeling. To test this assumption, | integrated amber stop codons within the TA at
position +3, +6 and +17 of E2 and E2°4%?Y, | transfected these constructs into HEK-
293T cells and quantified the surface expression by ELISA. Surface expression levels
of E2 tagged at position +3 and +6 were ~25 % decreased compared to E2-TAGCGPS*17
(Fig. 39A).
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Fig. 39: Bioorthogonal labeling confirms the TA accessibility to the solvent within the
intact GAIN domain of E2.

(A) Quantification of surface expression levels of HEK-293T cells expressing E2 and E
variants by ELISA. Variants are expanded by bioorthogonal labels at position +3, +6 of the TA
or in the TA-7TM linker region at position +17. Datasets normalized to the expression level of
E5-TAGCPS*"". Data are shown as mean + SEM (N = 3, n = 4). (B) Confocal images of HEK-
293T cells expressing E2-TAG®"S** and E2°*9?Y-TAG®$** variants. Untagged E2 and E2°%9%"
serve as labeling controls. Cells were labeled with H-Tet-Cy5. (C) Quantification of
bioorthogonal label of HEK-293T cells expressing E2 and E2°%?Y variants. Datasets
normalized to the fluorescence signal intensity of E5-TAG®"*'". Data are shown as mean +
SEM (N = 3, n = 20). (D) Ratio of TA to NTF confirms the TA accessibility. (E) Comparison of
surface expression and TA accessibility between E2-TAG®PS** and E2°49?Y-TAG®"S** variants
shows no increased TA accessibility due to the mutation. Used Pyl*S/tRNAPY system: RScoin.
Scale bar 10 pm.
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The E2°49?Y variants showed similar results with a surface delivery decrease of ~30 %
compared to E2C492Y-TAGCPS*'7_ Interestingly, a significant difference between the E2
and E2%492Y variants was only observable at the position +6 (Fig. 39E). The surface
expression was slightly decreased for E2¢49?Y-TAG*® compared to E2-TAG*®.

Next, | investigated the TA accessibility by bioorthogonal labeling on a confocal level.
E2 and E2%4°?Y constructs were transfected into HEK-293T cells and subsequently
labeled with H-Tet-Cy5. Images showed a weaker but distinct bioorthogonal labeling
at position +3 and +6 of E2 and E2¢4%%Y compared to the control construct (position
+17). These findings indicated a better accessibility at the position +17 (Fig. 39B). To
quantify these observations, | measured photon counts of the bioorthogonal labels for
the E2 and E2°4%2Y variants. The signal quantification revealed a ~4 times lower
labeling of E2-TAG®PS*3 and E2-TAGCPS*6 compared to the control construct E2-
TAGCPS*15 and ~6 times lower labeling of E2C492Y-TAGCPS*3 and E2C492Y-TAGCGPS*6
compared to the control construct E2¢492Y-TAG®PS*15 (Fig. 39C). These findings were
confirmed by the ratio between bioorthogonal labels and surface expression levels for
all receptor layouts (Fig. 39D). Interestingly, the TA of E2¢492Y variants was even less
accessible compared to their non-mutated counterparts contradicting the model that
suggests a decreased affinity between the NTF and the CTF in the presence of the
mutation (Fig. 39E).

As the TA accessibility of E2¢49?Y in an unstimulated situation was unaffected, |
combined mechanical stimulation and bioorthogonal labeling. To this end, | expressed
the bioorthogonally (un)tagged E2 and E2¢4%2Y variants in HEK-293T cells and applied
a mechanical stimulation through shaking at 750 rpm during the labeling period. |
chose this form of mechanical stimulation because it already led to a destabilization of
the E2 heterodimer in mast cells (Boyden et al., 2016). To evaluate the effect of the
mechanical stimulation on the TA accessibility, | compared unstimulated cells
(Fig. 40A) with stimulated cells (Fig. 40B). Interestingly, the confocal images indicated
no obvious impact on the TA accessibility caused by a mechanical stimulation, which
suggested that the C492Y mutation in VBU patients is not involved in causing in the
activation of E2 through the GAIN domain destabilization.
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Fig. 40: Mechanical stimulation has no impact on the TA accessibility of E2 and E2°4°?Y,

(A,B) Confocal images of HEK-293T cells expressing E2 and E2°*°%" variants. Variants are
expanded by bioorthogonal labels at position +3, +6 of the TA or in the TA-7TM linker region
at position +17. Untagged E2 and E2°°%" serve as labeling controls. Cells were labeled with
H-Tet-Cy5 for 20 min without shaking (A) and with shaking at 750 rpm (B). Used PyI?/tRNAP
system: RScoin. Scale bars 10 ym.

In summary, this chapter combines the bioorthogonal labeling with the functional
analysis of aGPCRs. The sequential labeling of different positions within the highly
conserved TA sequence demonstrated the general accessibility and flexibility of this
region. These findings were comparable for a panel of aGPCRs: E5, L1, B3 and E2.

Furthermore, | investigated the effect of a human missense mutation in the GAIN
domain of E2, which leads to a rare autosomal dominant form of VBU (Boyden et al.,
2016). Hypothetically, this C492Y mutation leads to a destabilization of the NTF-CTF
heterodimer and thus to an increased accessibility of the TA (Boyden et al., 2016).
Interestingly, the TA of E2¢492Y was slightly but significantly less accessible compared
to their non-mutated counterparts. These findings suggested that the mechanical
stimulation through shaking the cells prior to or during labeling did not impact the TA
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accessibility indicating that the C492Y change in VBU patients is not causing the
exposure of the TA through the GAIN domain destabilization and subsequent receptor
activation.

6.6 Natural and artificial cleavage of ADGRES5

The GAIN domain represents a hallmark feature of the aGPCR family. The main
function of this domain is the autoproteolysis during the receptor maturation at the GPS
leading to the receptor separation into an NTF and a CTF (Gray et al., 1996;
Krasnoperov et al., 1997). Furthermore, the GAIN domain mediates the non-covalent
attachment of NTF and CTF resulting in the formation of a heterodimeric aGPCR layout
(Arag et al., 2012; Gray et al., 1996; Krasnoperov et al., 1997; Lin et al., 2004). Apart
from the autoproteolytic cleavage at the GAIN domain, different aGPCRs undergo
additional cleavage reactions, e.g. the autoproteolytic cleavage at the SEA domain of
GPR110 (ADGRF1/F1) and F5 receptors or the protease-mediated cleavage by furin
at the N-terminus of BAI2 (ADGRB2/B2), F5 and G6 receptors (Fukuzawa and Hirose,
2006; Moriguchi et al., 2004; Nieberler et al., 2016; Okajima et al., 2010). Additional
cleavage events of the E5 receptor are currently unknown so | investigated the
possibility of further cleavage sites of ES. Moreover, | was interested in the engineering
of an inducible E5 cleavage and its impact on the NTF-CTF formation. The last part of
this chapter is devoted to the elucidation of potential amphipathic a-helices in the GAIN
domain of ES, which may function as 7TM domain independent membrane-anchors of
the NTF.

6.6.1 Additional proteolytic processing steps of ADGRES5 are dependent on
GAIN domain proteolysis

Additional autoproteolytic and protease-mediated cleavage reactions of aGPCRs have
been described in the past. Besides aGPCRs, other members of the GPCR
superfamily are cleaved through proteases to ensure their proper biological function.
Of particular interest are polycystin-1 and Notch receptors, which are cleaved by
several other proteases, e.g. y-secretases (Merrick et al., 2012; Nieberler et al., 2016;
van Tetering and Vooijs, 2011). Interestingly, also the ECR of polycystein-1 contains
a GAIN domain, which catalyzes the self-cleavage of the receptor resulting in the
formation of a non-covalently attached NTF-CTF heterodimer (Merrick et al., 2014;
Trudel et al., 2016).

In the past, | observed a variety of unexpected CTF bands of E5 in Western blot
analyses. These bands differed in size and further indicated the presence of additional
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cleavage sites in the CTF of ES5, similar to the y-secretase cleavage of polycystin-1 or
Notch. Consequently, this could suggest a number of further biological functions of ES.
For this purpose, | investigated the presence of potential y-secretase cleavage sites by
the inhibition of this enzyme using DAPT (Dovey et al., 2009).

Consequently, | transfected cleavable and cleavage-deficient ES constructs into HEK-
293T cells. The E5 layout was expanded by an N-terminal HA epitope and a C-terminal
V5 epitope allowing the separate detection of the NTF and the CTF by Western blot
analysis (Fig. 41A). To avoid the potential cleavage by y-secretases, the cells were
treated with the y-secretase inhibitor DAPT for 1 day after transfection. Interestingly,
the Western blot analysis of DAPT-treated and -untreated cells demonstrated no
differences in the band pattern (Fig. 41B). Cleavable E5 in contrast to cleavage-
deficient E"*A and E55>* showed a prominent band above 50 kDa in the a-HA-
representing channel, which could indicate the NTF, since this band size fits
approximately with its predicted size of 48.5 kDa (Fig. 41C). A possible reason for the
wide appearance of the band could be the glycosylation of the NTF. The cleavage-
deficient E5 variants indicated a distinct band between 75 kDa and 100 kDa using the
ao-HA and a-V5 antibody (Fig. 41B). This band correlated with the predicted full-length
receptor size of 84.2 kDa (Fig. 41C). Additionally, | detected a prominent band at
75 kDa in the a-HA- and a-V5-representing channel of cleaved and non-cleaved ES
(Fig. 41B). This band may represent the non-cleaved, non-glycosylated ES pro-
protein. Moreover, the formation of ES oligomers under reducing conditions were
indicated by several bands above 150 kDa. Based on the amino acid sequence |
calculated a size of 35.7 kDa for the CTF (Fig. 41C). Interestingly, the Western blot of
cleaved E5 showed three bands using the a-V5 antibody, one at 25 kDa, another one
slightly above 37 kDa and a weaker band between 50 kDa and 75 kDa (Fig. 41B). The
presence of three instead of one band below the full-length receptor suggested the
existence of alternative cleavage sites within the ES receptor. Assuming that the band
above 37 kDa corresponds to the CTF, the larger band could indicate a cleavage in
the NTF and the smaller band a cleavage in the CTF of ES. Furthermore, the Western
blot analysis demonstrated that these bands appeared independently of the DAPT
treatment, which refuted that the additional cleavage events are mediated by v-
secretases.
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Fig. 41: GAIN domain-mediated cleavage of E5 controls additional cleavage events
within the receptor structure

(A) Schematic illustration of E5 receptor expanded by an N-terminal HA epitope and a C-
terminal V5 epitope. (B) Western blot analysis of cleaved E5 and non-cleaved E5"A E55
compared to control cells (only transfected with EV) using o-HA and «-V5 antibodies.
Constructs were transfected into HEK-293T cells and treated with and without DAPT for 1 d
before protein harvest. (C) Predicted E5 fragment sizes of full-length receptor, NTF and CTF
based on their amino acid sequence.

6.6.2 Artificial cleavage of ADGRES through thrombin and TEV protease

Previous Western blot analysis using an a-V5 antibody demonstrated the existence of
three bands appearing only for cleavable ES receptors. Assuming that one of these
bands represents the CTF, the origin of the other two bands is still unclear. The lowest
band could indicate the additional processing of the CTF. To investigate whether this
process is controlled by an initial cleavage event of the full-length receptor resulting in
a cleavage cascade comparable to the Notch receptors (Blaumueller et al., 1997; Brou
et al., 2000; Mumm et al., 2000; van Tetering and Vooijs, 2011), | engineered cleavage
inducible E5 variants. The artificial cleavage was ensured by the integration of a
thrombin or TEV cleavage site in the linker region between the TA and the 7TM domain
of the cleavage-deficient E5">A variant.
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First, | utilized a thrombin cleavage site (TCS) for the ES receptor. Interestingly, the
thrombin cleavage of an aGPCR was already established for the E2 receptor. His-
Hsien Lin’s lab generated a chimeric E2-PAR1 receptor consisting of E2 ECR and full-
length PAR1 (Huang et al., 2018, 2012). The PAR1 receptor contains a natural TCS
allowing the inducible release of the E2 ECR (Huang et al., 2018, 2012). However, |
inserted exclusively the TCS-corresponding amino acid sequence in the TA-7TM linker
region of full-length E5"A to ensure the functional receptor layout (Fig. 42A).
Furthermore, | expanded E5™A by an amber stop codon in the NTF for the additional
visualization of the receptor using bioorthogonal labeling and by an N-terminal HA
epitope and a C-terminal V5 epitope (E5"A-TAGNTF-TCS). The effect of the inserted
TCS on the surface expression was investigated by confocal imaging. For this purpose,
| expressed E5MA-TAGNTF and E5"A-TAGNTF-TCS in HEK-293T cells. The non-
permeabilized cells were simultaneously labeled through bioorthogonal labeling with
H-Tet-Cy5 and IF staining with a-HA-Alexa 488. Both labeling techniques verified the
localization of E5"A-TAGN™® and E5™"A-TAGNTF-TCS at the plasma membrane
(Fig. 42B). Additionally, the images demonstrated no obvious impact on the surface
delivery of E5"A-TAGNTF-TCS due to the TCS in the TA-TM7 linker region compared
to E5MA-TAGNTF,

Next, | analyzed the consequences of the artificial cleavage by thrombin on the
fragmentation of E5. Therefore, HEK-293T cells expressing E5"*A-TAGNTF and E5"*A-
TAGNTF-TCS were treated with or without thrombin protease followed by protein
harvest and Western blot analysis. The analysis of E5"™A-TAGN™" and E5M"*A-TAGNTF-
TCS verified the appearance of the full-length receptor, which has a predicted size of
84.2 kDa (Fig. 42D), between the 75 kDa and 100 kDa marker band (Fig. 42C).
Furthermore, | observed for both variants the appearance of two low-weight bands
between 25 kDa and 37 kDa in the a-HA-representing channel, which | already
detected in previous experiments of E5**A-TAGNTF (see 6.3.3 and 6.3.5). These bands
may indicate the formation of truncated NTF compared to the predicted NTF size of
48.5 kDa (Fig. 42D). Regarding the thrombin-induced cleavage, the E5"A-TAGNTF-
TCS variant showed no band at the predicted CTF size of 35.7 kDa (Fig 42C,D). In
addition, no band lower than the full-length-representing band was detectable in the -
V5-representing channel (Fig. 42C). In summary, the artificial ES cleavage at the TCS
within the TA-7TM region by thrombin could not be demonstrated.
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Fig. 42: Thrombin cleavage of GPS-cleavage-deficient E5 could not be demonstrated.

(A) Schematic illustration of cleavage-deficient E5™*-TAGN"-TCS expanded by an N-terminal
HA epitope, a C-terminal V5 epitope, an amber stop codon within linker region between EGF5
and GAIN domains, and a TCS within the TA-7TM linker region. (B) Confocal images of HEK-
293T expressing E5"A-TAGN™" and E5"A-TAGN™"-TCS. Cells are IF-labeled using a-HA-Alexa
488 (cyan) and bioorthogonally labeled using H-Tet-Cy5 (magenta). (C) Western blot analysis
of cleavage-deficient E5"A-TAGN™, E5"™A-TAGN"-TCS compared to control cells (only
transfected with PyI*3/tRNAPY') using a-HA and o-V5 antibodies. Constructs were transfected
into HEK-293T cells and treated with and without thrombin protease for 1 h prior to protein
harvest. Detection of B-tubulin serves as an internal loading control. (D) Predicted E5 fragment
sizes of full-length receptor, NTF and CTF based on their amino acid sequence. Used
PyI?S/tRNAPY' system: RScoin. Scale bar 10 pm.

An alternative method for a protease-induced cleavage of E5 is the use of a TEV
cleavage site and respective protease. Previous experiments indicated a reduced E5
surface expression through the presence of a bioorthogonal label in the NTF (see
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6.3.3). Therefore, | decided to incorporate the TEV cleavage site in the cleavage-
deficient E5"A containing an N-terminal HA tag and a C-terminal V5 tag without the
addition of an amber stop codon (Fig. 43A). Moreover, | increased the potential
flexibility and exposure of the TEV cleavage site by flanking it with GGGGS linkers,
which had previously also increased the accessibility of BBS tags within the ECLs of
ES (see 6.3.2).

First, in collaboration with Mareike Hemberger, | analyzed whether the engineered
E5H>A-TEVLnker variant was still transported to the plasma membrane. For this purpose,
E5, E5MA and ES"A-TEVLNker were expressed in HEK-293T cells and subsequent the
surface expression was quantified by ELISA. The quantification data indicated a
surface expression of ~86 % for E5H>A-TEVL"ke" compared to E5 (Fig. 43B). Also, the
cleavage deficiency had no negative effect on the surface delivery, as earlier
determined in this thesis (see 6.2.3).

As a next step, we tested the TEV cleavage and its impact on the fragmentation of E5.
HEK-293T cells expressing E5™# and E5H>A-TEVL"ke" were treated with or without TEV
protease, followed by protein harvest and Western blot analysis. The analysis of E5™
and E5HA-TEVLnker confirmed the appearance of the full-length receptor, which has a
predicted size of 84.2 kDa (Fig. 43D), between the 75 kDa and 100 kDa marker band
(Fig. 43C). Furthermore, a prominent band at 75 kDa was present in both the a-HA-
and a-V5-representing channel of E5"A and E5"*A-TEV-"ker. This band may represent
the non-cleaved, non-glycosylated E5 pro-protein, which already appeared in previous
experiments (see 6.6.1). Moreover, the formation of ES oligomers under reducing
conditions was indicated by a prominent band above 150 kDa. Regarding the TEV-
induced cleavage, the E5"A-TEV-"ke" variant treated with TEV showed a distinct band
at 25 kDa in the a-V-representing channel, which is slightly smaller compared to the
calculated CTF size of 35.7 kDa (Fig. 43C,D). The appearance of this band correlates
with the disappearance of the full-length ES representing band. Furthermore, TEV-
treated E5H*A-TEVHNker showed a distinct band between 50 kDa and 75 kDa, which
represents the NTF even indicated previously (see 6.6.1). Interestingly, the artificial
cleavage seems to have an influence on the NTF bands fraction and thus possibly on
the glycosylation compared to the natural cleavage (see 6.6.1).

In summary, the cleavage of E5MA-TEV-nker py the TEV protease at an artificial TEV
cleavage site within the TA-7TM region by TEV protease could be demonstrated.
Intriguingly, such artificial proteolytic processing of E5 can replace naturally occurring
GAIN domain cleavage in the control of subsequent fragmentation of the receptor,
likely due to secondary cleavage events executed by other, yet unbeknown, proteases.

95



Results

A C
Linker
<
2
S
B _
[Xe)
L
k]
c
2 1.0 1
&
5
% 0.5 -
Q.
é e}
g >
‘1‘:‘j 0 - o}
&
&
&
D
Fragment  Predicted size [kDa] == Full-length =a NTF <3 Truncated CTF
Full-length 84.2
NTF 485
CTF 35.7

Fig. 43: Proteolytic cleavage by TEV protease of the GPS-cleavage-deficient E5 is
feasible and governs secondary receptor fragmentation.

(A) Schematic illustration of cleavage-deficient E5"A-TEV-"™ e expanded by an N-terminal HA
epitope, a C-terminal V5 epitope and a TEV cleavage site within the TA-7TM linker region.
(B) Quantification of surface expression levels of HEK-293T cells expressing E5™* and E5™-
TEV-"er compared to E5. Dataset normalized to expression level of E5. Data are shown as
mean = SEM (N = 1, n = 12). (C) Western blot analysis of cleavage-deficient E5"*, E5"A-
TEV-"er compared to control cells (only transfected with EV) using a-HA and a-V5 antibodies.
Constructs were transfected into HEK-293T cells and treated with and without TEV protease
for 1 h prior to protein harvest. (D) Predicted E5 fragment sizes of full-length receptor, NTF
and CTF based on their amino acid sequence. (B,C) performed by Mareike Hemberger.

6.6.3 Amphipathicity of the GAIN domain of ADGRES

A basic property of aGPCRs is the autoproteolytic cleavage, which leads to the
formation of a NTF-CTF heterodimer (Arag et al., 2012; Gray et al., 1996; Krasnoperov
et al., 1997; Lin et al., 2004). However, studies of L1 and E2 also showed that a
minority of the NTF localize separately from the CTF at the plasma membrane (Huang
et al., 2012; Volynski et al., 2004). Further investigations revealed the existence of an
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amphipathic a-helix in the GAIN domain of E2 anchoring the receptor to the
membrane. Amphipathic helices provide the NTF the ability of membrane-anchoring
independently of the CTF. In addition, the existence of similar amphipathic helices was
also predicted in E5, B2, E4, and L2 (Huang et al., 2018).

Therefore, | decided to further investigate the actual presence of an amphipathic helix
in ES using a fluorescence-based approach. Theoretically, the amphipathic helix
should give the NTF of cleaved ES5 receptors the ability to localize independently of the
CTF at other cells, including non-transfected cells. In contrast, cleavage-deficient E5
receptors should not show this behavior due to the lacking heterodimeric appearance.

A B
HA

E5S>A Control

a-HA

mRFP

Merge

Fig. 44: Fluorescence microscopy shows no evidence for the existent of a membrane-
anchoring helix in the GAIN domain of ES5.

(A) Schematic illustration of E5 expanded by an N-terminal HA epitope. (B) Confocal images
of unfixed HEK-293T cells co-expressing cleaved E5 or non-cleaved E5% together with
soluble mRFP (magenta). E5 variants were stained using o-HA-Alexa 488 (cyan). Non-
transfected cells serve as labeling controls. Merge shows no NTF localization on non-
transfected cells. Scale bar 50 ym.

To test this, | expressed cleavable E5 and cleavage-deficient E55*A containing an N-
terminal HA tag in HEK-293T cells (Fig. 44A). Non-transfected HEK-293T cells served
as a negative control. To visualize cells expressing E5, | co-transfected cells with a
plasmid coding for a soluble mRFP. Additionally, the NTFs of ES were IF stained with
o-HA-Alexa 488. The confocal images of living cells indicated the presence of NTFs

97



Results

only at the plasma membranes of transfected cells, which refuted the existence of a
membrane-anchoring helix in the GAIN domain of E5 receptors (Fig. 44B).

To sum up, this chapter investigated the possibility of alternative cleavage sites within
the E5 receptor based on Western blot analyses, which revealed the formation of
truncated NTF and CTF fragments exclusively for cleavable E5 receptors. The
incubation with DAPT excluded an y-secretase-mediated cleavage of E5. Also, an
artificial cleavage at an inserted TCS in the linker region of TA and 7TM domain was
not successful. However, a TEV cleavage site with N-terminal and C-terminal linkers
at the same position was cleavable by TEV proteases. Interestingly, the artificial
cleavage using TEV resulted in the additional processing of the CTF. In the last
experiment, | explored the existence of an amphipathic a-helix within the GAIN domain
of ES, which may be able to anchor the NTF to the plasma membrane independently
of the CTF. No evidence for this could be established.
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7 Discussion

7.1 Tethered agonist exposure demonstrates the intrinsic structural
flexibility of the intact GAIN domain

The GAIN domain, which mediates an autocatalytic self-cleavage during aGPCR
maturation, represents a functional and structural hallmark of this receptor family.
(Gray et al., 1996; Nieberler et al., 2016). aGPCR self-cleavage leads to the formation
of a non-covalently attached heterodimer comprising an NTF and a CTF (Gray et al.,
1996; Krasnoperov et al., 1997). So far, experimental data indicated that the first 7-18
amino acids of the CTF acts as a TA, which is able to trigger the activity of an aGPCR
through its interaction with the 7TM domain (Liebscher et al., 2014; Liebscher and
Schoneberg, 2016; Stoveken et al., 2015; Wilde et al., 2016). Interestingly, two models
of TA-dependent aGPCR activation have been discussed for aGPCRs. The first model,
termed dissociation model, describes the separation of the NTF from the CTF, which
leads to the release of the TA followed by its interaction with the 7TM domain. In the
second model, termed non-dissociation model, the interaction of the TA and the 7TM
domain is catalyzed through a conformational change of the GAIN domain without the
separation of the heterodimer. The physiological stimuli mediating the TA-7TM domain
interaction are still unknown or ill-defined for a variety of aGPCRs. However, previous
findings revealed the involvement of aGPCRs in mechanosensation, indicating that
mechanical forces and/or ligands are able to promote receptor activation (Langenhan,
2019; Petersen et al., 2015; Scholz et al., 2016, 2015).

Interestingly, the GAIN domain crystal structures of the L1 and B3 receptors showed
that the TA is deeply buried inside the domain (Arag et al., 2012). This circumstance
indicated that the TA is unavailable for interactions with the 7TM domain and thus
unable to mediate a receptor stimulation into downstream signaling at a first glance.
However, this stands in contrast with different results, which have addressed aGPCR
structure and activation. First, aGPCRs such as G5 are activated through the TA,
although they are not autoproteolytically cleaved due to the missing consensus
cleavage tripeptide sequence (Wilde et al., 2016). Second, the basal activity of
cleavable aGPCRs such as GPR133 (ADGRD1/D1), G6 and ES is maintained even if
the autoproteolysis is abolished through mutations of the cleavage tripeptide
suggesting a TA-7TM domain interaction (Hilbig et al., 2018; Liebscher et al., 2014).
Third, in vivo experiments of Caenorhabditis elegans LAT-1 and Drosophila
melanogaster CIRL showed that the aGPCR self-cleavage is dispensable for a proper
receptor function (Promel et al., 2012; Scholz et al., 2017). Furthermore, in vivo
experiments of CIRL indicated that the mutation of the GPS compromising the first
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amino acid of the TA led to an abolition of the GAIN domain-mediated autoproteolysis
and the receptor function at the same time (Scholz et al., 2017). Summing up, this set
of published experiments supports the non-dissociation model suggesting that the TA
of cleavage-deficient aGPCRs is able to interact with the 7TM domain and therefore
activate the receptor regardless of its autoproteolysis (see 4.3). However, the
molecular mechanism behind the non-dissociation is still unknown at the moment.

| confirmed the TA accessibility in full-length L1, B3, G1, E2 and ES5 receptors by
bioorthogonal labeling of conserved +3 and +6 positions within their TAs in vitro.
Interestingly, these in vitro approaches revealed an effective labeling of the
hydrophobic +3 - +6 stretch within the TA under unstimulated conditions, which further
demonstrated that even these positions are becoming exposed, indicating that also the
hydrophobic stretch is able to engage with the 7TM domain. Currently, the exact stimuli
leading to an activation of aGPCRs are largely ill-defined, therefore approaches were
performed in an unstimulated situation. Hypothetically, the stimulation with ligands or
mechanical forces could promote a stronger opening of the GAIN domain, leading to
an additional exposure of the TA.

Interestingly, concomitant molecular dynamic simulations of the GAIN domain in
collaboration with Peter Hildebrand’s lab discovered the opening of two flaps, which
may provide accessibility of the TA to the solvent (data not shown) (Altrichter et al.,
unpublished). In detail, these molecular dynamic simulation experiments showed that
the polar residues (+1, +2, +7) of the TA core region are exposed in the intact GAIN
domain, whereas the hydrophobic residues (+3 - +6) are initially shielded from the polar
environment (data not shown) (Altrichter et al., unpublished). Consequently, this
opening event within the intact GAIN domain may represent a possible molecular
mechanism explaining the non-dissociation model. The molecular dynamic simulations
were based on crystal structures of L1, B3 and G1 GAIN domains (Arag et al., 2012;
Salzman et al., 2016) and homology models of E2 and E5 GAIN domains, indicating
that the TA accessibility is a general structural feature of this receptor family (Altrichter
et al., unpublished). Furthermore, these experiments demonstrated the extraordinary
flexibility of the GAIN domain (Altrichter et al., unpublished).

Interestingly, protease-activated receptors (PARs), class A GPCR members, are also
activated by the exposure of a TA through proteolytic processing of their ECR by a
thrombin cleavage (Vu et al., 1991). The crystal structure of PAR1 revealed an
orthosteric binding site using the irreversible antagonist, voraxapar, which binds to the
extracellular surface and therefore prevents the TA binding (Zhang et al., 2012). The
molecular dynamic simulation and bioorthogonal labeling demonstrated the
conformational flexibility of the GAIN domain suggesting a model, in which its open
conformation exposes the TA, mediating its interaction with the extracellular loops of
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the 7TM domain, similar to the PAR1 receptor (Fig. 45). The complete opening of the
GAIN domain would require extensive structural rearrangements within the GAIN
domain, which may affect the non-covalent interactions that anchor the TA inside the
domain. These rearrangements could stepwise increase the TA exposure and
recognition by the 7TM domain in dependency of the stimulation intensity. In this
context, the degree of TA exposure could correlate with the intensity of the signal
transduction. Furthermore, this includes transition steps from a pre-bound to a fully
7TM domain-bound TA as previously suggested (Demberg et al., 2015; Liebscher and
Schoneberg, 2016).

Also, | investigated the effect of a human missense mutation in the GAIN domain of
E2, which leads to a rare autosomal dominant form of VBU. Hypothetically, this C492Y
mutation leads to a destabilization of the NTF-CTF heterodimer and thus to an
increased accessibility of the TA (Boyden et al., 2016). The mechanical stimulation
through shaking the cells prior to or during labeling did not impact the TA accessibility,
indicating that the C492Y mutation in VBU patients is not causing the exposure of the
TA through the GAIN domain destabilization and subsequent receptor activation. This
experiment suggests that beside TA-dependent signaling aGPCRs may undergo
further signaling mechanisms without the involvement of the TA in 7TM domain
activation. These TA-independent mechanisms may comprise the direct interaction of
the GAIN domain or other extracellular domains with the 7TM domain, inducing
conformational changes and consequently downstream signaling (Kishore et al., 2016;
Kishore and Hall, 2017; Salzman et al., 2017).

In summary, this set of experiments demonstrates an until now unknown mechanism
of spontaneous TA exposure, which potentially modulates downstream signaling.
Prospective investigations including crystallography or cryogenic electron microscopy
of the GAIN-7TM domain tandem are required to further detail their conformational
relationship. Approaches like these may solve the exact interaction sites between the
TA and the 7TM domain and thus discover suitable targeting regions. Furthermore,
pharmacological targeting sites within the GAIN-7TM domain tandem may be revealed,
allowing a possible strategy to influence the TA-dependent aGPCR signaling and
potentially allows the therapy of related diseases. In addition, experiments performed
in this study demonstrated that the bioorthogonal labeling technique is useful to label
hardly accessible positions within intact domains like the GAIN domain, therefore
providing an ideal tool to replace larger fluorescent tags like genetically encoded
chromophores.
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Fig. 45: Model of the structural rearrangements promoting the TA exposure in the intact
GAIN domain.

Stimulation of the aGPCR by ligands and/or mechanical forces leads to the opening of two
flaps (dashed lines) in the surface of the intact, non-dissociated GAIN domain. The opening
stepwise increases the TA exposure and its recognition by the 7TM domain proportionally to
the stimulation intensity. Consequently, the TA-7TM domain interaction promotes receptor
signaling. The closed and semi-open states of the GAIN domain were observed in crystal
structures, molecular homology models and molecular dynamic simulations by Peter
Hildebrand’s lab. The open state, which would allow the interaction between the entire TA
region and the 7TM domain, is speculative. However, bioorthogonal labeling results obtained
from this study indicate that a larger region of the TA is exposed to the solvent. Adapted from
Altrichter et al., unpublished.

7.2 TA-induced structural changes of the ADGRES5 7TM domain

Molecular dynamic stimulations already demonstrated an opening within the GAIN
domain, which may allow the release of the TA and its subsequent interaction with the
7TM domain to stabilize the receptor in an active conformation (Altrichter et al.,
unpublished). This suggests that the 7TM domain undergoes structural rearrangement
mediated by the TA, resulting in the signal transduction through downstream signaling
proteins (e.g. G-proteins, B-arrestins). However, experimental evidence for the 7TM
domain rearrangements is still missing. A compounding factor is that no solved crystal
structure of the 7TM domain is available for the aGPCR family; in contrast, at least one
crystal structure was published for other families of the GPCR superfamily (Isberg et
al., 2015; Nijmeijer et al., 2016). Crystal structures of proteins provide one way to solve
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domain conformations depending on the activity status at atomic resolution allowing,
in combination with molecular dynamic stimulation, the detailed investigation of
structural rearrangements within the 7TM domain including ECLs, ICLs and
transmembrane a-helices (Latorraca et al., 2017). However, another prominent
method to determine conformational changes in vitro and in vivo is FRET. This method
allows the measurement of distance changes within the 7TM domain of various GPCR
members upon ligand binding (Hoffmann et al., 2005; Nakanishi et al., 2006; Vilardaga
et al., 2003; Ziegler et al.,, 2011). The first functional GPCR FRET sensors were
designed for the class A 02aAR, and the class B parathyroid hormone receptor
(Vilardaga et al., 2003). Over the recent years more and more FRET sensors were
established for further class A and B members, but also for class C GPCRs like the
metabotropic glutamate receptor 1 (Hlavackova et al., 2012; Stumpf and Hoffmann,
2016). These sensors helped to analyze the ligand-induced structural changes of the
7TM domain and thus provide a more accurate picture of the functional mechanism
and signal transduction of these receptors.

However, FRET sensors capable of investigating structural rearrangements of the
aGPCR family are still missing. Additionally, the ill-defined physiological stimuli of
aGPCRs constitute an aggravating factor to determine rearrangements upon receptor
activation. In order to effectively test whether the 7TM domain of aGPCRs is involved
in signal transduction, | used to my advantage the fact that the deletion of the NTF
leads to constitutively active receptors (E52N™F) and that the deletion of the CTF leads
to constitutively inactive receptors (E52ECR) (Hilbig et al., 2018; Liebscher et al., 2014;
Stoveken et al., 2015) (see 4.3). | generated FRET sensors for the E5 receptor based
on the previously described GPCR sensor layouts comprising fluorophores in the ICL3
and the ICR (Hoffmann et al., 2005; Jensen et al., 2009; Vilardaga et al., 2003). |
demonstrated activity-dependent distance changes within the 7TM domain of E5 by in
vitro FRET analyses. These distance changes were independent of the receptor self-
cleavage. In contrast, mutations of the TA core region, which abolished the
metabotropic receptor activity of several aGPCRs (Liebscher et al., 2014; Stoveken et
al., 2015), affected the 7TM domain conformation of full-length E5, whereas the
conformation of E5*NTF was unaffected. In detail, the FRET efficiency of full-length E5
was reduced to a comparable level of E5*CR, indicating that E5 adopts an inactive
receptor conformation upon TA mutation. This set of experiments suggests that the
7TM conformation of E5 differs in dependency of the activation state. In detail, the 7TM
domain adopts at least three different conformations — basal, active and inactive
conformation. This is comparable to FRET analyses of GPCRs treated either with an
agonist or an inverse agonist leading to an receptor activation or inactivation
respectively (Hoffmann et al., 2009; Vilardaga et al., 2005). Recent studies suggested
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that GPCRs appear to exist in multiple inactive and active conformations, which are
probably mediated by the binding of diverse (inverse) agonists (Gurevich and
Gurevich, 2017; Manglik et al., 2015). This could also explain the conformational
differences between full-length E5 and E5*NTF upon identical mutations of the TA
suggesting that both receptors adopt different inactive conformations.

Furthermore, | demonstrated that the cellular localization differs between full-length
E5, E5*NTF and E5ECR. Full-length E5 was localized in the cell surface and in
intracellular vesicles, whereas the truncated E5 variants were exclusively intracellularly
located. Also the NTF/ECR deletion of G6 and D1 generated constitutively
active/inactive receptor variants, which exhibited an impaired surface delivery
(Liebscher et al., 2014). The authors rescued the surface delivery by the fusion of the
P2Y 1> N-terminus to the N-terminal end of the aGPCR, which still preserved the
constitutive activity/inactivity of the receptor (Liebscher et al., 2014). Intriguingly,
constitutive receptor activity associated with intracellular localization was observed for
several GPCRs (Hendrik Schmidt et al., 2019; Jacobsen et al., 2017; Trivedi and
Bhattacharyya, 2012). One example represents the angiotensin Il type 1 receptor
(AT1), which is a critical mediator in blood pressure control and sodium homeostasis
(Miserey-Lenkei et al., 2002). Constitutively active AT1s, genetically engineered by
single point mutations within the 7TM domain or the ICR, were mostly located in
intracellular vesicles (Miserey-Lenkei et al., 2002). The incubation with the inverse
agonist losartan promoted the translocation of constitutively active AT1 to the plasma
membrane indicating its constitutively internalization and recycling (Miserey-Lenkei et
al., 2002). In this context, | also demonstrated the constitutive internalization of full-
length ES by several labeling approaches, suggesting that constitutively active ES and
AT1 might experience similar intracellular localization and signaling mechanisms.
Additionally, a variety of GPCRs undergo internalization after agonist-induced
activation at the plasma membrane, resulting in internalization and signaling from
intracellular compartments like endosomes or the Golgi system (Calebiro et al., 2010,
2009; Godbole et al., 2017; lIrannejad et al., 2013). This represents further evidence
that GPCRs are able to perform signaling from intracellular compartments. In contrast,
reasons for the predominantly intracellular localization of the constitutively inactive
E5%ECR remains elusive for the moment. Speculatively, the deletion of the ECR could
affect the receptors conformation in a manner that no proper surface delivery via the
translocation machinery is possible.

Another important mechanism regarding the modulation of receptor signaling
represents dimerization. The formation of dimers and higher order oligomers between
identical (homo-) or different (hetero-oligomerization) proteins occurs in a variety of
cytosolic and cell surface receptors (Bain et al., 2007; Lohse, 2010). Oligomerization
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of GPCRs is associated with ligand recognition, receptor activation, signal transduction
and trafficking (Lohse, 2010). The underlying mechanisms and appearance of
dimerization/oligomerization events in regard to the aGPCR family represents a poorly
investigated field. Only few experimental data, e.g. the dimerization of the
Caenorhabditis elegans LAT-1, are available. Intermolecular complementation assays
demonstrated that the RBL domain is necessary for the cross-activation between two
LAT-1 receptors (Promel et al., 2012). Consequently, this study demonstrated that the
RBL domain mediates the interaction of LAT-1 receptors, resulting in functional dimers
in vivo (Promel et al., 2012). In this thesis, intermolecular FRET analyses showed the
oligomerization of another aGPCR member, the E5 receptor. In detail, FRET analyses
of basal active and constitutively active/inactive E5 variants revealed diverse effects
on the distance between the receptors in relation to their activity, meaning that the
distance of inactive receptors was wider in contrast to active receptors, which showed
the closest proximity, whereas the basal active receptor was to be classified in between
(Fig. 46). However, also activity-dependent arrangements of the 7TM domains to each
other could lead to different FRET signals. Furthermore, it is probably important that
the investigated E5 variants showed different cellular localizations, which could also
have an effect on the oligomerization. These FRET analyses further suggested, that
the E5 oligomerization is mediated via the 7TM domain. Interestingly, oligomerization
mediated by the 7TM domain was also observed for another member of the subfamily
E, the E2 receptor (Davies et al., 2007). The authors described the oligomerization of
E2 as an autoproteolysis-independent mechanism (Davies et al., 2007). Western blot
analyses of E5 showed multiple bands above the full-length receptor, indicating
oligomeric E5 complexes. Interestingly, these complexes appear also under reducing
conditions, suggesting strong non-covalent forces between the E5 proteins.
Furthermore, oligomeric E5 bands appeared independently of the GAIN domain-
mediated cleavage, which further arises the question for the physiological function of
the autoproteolysis.

In conclusion, the obtained FRET results in this thesis indicate an activity- and
localization-dependent structural rearrangement of the E5 7TM domain and an
oligomerization of E5 (Fig. 46). This allows for speculations about the mechanisms of
aGPCR signaling. Basal active E5 is transported to the plasma membrane, where it
slightly interacts with further ES receptors. The activation through the TA results in a
rapid internalization and stronger interaction between the ES receptors, which
stabilizes the active receptor conformation. Additionally, these events promote
conformational changes of the 7TM domain, which lead to the activation of
downstream signaling partners. Next, the desensitization is mediated by the
dissociation of the ES receptors and the conformational change of their 7TM domain,
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preventing further interactions with signaling partners. Finally, ES may be transported
to the lysosome, resulting in receptor degradation, or transported back to the plasma
membrane. This speculative signaling life cycle based on experimental data of
constitutively active/inactive E5 variants, which allow the simplified investigation of
fundamental aGPCR signaling mechanisms. However, prospective analyses could be
performed exclusively with full-length aGPCRs and physiological relevant stimuli to
further elucidate the complex molecular mechanisms of aGPCR signaling. In addition,
the combination of FRET assays and signaling assays are of great interest to
simultaneously analyze the relation between structural rearrangements and activity of
aGPCRs.

Adhesion
domains

«—> «—>
Fragment Full-length ANTF AECR
Activity Basal t {
Localization| PM/Intracellular Intracellular Intracellular

Fig. 46: Potential activity- and/or cellular localization-dependent oligomerization modes
of ES.

The formation of oligomeric E5 complexes depends on the activity status and/or the cellular
localization of the receptors. Full-length E5 localizes at the plasma membrane (PM) and in
intracellular vesicles, and shows a basal activity. The deletion of the NTF leads to an increased
activity and a closer receptor distance, whereas the deletion of the CTF leads to a decreased
activity and a wider receptor distance. Additionally, these deletions result into an exclusively
intracellular receptor localization. Original data of depicted E5 signaling assay results are
published in Hilbig et al., 2018.

7.3 Natural and artificial receptor cleavages control secondary
proteolytic processing of ADGRES

This thesis already highlights the biological importance of the GAIN domain and its TA
for the activation and signal transduction of aGPCRs. | demonstrated that the TA is
able to interact with the 7TM domain independent of the NTF-CTF dissociation.
Additionally, | showed that the cleavage deficiency of the GAIN domain had no
influence on the 7TM domain conformation. Altogether, this suggests that the GAIN
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domain-mediated self-cleavage is likely irrelevant for the aGPCR signal transduction.
Also in vitro and in vivo experiments showed that the receptors function was not
affected by non-functional autoproteolysis (Hilbig et al., 2018; Liebscher et al., 2014,
Promel et al., 2012; Scholz et al., 2017). In addition, several aGPCRs remain
uncleaved due to the absent GPS motif and are still fully functional (Langenhan, 2019;
Wilde et al., 2016). Consequently, this raises the question of the physiological role of
the GAIN domain-mediated cleavage.

Surprisingly, Western blot analysis of E5 performed in this thesis revealed an
unexpected band pattern, comprising additional bands apart from the expected full-
length receptor, NTF and CTF corresponding bands. The band pattern suggests the
existence of a cleavage site in the NTF above the GAIN domain and another cleavage
site in the CTF, more precisely in the 7TM domain (Fig. 47A). Interestingly, the
additional observed bands disappeared in cleavage-deficient E5 variants, indicating
that the autoproteolysis initializes additional cleavage events within the receptor and,
thus, suggests a potential new and still unknown biochemical processing and
physiological function. However, the nature of the cleavage sites and its protease(s)
remains not known. In this context, additional NTF- and CTF-located cleavage sites
beside the GAIN domain are already known for several aGPCRs (Fig. 47B). The
subfamily F members, F1 and F5, undergo an autoproteolytic reaction at the SEA
domain, which is located in the NTF above the GAIN domain (Abe et al., 2002; Lum et
al., 2010). The resulting fragments of the SEA domain-mediated cleavage remain non-
covalently attached to each other similar to the fragments of the GAIN domain-
mediated autoproteolysis (Levitin et al., 2005). However, in the case of the SEA
domain, the remaining N-terminal fragment represents a proEGF2 region, which is
additionally cleaved by furin, a serine protease (Fukuzawa and Hirose, 2006). This
cleavage converts the fragment to a EGF2 domain, which remains associated to the
F5 receptor forming a heterotrimer (Fukuzawa and Hirose, 2006). Similar furin-
mediated cleavage events within the NTF were also observed for B1, B2 and G6 (Cork
et al.,, 2012; Moriguchi et al., 2004; Okajima et al., 2010). In the case of B1, the
cleavage occurs in two steps: furin protease activates the matrix metalloproteinase-
14, which finally cleaves between the thrombospondin type-1 repeats (Cork et al.,
2012). Another example is the furin-mediated cleavage of L1 and L2, which occurs at
the TA-7TM domain linker region for a minor fraction of receptors (Krasnoperov et al.,
2009). The cleavage of several aGPCRs by furin allows for speculations about the
existence of a furin cleavage site within the E5 sequence. For this purpose, the use of
furin specific inhibitors could elucidate whether E5 is cleaved by furin or not. However,
a prediction algorithm for furin cleavage sites showed no hit for E5 at the moment
(Duckert et al., 2004).
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CTF-located cleavage sites are already known for polycystin-1, an eleven
transmembrane-spanning protein, which is involved in autosomal dominant polycystic
kidney disease (Igarashi, 2002). This molecule shares structural characteristics with
aGPCRs including an extraordinarily large ECR containing a GAIN domain, hallmark
feature of the aGPCR family (Merrick et al., 2014). In contrast to ES, the polycystin-1
CTF is cleaved by a y-secretase regardless of its autoproteolysis (Merrick et al., 2014;
Woodward et al., 2010) (Fig. 47B). Mechanical stimulation triggers the further
processing (Chauvet et al., 2004; Low et al., 2006; Merrick et al., 2014). The Notch
receptor is another example for transmembrane domain cleavage. This single
transmembrane receptor undergoes a cleavage cascade (Fig. 47B), including S1
cleavage by a furin protease in the Golgi system, resulting in the formation of a
heterodimeric receptor (Blaumueller et al., 1997). Ligand binding catalyzes a
metalloprotease-mediated cleavage at the S2 site (Brou et al., 2000). The resulting
CTF is additionally cleaved by a y-secretase at the S3 site, which promotes the
translocation of the intracellular fragment to the nucleus (van Tetering and Vooijs,
2011). In this study, | also tested whether the E5 CTF is additionally processed by a y-
secretase. To this end, | specifically inhibited y-secretases using DAPT, which was
already successfully applied for the Notch receptor (Dovey et al., 2009; Geling, 2002).
DAPT treatment showed no impact on the Western blot band pattern, indicating no
involvement of a y-secretase in the CTF cleavage of E5. Consequently, the nature of
the CTF-located cleavage sites is still unknown, so the use of additional specific
protease inhibitors could help to further solve this puzzle.

Interestingly, the further ES processing, which is initialized by the autoproteolytic
cleavage of the GAIN domain, can also be mimicked by artificial cleavage within the
TA-7TM linker region, suggesting that the formation of the heterodimeric receptor
layout is necessary for additional cleavage events. This allows for the speculation that
the proteolytic separation of E5 leads to conformational changes promoting the
accessibility of additional cleavage sites.

In summary, Western blot analyses indicate unknown cleavage events within the NTF
and the CTF of E5. However, experimental data in this thesis allow no statement about
the nature and sequence of the additional cleavage sites within the ES receptor, which
thus, remain unknown at the moment. With the purpose of elucidating the exact
position of cleavage sites and their origin, the purification of the fragments and their
subsequent analysis by Edman degradation, which allows the sequencing of amino
acid sequences from the N-terminal end (Edman, 1949), could be performed.
Furthermore, the subcellular localization, interaction partners and functional relevance
of these E5 fragments are still unknown. In this context, detailed analyses could
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elucidate these questions, contributing to a better understanding of their overall
function.

A
Fragment Predicted size [kDa]
Full-length  84.2
NTF 485
CTF 35.7
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Fig. 47: Theoretical processing of E5 in comparison to known cleavage events of
transmembrane receptors.

(A) Schematic illustration of potential additional cleavage sites within E5. Predicted ES
fragment sizes of full-length receptor, NTF and CTF based on their amino acid sequence.
(B) Schematic illustration of known autoproteolytic cleavage and proteases-mediated cleavage
events within aGPCRs in comparison to polycystin-1 and Notch receptor. Adapted from
Nieberler et al., 2016.

7.4 Internalization modes of ADGRE5S

The process of internalization represents the least investigated and ill-defined
mechanism of the aGPCR family. In contrast, it is well understood that the stimulation
by ligands results in the arrestin-dependent internalization of many members of the
GPCR superfamily (Fig. 48). In detail, receptor stimulation leads to the release of G-
proteins, promoting the phosphorylation of intracellular receptor regions by GPCR
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kinases (GRKSs). The association of phosphorylated receptors with 3-arrestin mediates
the desensitization and clustering of GPCRs in clathrin-coated pits. Finally, the
receptors are internalized via the clathrin-dependent endocytic machinery and
transported to early endosomes, where the dephosphorylation and the ligand
dissociation occurs. The internalized GPCRs are either delivered to lysosomes
resulting in their degradation or they are recycled and transported back to the plasma
membrane (Irannejad and von Zastrow, 2014; Lohse and Hoffmann, 2014) .

Interestingly, recent studies demonstrate that p-arrestins function as scaffolds and
adapters that modulate mitogen-activated protein kinases, including c-Jun N-terminal
kinases and extracellular-regulated kinases, consequently regulating their related
pathways (Miller and Lefkowitz, 2001).

The recruitment of pB-arrestins was only observed for few aGPCRs, namely: B1, B2,
G1, GPR64 (ADGRG2/G2) and GPR97 (ADGRG3/G3) (Kishore et al.,, 2016;
Langenhan, 2019; Southern et al., 2013; Zhang et al., 2018). Furthermore, co-
immunoprecipitation analyses revealed the direct interaction between ES5 and -
arrestin 1, suggesting that also E5 undergoes arrestin-dependent internalization (Yin
et al., 2018). In this case, the receptor internalization was triggered by the stimulation
with soluble CD55, resulting in an extensive phosphorylation by GRKs (Yin et al.,
2018). In contrast, | demonstrated that full-length E5 internalized independently of a
specific stimulation through ligands and/or mechanical forces. This ligand-independent
internalization, also known as constitutive internalization, has been observed for
several other members of the GPCR superfamily (Hendrik Schmidt et al., 2019;
Jacobsen et al.,, 2017; Trivedi and Bhattacharyya, 2012). Intriguingly, this process
mediates the degradation and recycling of GPCRs similar to the ligand-induced
internalization, however, the physiological function of the constitutive internalization
remains elusive at the moment (Hendrik Schmidt et al., 2019; Scarselli and Donaldson,
2009). Interestingly, the ligand-dependent ES internalization was observed in human
hepatocarcinoma cell line SMMC-7721 (Yin et al., 2018), whereas | determined the
ligand-independent internalization of E5 in HEK-293T cells, suggesting that the type of
internalization depends on the cellular background. Similar mechanisms were already
described for the melanocortin-4 receptor, which is ligand-dependent internalized in
HEK-293 cells and ligand-independent in N2A and GT1-7 cells (Gao et al., 2003;
Mohammad et al., 2007)

It remains unknown whether the constitutive internalization of ES occurs by B-arrestin-
dependent or -independent mechanisms. However, both mechanisms have already
been observed for GPCRs. The mechanism of [(-arrestin-dependent constitutive
internalization has been described for the a1s-adrenergic receptor (Morris et al., 2004).
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In contrast, the constitutive internalization of chemokine receptor US28 occurred
independently of B-arrestin recruitment (Fraile-Ramos et al., 2003). In this regard,
already established FRET sensors could help to elucidate a relationship between [3-
arrestin and aGPCR (Krasel et al., 2005; Nuber et al., 2016).

In conclusion, published data and experimental data of this study indicate that E5
undergoes ligand-dependent and -independent internalization events, which may
promote desensitization, degradation, recycling and intracellular signaling modes. The
appearance of intracellular signaling modes were already demonstrated in this study
by extensive FRET analyses. However, the mechanisms of E5 internalization are still
elusive. For this purpose, prospective analyses will deal with the scientific question
whether ligand-dependent and -independent internalization occur simultaneously or
are specifically triggered by different effectors such as cell type, receptor activity or
interaction partners. Additionally, functional and subcellular location differences
between these internalization types represent another point to investigate in detail. The
combination of established labeling techniques and pre-described signaling assays
(Hilbig et al., 2018; Liebscher et al., 2014; Nazarko et al., 2018) will certainly contribute
to elucidate the complex internalization mechanisms of aGPCRs.
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Fig. 48: B-arrestin-dependent signaling life cycle of GPCRs.

Receptor stimulation leads to the release of G-proteins, followed by phosphorylation of the
intracellular receptor region through GPCR kinases (GRK). Next, the phosphorylated receptors
interact with p-arrestin, mediating the desensitization and clustering of GPCRs in clathrin-
coated pits. The receptors are internalized via the clathrin-dependent endocytic machinery,
followed by their transport to early endosomes, where the dephosphorylation and the ligand
dissociation occurs. Finally, the internalized GPCRs are either delivered to lysosomes resulting
in their degradation or they are recycled and transported back to the plasma membrane.
Adapted from Irannejad and von Zastrow, 2014.
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9 Appendix

9.1 Supplementary tables

Supp. Tab. 1: Plasmids provided by internal and external sources.

Receptor Plasmid Description Vector Reference

construct ID

Tags

backbone

Subclone pTL444 | Mouse G1 pcDps HA/FLAG | Ines
Liebscher
CIRL pTL512 | Drosophila CIRL with N-terminally | pcDps HA Tobias
fused SP of G1 Langenhan
F5-mVenus | pTL647 | Mouse F5 with C-terminally fused | pHL-sec - Elena
mVenus Seiradake
F5-mVenus | pTL654 | Mouse F5 with C-terminally fused | pHL-sec HA Tobias
mVenus Langenhan
CIRL- pTL665 | Drosophila CIRL with C-terminally | pHL-sec HA/FLAG | Tobias
mVenus fused mVenus Langenhan
EV pTL671 | Empty pHL-sec vector pHL-sec - Tobias
Langenhan
E5-EGFP pTL675 | Human E5 with C-terminally | pcDNA4 - Tobias
fused EGFP Langenhan
ES5 pTL676 | Human E5 pcDps HA/N5 Gabriela
Aust
Subclone pTL685 | Cleavage-deficient human E55A | pcDNA4 - Tobias
with C-terminally fused EGFP Langenhan
Subclone pTL695 | Cleavage-deficient human E5"A | pcDNA4 | - Tobias
with C-terminally fused EGFP Langenhan
P2Y12-CIRL | pTL696 | Fusion protein between | pcDps HA/FLAG | Tobias
Drosophila CIRL CTF and ECR of Langenhan
human P2Y12 receptor
P2Y12- pTL697 | Fusion protein between | pcDps HA/FLAG | Tobias
CIRLATA Drosophila CIRL CTF without TA Langenhan
and ECR of human P2Yi
receptor
Subclone pTL720 | Human E5 with TAG codon | pcDps HA/V5 Gerti Beliu
between EGF5 and GAIN
RSltemke pTL781 | tRNAPY/NESPyIRSAF pcDNA3.1 | - Niki¢c et al.,
2016
Subclone pTL840 | RatL1 pcDps HA/FLAG | Simone
Préomel
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Receptor

construct

Description

Vector

backbone

Reference

Subclone pMN17 | Cleavage-deficient  Drosophila | pcDps Matthias
CIRL™A with N-terminally fused Nieberler
SP of G1
Subclone pMH18 | Cleavage-deficient  Drosophila | pcDps HA Matthias
CIRL"A with N-terminally fused Nieberler
SP of G1
EV pSA2 Empty pcDps vector pcDps - Tobias
Langenhan
P2Y12 pSA3 Human P2Y12 pcDps HA/FLAG | Ines
Liebscher
02aAR- pSA18 | Mouse a2nAR with FIAsH tag | pcDNA3.1 | - Isabella
FIAsH- within the ICL3 and C-terminally Maiellaro
mTurq fused mTurq
EV pSA25 | Empty pcDNA3.1 vector pcDNA3.1 | - Isabella
Maiellaro
mRFP pSA75 | mRFP under CMV promotor unknown | - Gerti Beliu
RS¢Cein pSA81 | MbPyIRSF/tRNAM1® pcDNA3.1 | - Serfling et
al., 2018
Subclone pNH104 | Cleavage-deficient  Drosophila | pcDps - Nicole
CIRL™A with N-terminally Scholz
mTurquoise and FIAsH tag within
the ICL3
B3 pNH221 | Human B3 pcDNA3.1 | HA Nicole
Scholz
B3- pNH235 | Human B3 with TAG codon within | pcDNA3.1 | HA Nicole
TAGCGPS*3 the GPS at position +3 Scholz
B3- pNH236 | Human B3 with TAG codon within | pcDNA3.1 | HA Nicole
TAGCPS*6 the GPS at position +6 Scholz
B3- pNH237 | Human B3 with TAG codon within | pcDNA3.1 | HA Nicole
TAGEPS*15 the GPS at position +15 Scholz
Subclone plB8 Human E2 pcDNA3.1 | HA Ina Brauer
CIRL pJT2 Drosophila CIRL with N-terminally | pcDNA3.1 | HA Johanna
fused SP of G1 Irmer
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Supp. Tab. 2: Plasmids generated and used in this thesis.

Receptor Plasmid Description Construction Primers used

Tags

construct

ID

Constructs listed below were cloned into pcDps vector backbone
mTurqg?-E5 pSAG Human E5 with mTurq (+ AAAA linkers) between EGF5 and GAIN HA/N5 SLIC of pTL676 (B) and | sa_12F, sa_13R (B)
(DMTF...STWT) pNH104 (1) sa_14F, sa_15R (I)
mTurq®-E5 pSA7 Human E5 with mTurq (+ AAAA linkers) between EGF5 and GAIN HA/N5 SLIC of pTL676 (B) and | sa_16F, sa_17R (B)
(SLPK...GPFT) pNH104 (1) sa_18F, sa_19R (I)
mTurqg?-E5H>A pSA8 | Cleavage-deficient human E5"* with mTurq (+ AAAA linkers) | HA/V5 | Ligation: 0.2 kb fragment of pTL695 and 6 kb fragment
between EGF5 and GAIN (DMTF...STWT) of pSAG (Aarl)
mTurqg®-E5%A pSA9 | Cleavage-deficient human E5™A with mTurq (+ AAAA linkers) | HA/V5 | Ligation: 0.2 kb fragment of pTL695 and 6 kb fragment
between EGF5 and GAIN (SLPK...GPFT) of pSA7 (Aarl)
Subclone pSA14 | Cleavage-deficient human E55* with TAG codon within the NTF HA/V5 | Ligation: 4.2 kb fragment of pTL720 and 1.3 kb
fragment from pTL685 (EvoRV/Sbfl)
Subclone pSA15 | Cleavage-deficient human E5™* with TAG codon within the NTF HA/V5 | Ligation: 4.2 kb fragment of pTL720 and 1.3 kb
fragment from pTL695 (EvoRV/Sbfl)
Subclone pSA16 | Fragment of E5 in pMSC5 backbone with FIAsH tag within the ICL3 V5 Ligation: 3.5 kb fragment of | sa_47F, sa_48R (B)
Um.>j (B) and annealed sa_49F, sa_50R (1)
primers (1)
E5-FIAsH pSA19 | Human E5 with FIAsH tag within the ICL3 (LTQK...KKLK) HA/NS Ligation: 0.45 kb fragment of pSA16 and 5.1 kb
fragment of pTL676 (EcoRI/Eagl)
mTurg?-E5- pSA20 | Human E5 with mTurg (+ AAAA linkers) between EGF5 and GAIN HA/N5 Ligation: 0.45 kb fragment of pSA16 and 5.1 kb
FIAsH (DMTF...STWT), and FIAsH tag within the ICL3 (LTQK...KKLK) fragment of pSA6 (EcoRI/Eagl)
mTurqg?-E5"A- pSA21 | Cleavage-deficient human E5"A with mTurq (+ AAAA linkers) | HA/V5 | Ligation: 0.45 kb fragment of pSA16 and 5.1 kb
FIAsH between EGF5 and GAIN (DMTF...STWT), and FIAsH tag within the fragment of pSA8 (EcoRI & Eagl)
ICL3 (LTQK...KKLK)
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Appendix

Receptor

construct

Description

Construction

Primers used

mTurqg-E5- pSA37 | Human E5 with mTurqg instead of EGF5 (NTCQ...DMTF) and TAG HA/N5 Ligation: 1.3 kb fragment of pSA35 and 6.9 kb

TAGECL? codon within the ECL2 (GRPR...YCWL) fragment of pSA33 (Kpnl/EcoRV)

mTurqg-E5- pSA38 | Human E5 with mTurqg instead of EGF5 (NTCQ...DMTF) and with HA/N5 Ligation: 1.3 kb fragment of pSA35 and 6.9 kb

TAGECL3 TAG codon within the ECL3 (FIFD...DRSL) fragment of pSA34 (Kpnl/EcoRV)

E5S*A-TAGECH! pSA39 | Cleavage-deficient human E55* with TAG codon within the ECL1 | HA/V5 | Insertion of TAG via SDM in | sa_51F, sa_52R
(GGQV...GLRC) PSA27

E5S*A-TAGECL2 pSA40 | Cleavage-deficient human E55* with TAG codon within the ECL2 | HA/V5 | Insertion of TAG via SDM in | sa_53F, sa_54R
(GRPR...YCWL) pSA27

E55>A-TAGECL? pSA41 | Cleavage-deficient human E55* with TAG codon within the ECL3 | HA/V5 | Insertion of TAG via SDM in | sa_55F, sa_56R
(FIFD...DRSL) pSA27

E5H>A-TAGECH pSA42 | Cleavage-deficient human E5™A with TAG codon within the ECL1 HA/N5 | Insertion of TAG via SDM in | sa_51F, sa_52R
(GGQV...GLRC) pSA28

E5H>A-TAGECL2 pSA43 | Cleavage-deficient human E5™A with TAG codon within the ECL2 | HA/V5 | Insertion of TAG via SDM in | sa_53F, sa_54R
(GRPR...YCWL) pSA28

E5H>A-TAGECL3 pSA44 | Cleavage-deficient human E5™A with TAG codon within the ECL3 | HA/V5 | Insertion of TAG via SDM in | sa_55F, sa_56R
(FIFD...DRSL) pSA28

E54HA pSA45 | Human E5 without N-terminal HA tag V5 Self-ligation of the inverse | sa_61F, sa_62R

PCR product of pSA26
E5 pSA46 | Human E5 HA/N5 Ligation: 0.16 kb fragment of pSA27 and 7.5 kb
fragment of pSA26 (BamHI)

E52HA.TAGNTF pSA49 | Human E5 with TAG codon within the NTF, and without N-terminal V5 Self-ligation of the inverse | sa_61F, sa_62R
HA tag PCR product of pSA29

E5-TAGS®PS*6 pSA50 | Human E5 with TAG codon within the GPS at position +6 HA/NV5 | Substitution of L to TAG | sa_67F, sa_68R

codon at GPS+6 via SDM in
pSA46
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Appendix

Receptor

construct

Description

Construction Primers used

E5-BBSECL*RL | hSA105 | Human E5 with BBS within the ECL1 (LAGI...VAGL) via substitution | HA/V5 | Synthesized by GenScript based on pSA46

E5-BBSECL/*R*L | hSA106 | Human E5 with BBS (+ GGGGS linkers) within the ECL1 HA/V5 | Synthesized by GenScript based on pSA46
(LAGI...VAGL) via substitution

E5-BBSECL!/I-RL pSA107 | Human E5 with BBS within the ECL1 (GGQV...GLRC) via insertion HA/V5 | Synthesized by GenScript based on pSA46

E5-BBSECL'R*L | pbSA108 | Human E5 with BBS (+ GGGGS linkers) within the ECL1 HA/V5 | Synthesized by GenScript based on pSA46
(GGQV...GLRC) via insertion

E5-BBSECL2HRL | hSA109 | Human E5 with BBS within the ECL2 (IYSK...QGFL) via substitution | HA/V5 | Synthesized by GenScript based on pSA46

E5-BBSECL2*R*L | hSA110 | Human E5 with BBS (+ GGGGS linkers) within the ECL2 | HA/V5 | Synthesized by GenScript based on pSA46
(I'YSK...QGFL) via substitution

E5-BBSECL2-RL pSA111 | Human E5 with BBS within the ECL2 (GRPR...YCWL) via insertion HA/V5 | Synthesized by GenScript based on pSA46

E5-BBSECL2R*L | pSA112 | Human E5 with BBS (+ GGGGS linkers) within the ECL2 | HA/V5 | Synthesized by GenScript based on pSA46
(GRPR...YCWL) via insertion

E5-BBSECL3/RL | hSA113 | Human E5 with BBS within the ECL3 (VFGL...LTYF) via substitution | HA/V5 | Synthesized by GenScript based on pSA46

E5-BBSECL3/MR*L | nhSA114 | Human E5 with BBS (+ GGGGS linkers) within the ECL3 | HA/V5 | Synthesized by GenScript based on pSA46
(VFGL...LTYF) via substitution

E5-BBSECL3/-RL pSA115 | Human E5 with BBS within the ECL3 (FIFD...DRSL) via insertion HA/V5 | Synthesized by GenScript based on pSA46

E5-BBSEC3/'R*L | pSA116 | Human E5 with BBS (+ GGGGS linkers) within the ECL3 | HA/V5 | Synthesized by GenScript based on pSA46
(FIFD...DRSL) via insertion

G1 pSA117 | Mouse G1 HA/FLAG | Ligation: 2.1 kb fragment of pTL444 (Spel) and 5.4 kb

fragment of pSA25 (Xbal)

E5"A-TAGNTF- pSA119 | Cleavage-deficient human E5"A with TAG codon within the NTF and | HA/V5 | Synthesized by GenScript based on pSA59

TCS TCS between TA and TM1

mTurqg- E5- pSA125 | Human E5 with BBS (+ GGGGS linkers) within the ECL1 HA/N5 Ligation: 1.3 kb fragment of pSA35 and 7 kb fragment

mmw_mo_.‘:_.xi.

(GGQV...GLRC) via insertion

of pSA108 (Kpnl/EcoRV)
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Appendix

Receptor Description Tags Construction Primers used
construct
L1-TAGGPsS+6 pSA161 | Rat L1 with TAG codon within the GPS at position +6 HA/FLAG | Synthesized by GenScript based on pSA132
L1-TAGGPS*15 pSA162 | Rat L1 with TAG codon within the GPS at position +15 HA/FLAG | Synthesized by GenScript based on pSA132
E2 pSA168 | Human E2 HA Synthesized by GenScript based on pIB8
E2-TAG®PS*3 pSA170 | Human E2 with TAG codon within the GPS at position +3 HA Synthesized by GenScript based on pIB8
E2-TAG®PS*6 pSA171 | Human E2 with TAG codon within the GPS at position +6 HA Synthesized by GenScript based on pIB8
E2-TAG®PS*17 pSA172 | Human E2 with TAG codon within the GPS at position +17 HA Synthesized by GenScript based on plB8
E2C492Y pSA173 | Human E2 with VBU mutation HA Synthesized by GenScript based on pIB8
E2 C492Y. pSA175 | Human E2 with TAG codon within the GPS at position +3 HA Synthesized by GenScript based on plB8
._.>Qo_um+u
E2 C492Y. pSA176 | Human E2 with TAG codon within the GPS at position +6 HA Synthesized by GenScript based on pIB8
._.>Qo_um+m
E2 C492Y. pSA177 | Human E2 with TAG codon within the GPS at position +17 HA Synthesized by GenScript based on pIB8
._.>Qo_um+ﬁ
ESHA-TEVLinker pSA181 | Cleavage-deficient human E5™A with TEV cleavage site (+ GGGGS | HA/V5 | Ligation: 0.8 kb fragment of pSA26 and 7 kb fragment
linkers) between TA and TM1 of pSA147 (EcoRV/Kpnl)
E55*A-mTurg- pSA184 | Cleveage-deficient human E5%* with mTurq within the ICL3 HA Ligation: 3.1 kb fragment of pSA91 and 5.9 kDa
mCi and mCit instead o ag in the ragment of p a
Cit (KFSE...INPD) and mCit instead of V5 tag in the ICR fragment of pSA27 (Eagl)
(EYRK...WACL)
E5"A-mTurq- pSA185 | Cleveage-deficient human E5™A with mTurq within the ICL3 HA Ligation: 3.1 kb fragment of pSA91 and 5.9 kDa
mCi and mCit instead o ag in the ragment of p a
Cit (KFSE...INPD) and mCit instead of V5 tag in the ICR fragment of pSA28 (Eagl)
(EYRK...WACL)
E5*NTF-mTurq pSA188 | Human E5 CTF with mTurq within the ICL3 (KFSE...INPD) HA/NS Ligation: 4.7 kb fragment of pSA103 and 2.4 kb

fragment of pSA78 (Eagl)
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Appendix

Supp. Tab. 3: Primers used for cloning and their nucleotide sequence.

Primer ID Sequence (5’ > 3’)

sa_12F TCCACCTGGACCCCGCCCCC

sa_13R | GAAAGTCATATCTTCACAGA

sa_14F CACTGTCTGTGAAGATATGACTTTCGCTGCTGCAGCTATGGTGAG
sa_15R | CTCCAGGGGGCGGGGTCCAGGTGGAAGCCGCTGCAGCCTTGTACA
sa_16F GGCCCCTTCACCTACATTTC

sa_17R | TTTAGGCAGGCTCTTGGCCA

sa_18F GATCCTGGCCAAGAGCCTGCCTAAAGCTGCTGCAGCTATGGTGAG
sa_19R | AAGGGGAAATGTAGGTGAAGGGGCCAGCCGCTGCAGCCTTGTACA
sa_47F AAGAAATTAAAGAAGGCGAGGGCGC

sa_48R | CTTCTGAGTGAGCTTCCAGACGGTA

sa_49F GAGAGCCAGTGTTGTCCGGGGTGTTGTGCACGGTCC

sa_50R | GGACCGTGCACAACACCCCGGACAACACTGGCTCTC

sa_51F GCGGCCAGGTGTAGGGGCTGCGCTG

sa_52R | CAGCGCAGCCCCTACACCTGGCCGC

sa_53F CGGCCGCCCCAGATAGTACTGCTGGTTGG

sa_54R | CCAACCAGCAGTACTATCTGGGGCGGCCG

sa_55F CCTGTTCATCTTCGACTAGGATCGGAGCTTGGTGC

sa_56R | GCACCAAGCTCCGATCCTAGTCGAAGATGAACAGG

sa_57F GATATGACTTTCTCCACCTG

sa_58R | TTGACAGGTGTTCTCGCTCT

sa_59F GAATGAGAGCGAGAACACCTGTCAAGTGAGCAAGGGCGAGGAGCT
sa_60R | GGGTCCAGGTGGAGAAAGTCATATCCTTGTACAGCTCGTCCATGC
sa_61F CAGGACTCCAGGGGCTGTGC

sa_62R | GGTTTCAGCTCCCGGCAGAG

sa_65F CACCTGAGCAGCTAGGCGATCCTTATGGC

sa_66R | GCCATAAGGATCGCCTAGCTGCTCAGGTG

sa_67F CTGAGCAGCTTTGCGATCTAGATGGCTCATTATGACGTG

sa_68R | CACGTCATAATGAGCCATCTAGATCGCAAAGCTGCTCAG

sa_69F GACGTGGAGGACTAGAAGCTGACCCTG

sa_70R | CAGGGTCAGCTTCTAGTCCTCCACGTC

sa_108F

ATCAATCCAGACATGAAGAAATTAAAGAAGGCGAGGG
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Primer ID Sequence (5’ > 3’)

sa_109R | TTCAGAAAACTTCTGAGTGAGCTTCCAGACGG

sa_110F | GAAGCTCACTCAGAAGTTTTCTGAAGTGAGCAAGGGCGAGGAGCT
sa_111R | TTAATTTCTTCATGTCTGGATTGATCTTGTACAGCTCGTCCATGC
sa_112F | TGGGCCTGCCTAGTTGCTG

sa_113R | CTTCCGGTATTCTTCCCGAACCTTC

sa_114F | GAAGGTTCGGGAAGAATACCGGAAGGTGAGCAAGGGCGAGGAGCT
sa_115R | TCCCCCCAGCAACTAGGCAGGCCCACTTGTACAGCTCGTCCATGC
sa_124F | CTGAGCTACCAGTCCAAGCTGAGCAAAGACCCC

sa_125R | GGGGTCTTTGCTCAGCTTGGACTGGTAGCTCAG

sa_126F | CCAGTCCGCCGTAGCCATGGGTGCTG

sa_127R | CAGCACCCATGGCTACGGCGGACTGG

sa_131F | AGCAGCTTTGCGATCCTTATGGC

sa_133R | GGCGTAGTCGGGGACGTC

sa_134F | ATCAATCCAGACATGAAGAAATTAAAGAAG

sa_135R | TTCAGAAAACTTCTGAGTGAGCTTC

sa_153F | CACCTGAGCAGCGCTGCGATCCTTATG

sa_154R | CATAAGGATCGCAGCGCTGCTCAGGTG

sa_155F | GCAGCTTTGCGATCCTTGCTGCTCATTATGACGTGG

sa_156R | CCACGTCATAATGAGCAGCAAGGATCGCAAAGCTGC

sa_157F | CTACGCCAGCAGCGCTGCGATCCTTATG

sa_158R | CATAAGGATCGCAGCGCTGCTGGCGTAG

sa_163F | GAATTCTGCAGATATCCATCACACTGGCGG

sa_164R | AAGCTTGGGTCTCCCTATAGTGAGTCG

sa_165F | ACTCACTATAGGGAGACCCAAGCTTGCCACCATGGCCCGCTTG
sa_166R | AGTGTGATGGATATCTGCAGAATTCTTACTTATCGTCGTCATCCTTGTAATCACC
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9.2 Supplementary figures

CIRL-TAGNT CIRL

Supp. Fig. 1: Bioorthogonal labeling confirms the surface expression of CIRL in HEK-
293T cells.

Confocal images of HEK-293T cells expressing CIRL-TAGN™". Untagged CIRL serves as
labeling control. Cells were labeled using H-Tet-Cy5. Used Pyl*StRNAPY system: RScoin. Scale
bar 20 pm.

Click

TAG
HRM

GAIN

G1-TAGNTF

G1-TAGSPs* G1-TAGEPs* G1-TAGEPs8 é

1

.

- : 7§
& ‘

Click

Supp. Fig. 2: Bioorthogonal labeling confirms the TA accessibility of G1.

Confocal images of HEK-293T cells expressing G1 variants (indicated above). Untagged G1
serves as labeling control. Cells were labeled using H-Tet-Cy5. Used Pyl*StRNAY system:
RScoin. Scale bar 20 um.
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