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Summary

G protein-coupled receptors (GPCR) play an important role in sensing extracellular stimuli and
transmitting these signals inside of the cell. Humans have more than 800 genes encoding GPCRs which
are involved in diverse physiological processes like vision, smell, taste, neurotransmission or
metabolism. In my PhD project | was working with GPCRs from two different families, called the
adhesion GPCR family (class B2 GPCRs) and the opsin family (class A GPCRs).

Adhesion GPCRs (aGPCRs) are characterized by large extracellular N-terminal domains and the
presence of a tethered agonist. AGPCRs show a great variety of domain types in the extracellular
region but many are implicated in cell-cell or cell-matrix interactions. Despite the diversity of domains,
they all possess a GPCR autoproteolysis-inducing domain (GAIN). The last beta strand of the GAIN
domain just after the autoproteolysis site was found to act as a tethered agonist, termed Stachel
sequence. Many aGPCRs have been shown to be activated by the tethered agonist but mechanistic
and structural insights were missing. As part of my PhD project, | was working towards determining
the structure of an aGPCR bound to the Stachel peptide and a G protein to gain insights into the
binding pose of the Stachel peptide and activation mechanism of aGPCRs. For this purpose, we were
working with two different aGPCRs called Adgrg6 and Adgrd1. Our collaborators, Prof. Adriano Aguzzi
and his group (USZ), showed that both receptors bind to the cellular prion protein (PrP¢) with opposite
effects. For Adgrgé the PrPC is an agonist and for Adgrd1 the PrP¢acts as an antagonist. Adgrgé has
been shown to be important for the myelination in the peripheral nervous system not only during
development but also to maintain the myelination. Adgrd1 was shown to be involved in glioblastoma
growth where Adgrd1 is de novo expressed in glioblastoma cells. Knockout or inhibition of Adgrd1 lead
to decreased tumor growth ex vivo, hinting that Adgrd1 might be a valuable target for treatment of
glioblastomas. While Prof. Adriano Aguzzi and his group were working on physiological questions, |
was working on the structure determination of Adgrdl and Adgrgé6.

| screened constructs in different expression hosts to express the receptors and did several screenings
to optimize expression and stability of the receptors. | showed that both receptors can be activated
by the Stachel peptide and form a complex with the Gs heterotrimer. Because Adgrdl showed
favorable biochemical characteristics, the focus was on Adgrdl for structure determination.
Furthermore, the experiments showed that complex formation is necessary to stabilize Adgrdl in
order to purify the receptor. Co-expression of the receptor and the G protein, followed by complex
formation, extraction of the complex from the plasma membrane by detergents and purification of
the complex allowed preparation of a sample for cryo-EM studies. Promising cryo-EM data was
collected but before we could solve the structure, other research groups published structures of

several aGPCRs (Adgrd1 was among them) activated by the Stachel peptide. For this reason, we did
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not continue with the structure determination of the Adgrd1-Gs complex. Nevertheless, my work
provides biochemical insights for Adgrg6 and Adgrd1 which can be useful for future studies on aGPCRs.
In my second project, | was working with the jumping spider rhodopsin 1 (JSR1) which is part of the
opsin family. Rhodopsins (Opsins bound to the retinal ligand) sense light through the covalently bound
retinal molecule. The retinal molecule is covalently bound to the receptor via a Schiff base link.
Rhodopsins bind the cis-retinal which acts as an inverse agonist and upon photon absorption, the
retinal isomerizes to the all-trans conformation leading to structural changes in the receptor, thereby
activating the receptor. Opsins are further classified into monostable and bistable opsins based on the
thermal stability of the all-trans retinal. While monostable rhodopsins lose their all-trans retinal by
hydrolyzing the Schiff base bond, bistable rhodopsins keep the retinal covalently bound during the
whole photocycle and the retinal can switch back to the cis isomer after a second photon absorption
event. Bistable rhodopsins are of great interest to researchers because they can be used as an
optogenetic tool where signaling through this type of receptors can be controlled by specific
wavelengths of light.

JSR1 is a bistable invertebrate rhodopsin important for the depth perception in jumping spiders
(Hasarius adansoni). JSR1 was used successfully in optogenetic applications, showing its potential as
an optogenetic tool. Our research group previously determined the crystal structure of JSR1 bound to
the inverse agonist 9-cis retinal. The structure provided insights into the architecture of JSR1 in the
inactive state. However, structural insights into the active state were still missing.

In my project | determined the three-dimensional structure of JSR1 bound to the non-natural agonist
all-trans retinal 6.11 in complex with a G protein. This structure provided us with valuable insights into
the JSR1 activation mechanism and how bistability is achieved in JSR1. Comparison to other active
state GPCRs showed that the major conserved motifs in JSR1 follow the typical conformational
changes seen in other GPCRs. Interestingly, these changes are more similar to non-photosensitive
class A GPCRs than the photosensitive monostable vertebrate rhodopsin, meaning that JSR1 might
also be a good receptor to study general mechanisms of class A GPCR activation. Furthermore, our
structure provided insights how the protonated Schiff base link is stabilized in the active state. In both
the inactive and active state a water mediated network is important to stabilize the protonated Schiff
base. The active JSR1 structure showed that the water mediated network changes compared to the
inactive state JSR1, highlighting residues that are involved in this network. JSR1 is not yet optimal for
optogenetic applications because the excitation wavelengths (Amax value) of the inactive and active
states of JSR1 overlap, meaning that illumination will lead to a mixed population of inactive and active
states. Our structures will allow rational engineering of JSR1 in order to change the Amax value of the

inactive and/or active state JSR1 to make JSR1 a more suitable optogenetic tool.
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In addition, our JSR1-G protein structures highlight several features at the G protein binding site. A
former PhD student Dr. Filip Pamula solved a lower resolution structure of JSR1 bound to a human Gi
heterotrimer (JSR1-hGi). In my case | used a chimeric G protein where we mutated key residues in the
human Gai subunit to match the sequence of the jumping spider visual Gaq. The JSR1-hGi structure
showed a different binding pose of the G protein than the chimeric Gig bound to JSR1. Moreover, the
binding pose of the hGi showed differences to other GPCR-hGi structures, hinting that invertebrate
GPCRs might engage human G proteins differently. Together these structures highlight the different
interactions of JSR1 with the hGi and chimeric Gig which can be important for optogenetic
applications, but further research is needed.

To summarize, this structure presents the first high resolution structure of an active bistable
rhodopsin, providing insights into the mechanism of how bistability is achieved. Additionally, our
active JSR1-G protein complex structures also highlight differences on how JSR1 interacts with a
human G protein and a chimeric human/jumping spider G protein. This will help to rationally engineer
JSR1 for optogenetic applications by changing the Anax to a desirable wavelength and change the G

protein specificity.
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Zusammenfassung

G-Protein-gekoppelte Rezeptoren (GPCRs) spielen eine wichtige Rolle bei der Wahrnehmung
extrazellulirer Reize und der Ubertragung dieser Signale innerhalb der Zelle. Der Mensch besitzt etwa
800 Gene, welche GPCRs kodieren, die an verschiedenen physiologischen Prozessen wie Sehen,
Riechen, Schmecken, Neurotransmission oder Stoffwechsel beteiligt sind. In meinem
Promotionsprojekt habe ich mit GPCRs aus zwei verschiedenen Gruppen gearbeitet, der Adhasions-
GPCR-Gruppe und der Opsin-Gruppe.

Adhéasions-GPCRs (aGPCRs) zeichnen sich durch groRRe extrazelluldre N-terminale Doméanen und die
Existenz eines gebundenen Agonisten aus. AGPCRs weisen eine grol3e Vielfalt an Doméanentypen in
der extrazellularen Region auf, von denen viele an Zell-Zell- oder Zell-Matrix-Interaktionen beteiligt
sind. Trotz der Vielfalt an Doméanen besitzen sie alle eine GPCR-Autoproteolyse-induzierende Domane
(GAIN). Es wurde festgestellt, dass der letzte Beta-Strang der GAIN-Domane unmittelbar nach der
Autoproteolysestelle als gebundener Agonist fungiert. Diese Sequenz wurde spater als Stachel-
Sequenz bezeichnet. Bei vielen aGPCRs wurde gezeigt, dass sie durch den gebundenen Agonisten
aktiviert werden. Es fehlten jedoch mechanistische und strukturelle Einblicke.

Im Rahmen meines Promotionsprojekts habe ich daran gearbeitet, die dreidimensionale Struktur
eines aGPCRs, welcher an das Stachel-Peptid und ein G-Protein gebunden ist, zu bestimmen. Dies
ermoglicht, Einblicke in die Bindungsposition des Stachel-Peptids und den Aktivierungsmechanismus
von aGPCRs zu erhalten. Zu diesem Zweck haben wir mit zwei verschiedenen aGPCRs namens Adgrg6
und Adgrd1 gearbeitet. Unsere Kollaborateure, Prof. Adriano Aguzzi und seine Gruppe (USZ), zeigten,
dass beide Rezeptoren an das zelluldre Prion Protein (PrP¢) binden. Fiir Adgrg6 ist das PrP¢ ein Agonist
und fuir Adgrd1 wirkt das PrP¢ als Antagonist. Es wurde gezeigt, dass Adgrg6 fiir die Myelinisierung im
peripheren Nervensystem nicht nur wahrend der Entwicklung, sondern auch zur Aufrechterhaltung
der Myelinisierung wichtig ist. Flr Adgrdl wurde gezeigt, dass Adgrdl am Wachstum von
Glioblastomen beteiligt ist, wobei Adgrdl de novo in Glioblastomzellen exprimiert wird. Das
Ausschalten oder die Hemmung von Adgrd1 fiihrte zu einem verminderten Tumorwachstum ex vivo,
was darauf hindeutet, dass Adgrdl ein wertvolles Ziel fiir die Behandlung von Glioblastomen sein
kénnte. Wahrend Prof. Adriano Aguzzi und seine Gruppe an physiologischen Fragen arbeiteten,
beschéftigte ich mich mit der Strukturbestimmung von Adgrd1 und Adgrg6.

Ich habe Konstrukte in verschiedenen Expressionssystemen getested, um die Rezeptoren zu
exprimieren, und verschiedene Experimente zur Optimierung der Expression und Stabilitat der
Rezeptoren durchgefiihrt. Ich konnte zeigen, dass beide Rezeptoren durch das Stachel-Peptid aktiviert
werden kdénnen und einen Komplex mit dem Gs-Heterotrimer bilden. Da Adgrdl glinstigere

biochemische Eigenschaften zeigte als Adgrg6, lag der Fokus auf der Strukturbestimmung von Adgrd1.
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Darliber hinaus zeigten die Experimente, dass die Bildung eines Komplexes erforderlich ist, um Adgrdl
zu stabilisieren und den Rezeptor Aufreinigen zu kénnen. Die Koexpression des Rezeptors und des G-
Proteins, gefolgt von der Komplexbildung und Aufreinigung, ermoglichte die Vorbereitung einer Probe
zur Analyse mittels Kryo-Elektronenmikroskopie (Kryo-EM). Vielversprechende Kryo-EM-Daten
wurden gesammelt, aber bevor wir die Struktur 16sen konnten, veroffentlichten mehrere andere
Forschungsgruppen die Struktur von Adgrdl und anderen aGPCRs, die durch das Stachel-Peptid
aktiviert wurden. Interessanterweise stimmen unsere Daten gut iberein mit den publizierten Daten.
Trotzdem liefert meine Arbeit biochemische Erkenntnisse zu Adgrg6 und Adgrdl, die fir zukiinftige
Studien an aGPCRs niitzlich sein kénnen.

In meinem zweiten Projekt habe ich mit dem Rhodopsin 1 der Gewachshausspringspinne (Hasarius
adansoni) (englisch: jumping spider rhodopsin 1; (JSR1)) gearbeitet, welches zur Opsin-Familie gehort.
Rhodopsine (Opsine, die an den Retinal Ligand gebunden sind) nehmen Licht durch das kovalent
gebundene Retinal Molekil wahr. Das Retinal Molekiil ist Giber eine Schiff'sche Base kovalent an den
Rezeptor gebunden. Rhodopsine binden das cis-Retinal, welches als inverser Agonist wirkt. Nach der
Absorption eines Photons isomerisiert das Retinal in die all-trans-Konformation, was zu strukturellen
Veranderungen im Rezeptor und damit zur Aktivierung fiihrt. Opsine werden weiter in monostabile
und bistabile Opsine unterteilt, basierend auf der thermischen Stabilitdt des all-trans-Retinals.
Wahrend monostabile Rhodopsine ihr all-trans-Retinal durch Hydrolyse der Schiff'schen Base
verlieren, behalten bistabile Rhodopsine das Retinal wahrend des gesamten Fotozyklus gebunden,
welches nach einer zweiten Photonenaufnahme zum cis-Retinal zurlickisomerisiert. Bistabile
Rhodopsine sind flir Forscher von groRem Interesse, da sie als optogenetisches Werkzeug verwendet
werden kdnnen, um die Aktivitdt des Rezeptors durch spezifische Lichtwellenlangen zu kontrollieren.
JSR1 ist ein bistabiles Rhodopsin, das fiir die Tiefenwahrnehmung bei der Gewachshausspringspinne
wichtig ist. JSR1 wurde erfolgreich in optogenetischen Anwendungen eingesetzt, was sein Potenzial
als optogenetisches Werkzeug zeigt. Unsere Forschungsgruppe hat zuvor die Kristallstruktur von JSR1,
gebunden an den inversen Agonisten 9-cis-Retinal, bestimmt. Die Struktur lieferte Einblicke in die
Architektur von JSR1 im inaktiven Zustand. Strukturelle Einblicke in den aktiven Zustand fehlten jedoch
noch.

In dieser Arbeit habe ich die dreidimensionale Struktur von JSR1 gebunden an den nicht-natirlichen
Agonisten all-trans-Retinal 6.11 in Komplex mit einem G-Protein bestimmt. Diese Struktur lieferte
wertvolle Einblicke in den Aktivierungsmechanismus von JSR1 und welche Faktoren zu der Bistabilitat
bei JSR1 fihren. Der Vergleich mit anderen aktiven GPCRs zeigte, dass die wichtigsten konservierten
Motive in JSR1 den typischen konformationellen Veranderungen in anderen GPCRs folgen.

Interessanterweise dhneln diese Veranderungen eher nicht-photosensitiven GPCRs der Klasse A als
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dem photosensitiven monostabilen Wirbeltier-Rhodopsin, was bedeutet, dass JSR1 sich auch als
Rezeptor eignen kdnnte um allgemeine Mechanismen der Aktivierung von GPCRs der Klass A zu
studieren. Darliber hinaus lieferte unsere Struktur Einblicke, wie die protonierte Schiff'sche Base im
aktiven Zustand stabilisiert wird. Sowohl im inaktiven als auch im aktiven Zustand ist ein Wasser-
vermitteltes Netzwerk wichtig, um die protonierte Schiff'sche Base zu stabilisieren. Die Struktur vom
aktiven JSR1 zeigte, dass sich das wasser-vermittelte Netzwerk im Vergleich zum inaktiven Zustand
von JSR1 verandert. JSR1 ist bislang nicht optimal fiir optogenetische Anwendungen geeignet, da die
Anregungswellenldngen (Amax Wert) des inaktiven und aktiven Zustandes von JSR1 (iberlappen. Dies
flihrt dazu, dass nach der Bestrahlung des Rezeptors eine gemischte Population von inaktiven und
aktiven Zustinden prasent ist. Unsere Strukturen werden es ermoglichen, JSR1 rational zu
modifizieren, um den Amax Wert des inaktiven und/oder aktiven Zustands von JSR1 zu dndern und JSR1
zu einem geeigneteren optogenetischen Werkzeug zu machen.

Zusatzlich heben unsere JSR1-G-Protein-Strukturen mehrere Merkmale an der Bindungsstelle des G-
Proteins hervor. Ein ehemaliger Promotionsstudent, Dr. Filip Pamula, |6ste eine Struktur mit
niedrigerer Auflésung von JSR1, die an ein menschliches Gi-Heterotrimer gebunden ist (JSR1-hGi). In
dieser Arbeit habe ich ein chimares G-Protein verwendet, bei dem wir Aminosduren in der
menschlichen Gai-Untereinheit mutiert haben, um sie an die Sequenz des visuellen Gaq der
Springspinne anzupassen. Die JSR1-hGi-Struktur zeigte eine andere Bindungsposition des G-Proteins
als das an JSR1 gebundene chimdre Giq. Dariiber hinaus zeigte die Bindungsposition des hGi
Unterschiede zu anderen GPCR-hGi-Strukturen, was darauf hindeutet, dass GPCRs von wirbellosen
Tieren moglicherweise auf eine andere Art mit menschlichen G-Proteinen interagieren. Zusammen
zeigen diese Strukturen die unterschiedlichen Wechselwirkungen von JSR1 mit dem hGi und dem
chimdarem Giq auf, die fir optogenetische Anwendungen wichtig sein kénnen, jedoch ist weitere
Forschung nétig, um die Wechselwirkungen genauer zu verstehen.

Zusammenfassend stellt diese Struktur die erste hochauflésende Struktur eines bistabilen Rhodopsins
dar, die Einblicke in das Erreichen der Bistabilitat bietet. Dartiber hinaus heben unsere aktiven JSR1-
G-Protein-Komplexstrukturen auch Unterschiede in der Interaktion von JSR1 mit einem menschlichen
G-Protein und einem chimaren menschlich-springspinnenartigen G-Protein hervor. Dies wird dazu
beitragen, JSR1 rational zu modifizieren, um eine Anderung des Amax Wertes zu einer gewiinschten

Wellenlidnge und eine Anderung der G-Protein-Spezifitit zu erreichen.
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1 Introduction

1.1 G protein coupled receptor superfamily

G protein coupled receptors (GPCRs) are one of the most studied receptor families because they play
crucial roles in many physiological processes, such as smell, taste, vision, neurotransmission,
metabolism, cellular differentiation and growth, inflammatory and immune response [1-3].
Disregulation or malfunction of GPCRs can lead to a variety of diseases, including cancer, nervous
system disorders, diabetes, inflammation and cardiac dysfunction. From all approved drugs,
approximately 35% target GPCRs, making them major drug targets [4]. However, there are still many
orphan GPCRs, meaning GPCRs where no ligand has been identified yet. Only about 12% of all GPCRs
encoded in the human genome are targeted by the current drugs but they are still the most popular
drug target class for the discovery of new drugs [4-6].

The GPCR superfamily is one of the biggest protein families with around 800 GPCRs encoded in the
human genome [7]. The common seven transmembrane (7TM) domain and the association with
heterotrimeric guanine nucleotide-binding proteins (G proteins) characterize GPCRs [8]. GPCRs are
classified into families based on their amino acid sequence similarity and functional similarities in the
widely used A-F classification system [9, 10]. In this system the GPCR superfamily consists of six main
families. The class A Rhodopsin-like family is the largest family with around 80% of all GPCRs grouping
into this family including hormone, neurotransmitter and light-sensitive receptors [11]. In humans,
there are 284 members plus 380 olfactory receptors which are structurally characterized by the 7TM
in combination with an eighth helix, associating to the cytoplasmic membrane with one or a few
palmitoylated cysteines at the C Terminus [11, 12]. The class B secretin receptor family consists of
about 70 receptors that, besides their 7TM domain, have large N-terminal domains. Only after the
release of the human genome, researchers realized that the class B can be further divided into two
families, the secretin family (class B1) and the adhesion family (class B2) [11, 13, 14]. Class C glutamate
receptors include metabotropic glutamate receptors, GABA receptors, taste receptors and calcium-
sensing receptors [11]. These receptors contain a characteristic clamp-shaped extracellular domain to
which ligands bind and it is connected to the transmembrane helix 1 (TM1) by a cysteine-rich loop
[11]. Additionally, class C GPCRs are the only family which form obligatory dimers [14]. The class D
includes fungal mating pheromone receptors, class E cAMP receptors and class F the
frizzeled/smoothened receptors [11].

For the approximately 800 human GPCRs another classification system, called the “GRAFS”, was
proposed based on the phylogenetic tree of the human GPCRs [14, 15]. In this system the superfamily
is divided into five main families named Glutamate (G), Rhodopsin (R), Adhesion (A), Frizzled/Taste2

(F) and Secretin (S) [14, 15]. The main difference between the two systems is the division of the class
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B into the Secretin and Adhesion families based on the finding that these two families have a distinct
evolutionary history from each other [14, 15].

GPCRs govern cellular signaling transduction by sensing extracellular signals that modulate the activity
of the receptors. These extracellular stimuli include peptides, proteins, ions, small molecules,
mechanical forces, light or odorants [16]. As the name suggests, the main intracellular binding partner
of GPCRs are G proteins. Activation of a GPCR leads to conformational changes and the formation of
a cytoplasmic cleft that allows binding of the heterotrimeric G protein. The activated receptor induces
an exchange of GDP to GTP in the alpha subunit of the G protein (Ga). Next, the heterotrimer
dissociates into the Ga subunit and the GBy dimer. Each of them can activate downstream signaling
cascades. The active receptor can either activate another G protein to amplify the signal or its C-
terminus can get phosphorylated by a G protein-coupled receptor kinase (GRK). Phosphorylation of
the C-terminus can be recognized by arrestin, leading to termination of the G protein activation,
followed by internalization of the GPCR and removal of the bound ligand [17]. GPCRs are then either

recycled back to the plasma membrane or degraded. Figure 1 shows a schematic overview of GPCR

signaling.
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Figure 1: Schematic overview of GPCR signal transduction. Inactive GPCR (red) binds an agonist, leading to conformational
changes and the opening of a cytoplasmic cleft, allowing the GDP-bound G protein heterotrimer to bind. The active GPCR
(green) triggers the exchange of GDP with GTP in the Ga subunit. The GTP-bound G protein dissociates and Ga and GB8y
activate downstream signaling cascades. Activation of the receptor can lead to C-terminal phosphorylation by GRKs and
subsequent binding of arrestin. Arrestin activation can lead to internalization of the receptor into endosomes where the
receptor is degraded or recycled back to the plasma membrane. Figure created with Biorender.

Through sequence and structural studies on GPCRs, conserved microswitch domains have been
identified which show common structural changes during the activation process of GPCRs. Four such
microswitch domains are present in the majority of GPCRs and are called the C-W-x-P, the P-I-F, the

N-P-x-x-Y and the (E)D-R-Y motif (Figure 2) [18-23].
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Figure 2: The micro-switch domains of GPCRs. The four major micro-switch domains represented by the crystal structure of
the B8;-adrenergic receptor (PDB: 3SN6[24])

648_x-Pro®>° (Ballesteros-Weinstein

The C-W-x-P motif is composed of the highly conserved Cys®*’-Trp
numbering [25]; the first number indicates the transmembrane helix number and the second number
indicates the residue position relative to the most conserved residue) in TM6 and plays a critical role
in the activation mechanism[18, 21, 26]. The Pro®°° acts as a hinge for the outward movement of TM6.

648 injtiates a cascade of structural changes involved in

The conformational change of the adjacent Trp
the activation process, leading to the outward movement of TM6. Directly below the C-W-x-P motif is
the P-I-F motif composed of the residues Pro>*-lle34°-Phe®4* in TM5, TM3 and TM6 respectively [18].

6.48

Phe®* is one helix turn below the Trp®* and is also involved in the outward movement of TM6 upon

receptor activation. The third microswitch is the N74°-P7-50-x-x-Y7->3 motif [20]. Tyr’->3

rearranges upon
receptor activation following the TM7 movement towards the transmembrane core. In the active state
this residue packs against residues at position 3.44 and 3.47, leading to a hydrogen bond network
between Tyr’->3 and Tyr>>8 that stabilizes the active state [26, 27]. Tyr’>? in the active state is located
just above the conserved Arg®>° of the E/D3%-R3°0-Y3>1 motif. In the inactive state the E/D-R-Y motif
is in a “closed” ionic lock conformation where the Asp/Glu3“° forms an intra-helical ionic interaction
with Arg3°°[22]. Arg®>°forms an additional inter-helical ionic interaction with Glu®3°. This ionic lock is
characteristic of the inactive state of class A GPCRs although the inter-helical ionic interaction is less
conserved than the intra-helical ionic interaction [18, 19]. Upon activation of the receptor this ionic

3.50

lock is broken and the Arg*-° adopts a different rotamer, leading to an interaction with the G protein.



This rotamer change is further stabilized by an interaction with Tyr>>8[28, 29]. In bovine rhodopsin
and the B2-adrenergic receptor it was shown that this interaction is critical in forming the active state
[28, 29].

These structural changes have been well characterized in many class A GPCRs but structural
information of bistable rhodopsins was so far limited to the inactive state [30, 31]. It will be interesting
to understand if bistable rhodopsins show similar conformational changes upon activation.
Additionally, structural information on adhesion GPCRs is very limited until now and understanding if
adhesion GPCRs show the same microswitch domains as class A GPCRs will be essential for the broader

understanding of the GPCR superfamily.

1.2 Adhesion GPCR family

Within the GPCR superfamily, the adhesion GPCR (aGPCR) family forms the second largest family, after
the rhodopsin family, with 33 receptors encoded in the human genome [15, 32]. The human aGPCR
repertoire is divided into nine distinct subfamilies, based on the molecular signature of their 7TM
domain [14]. One of the unique features of aGPCRs is that they possess large N-terminal domains that
can extend up to nearly 6000 amino acids [32]. Adhesion GPCRs show a great variety of domain types
in the extracellular region but many of those are implicated in cell-cell or cell-matrix interactions,
which is also the reason for the “adhesion” GPCR family name. The epidermal growth factor (EGF)-like
receptor was one of the first aGPCRs to be cloned and similar receptors were subsequently identified,
terming these receptors EGF-TM7-like receptors because they contain EGF-domains in their
extracellular region [33-35]. Other names that were given for aGPCRs were LN-7TM (for long N-
terminal regions) or LNB-7TM (for long N-terminal regions and the similarity to class B secretin-like
receptors).

Adhesion GPCRs are an evolutionary old group of receptors as they were found in the genome of
Amoebozoa (D. discoideum) and Alveolata (P. tetraurelia) based on aGPCR-specific sequence
signatures in the 7TM domain, dating the origin of these receptors back to about 1200 million years
ago [36]. Even though these ancient receptors lack large N-termini, unicellular non-metazoa
choanoflagellate Monosiga brevicollis and filasterea Capsaspora owczarzaki already contain several
aGPCR genes with the GPCR proteolysis site (GPS) site [36]. After the origin of metazoans, a
diversification and numerical expansion of the aGPCR family took place that is probably attributed to
cell-cell and cell-matrix contacts, a major factor of multicellularity [36]. Subsequently, adhesion GPCRs
are found in the genomes of the most ancient metazoan phyla [37], primitive animals [38, 39], the

closest relatives of the vertebrates [40, 41] and in all vertebrates [42]. In addition, metazoan GPCR



genome analysis indicates that aGPCRs are ancestral to the Secretin family, which probably diverged
from a specific class of aGPCRs [43].

After the human genome was published, it became clear that aGPCRs constitute a separate family
with distinct features [14]. Besides their large extracellular domains (ECD), every aGPCR (except
Adgral) contains a juxtamembrane GPS, part of the highly conserved GPCR autoproteolysis-inducing
(GAIN) domain [44, 45]. During maturation, in the endoplasmic reticulum, the autoproteolysis occurs
which results in an N-terminal fragment (NTF) containing the GAIN (except the B13-strand) and
additional adhesion associated domains and a C-terminal fragment (CTF) with the 7TM domain and

the intracellular domain (ICD) (Figure 3A) [45, 46].
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Figure 3: A: Schematic representation of a generic aGPCR. Important structural features are labelled. B: Crystal structure of
the GAIN domain from Adgrl1 shown as cartoon (PDB: 4DLQ[45]). Subdomain A is labelled GAIN,, consisting of six a helices.
Subdomain B is labelled GAINg and consists of 13 8-sheets and two small o helices. Autoproteolysis site is labelled with a red
asterisk between the 8-strand 12 and 13. The B-strand 13 corresponds to the tethered agonist, also called Stachel sequence.
Figure 3A was created with Biorender.

Until 2012 the GAIN domain fold was unidentified, then Arag et al. solved the crystal structures of the
GAIN domain from the Adgrll (latrophilin 1) and Adgrb3 (brain angiogenesis inhibitor 3) receptors
[45]. These crystal structures revealed that the GAIN domain can be divided into a N-terminal
subdomain A, consisting of six alpha helices and a C-terminal subdomain B, consisting of a twisted
beta sandwich with 13 B-strands and two small helices (Figure 3B) [45]. The GPS motif constitutes the
last 5 B-strands and is highly conserved [45]. Comparing the sequence and structure of the two
receptors revealed that the three-dimensional structure of the GAIN domain is more closely conserved

than the sequence (24% similarity) [45]. Even though the GPS motif is the most conserved part of the
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GAIN domain and necessary for autoproteolysis to happen, the GPS motif alone is not sufficient for
the cleavage but the whole GAIN domain is needed and sufficient for autoproteolysis [45]. The
cleavage occurs in the short loop between B-strand 12 and B-strand 13 (Figure 3B) resulting in a NTF
and a CTF that stay associated during receptor trafficking to the cell membrane through non-covalent
interactions of the B-strand 13 with the surrounding B-strands [45]. The B-strand 13 also corresponds
to the Stachel peptide that can act as a tethered agonist and activates aGPCRs [47]. Although all
aGPCRs, except Adgral, contain the GAIN domain, not all receptors are predicted to be cleavable due
to the lack of a consensus catalytic triad within the GPS motif that is a prerequisite for cleavage to
happen [48]. Whereas some receptors have been shown experimentally to be uncleavable, others are
only predicted to be uncleavable due to the lack of the catalytic triad sequence [49-51]. The catalytic
triad has a consensus sequence of Hx\, T/S/C and detailed analysis confirmed that proteolysis happens
as an autocatalytic reaction [44].

For a long time, the search for an agonist for aGPCRs was unsuccessful because of the limited
information about the signal transduction of aGPCRs. Without agonists, overexpression of receptors
in heterologous expression systems was used to show G protein-coupling abilities for several
receptors [52-56]. An important contribution to understanding the activation mechanism of aGPCRs,
was the finding that deletion of the NTF of Adgrb2 [56], Adgrgl [54, 57] and Adgre5 [58] resulted in
an activated receptor. A milestone study was published in 2014, where it was shown that the B-strand
13 acts as a tethered agonist and the receptors can be activated by chemically synthesized peptides
mimicking this sequence [47]. Subsequently, the tethered agonist sequences for several other aGPCRs,
Adgrgl and Adgrfl [59], Adgrg2 [60], Adgrg5 [61], and Adgrll [62], have been identified.

The existence of a tethered agonistic sequence for adhesion GPCRs is widely accepted but the
mechanism how aGPCRs are activated is still unclear. There are two general models suggested (Figure
4). The first one involves the interaction of the NTF with a ligand in combination with a mechanical
force which leads to the removal of the NTF and subsequently the liberated tethered agonist sequence
can bind and activate the receptor (orthosteric agonism) (Figure 4) [51, 59, 63-66]. The second model
includes the interaction of the NTF with a ligand, leading to structural rearrangements that tune the
activity of the receptor (allosteric regulation) (Figure 4) [59]. In the second model, NTF dissociation is

not required.
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Figure 4: Models of aGPCR regulation. Schematic representations of aGPCRs showing the 7TM domain in green (active
receptor) or salmon (inactive receptor), GAIN domain in light orange with the Stachel peptide in orange and N-terminal
subdomains in various colors, representing the potential variety within aGPCR ECDs. A: Generic aGPCR without a ligand
bound. AGPCRs posses varying levels of basal activity. B: Orthosteric agonism model. An agonist (blue star) binds to the NTF,
leading to the dissociation of the NTF. The exposed Stachel peptide can bind to the orthosteric site within the 7TM, thereby
activating the receptor. CD: Allosteric regulation model. A ligand (magenta or dark green star) interacts with one of the N-
terminal adhesion domains, leading to either activation of the receptor (C) or to stabilization of the inactive state (D).
Allosteric regulation mechanisms are unknown but might be mediated through interactions of the GAIN domain with the 7TM
domain. Figure created with Biorender.

During my PhD time, four different studies solved structures of several aGPCRs activated by the
Stachel sequence, shedding light on the activation mechanism [67-70]. Overall, these studies showed
that the binding mode of the tethered agonist is very similar between the different aGPCRs. This
allowed the identification of a conserved hydrophobic motif in the Stachel sequence, crucial for
binding to the 7TM domain and activation of the receptor. Interestingly, the Stachel sequence adopts
an a-helical structure when bound to the 7TM in contrast to the B-sheet fold in the GAIN domain.
Surprisingly, the structure of a cleavage-deficient full-length aGPCR showed the same position of the
Stachel sequence [70].

In addition, these structures provide an update for the tethered agonism model of aGPCR activation.
Activation by the tethered agonist could happen in two different scenarios: (1) the Stachel sequence
is buried in the GAIN domain as a B-sheet in the inactive state. Ligand binding to the NTF or mechanical
force lead to dissociation of the NTF, thereby exposing the buried Stachel sequence. The Stachel
sequence can interact with the 7TM and adopts an a-helical structure, leading to receptor activation;

(2) the Stachel sequence is prebound to the 7TM and adopts an a-helical structure. Interactions of



ligands with the NTF result in conformational changes that lead to the activation of the receptor. In
this scenario, NTF removal or even autoproteolysis are not required.

In summary, these structures provide further evidence to elucidate the activation mechanism of
aGPCRs, but additional experiments are needed to determine which scenario — or both — is correct.
The big open question is how the GAIN domain interacts with the 7TM. Solving a structure of an aGPCR

together with the GAIN domain could shed light on the activation mechanism.

1.2.1 Adgrg6 and Adgrd1l

In this work, we focused on two members of the aGPCR family, called Adgrdl and Adgrg6. While
Adgrgb6 is one of the best studied aGPCRs, especially in terms of physiological functions, not so much
is known about Adgrd1.

Adgrgb was shown to be important for the development of the peripheral nervous system (PNS). First
in vivo studies demonstrated that Adgrg6 is important for the normal progression of promyelinating
Schwann cells (SC) to mature myelinating SC in zebrafish and mice [71, 72]. It was shown before that
a cAMP level increase induces SC maturation, demonstrated by the upregulation of myelin-associated
gene expression [73]. Remarkably, the myelination defects in Adgrg6 deficient zebrafish could be
rescued by forskolin, an adenylate cyclase activator that increases cAMP levels [71]. Adgrg6 was
shown to directly couple to Gs and G;, suggesting that Adgrg6 is a major factor controlling the SC
development and proper myelination of axons in the PNS [55]. Moreover, it was shown that Adgrg6
has NTF and CTF specific functions. Mice, where the whole receptor was deleted, showed additional
defects in radial sorting and axon degeneration whereas zebrafish, where only the CTF was deleted,
did not show this phenotype [55, 71, 72]. It was shown that these defects can be rescued by adding
Adgrgb NTF “back” to the Adgrgb deficient mice and zebrafish [74]. These findings suggest that the
NTF of Adgrg6 has CTF-independent functions in the development of the PNS. To elucidate the
mechanism how Adgrg6 regulates these functions, it is important to identify ligands of Adgrg6.
Collagen IV and laminin-211 are both part of the SC basal lamina and can bind to the NTF of Adgrg6
[74, 75]. Collagen IV was shown to induce cAMP elevation when adding it to Adgrgé [75] but
interestingly laminin-211 only increased cAMP levels under dynamic conditions and under static
conditions even suppressed cAMP elevation [74]. Additionally, overexpression of lama2 (gene for
laminin-211) is able to rescue myelination defects in hypomorphic Adgrg6 zebrafish mutants [74]. The
myelination rescue was not observed when a polymerization-deficient lama2 mutant was used,
hinting at an important function for the laminin-211 polymerization [74]. The current data support a
model where, during early development, laminin-211 binds to the NTF, stabilizes the receptor in an

inactive state, preventing SC differentiation and favors SC proliferation [74]. During basal lamina



maturation, laminin-211 polymerizes which leads to NTF shedding, probably through mechanical
modulation, and the exposed Stachel peptide can bind to the orthosteric binding site, leading to the
activation of Adgrg6 and increase of cAMP levels through Gs signaling [76]. Adgrg6 not only plays a
pivotal role in the SC maturation and initiation of the myelination but also in the maintenance of the
myelin sheets [77]. Our collaborators on this project, Prof. Adriano Aguzzi and his group (University
hospital Zurich), found that the cellular prion protein (PrP®) is an agonist for Adgrg6 and induces cAMP
elevation [77]. Further, they showed that the PrP® promotes myelin homeostasis through the
interaction and activation of Adgrg6 [77]. Together, these studies show that Adgrg6 has vital function
in both the development and homeostasis of the myelination in the PNS.

For Adgrd1l, less is known about the physiological functions of the receptor. Nevertheless, Adgrd1 has
been found to be involved in the tumor growth of glioblastoma (GBM), an aggressive brain malignancy
[78]. Adgrd1 was shown to signal through the G pathway, elevating cAMP levels [78, 79]. Interestingly,
Adgrd1 is not expressed in non-malignant brain tissue, meaning it is de novo expressed in GBM cells
[80]. Furthermore, the expression levels correlate with the WHO grade of gliomas, showing that
Adgrdl expression is directly linked to the severity of this brain malignancy with all test samples from
GBM cells (most advanced form of glioma family) showing Adgrdl expression [80]. Knockdown of
Adgrdl in GBM cells of mice brains significantly reduced the tumor xenograft formation and increased
the host survival, making it an interesting potential target for treatment [78]. However, until now high
affinity small molecule ligands for Adgrd1 are still missing. The only known natural ligand of Adgrd1 is
the transmembrane protein tyrosine kinase 7 (PTK7) that was shown to allosterically activate Adgrd1
when their respective extracellular domains interact in trans [81]. To evoke a response from Adgrd1,
PTK7 needs to be membrane anchored, present on another cell as Adgrdl (trans interaction) and
Adgrdl needs to be autocatalytically cleaved [81]. Knockdown of either Adgrdl or PTK7 in
glioblastomas, where they are expressed in adjacent cells, leads to a significant reduction of tumor
growth [81]. The same group also developed antibodies that bind to the NTF of Adgrdl, leading to
activation and an increase of cAMP levels in cells [82]. This mechanism is again cleavage dependent
and an uncleavable mutant of Adgrd1 did not show activation by the same antibodies [82].

Overall, aGPCRs are a diverse group of receptors with a variety of different ECD. Because of this variety
they are involved in diverse physiological processes. Here two examples were presented from the
receptors we are working with in this project. The functional and mechanistic understanding of
aGPCRs is still limited, indicating the need for biochemical, structural, and physiological studies of
aGPCRs. My PhD work focused on the structural and biochemical characterization of the CTF from

Adgrgb and Adgrd1.



1.3 Opsins

Perception of light is one of the fundamental abilities in the animal kingdom. Even though various
organisms evolved different vison apparatuses, the ability to sense photons is achieved by the same
protein family, called opsins. Opsins can be grouped into eight subfamilies based on phylogenetics and
their downstream G protein specificity: Group 1 — Gt coupled opsins (vertebrate visual and non-visual
opsins); Group 2 — Gqg coupled opsins (invertebrate visual opsins and melanopsin); Group 3 —
invertebrate Go coupled opsins; Group 4 — Gi/Go coupled Opn3 (encephalopsin and TMT opsin);
Group 5 — Gi coupled Opn5 (neuropsin); Group 6 — Gs coupled cnidarian opsins; Group 7 —
retinochrome; and Group 8 — peropsins [83, 84]. While groups 1-6 act as light sensing GPCRs, groups
7 and 8 are retinal photoisomerases that produce 11-cis retinal [83, 84]. They can be further classified
based on the functionality and distribution in two major cell types. Groups 1, 3, 4, 5 and 6 opsins are
localized in ciliary-type photoreceptor cells and affect cyclic nucleotide signaling [84]. Group 2 opsins
are localized in rhabdomeric-type photoreceptor cells and modulate the phosphoinositol signaling
[84].

The ability of these receptors to sense light, stems from the light-sensitive ligand called retinal. Retinal
is covalently bound to the receptors via a Schiff base linkage to the conserved lysine at position 7.43
(Ballesteros-Weinstein numbering [25]). The retinal molecule is a derivative of vitamin A. The majority
of opsins bind retinal in the 11-cis conformation [85]. Opsins that have a retinal bound are called
rhodopsins. The 11-cis retinal is an inverse agonist and rhodopsins bound to 11-cis retinal are in their
inactive state. Upon photon absorption, the retinal isomerizes from its 11-cis form to the all-trans
form which induces conformational changes in the receptor that lead to G protein binding [84-86].
Another important feature of rhodopsins is the presence of a counterion, a negatively charged residue
in the orthosteric binding pocket, that stabilizes the protonated Schiff base [87, 88]. Monostable
rhodopsins possess a proximal counterion at position 3.28 [87-89]. In bistable invertebrate
rhodopsins, this position is occupied by a tyrosine and the negative charge is located at the distal
counterion position 45.44 [30, 31, 88].

Mono- and Bistability are however not primarily classified based on the position of the counterion but
based on the thermal stability of the Schiff base in the photoproduct. Monostable rhodopsins are
“bleached”, meaning that they lose the all-trans retinal after photoactivation because the Schiff base
linkage is deprotonated and hydrolyzed [84, 90]. On the other hand, bistable rhodopsins can revert to
the 11-cis state after a second photon-isomerization event because of the thermal stability of the
Schiff base in both the active and inactive states [84, 91]. Figure 5 shows a schematic representation

of monostable and bistable pigments.
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Figure 5: Biochemical properties of monostable and bistable pigments. Monostable pigments, such as vertebrate visual
opsins, lose their retinal after photoactivation because the photoproduct is thermally unstable. Monostable pigments have a
proximal counterion (Glu) at position 3.28. The photoproduct of bistable opsins, such as invertebrate visual rhodopsins, is
thermally stable and can revert to the dark state by a second photon absorption. Bistable pigments have a distal counterion
at position 45.44. Figure created with Biorender.

Vertebrate visual rhodopsins belong to the monostable pigments [83]. Bistable rhodopsins are
essential not just for invertebrate vision but also for vertebrate non-visual light perception, which
regulates for example the circadian rhythm (Melanopsin) [83, 84, 91]. In addition, bistable rhodopsins
have a potential to be used as optogenetic tools to control G protein signaling pathways [84, 92-95].
Bistable rhodopsins allow precise manipulation by light because they can be switched between the
active and inactive states. Mechanistical and functional understanding of bistable rhodopsins is
important for rational engineering of bistable rhodopsins in order to develop diverse optogenetic
tools.

In my PhD work, | focused on a bistable invertebrate rhodopsin from the jumping spider (Hasarius

adansoni) called jumping spider rhodopsin-1 (JSR1).

1.3.1 Jumping spider rhodopsin-1

The jumping spider rhodopsin-1 was discovered to be essential for the depth estimation of the
jumping spider [96]. Nagata et al. further showed that JSR1 absorbs green light which is needed for
accurate depth perception [96]. JSR1 is part of Group 2 — Gqg coupled opsins and signals through the
Gq pathway as confirmed by cell-based activity assays [83, 97, 98]. The best studied phototransduction
pathway in invertebrates is from Drosophila [99]. Invertebrate visual rhodopsins are located in

rhabdomeric photoreceptor cells and signal through the Gg pathway [91, 99]. Photoactivation results
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in isomerization of 11-cis retinal to all-trans retinal, leading to structural changes in the receptors that
results in the opening of a cytoplasmic cleft that allows the Gq protein to bind to the receptor. The
active receptor catalyzes the exchange of GDP with GTP in the Ga subunit of the Gq heterotrimer. The
GTP bound Gag will subsequently dissociate from the GBy subunits and activate phospholipase CB
(PLC) which in turn hydrolyzes phosphatidylinositol 4,5-biphosphate (PIP,) to diacylglycerol (DAG) and
inositol 1,4,5 triphosphate (IPs). This leads to the opening of transient receptor potential (TRP) and
TRP-like (TRPL) channels, allowing a Ca?* influx which leads to the depolarization of the cell [99] (Figure
6).
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Figure 6: Schematic representation of the proposed phototransduction process in invertebrate rhabdomeric cells. Photon
absorption leads to isomerization of the 11-cis retinal to the all-trans retinal, resulting in an active receptor. Active rhodopsin
can activate the Gq protein which triggers a PLC mediated conversion of PIP, to IPs and DAG. These lead to the opening of
the TRP/TRPL channels which allows an influx of Ca?*, leading to the depolarization of the membrane. Figure created with
Biorender.

In contrast to the vertebrate phototransduction cascade where photoreceptor cells hyperpolarize
because the channels close in response to light, the invertebrate photoreceptor cells depolarize in
response to light [99].

As mentioned before, bistable opsins have the potential to be used as optogenetic tool. JSR1 has been
shown to work as an optogenetic tool in zebrafish reticulospinal V2a neurons where activation of JSR1
lead to an increase of Ca%* and evoked a change in swimming behaviour [92]. The main issue with
using JSR1 as an optogenetic tool is that the Amax of the active and inactive states overlap, meaning
that there will be a mixture of active and inactive states upon illumination [100]. One JSR1 mutant
(JSR1 S199F) has been shown to have a Amax of 380 nm in the inactive state (versus 505 nm for WT
JSR1) and 540 nm in the active state (similar to WT JSR1) [98]. Mutational studies showed that a S199A
mutation lead to a substantial decrease in the pKa of the Schiff base in the dark state but not in the

photoproduct [98]. This hints that Ser199 is involved in the stabilization of the protonated Schiff base
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in the dark state but not in the photoproduct. The disruption of the Schiff base-counterion link in the
dark state of the S199F mutant leads to a deprotonated Schiff base, explaining the shift of Amax
[98](Personal communication with Dr. Matthew Rodrigues, PSI). UV-light activation is not very
desirable for in vivo applications because UV-light does not penetrate tissues well. Additional insights
into the active state structure and interactions with coupling partners will be important for the rational
engineering of JSR1. This could help designing JSR1 variants that can be activated with a desired

wavelength and ideally can also be tailored to activate a specific G protein family.

1.4 Heterotrimeric G protein

Today, it is known that GPCRs can interact with many downstream signaling partners. However,
canonical GPCR signaling involves binding of the heterotrimeric G proteins. The G protein consists of
three subunits called Ga, GB and Gy. In the inactive state, the Ga is bound to GDP which stabilizes the
heterotrimer [101]. An active GPCR acts as a guanine nucleotide exchange factor (GEF), meaning that
the active receptor binds the GDP bound G protein and catalyzes the exchange of GDP with GTP in the
Ga subunit. Binding of GTP induces the dissociation of the G protein from the receptor and
subsequently also the dissociation of the Ga subunit and the GPy dimer. These can activate
downstream signaling partners that differ depending on the G protein type. The Ga subunit can
hydrolyze GTP to GDP and the GDP bound form reassembles with the GBy subunits to form the
heterotrimeric G protein, which is ready for the next activation. Interestingly, humans have more than
800 genes encoding GPCRs but only 35 genes encoding G protein subunits, more specifically 16 genes
encoding Ga, five genes encoding GB and 14 genes encoding Gy [101].

The 16 different Ga subunits can be divided into 4 subfamilies based on sequence similarity and
functional properties: Gas, Gai/o, Gag/11 and Ga12/13 (Figure 7) [101]. The Ga subunit is composed
of two domains: the Ras and the a-helical (AH) domain. The AH domain is flexible, allowing opening
of the nucleotide binding site and the nucleotide can be exchanged from GDP to GTP [102]. In the
nucleotide bound form the Ga is in a closed conformation even though it was recently shown that the
local environment can lead to a range of different conformations (Figure 1) [102]. Huang et al. showed
that the presence of the GBy subunits and/or the plasma membrane can lead to different
conformations than the fully closed state of the Ga subunit [102]. Each Ga subfamily is involved in
binding specific downstream effector proteins that lead to different signaling outcomes. Gas mostly
stimulates adenylyl cyclases (AC), leading to an increase of cytosolic cAMP level whereas the Gai/o
inhibits ACs, therefore lowering the cytosolic cAMP level [101]. Gag/11 activates the phospholipase
CB which produces DAG and IPs, leading to an increase of the cytosolic Ca?* level [101]. Ga12/13

modulate the activity of small G-proteins from the Rho family, ultimately leading to remodeling of the
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cytoskeleton [101]. The activity of the Ga subunit is not only regulated by GPCRs but also post-
translational modifications or regulatory proteins. One example of a regulatory protein family is called
regulator of G protein signaling (RGS). These proteins act as GTPase accelerating proteins (GAP),
meaning they promote GTP hydrolysis in the Ga subunit thereby deactivating the Ga [103-105]. Ga
activity can also be inhibited by proteins that inhibit the guanine nucleotide exchange and there are
also examples of proteins that promote Ga activity by acting as a GEF [105].

An example of a post-translational modification (PTM) is the phosphorylation of the Ga.
Phosphorylation can happen by different kinases like the cAMP-dependent Ser/Thr protein kinase
PKA, the Ser/Thr kinase PKC or tyrosine kinases [106-109]. Phosphorylation happens in different
regions of the Ga, leading to specific modulation of the activity. For example, phosphorylation of Y356
in Gall leads to reduced receptor (M1) interactions whereas phosphorylation of $336 in Gal5 has an
opposite effect and promotes coupling to the M2 or B, adrenergic receptor [106, 107]. Besides

phosphorylation there are other modifications like lipid modifications that can alter the activity [110].

Family Gai/o Gas Gaq Gal12/13 GB Gy
AH AH CAHD) CAHD)

Subtypes | Gaiis, Gao, Gas, Gaolf Gaq, Gall, Gal12, Gal3 GBs GY13
Gaty3 Gaz Gal4,Gal15/16

Effector Adenylyl cyclase Adenylyl cyclase PLCB P115-RhoGEF Adenylyl cyclase
Phosphodiestarese | Axin Lbc LARG PLCB
Phospholipase [cAMP] T [Caz]t PDZ-RhoGEF PI3Ky
[cAMP] 1 PKA PKC AKAP-Lbc lon channels

Rho Rho

Figure 7: Classification of Ga, GB and Gy subunits. Ga subunits are schematically depicted in different colors for each
subfamily with the Ras and AH domains labelled. For each subfamily the Ga subtypes and downstream effector proteins are
indicated. GB has five subtypes and Gy 13 subtypes. Downstream effector proteins influenced by the GBy dimers are indicated.
Figure created with Biorender.

The Gy subunits are obligatory dimers, believed to be assembled co-translationally [111]. Initially,
the Ga subunit was the main focus of researchers and the Gy subunits were thought to be less
important for signaling. However, studies showed that the GBy dimer can modulate the activity of
various proteins. The GBy dimer has been shown to influence downstream effectors also targeted by
Ga subunits like ACs or the PLCB [111-113]. In addition, the GPy subunits interact with other
downstream effectors like ion channels (Kir3 potassium channel or N-type calcium channel) or the
soluble N-ethylmaleimide-sensitive factor attachment protein receptor (SNARE) [111, 114-116]. These
are only a few examples of downstream effector proteins and in recent years the GBy dimer gained

more attention again from researchers. Because of the different subtypes and combinations of GB and
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Gy subunits there are more than 60 possible combinations. Depending on the subtype, the GBy dimer
can interact with different effectors and render different signaling outcomes.

In GPCR-G protein structural studies the Ga subunit is highlighted more often because most
interactions with the GPCR are made with the Ga subunit and only very few cases showed interactions

with the GBy subunits [117, 118].
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2 Aims of the thesis

Even though, | have been working with GPCRs from two different families with very different
functions, the overall goal was similar in both cases. The main goal was to determine the structure of
the active state receptor coupled to a G protein with single particle cryo-EM. In the adhesion GPCR
project | was working with Adgrg6 and Adgrdl1 and in the JSR1 project | was working with the jumping
spider rhodopsin 1 (JSR1).

In the aGPCR project, this involves many smaller intermediate goals, all leading towards the
biochemical characterization of Adgrg6 and Adgrd1 which is a prerequisite to prepare a sample for
structure determination. A suitable sample will be analyzed by single particle cryo-EM for structure
determination.

In the JSR1 project, the main focus is to optimize the preparation of the signaling complex of JSR1 with
a G protein heterotrimer. Structural analysis is performed with single particle cryo-EM. The structure
is analyzed with the most recent resources and in the context of the latest literature to form
comprehensive comparisons and conclusions. This structure presents the first active state structure

of a bistable rhodopsin.
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2.1 Experimental strategy
2.1.1. Adhesion GPCR project

Structural information about aGPCRs was limited to the extracellular domains at the time when |
started my PhD. The goal is to solve a structure of the CTF of the aGPCRs Adgrd1 and Adgrg6, activated
by the tethered agonist. This project is a new project in our research group. As mentioned before, this
means that many experiments have to be done before a sample for cryo-EM analysis can be produced.
Our experimental strategy starts with designing several constructs for Adgrd1 and Adgrg6 focused on
the CTF. Constructs are designed for either HEK or insect cell expression. Expression is evaluated by
in-gel fluorescence imaging, western blot analysis or analytical fluorescence size exclusion
chromatography. For selected constructs a detergent screening is done to identify a suitable detergent
for both Adgrd1 and Adgrg6. In the next step, different strategies to express and purify a receptor-G
protein complex are explored. In one method, we express the receptor and G protein separately and
purify each component of the complex separately. The purified components are then mixed to form
the complex and prepare a sample for cryo-EM analysis. In the other method, we co-express the
receptor and G protein in the same cell. Activating the receptor in the cell leads to complex formation
in the plasma membrane. The receptor is therefore stabilized in the active state by the interaction
with the G protein. Next, the complex is extracted from the plasma membrane by detergents and

purified in order to prepare cryo-EM grids. Figure 8 shows a schematic with the different steps.
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Figure 8: Schematic showing the different steps to produce a sample for structure determination by cryo-EM.
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2.1.2. Jumping spider rhodopsin-1 project

Our group showed before that JSR1 can be expressed in HEK293GnTI" cells, possesses high thermal
stability in detergents and can be crystallized in the inactive state bound to the inverse agonist 9-cis
retinal [30]. The 2.1 A crystal structure provided insights into the inactive state but insights into the
active state structure are needed to elucidate the mechanism how the bistability of retinal is achieved
and gain information on the G protein coupling. Additional insights into the protonated Schiff base
(PSB) — counterion (Cl) link in the active and inactive states of JSR1 were discovered by Nagata et al.
[98]. Dr. Filip Pamula, a former PhD student in our lab, worked towards the structure determination
of a JSR1-human Gi complex (JSR1-hGi). He succeeded in reconstructing a cryo-EM map and
determining a structure to ~5 A resolution. Several reasons prevented determination of a higher
resolution structure. First, JSR1 bound to the 9-cis retinal needs to be light activated to couple to the
G protein and even though the Anax Of the active and inactive states are shifted (9-cis vs all-trans JSR1),
they still overlap, leading to a mixed population of active/inactive state JSR1 upon illumination [100].
Second, the low stability of the JSR1-hGi complex resulted in dissociation during freezing for grid
preparation, lowering the number of complex particles in the EM data. Lastly, the flexibility of the
complex resulted in heterogeneity in the particle set, lowering the overall resolution of the cryo-EM
map.

My goal is to prepare an optimized sample of a JSR1-G protein complex to determine a high resolution
structure. To achieve this goal we can change two main components of the complex. First, we can
change the ligand for JSR1. As mentioned already, the Amax values for the active and inactive state
overlap. To overcome this problem, we try to purify JSR1 bound to either the all-trans retinal or the
non-natural agonist all-trans retinal 6.11. This would allow us to have a homogeneous population of
active state JSR1 and could overcome the issue with the overlapping Amaxvalues. The cryo-EM analysis
of the JSR1-hGi complex showed that the complex is not very stable, resulting in many dissociated
particles in the cryo-EM dataset. | will test if JSR1 can couple and activate different Ga subtypes from
the Gi/o and Gqg/11 families which might form a more stable complex than the JSR1-hGi complex.
Complex formation is analyzed by analytical size exclusion chromatography. Furthermore, G protein
subtypes showing binding to JSR1 will further be analyzed for activation by JSR1 with an in vitro activity
assay called GTPase Glo assay. In addition, | will try to add the scFv16 to the JSR1-hGi complex, which
was shown to stabilize the bovine rhodopsin-hGi complex [119]. Promising JSR1-G protein complexes
are then analyzed by cryo-EM for structure determination. Figure 9 shows a summary of the
experimental strategy to prepare a optimized JSR1 signaling complex for structure determination by

cryo-EM.
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Figure 9: Schematic summarizing the experimental strategy to produce an optimized JSR1 signaling complex for structure
determination by single particle cryo-EM. Abbreviations: ATR= all-trans retinal; hGx= human G protein from subtype x;
JSGq1=jumping spider visual Gql; JSGig= chimeric human/jumping spider Giq; SEC= size exclusion chromatography.
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3 Material and Methods

3.1 Bacterial cell transformation

To copy and isolate plasmid DNA or generate single colonies for expression, Mach-1 or BL21 (DE3)
strains of Escherichia coli (E. coli) cells were used respectively. One pl of plasmid DNA of interest at a
concentration of 100 ng/ul was added to 100 ul of competent cells. After 30 min incubation on ice,
heat shock was performed in a water bath at 42°C for 45 seconds. Afterwards, the mixture was
incubated for 1 min on ice, followed by the addition of 400 pl of SOC medium and incubation for 1
hour at 37°C while shaking at 600 rpm in a Infors HT shaker (Infors AG). Cells were subsequently plated
on LB Agar plates supplemented with either kanamycin or ampicillin, depending on the antibiotic
resistance gene on the plasmid DNA. Plates were incubated overnight at 37°C and single colonies were
picked to inoculate liquid cultures for further steps.

3.2 Bacterial cell expression

Expression of Gai (Uniprot ID: P36096), mini-Gas 393/399 [120], 3C protease (Uniprot ID: P03303 and
chain ID: PRO_0000426549) and the Anti-GFP Nanobody (NbGFP) (Gift from Prof. Volodymyr Korkhov)
was done in BL21 (DE3) cells. Single colonies from LB Agar plates were picked to inoculate 100 ml of
LB (or TB cultures for NbGFP) supplemented with either Ampicillin (100 ug/ml) or Kanamycin (50
pg/ml). Cultures were grown overnight at 37°C while shaking at 150 rpm. Cell suspensions were used
to inoculate large volume LB or TB cultures. Cells were grown at 37°C until they reached an Optical
Density (OD) of 0.6-0.8 and protein expression was induced by addition of 0.5 mM isopropyl-b-D-
thiogalactopyranoside (IPTG). Cells were further grown overnight at 23°C and shaking at 150 rpm. Cells
were harvested by centrifugation at 4000 rpm for 15 min and subsequent removal of excess liquid.
Cell pellets were flash frozen in liquid nitrogen before storing them at -80°C.

3.3 Gai purification

The Gai subunit contained a C-terminal TEV cleavage site followed by a 10xHis-tag. The E. coli cell
pellet was thawed and resuspended in buffer A (25 mM Tris-HCI pH 7.5, 500 mM NaCl, 50 mM
Imidazole, 10% glycerol and 5 mM 2-mercaptoethanol (B-ME)). Cells were disrupted by sonication (2
sec on/ 9 sec off) for two times 3 min at 100 % amplitude on ice (Sonics VCX-500-220 Vibra-Cell). Cell
lysate was centrifuged for 30 min at 185’000 rcf and 4°C. The supernatant was loaded on 2x5 ml
HisTrap Fast Flow (FF) columns. The columns were washed with 30 column volumes (CV) of buffer A
and elution was done with 5x0.5 CV of buffer B (25 mM Tris-HCl pH 7.5, 500 mM NaCl, 500 mM
Imidazole, 10% glycerol and 5 mM B-ME). Eluent was collected and supplemented with TEV protease
at a ratio of 20:1 (Gai:TEV; w/w) before being dialysed against 1500 ml of buffer C (25 mM Tris-HCI pH
7.5, 150 mM NacCl, 35 mM Imidazole, 10% glycerol and 10 mM B-ME) using a 10 kDa cut-off dialysis
membrane. After dialysis, the sample was passed through another 5 ml HisTrap FF column to remove
His-tagged TEV protease and other protein contaminants. The flow through was concentrated with a
10 kDa cut-off Amicon Ultra Centrifugal Filter (Millipore) and injected to a Superdex 200 HiLoad 16/60
column (GE Healtcare) equilibrated in buffer D (25 mM HEPES pH 7.5, 150 mM NaCl, 2mM DTT). Peak
fractions containing Gai were collected, pooled and concentrated before adding glycerol to a final
concentration of 20% and flash freezing in liquid nitrogen. The final yield was ~15 mg/L and the protein
was stored at -80°C until use.
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3.4 3C protease purification

The 3C protease contained a C-terminal 10xHis-tag. Bacterial cell pellet was thawed and resuspended
in buffer A (25 mM HEPES pH 7.5, 500 mM NaCl, 50 mM Imidazole, 10 % glycerol and 5 mM B-ME).
Cells were disrupted by sonication (1 sec on/1.5 sec off) for 10 min at 35% amplitude on ice (Sonics
VCX-500-220 Vibra-Cell). Cell lysate was centrifuged at 208’000 rcf for 30 min. Supernatant was loaded
onto 2x5 ml HisTrap FF columns and columns were washed with 20 CV of buffer A. Elution was done
with 6 CV of buffer B (25 mM HEPES pH 7.5, 500 mM NaCl, 200 mM Imidazole, 10 % glycerol and 5
mM B-ME) and the eluent was dialysed against 2 L of buffer C (25 mM HEPES pH 7.5, 500 mM NaCl,
10 % glycerol and 5 mM B-ME) overnight at 4°C. The sample was concentrated, supplemented with
20% glycerol and flash frozen in liquid nitrogen. The protein was stored at -80°C until use.

3.5 GFP Nanobody purification

The GFP Nanobody contained a 10xHis-tag. The cell pellet was thawed and resuspended in buffer A
(25 mM HEPES pH 7.5, 200 mM NaCl and 20 mM Imidazole). The cell suspension was homogenized
with a blender and cells were mechanically disrupted with a Microfluidizer (Microfluidics, IDEX). Cell
lysate was centrifuged at 200’000 rcf for 1 h at 4°C and the supernatant was loaded onto a 5 ml HisTrap
FF column. The column was washed with 10 CV buffer A and 10 CV buffer B (25 mM HEPES pH 7.5,
200 mM NaCl and 40 mM Imidazole) before eluting the protein with 15 CV of buffer C (25 mM HEPES
pH 7.5, 200 mM NaCl and 500 mM Imidazole). The eluent was concentrated and injected to a
Superdex75 16/60 (GE Healthcare) equilibrated in buffer D (25 mM HEPES pH 7.5, 200 mM NaCl). Peak
fractions containing the GFP nanobody were collected and concentrated before being flash frozen in
liquid nitrogen and stored at -80°C until use.

3.6 Mini-Gas 393/399 purification

Mini-Gas 393/399 contain a N-terminal 6xHis-tag followed by a TEV cleavage site. Purification was
done according to a published protocol [121]. In short, the cell pellet was resuspended in buffer A (40
mM HEPES pH 7.5, 100 mM NacCl, 10 mM Imidazole, 10% glycerol, 5 mM MgCl, and 50 uM GDP)
supplemented with cOmplete protease inhibitor cocktail tablets (Roche) and 100 uM DTT. The cell
suspension was stirred at 4°C for 30 min before lysing the cells by sonication for 10 min with pulses of
2 sec on and 4 sec off at an amplitude of 70%. The lysate was centrifuged at 40’000 rcf for 45 min at
4°C. Supernatant was filtered using a 0.22 um Steritop filter before loading the filtered supernatant
onto a HisTrap FF column, pre-equilibrated with buffer A. The column was washed with 10 CV of buffer
B (20 mM HEPES pH 7.5, 500 mM NacCl, 40 mM Imidazole, 10% glycerol, 1 mM MgCl, and 50 uM GDP)
and the protein was eluted with 3 CV of buffer C (20 mM HEPES pH 7.5, 100 mM NaCl, 500 mM
Imidazole, 10% glycerol, 1 mM MgCl; and 50 uM GDP). TEV protease was added to the eluent at a
ratio of 1:20 (w/w, TEV:mini-Gas) and subsequently dialyzed against buffer D (20 mM HEPES pH 7.5,
100 mM NacCl, 10% glycerol, 1 mM MgCl; and 10 uM GDP) overnight. The dialysate was supplemented
with Imidazole to a final concentration of 20 mM and loaded onto a HisTrap FF column. The flow
through was collected and pooled with 1 CV wash fraction with buffer D. The protein solution was
concentrated and injected into a Superdex 200 HiLoad 16/600 (GE Healthcare) pre-equilibrated with
buffer E (10 mM HEPES pH 7.5, 100 mM NaCl, 10% glycerol, 1 mM MgCl,, 1 uM GDP and 0.1 mM TCEP).
Peak fractions containing the mini-Gas were pooled, concentrated and flash frozen in liquid nitrogen
before storage at -80°C.
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3.7 GB.y; purification from bovine retinas

The GB1y1 subunits were separated from the transducin G protein heterotrimer which was purified
from the rod outer segment membranes of bovine retinas as previously described [122, 123].

In short, bovine retinas (W L Lawson Company, Omaha, NE) were exposed to light in order to activate
rhodopsin in the rod outer segment (ROS) membranes. Activated rhodopsin binds the transducin G
protein. Bovine retinas are homogenized in a buffer containing 47% sucrose to apply an osmotic shock.
ROS membranes are isolated with a sucrose gradient where the ROS membranes are located and
collected at the interface of the 30% sucrose bottom layer and 25% sucrose top layer. ROS membranes
were washed and the transducin G protein was finally dissociated from the ROS membranes by adding
GTP to the buffer. The protein was dialysed to remove the GTP and frozen until further use. Three
samples from 150 bovine retinas each were combined, and the combined sample was applied to a
Blue Sepharose column in order to separate the GBiy: subunits from the Gat subunit. The relevant
fractions were combined and concentrated before being flash frozen in liquid nitrogen and stored at
-80°C.

3.8 Insect cell lines

Sf9 (Spodoptera frugiperda) and High Five (Trichoplusia ni) insect cells were obtained from Thermo
Fisher Scientific. Both cell lines were cultured in Sf-900™ IIl serum-free medium (Thermo Fisher
Scientific) at 27°C and 120 rpm. HEK293F cells were cultured in suspension with freestyle medium
(Thermo Fisher Scientific) at 37°C with 5 % CO,.

3.9 Baculovirus production

High-titer recombinant baculovirus stocks were generated using the flashBAC™ expression system in
Sf9 cells. 1.5 pg plasmid DNA was mixed with 500 ng linearized BAC10:K01629 DNA (Oxford Expression
Technologies Ltd.) and 8 pl Cellfectin™ Il reagent (Thermo Fisher Scientific) in 200 pl Sf-900™ Ill serum-
free medium. After a 20 min incubation at RT, the transfection mix was added to 1 x 108 Sf9 cells in an
adherent culture plate. The plate was incubated at 27°C for 120 h. The Po-generation virus was
harvested from the supernatant and used to infect a 10 ml suspension cell culture at 1 x 108 cells/ml
density. Supernatant with P;-generation virus was harvested by centrifugation after 72 h incubation
while shaking at 27°C. The procedure was repeated with a 100 ml cell suspension volume to generate
the final P,-generation virus for protein expression.

3.10 Expression in insect cells

For small scale expressions, Sf9 and High Five cells were cultured to a density of 3 x 10° cells/ml and
transferred to a 96 deep-well plate (DWP) and infected with virus. Different virality of infection (VOI;
v/v) were tested for each construct. The 96 DWP was incubated at 27°C at 1200 rpm on a shaker plate
(Eppendorf MixMate) and cells were harvested after 48 h or 72 h by centrifugation at 800 rcf and
stored at -80°C until further use.

For large scale expressions, Sf9 or High Five cells were cultured to a density of 4 x 10° cells/ml. Cells
were harvested by centrifugation at 800 rcf and 15 min and cells were resuspended in fresh Sf-900™
lll serum-free medium to the same density. Baculovirus for the protein of interest was added to infect
the cells. In case of the co-expression of the aGPCR and G protein, two baculoviruses (one for the
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aGPCR and one for the G protein) were added with the same VOI. Cells were harvested after 48 h or
72 h by centrifugation at 800 rcf, and cell pellets were stored at -80°C.

3.11 GB.y; expression and purification from insect cells

The GB1y2 subunits were cloned into the pACS8REDNK vector (Kind gift of Arnaud Poterszman [124])
for insect cell expression. The GB: subunit contained a N-terminal 10xHis-tag followed by a 3C
protease cleavage site. The Gy, subunit was not further modifired. Expression was done in High Five
insect cells at a VOI of 3% for 48h. The cell pellet was harvested by centrifugation at 800 rcf for 15 min,
and stored at -80°C until use.

The cell pellet was thawed and resuspended in buffer A (20 mM HEPES pH 7.5, 100 mM NaCl, 3 mM
MgCl;, 100 uM EDTA and 5 mM B-ME) supplemented with cOmplete protease inhibitor cocktail tablets
(Roche) and DNAse 1 (10 pg/ml) (Roche). Cells were mechanically disrupted using a Microfluidizer
(Microfluidics, IDEX) and subsequently the suspension was centrifuged at 185’000 rcf for 30 min. The
pellet was resuspended in a buffer containing 20 mM HEPES, 100 mM NaCl, 20 mM Imidazole, 3 mM
MgCl2, 5 mM B-ME and 20 uM GDP supplemented with cOmplete protease inhibitor cocktail tablets
and solubilized by adding 1% Sodium cholate (Sigma-Aldrich) and 0.05 % (w/v) DDM (Anatrace). After
incubation at 4°C for 1 h, insoluble material was removed by centrifugation at 185’000 rcf for 45 min.
The clarified supernatant was incubated with 5 ml of TALON resin (Takara Bio) for 90 min at 4°C. The
resin was collected in a gravity flow column and the detergent was gradually exchanged to 0.1 % DDM.
The resin was washed with 10 CV of IMAC buffer A (20 mM HEPES pH 7.5, 100 mM NaCl, 20 mM
Imidazole, 1 mM MgClI2, 5 mM B-ME, 20 uM GDP and 0.01 % DDM) and 10 CV of IMAC buffer B (IMAC
buffer A with 300 mM NacCl). The protein was eluted with IMAC buffer A supplemented with 300 mM
Imidazole. His-tagged HRV 3C protease was added (1:50 w/w; HRV 3C protease:GB1y-) to the eluent
and dialyzed against dialysis buffer (20 mM HEPES pH 7.5, 100 mM NaCl, 1 mM MgCl,, 100 uM TCEP,
20 uM GDP and 0.05 % DDM) overnight at 4°C. Dialysate was collected and supplemented with
Imidazole to a final concentration of 20 mM before incubation with 5 mlI TALON resin for 1 h at 4°C.
The resin was transferred to a gravity flow column and the flow through was collected. The resin was
washed with one CV of dialysis buffer supplemented with 20 mM Imidazole. The flow through and
wash were combined and concentrated using a 30 kDa cut-off Amicon Ultra Centrifugal Filter
(Millipore) before adding 20 % glycerol (v/v). The sample was flash frozen in liquid nitrogen and stored
at -80°C.

3.12 Peptide synthesis

The Stachel-sequence derived Adgrdl peptide (TNFAILMQVVPLE) and Adgrg6 peptide
(THFGVLMDLPRSASQL) were synthesized at Peptide 2.0 (Chantilly, VA, USA). Additionally, FLAG
epitope peptide (DYKDDDK) was synthesized at Peptide 2.0 as well.

3.13 Adhesion GPCR Construct Design

The cDNA encoding the human Adgrd1 (Isoform 1, Uniprot ID: Q6QNK2-1) was used to generate all
truncated Adgrdl sequences except for the D1.05 (full-length isoform 2, Uniprot ID: Q6QNK2-2) and
D1.06 (full-length isoform 3, Uniprot ID: Q6QNK2-3) constructs. The cDNA encoding the human Adgrg6
(Isoform 1, Uniprot ID: Q865Q4-1) was used to generate all Adgrg6 constructs. In section “8.1 Tables”
the sequences of all constructs can be seen. The HEK cell constructs were C-terminally fused to a HRV
3C cleavage sequence (LEVLFQG) followed by a YFP (Uniprot ID: AOAO59PIR9), a 8xHis tag and a
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TwinStrep tag (SAWSHPQFEKGGGSGGGGSGGSAWSHPQFEK). The insect cell expression constructs
started with a N-terminal haemagglutinin (HA) signal sequence (MKTIIALSYIFCLVFA) followed by a
FLAG-tag (DYKDDDDA), a tobacco etch virus (TEV) protease cleavage site (ENLYFQG) and the truncated
Adgrd1/Adgrgb sequence. The C-terminus of Adgrd1/Adgrg6 was fused to a TEV protease cleavage
site followed by a GFP (Uniprot ID: P42212) and a 8xHis tag. G6.10 and D1.12, designed for the co-
expression experiments, started with a HA signal sequence followed by the Adgrd1/Adgrgé CTF, a TEV
protease cleavage site and a FLAG-tag (DYDKDDDDK). Constructs G6.11/.12 and D1.13/.14/.15,
designed for co-expression experiments, started with the HA signal sequence followed by a FLAG-tag,
a TEV protease cleavage site and the corresponding Adgrdl/Adgrg6 sequence. All insect cells
constructs were cloned into the pAC8REDNK vector (Kind gift of Arnaud Poterszman [124]).

3.14 G protein construct design for insect cell expression

An engineered shortened human Gas subunit (mini-Gas 399)[120], which lacks the a-helical domain,
was further modified with an N-terminal Strep-tag (WSHPQFEK) followed by a GFP and a HRV 3C
protease cleavage sequence (LEVLFQG). The human GB; was modified with an N-terminal 10xHis tag
followed by a HRV 3C cleavage sequence. The human Gy; was not further modified. All three G protein
subunits were cloned into the pAC8REDNK vector for insect cell expression. For the human Gq (hGq),
human G11(hG11), jumping spider Giq (JSGiq) chimera and the jumping spider visual Gql (JSGq)
proteins the same vector was used as for the mini-Gs heterotrimer but the Ga sequence of mini-Gas-
GFP was replaced with hGaq, hG11, JSGaiq or JSGaqg without a GFP fusion.

3.15 Expression in HEK293F cells

HEK293F cells were cultured to a density of 2 x 10° cells/ml in Freestyle 293 Expression Medium
(Thermo Fisher Scientific). For the transient transfection of a 1 L cell culture, a mixture of 50 ml of
Opti-MEM™ (Gibco) with 2.5 mg of PEI (Sigma-Aldrich) was created, homogenized and incubated at
37°C until the mixture is completely transparent. This solution was mixed with a mixture of 50 ml Opti-
MEM™ with 1 mg sterile DNA. After incubation of 20 minutes at room temperature, the solution was
directly added to the cell suspension. After Incubation at 37°C and 5% CO, for 48 or 72 h, the cells
were harvested by centrifugation and frozen at -80°C.

3.16 In-gel fluorescence scanning

SDS-PAGE gels were imaged using a ChemiDoc Imaging System (Bio-Rad Laboratories, Inc.) with the
Alexa 488 option to visualize the YFP or GFP coupled to the protein of interest.

3.17 Western blot analysis

SDS-PAGE was run with the samples of interest. Instead of Coomassie staining the gels, the gels were
subjected to a semi-dry blot using a Trans-Blot® SD Semi-Dry Transfer Cell (Bio-Rad Laboratories, Inc.)
with Polyvinylidene difluoride membranes. The membrane was placed on top of the anode and the
gel was placed on top of the membrane, sandwiched between two pre-soaked filter papers. The
cathode was placed on top, and the transfer was run at 15 V for 35 min. After the transfer, the
membrane was soaked in 3% bovine serum albumin made with 1xTBST (Tris-buffered saline, 0.1%
Tween20) buffer for at least 1h. The membrane was washed with 1xTBST buffer three times for 3min.
The primary antibody solution was prepared using an anti-FLAG or anti-Strep tag antibody coupled to
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HRP (0.1-0.2 pg/ml) in a 1xTBST buffer with 3 % BSA. The membrane was incubated with this solution
for at least 2h at 4°C. The membrane was then washed three times with 1xTBST buffer for 3 min each
time. The membrane was then incubated for 5 min with SuperSignal West Pico PLUS solution (Thermo
Fisher Scientific) and then imaged for chemiluminescence. For the detection of the Adgrd1-NTF a
primary antibody was used against the Adgrd1-NTF and a secondary antibody coupled to HRP was
added, recognizing the heavy chain of the primary antibody.

3.18 Detergent screening

Cell pellets from the 96 DWP were resuspended in buffer containing 20 mM HEPES pH 7.5, 100 mM
NaCl, 1 mM MgCl,, DNase | (10 pg/ml) (Roche) supplemented with cOmplete protease inhibitor
cocktail tablets (Roche). Next 1% (v/w) of the respective detergent used for the screening experiment
was added and the samples were incubated for 1 h at 4°C. Insoluble material was removed by
centrifugation for 10 min at 200’000 rcf. The clarified supernatants were injected to a Superdex 200
increase 5/150 column (GE Healthcare) pre-equilibrated with 20 mM HEPES pH 7.5, 100 mM NaCl, 1
mM MgCl, and 0.05% DDM. The GFP fluorescence signal was measured and the chromatograms
analyzed using Excel (Microsoft).

3.19 Expression of Adgrd1-NTF

The cDNA of the N-terminal fragment (NTF) of Adgrd1 (residues 1-544; Uniprot ID: Q6QNK2-1) was
fused to a C-terminal 8x-His tag and cloned into the pAC8REDNK vector for insect cell expression. High
Five insect cells were grown to a density of 3x10° cells/mL and baculovirus for Adgrd1-NTF was added
to reach a VOI of 3%. Because the Adgrd1-NTF is a secreted protein, the supernatant of the cell
suspension was either harvested after 30 h, 48 h or 72 h and directly used for purification.

3.20 Purification of Adgrd1-NTF

The pH of the supernatant was adjusted by adding Tris pH 7.5 to a final concentration of 50 mM and
incubating the solution at 4°C for 30 min while stirring. The supernatant was then clarified by filtration
using a 0.45 um filter paper and the clarified supernatant was loaded onto a HisTrap Excel (Cytiva)
column overnight in a loop. The column was washed with 10 CV of buffer A (20 mM HEPES pH 7.5, 500
mM NaCl and 20 mM imidazole) and 15 CV buffer B (20 mM HEPES pH 7.5, 100 mM NaCl and 20 mM
Imidazole). The protein was eluted with 10 CV of elution buffer (20 mM HEPES pH 7.5, 100 mM NacCl
and 500 mM Imidazole). The eluent was concentrated using a 30 kDa cut-off Amicon Ultra Centrifugal
Filter (Millipore) and injected into a Superdex200 10/300 (GE Healthcare) column equilibrated with
SEC buffer (20 mM HEPES pH 7.5 and 100 mM NaCl). Appropriate fractions were pooled and
concentrated before flash freezing the protein in liquid nitrogen or direct usage in crystallization trials
and thermal stability measurements.

3.21 Thermal stability measurements Adrgd1-NTF

Thermal stability assays were performed with a Rotor-Gene Q RT-PCR machine (QIAGEN) and the
SYPRO orange dye (Sigma Aldrich). The following protocol was used for the assays:
1. Hold at 25°C for 2 min

2. Melt—25°Cto 90°C, 0.4 degrees per cycle, 10 seconds each cycle
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The final reaction volume is 25 pl in PCR tubes. First, a screen was done to find an optimal protein and
SYPRO orange concentrations. 1-10 uM protein concentrations were tried and 1x, 2x, 5x and 10x
SYPRO concentrations. For all subsequent assays a protein concentration of 7 uM and a SYPRO orange
concentration of 2x was used. For the buffer screening the protein was concentrated that only a small
volume (2.6 ul; ~10% of total volume) has to be added to the tubes and the volume is mainly made of
the buffer to screen. Various buffers were screened and can be seen in Figure 28.

3.22 Crystallization Adgrd1-NTF

Two samples were used for crystallization. One sample had a protein concentration of 12 mg/ml and
the other 17 mg/ml. Crystallization screens were set up for the sitting drop vapor diffusion technique
using a mosquito crystallization robot (SPT Labtech Ltd). Drops were set up at a 1:1 ration of protein
solution to reservoir buffer solution (100 nl : 100 nl). The following 96-well plate crystallization screens
were set up: Morpheus, Morpheus Il, PACT premier, SG1, JCSG plus (Molecular Dimensions, Calibre
Scientific) and XP screen (Jena Bioscience GmbH). The plates were stored at either 20°C or 4°C in a
ROCK IMAGER® (FORMULATRIX) and regularly checked for crystal growth.

3.23 Complex formation and analytical SEC

Cells expressing Adgrd1, Adgrg6 or mini-Gs heterotrimer were resuspended in 20 mM HEPES pH 7.5,
100 mM NaCl, 1 mM MgCl,, DNase | (10 pg/ml) (Roche) supplemented with cOmplete protease
inhibitor cocktail tablets (Roche). Resuspended cells expressing receptor were mixed with cells
expressing mini-Gs heterotrimer and the suspension was supplemented with 1% (w/v) lauryl maltose
neopentyl glycol (LMNG, Anatrace), 0.1% (w/v) cholesteryl hemisuccinate (CHS, Anatrace) and 25
mU/ml apyrase. The samples with synthesized Stachel peptide also contained 200 uM of the
corresponding peptide. Samples were incubated for 2h at 4°C and insoluble material was removed by
centrifugation at 200’000 rcf for 15 min. Solubilized samples were injected into a TSKgel® column
(Tosoh Bioscience LLC) pre-equilibrated with 20 mM HEPES pH 7.5, 100 mM NacCl, 1 mM MgCl,, 0.01%
LMNG/CHS (10:1) and the GFP fluorescence was measured.

3.24 Complex purification Adrgd1-mini Gs heterotrimer

Frozen cell pellet was resuspended in buffer containing 20 mM HEPES pH 7.5, 100 mM NacCl, 2 mM
MgCl, and 1 mM DTT supplemented with DNase | (10 ug/ml) (Roche) and cOmplete protease inhibitor
cocktail tablets (Roche). Complex formation was initiated by adding synthesized Stachel peptide (100
UM) and kept constant during the purification procedure. Incubation for 2 h at room temperature with
the addition of apyrase (25 mU/ml) allowed complex formation on the cell membrane. Solubilization
was done by supplementing 1% (w/v) LMNG (Anatrace) and 0.1% (w/v) CHS (Anatrace) and incubation
for 2 h at 4°C. Insoluble material was removed by centrifugation at 136’000 rcf for 45 min. The clarified
supernatant was incubated overnight with 2 ml anti-DYKDDDDK G1 Affinity Resin (Genscript) at 4°C
by batch binding. The resin was collected in a gravity flow column and washed with 30 CV of wash
buffer (20 mM HEPES pH 7.5, 100 mM NacCl, 2 mM MgCl,, 10% glycerol, 1ImM DTT, 0.01% LMNG,
0.002% CHS and * 0.002% glycol-diosgenin (GDN, Anatrace)). The protein complex was eluted using
wash buffer supplemented with 0.2 mg/ml Flag peptide (Genscript or Peptide 2.0). The eluent was
concentrated and injected into a Superdex200 increase 10/300 GL column (GE Healthcare) pre-
equilibrated with 20 mM HEPES pH 7.5, 100 mM NaCl, 2mM MgCl,, 0.001% LMNG, 0.0002% CHS and
+ 0.0002% GDN. The fractions containing receptor-G protein complex were combined and either
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directly used at a concentration of 1 mg/ml for preparing cryo-EM grids or concentrated to 2.2 mg/ml
using a 100 kDa cut-off Amicon Ultra Centrifugal Filter (Millipore) and then used to prepare cryo-EM
grids.

3.25 Construct design Adgrd1-mini-Gas fusion protein

The cDNA for the Adgrd1-CTF (D1.12) was fused to mini-Gas 399 [120] at the C-terminus. Additionally,
a HA signal sequence followed by a double FLAG tag and a TEV cleavage site was fused to the N-
terminus of Adgrd1-CTF. The sequence was cloned into the pAC8REDNK vector for insect cell
expression.

3.26 Purification Adgrd1-mini-Gas fusion protein

The cell pellet was resuspended in buffer A (20 mM HEPES pH 7.5, 100 mM NaCl, 2 mM MgCl, and 1
mM DTT supplemented with DNase | (10 pg/ml) (Roche) and cOmplete protease inhibitor cocktail
tablets (Roche)). Complex formation was initiated by adding synthesized Stachel peptide (100 uM)
which was kept constant during the purification procedure. Incubation for 2 h at room temperature
with the addition of apyrase (25 mU/ml) allowed complex formation on the cell membrane.
Solubilization was done by supplementing 1% (w/v) LMNG (Anatrace) and 0.1% (w/v) CHS (Anatrace)
and the suspension was incubated for 2 h at 4°C. Insoluble material was removed by centrifugation at
136’000 rcf for 45 min at 4°C. The clarified supernatant was incubated overnight with 2 ml anti-
DYKDDDDK G1 Affinity Resin (Genscript) at 4°C by batch binding. The resin was collected in a gravity
flow column and washed with 30 CV of wash buffer (20 mM HEPES pH 7.5, 100 mM NaCl, 2 mM MgCl,,
10% glycerol, 1mM DTT, 0.01% LMNG, 0.002% CHS and 0.002% GDN (Anatrace)). Complex was eluted
using wash buffer supplemented with 0.2 mg/ml Flag peptide (Genscript or Peptide 2.0). Eluent was
concentrated using a 50 kDa cut-off Amicon Ultra Centrifugal Filter (Millipore) and injected into a
Superdex 200 increase 10/300 GL column (GE Healthcare) pre-equilibrated with 20 mM HEPES pH 7.5,
100 mM NaCl, 2mM MgCl,, 1 mM DTT, 0.001% LMNG, 0.0002% CHS and 0.0002% GDN. The fractions
containing the protein of interest were combined and concentrated using a 50 kDa cut-off Amicon
Ultra Centrifugal Filter (Millipore). The protein was flash frozen in liquid nitrogen and stored at -80°C.

3.27 Construct design Adgrd1-NTF-CTF fusion protein

The cDNA encoding the human Adgrd1 (isoform 1, Uniprot ID: Q6QNK2-1) was used to generate the
truncated Adgrd1®ANCTF receptor (residues 275-874). The constructs started with a HA signal
sequence, followed by a quadruple FLAG epitope and a 3C protease cleavage site fused to the N-
terminus. The C-terminus of Adgrd1°ANCTF was fused to a glycine-serine linker (3xGGGGS) followed by
a TEV protease cleavage site and mini-Gas 399 [120]. The sequence was cloned into the pAC8RED
vector for insect cell expression. Point mutations were introduced to potentially form disulfide bonds
between the GAIN and CTF domains. Locations of point mutations can be seen in the section “8.1
Tables” together with the full sequences of the proteins.

3.28 Expression and purification Adgrd1-NTF-CTF fusion protein

Expression tests were done in High Five and Sf9 insect cells in 96-DWP as described “3.10 Expression
in insect cells”. After 48 h expression, 20 ul of the cell suspension was mixed with 10 ul of SDS buffer
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and the samples were loaded to SDS-PAGE for subsequent western blot analysis. The rest of the cells
were harvested by centrifugation and stored at -80°C.

Large scale expression was done in High Five cells with a VOI of 3% as previously described in “3.10
Expression in insect cells”. Cells were harvested after 48h by centrifugation and stored at -80°C.

The cell pellet was thawed and resuspended in buffer A (20 mM HEPES pH 7.5, 100 mM NaCl, 2 mM
MgCl,, 1 mM DTT) supplemented with DNase | (10 pg/ml) (Roche) and cOmplete protease inhibitor
cocktail tablets (Roche). The cells were mechanically disrupted with a Dounce homogenizer, followed
by centrifugation at 185’000 rcf at 4°C for 45 min. Pelleted membranes were resuspended in buffer A
and supplemented with 1 % LMNG (v:v) and 0.1 % CHS (v:v) for the solubilization step. After incubation
for 2h at 4°C while stirring the suspension, insoluble material was removed by centrifugation at
200’000 rcf for 45 min at 4°C. The clarified supernatant was mixed with anti-DYKDDDDK G1 Affinity
Resin (Genscript) and incubated overnight at 4°C on a roller mixer. The mix was transferred to an
empty pre-washed gravity flow column to collect the resin. The resin was washed with 30 CV of buffer
B (20 mM HEPES pH 7.5, 100 mM NaCl, 2 mM MgCl;, 1 mM DTT, 0.01% LMNG, 0.002% CHS and 200
UM Stachel peptide). Elution was done in three steps. In each step, two CV of buffer C (20 mM HEPES
pH 7.5, 100 mM NaCl, 2 mM MgCl,, 1 mM DTT, 0.01% LMNG, 0.002% CHS, 0.4 mg/ml FLAG peptide
(Peptide 2.0)) were added to the column and the column was incubated for 45 min at 4°C on a roller
mixer. The three elution fractions were combined and concentrated. The concentrated sample was
injected into a Superdex200 increase 10/300 column pre-equilibrated with buffer D (20 mM HEPES pH
7.5, 100 mM NaCl, 2 mM MgCl;, 1 mM DTT, 0.001% LMNG, 0.0002% CHS). Peak fractions were
collected and a 200 pl sample was taken, supplemented with 100 mM DTT, incubated for 1h at 4°C
and again injected to the SEC column. The rest of the sample from the peak fractions was used for
making negative stain grids.

3.29 Negative stain grid preparation and analysis

Grids were prepared from two samples with different protein concentrations. One sample had a
concentration of 3.3 mg/ml and the other sample had a concentration of 0.0066 mg/ml. 3 pl of sample
was applied to a Quantifoil R1.2/1.3 Cu 200 mesh grid and blotted with a Whatman® filter paper
(Sigma-Aldrich). Next, the grid was dipped in a water drop and again blotted. This was repeated four
times to reduce the detergent concentration. Lastly, the grid was dipped into a drop of 1% uranyl
acetate for 10 seconds before blotting and air drying the grid. Grids were stored at room temperature.
Negative stain grids were analyzed with a JEOL JEM 2200FS microscope at room temperature and
micrographs were taken manually with a K2 camera (Gatan) at various magnifications.

3.30 Cryo-EM grid preparation and data acquisition aGPCR-G protein
complex

For sample A (see “5.1.1 AGPCR-G protein complex”): A volume of 3 ul purified complex at a
concentration of 1 mg/ml was applied to glow-discharged holey carbon grids (Quantifoil R1.2/1.3 Cu
200 mesh). The grids were blotted with a Vitrobot Mark IV (Thermo Fisher Scientific) and flash frozen
in liquid ethane. The sample was blotted for 2s at 4°C and 100% humidity. Data was acquired on a
300kV Titan Krios (Thermo Fisher Scientific) at a nominal magnification of 165’000x, corresponding to
a pixel size of 0.51 A. A GIF Quantum LS energy filter (Gatan) was operated with an energy slit width
of 20 eV. Movies were recorded with a K3 direct electron detector (Gatan) with defocus values from -
0.8 um to -2.0 um. A total number of 40 frames per micrograph were recorded with an accumulated
dose of 55 e’/ A2. EPU (FEI, Thermo Fisher Scientific) was used for automated data acquisition.
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For sample B (see “5.1.1 AGPCR-G protein complex”): A volume of 3 ul purified complex at a
concentration of 2.2 mg/ml was applied to glow-discharged holey carbon grids (Quantifoil R1.2/1.3 Cu
200 mesh). The grids were blotted with a Vitrobot Mark IV (Thermo Fisher Scientific) and flash frozen
in liquid ethane. The sample was blotted for 3s at 4°C and 100% humidity. Data was acquired on a
300kV Titan Krios (Thermo Fisher Scientific) at a nominal magnification of 165’000x, corresponding to
a pixel size of 0.51 A. A GIF Quantum LS energy filter (Gatan) was operated with an energy slit width
of 20 eV. Movies were recorded with a K3 direct electron detector (Gatan) with defocus values from -
1.2 um to -3.0 um. A total number of 40 frames per micrograph were recorded with an accumulated
dose of 80 e”/ A2. EPU (FEI, Thermo Fisher Scientific) was used for automated data acquisition.

3.31 Cryo-EM data processing aGPCR-G protein complex

For sample A (see “5.1.1 AGPCR-G protein complex”): Cryo-EM data was processed using cryoSPARC
[125]. Raw movies were subjected to beam-induced motion correction using cryoSPARC’s patch
motion correction (multi). For each micrograph, the contrast transfer function (CTF) parameters were
determined by patch CTF estimation (multi). Initial particles were picked on a subset of all micrographs
using Topaz [126] with the general model ResNet8 and the particles were subjected to reference-free
2D classification. 2D classes showing the Adgrd1-mini-Gs complex with the corresponding particles
were selected and Topaz was used to train a model for automated particle picking. Automated picking
on the full dataset yielded 915’922 particles. Particles were again subjected to reference-free 2D
classification. A total of 95’413 particles grouped into 2D averages showing the Adgrd1-Gs
heterotrimer complex. Initial models were generated with cryoSPARC.

The sample B (see “5.1.1 AGPCR-G protein complex”): The cryo-EM data was processed with the same
pipeline as described for sample A. Automated picking yielded 1941”387 particles and a total of 33’278
particles grouped into 2D class averages showing the complex.

3.32 Retinal analogue synthesis

All-trans Retinal 6.11 was provided by Mordechai Sheves (Weizmann Institute of Science) and was
synthesized as described previously [127].

3.33 JSR1 Expression and Purification

Wild-type jumping spider rhodopsin isoform-1 (JSR1) (Uniprot ID: B1B1US) from Hasarius adansoni
tagged with a C-terminal 1D4 epitope [96], was recombinantly expressed in HEK293 GnTi™ cells as
described previously [100]. Cells were harvested by centrifugation at 500 rcf and the pellets were
stored at -80°C. The cells were later thawed in lysis buffer (50 mM HEPES pH 6.5, 150 mM NaCl, 3 mM
MgCly) supplemented with cOmplete protease inhibitor cocktail tablets (Roche) and mechanically
disrupted in a Dounce homogenizer. All following steps were performed under dim red light
conditions. Retinal was added to the lysate (all-trans retinal 6.11 (see section above)) to a final
concentration of 50 uM (or 25 uM and 12.5 uM) and the suspension was incubated at 4°C overnight.
DDM powder (Solgrade; Anatrace) was then added to a final concentration of 1% (w/v) to solubilize
the receptor and insoluble material was removed after a 2h incubation at 4°C by centrifugation at
100’000 rcf for one hour. The supernatant was incubated with Sepharose resin (GE Healthcare Life
Science) coupled to anti-1D4 antibody (Cell Essentials) at 4°C overnight. The resin was then loaded
into a glass Econo-Column (Bio-Rad Laboratories), and washed with 30 CV of wash buffer (50 mM
HEPES pH 6.5, 150 mM NaCl, 3 mM MgCl, 0.01% DDM (w/v)) before the addition of 1.5 CV of elution
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buffer (50 mM HEPES pH 6.5, 150 mM NaCl, 3 mM MgCl,, 0.01% DDM (w/v), 800 uM 1D4 peptide
(Peptide 2.0)) to the resin. The slurry was incubated at 4°C overnight and the protein was eluted from
the column the following day. Residual protein was eluted from the resin after the addition of three
more CV of wash buffer. All eluted fractions were pooled and concentrated using a 50 kDa cut-off
Amicon Ultra Centrifugal Filter (Millipore). The protein was either directly used for subsequent
experiments or flash frozen in liquid nitrogen and stored at -80°C.

3.34 G protein heterotrimer expression in insect cells

3.34.1 hGq, hG11, JSGiq and JSGq expression

The design of the expression construct is described in “3.14 G protein construct design for insect cell
expression”. For the Gaiq chimera, mutations were introduced to the human Gai to match the
sequence of the jumping spider visual Gaql sequence (A31R; D193S; L194l; [resi 337-
354=DAVTDVIIKNNLKDCGLF] Gail to [resi 337-354=CAVKDTILQNNLKECNLV]) (Figure 40).

The G protein heterotrimer was expressed in High Five insect cells (Invitrogen). Cells were grown to a
density of 4.0 x 10° cells/ml in SF900Il SFM medium using a 5L Erlenmeyer flasks (Corning). Prior to
expression, the medium was exchanged, and cells were resuspended to 4 x 106 cells/ml in fresh SF900II
SFM medium. Then baculovirus was added to infect the cells and cells were cultured at 27°C and 120
rpm and harvested 48 hours post-infection by centrifugation at 800 rcf for 15 min. Cell pellets were
flash frozen in liquid nitrogen and stored at -80°C.

3.35 hGq, hG11, JSGiq and JSGq heterotrimer purification

The frozen cell pellet was thawed and resuspended in a buffer containing 20 mM HEPES pH 7.5, 100
mM NaCl, 3 mM MgCl;, 100 uM EDTA, 5 mM B-ME and 20 uM GDP supplemented with DNase | (10
pug/ml) (Roche) and cOmplete protease inhibitor cocktail tablets (Roche). Cells were mechanically
disrupted using a Microfluidizer (Microfluidics, IDEX) and subsequently centrifuged at 185’000 rcf for
45 min. The pellet was resuspended in 20 mM HEPES, 100 mM NaCl, 20 mM Imidazole, 3 mM MgCl2,
5 mM B-ME and 20 uM GDP supplemented with cOmplete protease inhibitor cocktail tablets and
solubilized by adding 1% Sodium cholate (Sigma-Aldrich) and 0.05% (w/v) DDM (Anatrace). After
incubation at 4°C for 1 h, insoluble material was removed by centrifugation at 185’000 rcf for 45 min.
The clarified supernatant was incubated with 5 ml of TALON resin (Takara Bio) for 90 min at 4°C. The
resin was collected in a pre-washed gravity flow column and the detergent was gradually exchanged
to 0.1 % DDM. The resin was washed with 10 CV of IMAC buffer A (20 mM HEPES pH 7.5, 100 mM
NaCl, 20 mM Imidazole, 1 mM MgCI2, 5 mM B-ME, 20 uM GDP and 0.01 % DDM) and 10 CV of IMAC
buffer B (IMAC buffer A with 300 mM NacCl). The sample was eluted with 6 CV IMAC buffer A
supplemented with 300 mM Imidazole. His-tagged HRV 3C protease was added (1:50 w/w; HRV 3C
protease:Giqg heterotrimer) to the eluent and the eluent was dialyzed against dialysis buffer (20 mM
HEPES pH 7.5, 100 mM NaCl, 1 mM MgCl,, 100 uM TCEP, 20 uM GDP and 0.05 % DDM) overnight at
4°C. Dialysate was collected and supplemented with Imidazole to a final concentration of 20 mM
before incubation with 5 ml TALON resin for 1 h at 4°C. The resin was transferred to a gravity flow
column and the flow through was collected. The resin was washed with one CV of dialysis buffer
supplemented with 20 mM Imidazole. The flow through and wash were combined and injected into a
HiTrap Q FF 1 ml column (Cytiva). The column was washed with 15 CV of Q buffer A (20 mM HEPES pH
7.5, 100 mM NacCl, 1 mM MgCl2, 100 puM TCEP, 20 uM GDP and 0.05 % DDM) and the sample was
eluted with a linear gradient over 30 CV with Q buffer B (Q buffer A with 1000 mM NacCl). The relevant
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fractions were pooled and concentrated using a 50 kDa cut-off Amicon Ultra Centrifugal Filter
(Millipore). The concentrated sample was injected into a SRT-C 300 SEC column (Sepax Technologies)
pre-equilibrated with SEC buffer (20 mM HEPES pH 7.5, 100 mM NacCl, 1 mM MgCI2, 100 uM TCEP, 20
UM GDP and 0.02% DDM). Fractions containing the G heterotrimer were pooled and concentrated
using a 50 kDa cut-off Amicon Ultra Centrifugal Filter (Millipore) before adding 10% glycerol (v/v). The
sample was flash frozen in liquid nitrogen and stored at -80°C.

3.36 Analytical SEC experiments

A Zenix-C SEC-300 column was equilibrated with SEC buffer (20 mM HEPES pH 7.5, 150 mM Na(Cl, 1
mM MgCl; and 0.01% DDM). Absorbance at 280 nm (protein) and 505 nm (retinal) was monitored.
Each sample vial contained 60 pl protein solution and 50 pl were injected into the column. JSR and G
protein was added to a final concentration of 8 uM, supplemented with 25 U/ml apyrase, and the
samples were incubated for at least 1h at 4°C. For samples containing an antibody, the respective
antibody was added to reach 8 uM final concentration. For dissociation experiments, GDP or GTPyS
was added to the solution to reach a final concentration of 100 uM. Reference samples contained only
one component at a concentration of 8 uM.

3.37 Complex formation and SEC for the JSR1-bGt complex

The 1D4 purified receptor was mixed with purified bovine Gt (bGt) heterotrimer (Purified by Dr. Ching-
Ju Tsai) at a molar ratio of 1:1.25 and supplemented with apyrase (25 mU/mL) to degrade any GTP
and GDP present in the solution. After at least one hour incubation at 4°C, the sample was
concentrated using a 100 kDa cut-off Amicon Ultra Centrifugal Filter (Milipore) and injected into a SRT-
C 300 SEC column (Sepax Technologies) pre-equilibrated with SEC buffer (20 mM HEPES pH 6.5, 100
mM NaCl and 1 mM MgCl,). Relevant fractions were pooled and the sample was concentrated to 6.4
mg/ml for preparing cryo-EM grids.

3.38 Cryo-EM grid preparation and data acquisition JSR1-bGt complex

A volume of 3 pl purified complex at a concentration of 6.4 mg/ml was applied to glow-discharged
holey carbon grids (Quantifoil R1.2/1.3 Cu 200 mesh). The grids were blotted with a Vitrobot Mark IV
(Thermo Fisher Scientific) and flash frozen in liquid ethane. The sample was blotted for 3 s at 4°C and
100 % humidity. Data was acquired on a 300kV Titan Krios (Thermo Fisher Scientific) at a nominal
maghnification of 165’000x, corresponding to a pixel size of 0.51 A. A GIF Quantum LS energy filter
(Gatan) was operated with an energy slit width of 20 eV. Movies were recorded with a K3 direct
electron detector (Gatan) with a dose rate of 15 e'/px/s and defocus values from -1.0 to -2.2 uM in 0.2
UM intervals. A total number of 40 frames per micrograph were recorded with an accumulated dose
of 50 e/ A2. EPU (FEI, Thermo Fisher Scientific) was used for automated data acquisition.

3.39 Complex formation and SEC for the JSR1-hGi (-scFv16) complex

The 1D4 purified receptor was mixed with purified hGi heterotrimer (hGai and GBy subunits were
mixed at an equimolar ration and incubated for at least 30 min) at a molar ratio of 1:1.25 (scFv16 was
added at an equimolar ratio to hGi heterotrimer) and supplemented with apyrase (25 mU/mL) to
degrade any GTP and GDP present in the solution. After one hour incubation at 4°C, the sample was
concentrated using a 100 kDa cut-off Amicon Ultra Centrifugal Filter (Milipore) and injected into a SRT-
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C 300 SEC column (Sepax Technologies) pre-equilibrated with SEC buffer (20 mM HEPES pH 6.5, 100
mM NaCl and 1 mM MgCl,). Relevant fractions were pooled and the samples for the JSR1-hGi and
JSR1-hGi-scFv16 complexes were concentrated to ~4 mg/ml and ~3.5 mg/ml respectively and used to
prepare grids for cryo-EM analysis.

3.40 Cryo-EM grid preparation and data acquisition JSR1-hGi complex

A volume of 3 ul purified complex at a concentration of 4 mg/ml was applied to glow-discharged holey
carbon grids (Quantifoil R1.2/1.3 Cu 200 mesh). The grids were blotted with a Vitrobot Mark IV
(Thermo Fisher Scientific) and flash frozen in liquid ethane. The sample was blotted for 4 s at 4°C and
100 % humidity. Data was acquired on a 300kV Titan Krios (Thermo Fisher Scientific) at a nominal
maghnification of 165’000x, corresponding to a pixel size of 0.51 A. A GIF Quantum LS energy filter
(Gatan) was operated with an energy slit width of 20 eV. Movies were recorded with a K3 direct
electron detector (Gatan) with a dose rate of 19 e/px/s and defocus values from -1.0to -2.4 uM in 0.2
UM intervals. A total number of 40 frames per micrograph were recorded with an accumulated dose
of 70 e/ A2 EPU (FEI, Thermo Fisher Scientific) was used for automated data acquisition.

3.41 Cryo-EM grid preparation and data acquisition JSR1-hGi-scFv16
complex

A volume of 3 pl purified complex at a concentration of 3.5 mg/ml was applied to glow-discharged
holey carbon grids (Quantifoil R1.2/1.3 Cu 200 mesh). The grids were blotted with a Vitrobot Mark IV
(Thermo Fisher Scientific) and flash frozen in liquid ethane. The sample was blotted for 6 s at 4°C and
100 % humidity. Data was acquired on a 300kV Titan Krios (Thermo Fisher Scientific) at a magnification
of 165’000x, corresponding to a pixel size of 0.51 A. A GIF Quantum LS energy filter (Gatan) was
operated with an energy slit width of 20 eV. Movies were recorded with a K3 direct electron detector
(Gatan) with a dose rate of 15 e’/px/s and defocus values from -1.0 to -2.4 uM in 0.2 uM intervals. A
total number of 40 frames per micrograph were recorded with an accumulated dose of 54 e”/ A% EPU
(FEI, Thermo Fisher Scientific) was used for automated data acquisition.

3.42 Complex formation and SEC for the JSR1-JSGiq complex

The 1D4 purified receptor was mixed with purified JSGiq heterotrimer at a molar ratio of 1:1.25 and
supplemented with apyrase (25 mU/mL) to degrade any GTP and GDP present in the solution. After
two hours incubation at 4°C, the sample was concentrated using a 100 kDa cut-off Amicon Ultra
Centrifugal Filter (Milipore) and injected into a SRT-C 300 SEC column (Sepax Technologies) pre-
equilibrated with SEC buffer (20 mM HEPES pH 6.5, 100 mM NaCl and 1 mM MgCl,). Relevant fractions
were pooled and concentrated to 8 mg/ml for preparing cryo-EM grids.

3.43 Cryo-EM grid preparation and data acquisition JSR1-JSGig complex

A volume of 3 ul purified complex at a concentration of 8 mg/ml was applied to glow-discharged holey
carbon grids (Quantifoil R1.2/1.3 Cu 200 mesh). The grids were blotted with a Vitrobot Mark IV
(Thermo Fisher Scientific) and flash frozen in liquid ethane. The sample was blotted for 6 s at 4°C and
100 % humidity. Data was acquired on a 300kV Titan Krios (Thermo Fisher Scientific) at a nominal
magnification of 165’000x, corresponding to a pixel size of 0.51 A. A GIF Quantum LS energy filter
(Gatan) was operated with an energy slit width of 20 eV. Movies were recorded with a K3 direct
electron detector (Gatan) with a dose rate of 19 e'/px/s and defocus values from -1.0 to -2.4 uM in 0.2
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MM intervals. A total number of 40 frames per micrograph were recorded with an accumulated dose
of 70 e/ A2 EPU (FEI, Thermo Fisher Scientific) was used for automated data acquisition.

3.44 Cryo-EM data processing JSR1-JSGig complex

The cryo-EM data processing for the JSR1-Gt and JSR1-hGi (-scFv16) complexes followed the same
processing pipeline as described here for the JSR1-JSGiq complex. Cryo-EM data was processed using
cryoSPARC (Structura Biotechnology Inc, [125]) and Relion [128]. Pre-processing was done on-the-fly
using MotionCor2 [129] with dose-weighting and micrographs were binned by two, resulting in a pixel
size of 1.02 A. Motion corrected micrographs were then imported to cryoSPARC and CTF parameters
were determined by patch CTF estimation (multi). Micrographs with a CTF fit resolution >8 A were
discarded. Initial particles were picked on a subset of all micrographs using Topaz [126] with the
general model ResNet8 and the particles were subjected to reference-free 2D classification. 2D classes
showing the JSR-JSGiq complex with the corresponding particles were selected and Topaz was used to
train a model for automated particle picking. Automated picking on the full dataset yielded 2'964'739
particles. Particles were again subjected to reference-free 2D classification. A total of 768’100 particles
grouped into 2D averages showing the JSR-JSGiq heterotrimer complex. Initial models were made with
cryoSPARC and 3D classification was done to separate different conformations of the complex.
Particles from the two best classes were used for non-uniform refinement and yielded two maps with
4.06 A (159’665 particles) and 4.17 A (134’167 particles) resolution. Local CTF refinement and
subsequent non-uniform refinement was done and yielded maps with the same resolution according
to the Fourier Shell Correlation (FSC) at FSC = 0.143 but visually the maps looked better than before.
CryoSPARC’s 3D variability analysis [130] was used to visualize motion in the particles set.

3.45 Model building and structure refinement

The initial mode of JSR was obtained from the crystal structure of the inactive state (619K) and the
initial model for the JSGiq heterotrimer was obtained from the crystal structure of the human Gi
heterotrimer (6CRK) where residues in the Gai subunit were mutated to match our Giq sequence. The
models were docked into the electron density maps as rigid bodies using Chimera [131]. Initial
refinement was done with phenix.real_space_refine in the Phenix suite [132] and models were
manually manipulated in Coot [133] before running phenix.real_space_refine again. The H8 was
manually built in coot because it was not modeled in the crystal structure (619K).

3.46 Structure comparison with JSR1-G protein complexes

Structure alignments and comparisons were done in PyMOL [134]. Structures were aligned with
conserved residues inside the transmembrane region of the receptors. The following residues were
used for alighment (Ballesteros-Weinstein numbering [25]): 1.45-1.54, 2.46-2.56, 3.34-3.44, 4.48-4.56,
7.38-7.46.

Accession codes for the structures used for comparison are listed below:

Inactive GPCRs: JSR1 (619K), Bovine Rhodopsin (1GZM), Squid rhodopsin (2273)

Active GPCR-G protein complexes: Bovine rhodopsin-Gat peptide (4A4M), Bovine rhodopsin-Gat
peptide (3PQR), Bovine rhodopsin-Gi (6CMQ), Bovine rhodopsin-mini-Go (6FUF), Bovine rhodopsin-
Gat peptide (5ENO), B2-adrenergic receptor-Gs (3SN6), M1-receptor-G11 (601J), NTSR1-Gi NC (60SA)
For the AHD comparison, the Ras domain of the Ga subunits (Residues 31-58+181-354) was aligned.
Accession codes for the structures used for comparison are listed below:

GABA (B) receptor-human Gi complex (7EB2), NTSR1-human Gi complex (7L0S), cannabinoid receptor
2-human Gi complex (6PT0)
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3.47 GTPase Glo assay® (Promega, Madison, USA)

Reactions were set up in 384-well, low-volume, PS, white, solid-bottom plates (Greiner Bio-One,
Kremsmiinster) and carried out at 20°C under dim-red light conditions. Each condition was prepared
in octuplicates. 2.5 pl of protein solution were mixed with 2.5 pl of 2 uM GTP solution. Reference
samples contained either 2 uM G protein or 0.2 uM JSR1 with either 9-cis retinal, 9-cis retinal 6.11 or
all-trans retinal 6.11 (dark and light activated). Test samples contained 2 uM G protein and 0.2 uM JSR
with the respective ligand (dark and light activated). For assays done with the JSGiq, three different G
protein concentrations were used (0.5 uM, 0.1 uM and 0.05 uM G protein). A control was done with
no proteins. The plate was sealed and incubated for 120 minutes while shaking at 500 rpm. Once the
assay with the JSGiq chimera was incubated for 60 min or 30 min. Subsequently, 5 ul of GTP-Glo
reagent was added to each well and the reaction was carried out for 30 minutes while shaking at 500
rpm. Finally, 10 ul of Detection Reagent was added to each well. Luminescence was measured after
10 minutes in a PheraStar FSX (BMG labtech) plate reader (Optical module: LUM plus, Gain: 3600, focal
height: 14.5, 1 second/well). Outliers were identified using the Grubbs test [135]. GTP hydrolysis was
calculated in relation to the control sample:

Lum(x),

GTP hydrolysis [%] = (%100 - X 100) +n

Mean Lumg

where Lum, is the luminescence signal of the control sample and Lum(x) the luminescence of each
condition (x) and n the number of replicates.
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4 Results

4.1 Adhesion GPCR project
4.1.1 AGPCR-G protein complex

In the last 10 years aGPCR research has gained a lot of attention because several studies showed that
these receptors possess unique properties (see Introduction “1.2 Adhesion GPCRs”). Structural
information remains scarce compared to other GPCR families. At the start of this project, structure
determination was limited to extracellular domains (ECD) of aGPCRs. In this project we aimed to
determine the structure of the transmembrane (TM) domain of an aGPCR. This work focused on
Adgrg6, also called Gprl26, and Adgrdl, also called Gpr133. While our collaborators, Prof. Adriano
Aguzzi and his group, were focused on the physiological roles of these receptors in context of the prion
disease, our work focused on biochemical and structural characterization of Adgrd1 and Adgrg6. This
project started with construct design for recombinant expression of these receptors, followed by
biochemical characterization, complex formation of the active receptor with a G protein and structural
characterization of an aGPCR-G protein complex. Construct design and experimental designs were
created together with Dr. Ching-Ju Tsai and Prof. Gebhard Schertler (Paul Scherrer Institut).

Experiments were performed by the author unless stated otherwise.

4.1.1.1 Construct design and expression screening

For initial expression screening experiments, we performed two rounds of construct design and initial
text expressions. One round was aimed to express the receptors in human HEK293F cells and the other
was aimed to use the insect cell expression system.

The construct design for HEK cell expression is detailed in Table 1 and Figure 11A. For both
Adgrg6/Adgrdl several truncated/mutated receptor constructs were designed that are inactive in
theory and can be activated by adding chemically synthesized Stachel peptide. From here constructs
for Adgrg6 will be abbreviated with G6, followed by the number of the construct. Likewise, constructs
for Adgrdl contain the D1 prefix followed by the number of the construct. Constructs that contain the
Stachel sequence had mutations converting the Stachel sequence to an antagonist (G6.03; D1.03/.04)
or had a truncated Stachel sequence that does not act as an agonist anymore (G6.02/.04; D1.01/.02).
In addition to these constructs, one Adgrg6 construct also included the GAIN domain (G6.01) and two
Adgrd1 constructs included the full-length isoform 2 or isoform 3 (D1.05/.06). These sequences were
fused to a C-terminal HRV 3C protease cleavage site followed by a YFP, a 10xHis tag, and a TwinStrep

tag and were cloned into the pcDNA4/TetO vector and protein expression was tested in HEK293F cells.
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Signal Ecto domain Stachel C-terminus Cleavage site/ Activity
peptide sequence Purification tags
G6.01 Its own GAIN domain THFGVLMDLPR - HRV3C protease | Activatable (?)
G6.02 - GVLMDLPR - —YFP —HIS - Inactive
G6.03 - THAGVLMDLPR truncated TwinStrep Inactive
G6.04 - GVLMDLPR truncated Inactive
D1.01 Its own - AlLMQV - Inactive
D1.02 - AILMQV truncated Inactive
D1.03 - TNFAIAMQV truncated Inactive
D1.04 - TNFAIAMQV - Inactive
D1.05 Full-length TNFAILMQV - Activatable
isoform 2
D1.06 Full-length TNFAILMQV - Activatable
isoform 3

Table 1: Construct design for ADGRG6 (G6.01-.04) and ADGRD1 (D1.01-.06).

Expression was done by transient transfection of HEK293F cells. Cells were harvested 72h after

transfection and expression was evaluated by sodium dodecyl sulfate—polyacrylamide gel

electrophoresis (SDS-PAGE) and analytical fluorescent size-exclusion chromatography (SEC),

monitoring the fluorescent signal from the fused YFP. Samples for SDS-PAGE were taken either directly

from the cell suspension or cells were lyzed in buffer containing dodecyl maltoside (DDM). Unsoluble

material was removed by centrifugation and supernatant was loaded to SDS-PAGE and analytical SEC

column. Protein bands in SDS-PAGE were detected using fluorescence imaging (Figure 10).

HEK293F cells Cells harvested 72h
in suspension after transfection
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size-exclusion
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SDS-PAGE with
in-gel fluorescent
imaging

\

Figure 10: HEK293F cell protein expression strategy and protein expression analysis. Figure created with Biorender.
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Unfortunately, all the constructs from both the cell suspension samples and DDM-solubilized samples
showed bands at the same molecular weight (MW) regardless of the length of the protein constructs
designed (Figure 11B). There were faint bands that correspond to the theoretical MW of constructs
G6.01 and G6.04 (red arrows in Figure 11B) and lower MW bands for G6.02 and G6.03 that could be
degradation products. Further, fluorescence signal was detected in the stacking gel, indicating strong
aggregation in presence of SDS buffer. The analytical SEC experiments showed similar results. In all
constructs there was a peak in the void volume, indicating aggregated proteins and a second peak at
a retention volume that is slightly higher than the marker peak for the MW of 44kDa (Figure 11C/D).
For all constructs the potential receptor peak was at the same position regardless of the MW of the

construct, indicating that the expression did not work correctly (Figure 11C/D).
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Figure 11: Expression screening Adgrd1 and Adgrg6 in HEK293F cells. A: Construct design for Adgrg6 (G6.01-.04) and Adgrd1
(D1.01-.06). B: In gel fluorescence image of SDS-PAGE loaded with solubilized samples from all constructs. White arrows
indicate potential full-length proteins and yellow arrow indicates a potentially truncated protein. N.c. is an abbreviation of
negative control, meaning uninfected HEK293F cells. C: Fluorescence detection SEC for all Adgrg6 constructs from solubilized
samples. Void peak and potential receptor peaks are labeled. D: Fluorescence detection SEC for all Adgrd1 constructs from
solubilized samples. Void peak and potential receptor peaks are labelled.

To further test expression, we screened different detergents for solubilization in case the receptor
was not solubilized in DDM. Decyl maltoside (DM) and a lauryl maltose neopentyl glycol
(LMNG)/cholesteryl hemisuccinate (CHS) mixture (10:1) were tested. However, the results showed no
difference to the DDM samples. Additionally, small scale affinity purification trials have been
performed, but these experiments showed negative results. Although both SDS-PAGE and analytical
SEC showed fluorescence signals, we could not confirm expression of any of those constructs.

Therefore, we switched our strategy and designed constructs for expression in insect cells.
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Because HEK cell expression was not successful, we investigated published work of class B1 GPCR
complexes studied by cryo-EM [136, 137]. Unlike class A GPCR complexes, for which individual protein
components were purified and then mixed in a test tube for complex formation, class B1 GPCR
complexes were formed on the cell membrane by expressing the receptor and G proteins in the same
insect cell, followed by activation of the receptor to form the GPCR-G protein complex, detergent
solubilization and purification of the complex. The main difference is if the complex is formed in the
detergent micelle or the lipid bilayer and this is primarily due to the stability of the empty or agonist
bound receptor in the detergent micelle.

The constructs designed for insect cell expression contained a hemagglutinin signal peptide, followed
by a FLAG peptide tag and a TEV cleavage site at the N-terminus. The C-terminus of the receptors was
fused to a TEV cleavage site, followed by a GFP and a histidine tag. Adgrg6 and Adgrdl receptor
constructs were designed with variations of containing the GAIN domain and the Stachel sequence,
covering a range of possibilities to activate the receptors in different manners (Table 2, Figure 12A).
These constructs were cloned into the pAC8RED vector [124], where a DsRed marker was used to

indicate baculovirus infection in insect cells using the flashBAC™ system.

Signal peptide N-term. tag Ecto domain Stachel sequence C-term. Activity
and cleavage
cleavage site and
site tag
G6.05 Hemagglutinin tag FLAG-TEV GAIN domain THFGVLMDLPR TEV-GFP- Activatable
G6.06 (HA) - THFGVLMDLPR His Active
G6.07 - GGGSGGGSGGG Activatable
G6.08 GAIN domain AHFGVLMDLPR Uncleavable
Activatable
G6.09 GAIN domain GGGSGGGSGGG Activatable
D1.07 Hemagglutinin tag FLAG-TEV GAIN domain HL- TNFAILMQV Activatable
D1.08 (HA) - TNFAILMQV Active
D1.09 - GGGSGGGSG Activatable
D1.10 GAIN domain RL- TNFAILMQV Uncleavable
Activatable
D1.11 GAIN domain GGGSGGGSG Activatable

Table 2: Construct design for Adgrg6 (G6.05-.09) and Adgrd1 (D1.07-.11) for insect cell expression.

Small scale expression tests were set up in a 96-well format to test many conditions in parallel. Two
insect cell lines, Sf9 and High Five cells, were tested with two different virus concentrations, 1% and
10% virality of infection (VOI; v/v) and two harvesting time points, 48 and 72 hours. Harvested cells
were lyzed and loaded onto SDS-PAGE to monitor expression using in-gel fluorescence imaging. The
in-gel fluorescence data showed clear expression for both receptors in both cell lines, both VOIs and
both time points. On the contrary to the first round of expression screening in HEK293F cells, bands
corresponding to the MW of the constructs were detected (Figure 12B). For Adgrg6, intense
fluorescence signal was detected in the stacking gel of the SDS-PAGE, indicating protein aggregation.
For constructs G6.05 and D1.07 both the GAIN-CTF and the CTF were detected, indicating that

autocleavage happens and both species can be detected. In contrast, for both theoretically
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uncleavable GAIN domains (G6.08/.09; D1.10/.11) no CTF was detected, meaning the changes in the
cleavage site resulted in an uncleavable GAIN domain (Figure 12B). For Adgrd1 constructs that include
the GAIN domain, bands with larger MW were detected that might correspond to oligomers.
Generally, High Five cells showed higher expression levels than Sf9 cells and will therefore be used for
expression in all future experiments. For analytical SEC experiments cells were lyzed by adding 1%
DDM and insoluble material was removed by centrifugation. When analyzing the solubilized samples
by fluorescence SEC, the chromatograms did not show clear peaks corresponding to the MW of the
constructs (Figure 13). All samples showed a clear peak in the void volume, indicating protein
aggregation (Figure 13). Because the SEC experiments did not look very promising, but expression
could be detected in the cells by SDS-PAGE, the next step was to do a detergent screening to find a

suitable detergent for solubilization of the receptors.

A Hi5 196 VOI Hi5 10% VOI

- [ ADGRG6 | ADGRD1 ADGRG6
G6.05 -| HA | FLAG| TEV| 574CAIN . 1221End |TEV| GFP | BxHis 105 06 .07 .08 09,07 .08 .09 .10 11105 .06 07 .08 .09
G6.06 = HA [FLAG] TEV] 8415ushel . 1221End |TEV|GFP|BxHis>—
G6.07 - HA[FLAG| TEV| GGGSGGGSGGGE - 852 - 1221End |TEV|GFP|8xHis>—
G6.08 o Ha[FLag|TEV] 5745AN _1221End + TB41A [ Tev]crp[axHis W5 0svol | 53 10% VOl

ADGRD1 | ADGRG6 | ADGRD1
MW (KDA)

G6.09 4 HA [FLAG| TEV | 57454V 840 - GGGSGGGSGGE - 852 - 12215 | TEV [ GFP [ 8xHis 0

75

D1.07 < Ha[FLag|TEV] 283GAN . g74End [ Tev | GFp | 8xHis

50
37
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D1.08 o HA[FLAG| TEV] 54gStachel . g74End [tev]cFr] 8xHis>
D1.09 o HA[FLAG| TEV] GGGSGGGS - 554 - 74En [tev]cFr] 8xHis>
D110 Ha[Fa[TeEV] 28308 87404+ H543R [tev]cre W>—
D1.11 HA[FLAG[TEV]  2830AN-544-GGGGSGGGS - 874 [TEV[GFP| ExHis>—

Figure 12: Expression screening for Adgrg6 and Adgrd1 in insect cells. A: Construct design for Adgrg6 (G6.05-.09) and Adgrd1
(D1.07-.11). B: In gel fluorescence images of SDS-PAGE. White arrows show full length proteins and yellow arrows show
cleavage products of the corresponding receptors.
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Figure 13: Fluorescence SEC experiments for insect cell expression of Adgrg6 and Adgrd1. Marker peaks are labelled with a
number indicating the MW in kDa. A: Fluorescence SEC chromatogram for all constructs expressed in Hi5 cells with a VOI of
1%. B: Fluorescence SEC chromatogram for all constructs expressed in Hi5 cells with a VOI of 10%. C: Fluorescence SEC
chromatogram for all constructs expressed in Sf9 cells with a VOI of 1%. D: Fluorescence SEC chromatogram for all constructs
expressed in Sf9 cell with a VOI of 10%

4.1.1.2 Detergent screening

For the detergent screening we decided to focus on G6.05/.06 and D1.07/.08/.10 because they contain
less modifications than the other constructs. For each of these constructs a 500 mL expression was
done and for each construct 1.5 grams of cell pellet was resuspended and split equally in different
Eppendorf tubes containing different buffer conditions. In total six different detergents (DDM,
DDM/CHS (10:1), DM, CHAPS, LMNG, LMNG/CHS (10:1)) were tested and three different additives
(high NaCl concentration (300 mM), glycerol (10%; v:v), DTT (2 mM)) (Table 3). After solubilization,
insoluble material was removed by centrifugation and the supernatants were injected into a SEC
column for analysis. All samples showed a peak in the void volume, indicating that the receptors in all
conditions tend to aggregate upon extraction from the lipid bilayer with detergents (Figure 14/15).
Generally, Adgrgb constructs showed higher signals for the void peaks, indicating less stability of
Adgrg6 in detergent micelles. For most constructs peaks between the 158kDa and 44kDa marker peaks
were detected that correspond to the receptor in detergent micelles (Figure 14/15). Adgrdl
constructs showed higher signals for the receptor peaks and better void peak signal to receptor peak

signal ratios, indicating that the stability of Adgrd1 is higher in detergent micelles than Adgrg6 (Table
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3; Figure 14/15). Samples solubilized in LMNG/CHS showed a promising combination of high receptor

signals paired with good void to receptor peak ratios and will be used as detergent for subsequent

experiments. In addition, beneficial effects were seen upon addition of 2 mM DTT to the buffer. On

the contrary, addition of glycerol and 300 mM NaCl did not show any beneficial effects.

DOMHGI DOM/C DOM/C | DDM/C DOM/C
Recept DO | DDM: | DOM+ | DDMAGH DDMIGH | cer;H ooy | PEM/C Hs+330 DDM/C HS+G‘I’C HS+G:,C DOM/C H5+G:,c LMNG/
CePO L oom | 10% [ 300mm | 2mM | yeerolr | yeerors | POMEN fVCET O hsv10% Hs+2m Y Y [ his+nac Yl LG Y| om | chars
r peak aCDTT | NaCl+D CHS mM erol+Na | erol+DT erol+Na CHs
glycerol | NaCl DTT NacCl DTT glycerol M DTT +DTT
i Nal a T DT
66.05 154 | 276 274 | 199 | 223 | 268 | 251 | 264 | 320 | 253 | 204 | 258 | 326 | 316 | 2722 | 192 | 182 -
G606 | 248 | 212 | 263 | 252 | 264 | 228 | 258 | 253 | 319 | 205 | 315 | 360 | 322 | 318 | 324 | 321 | 200 | 259 | 278 | 104
pro7 | 387 | 365 | 345 | 519 | 370 | 412 | s34 | sas | a0a | 376 | 372 | s25 | 390 | s2a | 674 | 614 [ sss | aas | 300 | 209
D108 | sa5 | 496 | 611 | 759 | ss52 | ea3 685 | 537 | 467 | 408 | 736 | s40 | 679 | e8s | 730 [ 631 | 610 | 612 | 282
D110 | 377 | 318 | 355 | 455 | 371 | 426 | 465 | 438 | 381 | 337 | 355 | 529 | 362 | 428 | 471 | 466 | 382 | 396 | 339 | 265
A DOMAGI DOM/C DOM/C | DDM/C DOM/C
t:g:: DMy | DOM: | DDM: | DDMGH DDMGL| vcerc:H powy | POMC Hs+3éo poM/C HS+G{VC H5+G;;c DoM/C HS+G\”yc LMNG/
+ ;
10% | 300mMm | 2mm I | HS+10% Hs+2 HS+NaCl
mer | PPM " MV | YCerom | YEETOl | o ereprT | Nacisp | chis - mM M | rotena [ erorent [ PN aropena | HMNG | g | DM | CHAPS
glycerol Nacl DTT NacCl DTT glycerol MDTT +DTT
peak T Nacl a T clsDTT
G605 | 580 | 1545 | 3004 | 810 | 3352 | 2167 | 267.2 | 3375 | 1332 | 2004 | 2708 | 1331 | 264.9 | 1914 | 2347 | 2965 | 699 | 610 | 813 | 353
G606 | 1614 | 1938 | 1983 | 1209 | 3172 | 1990 | 2221 | 2808 | 1658 | 2446 | 1971 | 1515 | 2435 | 227.4 | 1946 | 2961 | 866 | 1253 | 1574 | 954
D107 | 748 | 1713 | 2200 | 887 | 2969 | 1993 | 1805 | 2578 | 1583 | 1753 | 2125 | 917 | 1787 | 1502 | 1083 | 1976 | 600 | %03 | 504
D108 | 667 | 1538 | 1085 | 728 | 4071 | 3422 3938 | 3369 | 3524 | 2753 | 2671 | 287.7 | 3066 | 2930 | 3792 | 696 | 421 | 613 | a3
pr10 | 511 | 1200 | 1084 | 504 | 1911 [ 1400 | 634 | 1458 | 580 | 1661 | 782 | 638 | 1282 | 12090 | 839 [ 1645 | 679 | s12 | e27 | s0a |
Ratio
Aggrega DDM DDM DDM- DDM+GI | DDM+GI boMicl [)”M/f DDM/C [)”Mj‘( DDM/C | DDM/C |][)M,’(' DDM/C
tggR : DM 10%+ 300 |:/| 2 M+ i i | OOMeN | yeerale | powY/ Hse10% | 151200 | pygyam |HISTOIE L HSEGVE o dl[PSOYEL g | NS/ L b | craps
M m 2rol+ TOH+ + +. v+
eece MV [ Yeere | YEETOR | o cpTT | NackD | cHis m ™ | eroliNa | erolsDT M erotina cHs
ptor glycerol Nacl DTT NacCl DIT glycerol M DTT +DTT
™ NaCl a T Cl+DTT
peak
G605 | 41 | 100 | 109 | 56 109 | 110 53 7.9 8.0 53 9.0 7.4 7.2 9.4 41 3.2 45 2.5
G606 | 65 91 75 a8 87 86 | 111 | 52 83 63 42 76 72 6.0 87 41 18 57 49
D107 | 19 17 64 17 80 18 34 50 39 27 57 17 46 20 16 32 15 20 13 15
DLos | 12 31 18 10 7.3 54 54 57 63 7.5 55 36 53 45 13 E2 11 10 16
DL10 | 14 | 41 31 11 5.1 35 14 33 15 29 22 12 34 29 18 35 18 13 18 19

Table 3: Detergent and Additive screening of Adgrg6 and Adgrd1. Top:

Table showing the peak signal values for all

constructs and conditions tested. Values are color coded with high values shown in red to low values shown in green.
Middle: Table showing the values for the void volume peak (Aggrgates/Oligomeres) for all constructs and conditions tested.
Coloring scheme is the same as the top table. Bottom: Table showing values of the ration between the void peak signal and

receptor peak signal for all constructs and conditions tested. Coloring scheme is the same as the top table.

The detergent screening showed that all constructs and conditions tested suffer from aggregation of

the receptor when extracted from the lipid bilayer, indicating that complex formation in the cell

membrane might be essential to stabilize the receptor for purification. Having found suitable

detergent conditions for solubilization, the next steps focused on purification of the receptor, complex

formation and purification of the complex by co-expression for cryo-EM studies.
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Figure 14: Fluorescence SEC chromatograms from the detergent screening of D1.07/.08/.10. X-Axis is the volume in mL
and Y-axis is GFP fluorescence signal in mV. Different peaks are labeled in the figures. Peaks from the marker are labeled
with arrows and numbers that show the MW in kDa. A/B: SEC chromatograms of construct D1.07. C/D: SEC chromatograms
of construct D1.08. E/F: SEC chromatograms of construct D1.10.
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Figure 15: Fluorescence SEC chromatograms from the detergent screening of G6.05/.06. X-Axis is the volume in mL and Y-
axis is GFP fluorescence signal in mV. Different peaks are labeled in the figures. Peaks from the marker are labeled with
arrows and numbers that show the MW in kDa. A/B: SEC chromatograms for construct G6.05. C/D: SEC chromatograms for
construct G6.06.

4.1.1.3 Purification of Adgrd1 and Adgrg6

Our constructs for expression in insect cells showed clear expression of the receptors, but the FSEC
experiments showed that there is a lot of aggregation, indicating that the receptors were not stable
when extracted from the plasma membrane. Even with the best detergent conditions concluded from
the detergent screening experiment, there was still usually a high signal for the void peak.

Despite that, we tried to purify the receptors using different strategies. Our constructs included a FLAG
tag and His tag that can be used for purification. For the first purification trial, TALON resin was used
to capture His tagged proteins. Constructs G6.05/.06 and D1.07/.08/.10 were used for this experiment
using only a small cell pellet (0.5 g). The elution step was done with different imidazole concentrations
(200, 350 and 500 mM) and the resin was also loaded on SDS-PAGE for analysis in case the protein can
not be eluted. The purification trial was not successful and only for G6.05 and D1.07 (white arrows in
Figure 16) a band could be seen for the receptor in the resin samples, but the elution samples did not
show a band, meaning that the protein could not be eluted for any construct. In all of the samples a
strong fluorescence band could be detected around ~30 kDa, that could correspond to free GFP with

His tag (cleavage products) (Figure 16).
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Figure 16: Small scale purification trial with Adgrd1 and Adgrg6. A: SDS-PAGE with in-gel fluorescence imaging of G6.05
and G6.06 showing samples taken from different purification steps. B: SDS-PAGE with in-gel fluorescence imaging of D1.07
and D1.10 showing samples taken from different purification steps. C: SDS-PAGE with in-gel fluorescence imaging of D1.08
showing samples taken from different purification steps.

For the first purification trial only a small amount of cell pellet was used. In the next trial a bigger cell
pellet (~12g) was used for constructs G6.05 and D1.07 where a band was detected in the resin samples
in the previous experiment. Unfortunately, the results were similar to the previous small-scale
purification test. However, the SDS-PAGE for G6.05 did show a faint band in the resin sample and even
in the elution a very faint band was detected (Figure 17B). Additionally, the samples were analyzed
with FSEC. The solubilized samples for both constructs did not show a clear peak like we saw in the
detergent screening (Figure 17A/C). The elution sample only showed a peak for the free GFP but not
for the receptor. Overall, the FSEC results of both constructs looked very similar (Figure 17A/C),

indicating that purification of either receptor in the apo-state is difficult or not possible.
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Figure 17: Purification trial for G6.05 and D1.07 using TALON resin. Abbreviations: S=Solubilized sample; FT=Flow-through
sample. A: FSEC chromatogram for G6.05 showing samples taken from different purification steps. B: SDS-PAGE of G6.05
with in-gel fluorescence imaging showing samples from different purification steps. C: FSEC chromatogram for D1.07 showing

samples taken from different purification steps.

The purification trials with TALON resin did not look promising. To exclude any negative effects from
the purification method or the selected constructs, purification with another affinity column and
constructs were done. This time anti-FLAG resin was used for purification tests with constructs G6.06
and D1.10. Different purification steps were again assessed using FSEC and SDS-PAGE. A cell pellet of
~12g was used for the experiment. Elution of the protein from the FLAG column was done by adding
chemically synthesized FLAG peptide to the elution buffer. Similar to the purification trials with G6.05
and D1.07 and TALON resin, no clear peak (or band on SDS-PAGE) for the receptor was detected in the
solubilized samples. FSEC analysis showed again a large void peak for the solubilized sample, indicating

that most of the proteins are aggregated (Figure 18A/B). On SDS-PAGE the elution samples of both
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constructs showed faint bands for the receptor, but the FSEC data shows that the peak is in the void
volume (Figure 18A/C). In contrast to the purification with the TALON resin no fluorescent bands

between 37-25 kDa could be detected, hinting that these bands correspond to free GFP (and cleavage

products) that is his tagged and bound to the TALON resin.
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Figure 18: Purification of G6.06 and D1.10 using anti-FLAG resin. Abbreviations: S=Solubilized sample; FT=Flow-through
sample. A: FSEC chromatogram of G6.06 showing samples taken at different purification steps. B: SDS-PAGE with in-gel
fluorescence imaging of G6.06 samples. Samples are taken from different purification steps. C: FSEC chromatogram of D1.10
showing samples taken at different purification steps. D: SDS-PAGE with in-gel fluorescence imaging of D1.10 samples.

Samples were taken from different purification steps.

To summarize, these purification trials showed that purification of the receptor alone in the apo-state

is not feasible. For this reason, we decided to change the strategy and focus on the co-expression of

the receptor with the G protein.
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4.1.1.4 Co-expression screening

Several small-scale purifications of Adgrgé and Adgrdl were not successful as the protein was
precipitating/aggregating during the purification procedure. Therefore, we decided to follow the
strategy that other groups used for structure determination of GPCR-G protein complexes. In this
strategy the receptor and G protein are expressed in the same cells, the receptor is activated, and the
complex formed on the lipid bilayer. Subsequently, the complex is extracted from the cell membrane
by detergents and purified for cryo-EM studies. Both Adgrg6 and Adgrd1 were reported to couple and
activate the G; protein [47, 138].

First, we designed new expression constructs for both receptors and a Gs heterotrimer using a minimal
Gas subunit (mini-Gs) [120]. Design of the receptor constructs followed the same rational as before
with G6.10/.11 and D1.12/.13 consisting of the CTF but for G6.11 and D1.13 the Stachel sequence was
replaced with a flexible Gly/Ser linker (Table 4, Figure 19A). G6.12 and D1.14 included the GAIN
domain in addition to the CTF but the GPS motif was mutated to result in an uncleavable GAIN domain
(Table 4, Figure 19A). Lastly, for Adrgd1 a full-length receptor was also tested for expression (D1.15)
(Table 4, Figure 19A).

Signal peptide N-term. tag Ecto domain Stachel sequence C-term. Activity
and cleavage
cleavage site and

site tag
G6.10 Hemagglutinin tag FLAG-TEV THFGVLMDLPR TEV-FLAG Activatable
G6.11 (HA) (G6.11/.12) - GGGSGGGSGGG | (Onlyfor | Active
G6.12 GAIN domain- AF--AHFGVLMDLPR G6.10 and Activatable
D1.12 | Hemagglutinin tag FLAG-TEV TNFAILMQV D1.12) Activatable
D1.13 (HA) (D1.13-.15) - GGGSGGGSGGG Active
D1.14 GAIN domain- AL- ANFAILMQV Activatable
D1.15 Full legnth TNFAILMQV Activatable

Table 4: Construct design for Adgrg6 (G6.10-.12) and Adgrd1 (D1.12-.15) for co-expression with G protein.

For the G protein, we designed a plasmid for the expression of the G, heterotrimer with the mini-Gas,
fused to a N-terminal GFP and Strep tag, GPi containing a C-terminal decahistidin tag, and an
unmodified Gy.. First, expression was tested for the new receptor constructs in insect cells. Western
blot analysis probed with an anti-FLAG antibody showed expression for all constructs, but G6.11 and
D1.13 with the mutated Stachel sequence showed very low expression levels (Figure 19B). D1.12
(Adrgd1°™) was clearly the best expressing construct and therefore the most promising for co-
expression and subsequent purification of the Adgrd1¢™-mini-Gs complex. Co-expression screening
was tested for G6.10/.12 and D1.12/.15 in combination with the Gs heterotrimer in insect cells.
Different virus concentrations and ratios (Receptor [VOI] : mini-G, [VOI]) were tested and analysis was
done with SDS PAGE and in gel fluorescence imaging for the GFP fused to the alpha subunit and
western blot analysis using an anti-FLAG antibody for detecting the receptor. Expression of the mini-
Gas was detected in almost all conditions tested with varying levels depending on the virus

concentration and the ratio to the receptor. Co-expression with the Adgrgb receptor was not
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successful because only very few conditions showed expression of the receptor. For D1.15 only very
faint bands could be detected in the western blot (Figure 19C). In contrast, D1.12 showed clear
expression in all conditions but with varying levels (Figure 19C). The best condition for both expression

of the G protein and receptor was using a VOI of 3% for both baculoviruses.
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Figure 19: Co-expression screening of Adgrg6/Adrgdl in combination with a Gs heterotrimer. A: Construct design for
Adgrg6 (G6.10-.12), Adgrd1 (D1.12-.15) and the Gs heterotrimer. B: Western blot analysis using an anti-FLAG antibody
probing for expression of the receptor constructs. White arrows indicate CTF receptor constructs, yellow arrows indicate
CTF+GAIN receptor constructs, and red arrow indicates the full length receptor. C: Co-expression screening of D1.12 (Adgrd1
CTF) and D1.15 (Full length Adgrd1). In gel fluorescence imaging show mini-Gas expression and western blot using an anti-
FLAG antibody show receptor expression. Left shows the results for the D1.12 co-expression with mini-Gs and the right panel
shows the results for the D1.15 co-expression with mini-Gs.

The co-expression screening looked promising for D1.12 but not as much for the other constructs.

Nevertheless, in the next steps the focus was on forming the complex and purifying it for cryo-EM.

4.1.1.5 Complex formation

Next, we tested if our receptor constructs are active and couple to the G protein or if we must add
synthesized Stachel peptide to the buffer in order to activate the receptors. Additionally, our
collaborators, Prof. Adriano Aguzzi and his group, screened cortisol and other potential agonists from

Ping et al. [139] for activation of Adgrg6 or Adgrd1. Unfortunately, none of these ligands showed an
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activating effect for Adgrg6 or Adgrdl. Therefore, the only agonist we know of are the corresponding
Stachel peptides.

Instead of co-expression and subsequent complex formation in the cell membrane, we decided to use
another strategy for this experiment. We expressed the G protein and receptor separately and then
mixed the cells and added detergent for solubilization. The solubilization buffer either included
synthesized Stachel peptide or not. The solubilized samples were then analyzed with FSEC to check
for coupling to the mini-G:. Interestingly, all constructs tested needed synthesized Stachel peptide to
efficiently couple to mini-G; (Figure 20). Especially for the CTF constructs, this was surprising because
in cellular signaling assays expressing the CTF leads to robust increase in cAMP levels [47]. In our
experimental conditions, we work with proteins in detergents and an even more artificial system,
compared to the cell assays, which can explain the need for synthesized Stachel peptide to efficiently

couple to mini-Gs and form a stable complex.
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Figure 20: Complex formation experiments with Adgrg6/Adgrd1 and mini-Gs. A: Analytical SEC chromatogram for complex
formation of Adgrd1 and mini-Gs. Black dashed line represents a mini-Gs only sample, representing the control. Red lines
represent samples with D1.12 and blue lines samples with D1.15. Solid lines include samples with synthesized Stachel peptide
in the buffer and dashed lines represent samples without additional Stachel peptide. B: Analytical SEC chromatogram for
complex formation of Adgrg6 and mini-Gs. Black dashed line represents a mini-Gs only sample, representing the control.
Green lines represent samples with G6.10 and purple lines samples with G6.12. Solid lines include samples with synthesized
Stachel peptide in the buffer and dashed lines represent samples without additional Stachel peptide

To summarize, this experiment showed that addition of chemically synthesized Stachel peptide is
needed for activation of Adgrg6 and Adgrd1 and in order to couple to mini-G;s. Moreover, coupling to
Gs was clearly shown for both receptors, meaning that a complex with G can be formed for cryo-EM

studies.

4.1.1.6 Complex purification and cryo-EM grid preparation

The previous experiments showed that Adgrd1/Adgrg6 can be activated and couple to the G; protein.

Co-expression experiments were not very promising for Adgrg6 but for Adgrd1, one construct (D1.12)
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comprising the Adgrd1<™ showed clear expression. For complex purification we decided to focus on
this construct.

To purify the complex, we co-expressed Adgrd1¢™ (D1.12) with the mini-Gs heterotrimer in High Five
cells. Complex formation was done on the cell membrane by adding synthesized Stachel peptide to
the resuspension buffer. After incubation, cells were solubilized with LMNG/CHS and the supernatant
was clarified by centrifugation. Using a Flag tag affinity column and a size exclusion column step, the
complex was purified, and the purified sample was used to prepare cryo-EM grids for single particle
analysis (SPA) (Figure 21). The SEC profile of the first purification was not ideal as it showed a lot of
aggregation (Figure 22A). We further analyzed the SEC fractionized samples by SDS-PAGE in order to
identify the fraction containing the most pure and complete complex, i.e. showing all the bands of the
protein components with least protein contaminant (Figure 22B). All components of the complex were
clearly visible on SDS-PAGE and we continued with these samples to prepare cryo-EM grids (Figure
22B). Cryo-EM grids were prepared together with Dr. Ching-Ju Tsai from the Schertler group (PSl). SEC
fractions used for grid preparation had a concentration of 1 mg/ml and were not further concentrated
after SEC. Several grids were prepared with different grid types, blotting force and blotting time. All

grids were prepared with a Vitrobot Mark IV at 4°C and 100 % humidity. These grids were analyzed by

& cryo-EM (see next section).
H’l‘ﬁ, ii The first purification did not
\
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could have two reasons. First, the baculovirus was older than the one used for the first purification,
meaning that it is likely not as strong anymore, reducing the expression levels of the proteins of
interest. Second, the change in the buffer composition might have influenced the final yield. Because
of the low yield, SDS-PAGE with Coomassie staining did not show clear bands. In gel fluorescence
imaging was done to detect the mini-Gas and western blot using an anti-FLAG antibody to detect
Adgrd1°™ (Figure 22D). Nevertheless, enough protein was purified to prepare cryo-EM grids for
analysis. Peak fractions were pooled and concentrated to 2.2 mg/ml. Cryo-EM grids were prepared
together with Dr. Ching-Ju Tsai. Grids were again prepared with a Vitrobot Mark IV at 4°C and 100 %

humidity. Different grid types, blotting force and blotting times were used. These grids were analyzed

by cryo-EM.
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Figure 22: Purification of the Adgrd1<™F-mini-Gs complex. A: SEC chromatogram of the first purification. The black arrow
indicates the fraction collected for cryo-EM grid preparation. B: SDS-PAGE with Coomassie staining. Individual subunits of the
complex are marked. C: SEC chromatogram of an optimized purification. Black arrow indicates the complex peak from which
fractions were collected and used for cryo-EM grid preparation. D: Upper panel: Western blot analysis using an anti-FLAG
antibody to detect Adgrd1 receptor. Lower panel: In gel fluorescence imaging of SDS-PAGE detecting the mini-Gs coupled to
GFP.
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4.1.1.7 Cryo-EM data collection and analysis

The first dataset we collected was from the first purification where the sample showed much
aggregation (Figure 22A/B). Cryo-EM single particle analysis allows picking and sorting of the particles
from the data collected, meaning that the sample does not have to be as pure as for crystallization
because bad or undesired particles can be classified and discarded during processing. Together with
Dr. Jacopo Marino (Schertler group, PSl), grids were screened, and data was collected on a Titan Krios
at ScopeM ETHZ. In total two datasets were collected from two different grids. In both cases the ice
thickness was suboptimal, indicating that grid preparation can be improved with longer blotting times
for example. Figure 23A shows an example of an EM micrograph. The two datasets were combined
and processed together. After particle picking, extraction and 2D classification, 2D class averages
showing our complex of interest were seen (Figure 23B). In the best 2D class averages all components
of the complex can clearly be seen and some show secondary structure features like the a5 or aN helix
of the mini-Gas, (Figure 23C). Overlaying a 2D representation of the now published Adgrd1¢™-mini- Gs
complex from Ping et al. [68] shows good agreement with our 2D class averages (Figure 23C). In
addition to monomeric complex particles, receptor dimers, both coupled to G proteins, were present
in the sample (Figure 23B). The 2D class averages revealed that the dimers were in an antiparallel
orientation, indicating that these dimers are not of physiological relevance but more likely an artifact
of the detergent, respectively the solubilization step (Figure 23B). Because the protein concentration
of this sample was low with 1 mg/ml only few particles per micrograph were present (Figure 23A) and
less than 100’000 particles classified into the best 2D class averages. From this low number of particles,
it was not possible to generate a high-resolution 3D map. The ab-initio maps showed density for all
components, mini-Gas, GBy and the micelle with the receptor (Figure 23D) but because of the low
number of good particles, the density for the transmembrane helices was not well resolved or the
density was not present (Figure 23D). The cryo-EM analysis of this sample indicated that the sample

and grid preparation need further improvement.
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Figure 23: Cryo-EM analysis of the first Adgrd1°F-mini-Gs complex sample. A: Example of an EM micrograph. B: 2D class
averages showing one receptor coupled to G protein (top) or antiparallel receptor dimers both coupled to G protein (bottom).
Box size is 224x224 pixels with a pixel size of 1.02 A. C: Example of a 2D class average with secondary structure elements
visible (left). Overlay of the Adgrd1-mini-Gs model from Ping et al. [68] with the 2D class average (right). Components of the
complex and visible secondary structure elements are labelled. D: 3D experimental map of the complex with a lower contour
level (left) and a higher contour level (right). Individual subunits are labelled in the map on the left.

The sample prepared for the next cryo-EM study showed an improved SEC profile (Figure 22C) but the
yield was lower and the protein sample had to be concentrated to 2.2 mg/ml for grid preparation.
Data was collected with Dr. Pavel Afanasyev (Cryo-EM Knowledge Hub, ETHZ) at ScopeM ETHZ on a
Titan Krios. Grids showed improved ice thickness compared to the grids from the first sample. Particles
showed improved contrast because of thinner ice layers (Figure 24A). However, after particle picking
and 2D classification it became clear that many complex particles dissociated because many 2D classes
showed only the detergent/receptor micelle (Figure 24B). The 2D classes that showed the complex
were not as good as the ones from the first sample. They did not show any high frequency information
like secondary structure features (Figure 24C). Additionally, the 2D class averages also did not yield
clear visualization of all the subunits. After several rounds of 2D classification only ~35’000 particles
were present in these 2D classes. It was not possible to perform 3D reconstruction to high resolution

from this data. Initial models did not show the individual subunits clearly (Figure 24D).
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Figure 24: Cryo-EM analysis of the second sample for the Adgrd1<F-mini-Gs complex. A: Example of an EM micrograph. B:
2D class averages showing only the micelle from potentially dissociated complex particles. Box size is 240x240 pixels with a
pixel size of 1.02 A. C: 2D class averages showing potential complex particles. Box size is 240x240 pixels with a pixel size of
1.02 A. D: Ab initio experimental maps generated from the particles in the 2D class averages shown in C.

It was surprising that the cryo-EM results from the second sample were worse than from the first
sample because the SEC profile and grids overall looked more promising. There were however
differences after SEC compared to the first sample preparation. After SEC the protein was
concentrated whereas the first sample was used directly after SEC for grid preparation. In addition,
the settings for blotting the grids were different which might also account for some of the differences.
Our results showed that it might have been better to stay with the first purification protocol and just
try to improve the grid preparation to get better data for high-resolution structure determination.

We were in the process of optimizing the sample and grid preparation when several groups published
structures of aGPCRs activated by the Stachel peptide [67-70]. The structure of Adgrd1™ coupled to
mini-Gs heterotrimer was solved by two groups and for this reason we decided to not continue with
sample improvement and further data collection. Overall, these two groups used a very similar

approach like we did, validating that our strategy was correct.
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4.1.1.8 Summary aGPCR-G protein complex

Expression of Adgrg6 or Adgrd1 was not successful in HEK293F cells.

Adgrgb and Adgrdl can be expressed in Sf9 and High Five insect cells with High Five cells
showing higher expression levels.

Adgrgb and Adgrd1 are both unstable and aggregate when extracted from the cell membrane
by detergents, making purification of the receptor alone not possible.

Co-expression of mini-Gs heterotrimer with Adgrd1, but not Adgrg6, worked well.

Our constructs needed additional chemically synthesized Stachel peptide in order to be active
and couple to mini-Gs.

Purification of an Adgrd1¢™-mini-Gs complex was successful.

Cryo-EM analysis showed 2D class averages showing the complex of interest and initial models
showed clear density for all the subunits of the complex.

Purification and grid preparation needed further improvement for high resolution structure

determination.
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4.1.2 Adgrd1-N terminal fragment

Adhesion GPCRs possess large extracellular domains that are involved in interactions with other
partners. For Adgrg6 there was a crystal structure released of the N-terminal fragment (NTF) that gave
insights into the regulation of Adgrg6 activity [140]. The information about the NTF of Adgrdl was
scarce when the project started in 2020. Through sequence analysis it was clear that Adgrd1 possess
the GAIN domain and a PTX domain in the NTF. If there are additional domains or how the whole NTF
is structured and can interact with potential ligands was unclear. We attempted to express the NTF in

order to get structural and functional insights.

4.1.2.1 Expression and purification of the Adgrd1-NTF

The full-length human Adgrd1"™" was cloned into the pAC8RED vector for insect cell expression. Since
the NTF included a signal peptide for trafficking through the plasma membrane, the NTF is expressed
as a secreted protein in insect cells. First expression tests were done in Sf9 and High Five cells with
different VOlIs. The supernatant was collected and used for small scale pull downs using either Ni-NTA
resin or TALON resin. After precipitating the chelating reagents present in the expression medium with
NiCl, and CaCl,, the clarified supernatant was mixed with the resin. After the wash steps, SDS buffer
was directly added to the resin and the samples were analyzed with SDS-PAGE. The expression tests
showed clear expression of the Adgrd1M™ in both cell lines and all VOIs tested. Generally, expression
levels were higher in High Five cells compared to Sf9 cells (Figure 25A). There was not much difference
in the expression levels when using different VOI for High Five cells (Figure 25A). For Sf9 cells the VOI
had a bigger influence and expression levels increased with increasing VOI (Figure 25A). For the pull
downs and comparison between the Ni-NTA and TALON resins, expression was done in High Five cells.
The samples from the Ni-NTA resin showed a prominent contamination that was co-purified with the
Adgrd1NF and was also seen in the negative control (Figure 25B). On the other hand, the samples from
the TALON resin showed a clear single band for the AdgrdiM™ accompanied with only minor

contaminants (Figure 25B).
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Figure 25: Small scale expression and purification tests for Adgrd1N™. A: SDS-PAGE (Coomassie stained) with samples from
test expressions in Sf9 and High Five cell using different VOI. B: SDS-PAGE (Coomassie stained) with samples from High Five
cell expression and purified with either Ni-NTA resin or TALON resin.
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The results showed that expression in High Five cells with a VOI of 3% works best. Even though the
small scale pull downs with TALON resin were purer, we decided to use a Ni-NTA resin because we
could use a pre-packed HisTrap Excel column where the Ni* ions can not be stripped by the chelating
reagents from the medium, resulting in a simplified purification protocol. The purification protocol
started with centrifugation of the cell suspension in order to harvest the supernatant from the cell
culture, followed by filtration of the supernatant. Next, the supernatant was loaded onto a HisTrap
Excel column. The column was washed and the protein was eluted with a buffer containing a high
imidazole concentration. Eluted protein was then concentrated and injected into a SEC column. After
SEC, the protein fractions corresponding to the right MW were pooled, concentrated and used for
assays.

Several purifications were performed with different expression times (30h, 48h, 52h, 72h) which were
all successful with yields ranging from 1-2 mg/L of cell culture (Figure 26A/B/C). The best expression
time was 48 h. To confirm that the protein purified is really the Adgrd1"™", a Western Blot was done

using an antibody targeting the Adgrd1"™* (Figure 26C).
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Figure 26: Purification of the Adgrd1N'F. A: SEC chromatogram from a purification of the Adgrd1N'. B: SDS-PAGE (Coomassie
stained) with samples from the SEC peak and from the HisTrap excel column elution fractions. C: Western blot using an
antibody detecting the Adgrd1NF showing the same samples as the SDS-PAGE in B.
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The purified protein was used for thermal stability assays and for crystallization screens.

4.1.2.2 Thermal stability assay for Adgrd 1N

To characterize the stability of the Adgrd1N™ in different buffers, a thermal stability assay was done.

The assay was done using a SYPRO orange dye that binds to hydrophobic moieties and exerts a

fluorescence signal upon binding. Upon thermal unfolding of the protein, the dye binds to these

exposed hydrophobic patches and fluorescence signal will increase which is measured.

A

Figure 27: Thermal stability assay of Adgrd1NF. A: Thermal stability assay
with Adgrd1N'F at different concentrations (1-10 uM). X-axis shows the
temperature in °C and Y-axis shows fluorescence signal (normalized). B:
Thermal stability assay with frozen and thawed protein at two different
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Initially, several samples were run
in the SEC buffer (HEPES pH 7.5,
100 mM NaCl) with different
protein concentrations to find the
optimal concentration for the
subsequent assays (Figure 27A).
Protein concentrations from 1 uM
to 10 uM were tested. All samples
showed very similar melting
temperatures (Tm) of 62.45°C +
0.8°C, except for the sample with 9
UM protein (light green curve in
figure 27A) that presented an
outlier with a Tm of 59.8°C. The
sample with a concentration of 7
UM protein gave the best signal to
noise ratio and this concentration
was used for all following assays.
Additionally, the influence of
freezing and thawing the protein

sample was tested. When the

assay was performed with protein that was frozen and thawed, two separate melting curves were

seen (Figure 27B). It is possible that one of the domains of the ECD is less stable after freezing and

thawing the protein and that is the reason two melting curves were detected. For the following assays

fresh protein was directly used after purification.

For the assay, HEPES and Tris buffers at different pH values were tested in combination with different

NaCl concentrations. In addition, additives like glycerol, TCEP and DTT were also tested.
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For samples in either Tris or HEPES buffer the Tm values were similar with 51°C + 1°C and the pH value
did not significantly affect the Tm (Figure 28A/C). Only HEPES buffer at pH 6.5 showed a lower Tm
with 48.5 °C (Figure 28A). Comparing samples with different NaCl concentrations showed that the salt
concentration has a substantial influence on the thermal stability of the protein (Figure 28B/D).
Samples with the highest concentration of NaCl tested (300 mM) had a Tm of 66.4 °C and 66.8 °C in
HEPES or Tris buffer respectively (Figure 28B/D). On the other hand, samples without any NaCl had an
approximately 15°C lower Tm, showing that NaCl stabilizes the protein (Figure 28B/D). The addition
of reducing agents (DTT or TCEP) resulted in markedly decreased melting temperatures with 44.7°C
(Figure 28E). Moreover, addition of glycerol reduced the Tm as well with 53.1°C (2.5% and 5% glycerol)
and 49°C (10% glycerol) (Figure 28E).
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Figure 28: Thermal stability assay of the Adgrd1N™. All plots show the fitted curves based on the raw data. Y-axis shows
the normalized fluorescence signal and X-axis shows the temperature in °C. A: Thermal stability screen testing HEPES buffer
at different pH. B: Thermal stability screen testing different NaCl concentration in combination with HEPES buffer. C: Thermal
stability screen testing TRIS buffer at different pH. D: Thermal stability screen testing different NaCl concentrations in
combination with TRIS buffer. E: Thermal stability screen testing different additives.
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Together, the results showed that the pH in the buffer systems tested does not influence the Tm
greatly in the range from pH 6.5-8.5 whereas the salt concentration had a big influence. After
successful purification and thermal stability analysis of the Adgrd1"™", we decided to try and crystallize

the protein for structure determination.

4.1.2.3 Crystallization of Adgrd1N™®

Purified Adgrd1N™ was concentrated to either 12 mg/ml or 17 mg/ml and several crystallization
screens were set up. For crystallization, the sitting drop vapor diffusion method was used.
Crystallization screens were set up with commercially available 96-well plate screens. Screens included
the Morpheus, Morpheus Il, PACT premier, SG1, JCSG plus (Molecular Dimensions, Calibre Scientific)
and XP screen (Jena Bioscience GmbH).

Unfortunately, almost all conditions did not show any signs of crystal growth. Only one condition from
the SG1 screen showed clear microcrystal growth, as confirmed by UV imaging (Figure 29A/B). The
reservoir buffer in this well included 0.2 M MgCl,, 0.1 M TRIS pH 8.5 and 30% w/v PEG 4K. Two other

conditions in the Morpheus Il and XP screen showed potential crystal growth but all of them were

extremely small (Figure 29C/D).

Figure 29: Crystallization of the AdgrdiN™. A: Drop from the SG1 screen imaged with normal light. Red arrow indicates
position of microcrystal in the drop. B: UV imaging of the same drop as in A. Red arrow indicates position of microcrystal in
the drop. C: Image of a needle that potentially could be a protein crystal from a drop in the Morpheus Il screen. D: Image of
potential microcrystals in a drop from the XP screen.
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The crystallization trials were ultimately abandoned because of two reasons. First, the co-expression
and purification of the Adgrd1-G protein complex started working which was the main focus of this
project. Second, molecular dynamics simulations performed by Dr. Ramon Guixa Gonzalez (PSI)

provided us with an idea for an alternative approach to solve a structure of the full length Adgrd1.

4.1.2.4 Summary Adgrd1N™®
e Expression of the Adgrd1"™ as a secreted protein in insect cells
e Purification of the Adgrd1"™" with yields ranging from 1-2 mg/L of cell culture
e Thermal stability assay showed that the Tm of the Adgrd1N™" in the SEC buffer is ~60°C
e NaCl has a big influence on the thermal stability of the Adgrd1"™

e Very few crystallization conditions showed growth of microcrystals
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4.1.3 Adgrd1 fusion proteins

4.1.3.1 Expression and purification of Adgrd1-mini-Gas fusion protein

After the first purification trials of the Adgrdl receptor, it became clear that purification of the
receptor in the apo-state would not work because of the low stability of the receptor in detergents.
Besides trying co-expression of Adgrd1 and the mini-G; heterotrimer, followed by complex formation
on the lipid bilayer and subsequent purification of the complex, we also had an idea to design a fusion
protein of Adgrd1 and mini-Gas. These constructs were designed together with Dr. Ching-Ju Tsai. The
construct started with a HA signal sequence, followed by a double FLAG-tag and TEV cleavage site,
fused to the N-terminus of the Adgrd1<™. The C-terminus of Adgrd1°™ was fused to mini-Gas 399 [120]
without an additional linker since the C-terminus of Adgrd1 is relatively long with almost 50 amino

acids (Figure 30). This construct was cloned into the pAC8RED vector for insect cell expression.

D1-mini-Gs = HA | 2xFLAG| TEV | 545Stachel . 874End [FLAG| mini-Gs 399 >—

Figure 30: Schematic representation of the D1-mini-Ga fusion construct.

Initially, expression was tested in Sf9 and High Five insect cells with different VOIs. To confirm
expression, a western blot using an anti-FLAG antibody was used. The western blot analysis showed
clear expression in both cell lines at similar levels (Figure 31A/B). Larger MW bands could also be
detected that could hint towards oligomer formation.

A first large-scale expression was done in Sf9 cells. The purification protocol included addition of
chemically synthesized Stachel peptide in order to activate the receptor and allow coupling to mini-
Gas, followed by solubilization in LMNG/CHS. Insoluble material was removed by centrifugation and
the clarified supernatant was mixed with FLAG resin. After incubation the resin was washed, and the
protein was eluted in three steps. The eluent was concentrated and injected into a SEC column. The
purification worked well, even though there were still minor impurities after SEC, leaving room for
optimization (Figure 31C/D). The yield was ~1.5 mg per liter of cell culture which is significantly higher
than the complex purifications from the co-expression of the receptor and G protein (~200 pg/L). This
suggests that this approach presents a valuable alternative to the co-expression approach.

Next, it was tested if the Adgrd1-mini-Gas fusion protein can bind the GBy subunits. Analytical SEC was
used to check complex formation. The reference sample included only the Adgrd1-mini-Gas fusion
protein and for the test sample GPBiyi:, purified from bovine retinas, was added at an equimolar
amount. The test sample did not show a clear shift of the peak but only a shoulder in the higher MW
range was detected. This suggests that the complex formation is not very efficient and needs further
optimization. Alternatively, a cryo-EM sample could be prepared only with the Adgrd1-mini-Gas fusion

protein.
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As already mentioned before, during our work on the aGPCR project, four Nature papers [67-70] were
published that showed the activation mechanism of aGPCRs by the Stachel peptide. For this reason,

the work on this project was not further pursued because in two of the Nature papers they already

solved the Adgrd1 structure.
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Figure 31: Expression and purification of the Adgrd1-mini-Gas fusion protein. A: Western blot using an anti-FLAG antibody
detecting the protein of interest from Sf9 expression. B: Western blot using an anti-FLAG antibody detecting the protein of
interest from High Five expression. C: SDS-PAGE of the peak from the SEC column, stained with Coomassie blue. D: SEC
chromatogram from the purification of the fusion protein. X-axis shows volume in mL and Y-axis shows UV 280nm signal in
mAu. E: Analytical SEC chromatogram checking complex formation of the fusion protein with the GBy subunit. X-axis shows
volume in mL, the left Y-axis show tryptophane fluorescence in mV and the right Y-axis show UV 280nm absorption in mAu.

MW of the marker (black line) peaks are indicated in kDa.
4.1.3.2 Expression and purification of Adgrd1A'N-C-mini-Gas fusion protein
Although the structure of the Adgrd1™ in complex with a G protein has been solved, showing the
activation mechanism by the Stachel peptide [68, 70], it remains unclear how the GAIN domain can
interact with the 7TM domain. Barros-Alvarez et al. showed that the GAIN domain is highly flexible
and can dissociate [67], hinting that additional modifications have to be done in order to elucidate a
structure with the GAIN domain and the 7TM domain.
Our idea was to restrict the flexibility of the GAIN domain by introducing cysteine mutations in the
GAIN domain and extracellular loops of the 7TM domain which could form disulfide bridges. In this
work we focused on Adgrdl and designed constructs that start from the GAIN domain until the end.

A FLAG tag followed by a 3C protease cleavage site was fused at the N-terminus and the C-terminus is
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extended with a glycine-serine linker, followed by a TEV protease cleavage site and a mini-Gas 399
[120]. Dr. Ramon Guixa Gonzalez (PSI) performed molecular dynamics (MD) simulations with the
Adgrdl GAIN and 7TM domain in order to judge where cysteine mutations can be introduced. Dr.
Ching-Ju Tsai additionally used Alphafold [141] to check if our construct designs give reasonable
results. Together with Ramon and Ching-Ju, we designed seven constructs with either one pair (D1-
m@Gs.04-.09) or two pairs of disulfide bridge cysteines (D1-mGs.10) (Figure 32A). These constructs

were cloned into the pAC8RED vector for insect cell expression.

A
D1-mGs.04 o HA [2xFLAG| 3C | 2750AW . 8740 (H496C/N702C) [ TEV | mini-Gs 399 >—

D1-mGs.05 = HA [2xFLAG| 3C | 2750aW . 8745 (Ha96C/NTO3C) | TEV | mini-Gs 399

D1-mGs.06 = HA [2xFLAG| 3C | 2756aN - 8745 (T500c/W705C) | TEV | mini-Gs 399

D1-mGs.08 - HA [2xFLAG| 3C | 2756AN - 874 (R560C) | TEV | mini-Gs 399

D1-mGs.09 - HA [2xFLAG| 3C | 2756AN . 745 (Ls3acia70oc) [ TEV | mini-Gs 399

D1-mGs.07 - HA [2xFLAG| 3C | 2756AN . 8745 (s502cW705C) [ TEV |  mini-Gs 399 >—

D1-mGs.10 - HA [2xFLAG| 3C |2756AN - 874End (L534C/IR560C/A709C) TEV |  mini-Gs 399
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Figure 32: Construct design and expression screening for the Adgrd1l-mini-Gas fusion constructs. A: Schematic
representation of the construct design for the Adgrd1-mini-Gas fusion proteins. B: Western blot analysis using an anti-FLAG
antibody probing expression in High Five insect cells.Band for the fusion protein is indicated with a black arrow. C: Western
blot analysis using an anti-FLAG antibody probing expression in Sf9 insect cells. Bands for the fusion protein are indicated
with black arrows.

Expression was tested in both High Five and Sf9 insect cells with two different baculovirus
concentrations. Expression of the constructs was probed using western blot with an anti-FLAG
antibody coupled to HRP (Figure 32B/C). The theoretical molecular weight of the constructs is ~101
kDa. Membrane proteins are very hydrophobic and are known to run faster than soluble proteins,

meaning that the band on a SDS-PAGE shows a lower MW than the theoretical MW. In samples from
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both cell lines a band appears between the 100 kDa and 75 kDa markers (Figure 32B/C). In the samples
from the Sf9 cells (Figure 32C), another band was detected with slightly higher MW just above the 100
kDa marker, and it might correspond to a differentially modified version (e.g. glycosylation). In the
High Five samples, the second larger MW band can also be detected in some of the samples but it is
more faint than in the Sf9 samples (Figure 32B). Overall, the expression screen did not look very
promising as only faint bands were detected and additionally also several lower MW bands were
detected that might correspond to cleavage products.

Because most of the constructs had similar expression levels based on the intensity of the western
blot bands, we decided to make a large-scale expression using High Five cells and try to purify one of
the constructs (D1-mGs.10). D1-mGs.10 was purified using an anti-FLAG resin column and SEC. The
SEC profile showed one single peak but unfortunately the elution volume is equivalent to the void
volume, meaning that the protein is likely to form aggregates (Figure 33A). These aggregates could be
formed from denatured proteins, or it might be that the cysteine mutations we introduced led to the
formation of intermolecular disulfide bridges, resulting in the formation of oligomeric structures. In
the western blot analysis of the different purification steps, we can recognize a band around the 100
kDa marker in both E1 and E2 elution fractions of the FLAG column and the SEC peak (Figure 33B).
However, there are also strong signals in the higher and lower MW range in the western blot. The
band in the higher MW range could be aggregates or oligomers. The bands in the lower MW range
might be degradation or cleavage products. Because it was not clear if the proteins are aggregated or
oligomerized, we collected the SEC peak fractions and analyzed them further. Part of the sample was
incubated with 100 mM DTT to break potential disulfide bridges and then injected again into a SEC
column. The SEC profile looked almost identical to the previous SEC profile, indicating that this protein
construct is unlikely to form correct intermolecular disulfide bridges, and the protein is likely
aggregated (Figure 33A). If the protein was correctly folded, we would also expect to see several peaks
in the SEC chromatogram because the GAIN domain would dissociate upon addition of the reducing
agent DTT that breaks the disulfide bridges between the GAIN and CTF domains. Since the results were

not conclusive, we decided to prepare negative staining grids for analysis.
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Figure 33: Purification of D1-mGs.10. A: SEC chromatogram of the purification (D1-mGs.10) and a sample from the SEC peak
that was incubated with 100 mM DTT and re-injected to the SEC column (D1-mGs.10 + 100 mM DTT). B: Western blot analysis
using an anti-FLAG antibody for different purification steps. Abbreviations: FT = flow through; W = wash step, E = elution step.
Possible band for the D1-mGs.10 protein is marked with a black arrow.

4.1.3.3 Negative staining EM analysis of Adgrd1¢4N-CF-mini-Gas fusion protein

We prepared negative staining grids and analyzed them by room-temperature EM. Together with Dr.
Ching-Ju Tsai we prepared grids with two different concentrations. Once, we prepared grids with a
sample taken directly from the SEC peak at a concentration of 3.3 mg/ml and the other sample was
diluted to a concentration of 0.0066 mg/ml. Grids from both samples were analyzed with a JEOL JEM
2200FS microscope. The 3.3 mg/ml sample was very crowded with material and showed aggregation
which is not unexpected because of the high concentration of the sample (Figure 34A). The sample
with 0.0066 mg/ml showed less crowding but the sample also showed aggregation (Figure 34B/C).
Together, the data implicates that our fusion protein is either not correctly folded because of the
mutations or the introduced cysteines form intermolecular disulfide bridges that could not be broken
by the addition of 100 mM DTT (Figure 33A).
A B

500 nm 500 nm 500 nm

Figure 34: Negative stain grid analysis. The three micrographs were collected with a nominal magnification of 3’000 and
a K2 camera (Gatan). A: Example of a micrograph collected from the sample with a concentration of 3.3 mg/ml. BC: Examples
of micrographs taken from the sample with a concentration of 0.0066 mg/ml.
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It would be necessary now to screen other constructs to the stage of SEC and negative staining EM.

The key is to introduce the cysteine mutations for immobilizing the GAIN domain while also

maintaining correct folding. Because of time reasons this project was not further pursued as part of

my PhD thesis.

4.1.3.4 Summary Adgrd1 fusion proteins

Expression of an Adgrd1“™-mini-Gas fusion protein was successful in insect cells

Purification of the Adgrd1¢™ -mini-Gas fusion protein was possible and gave a higher yield than
purifying the Adgrd1“™-mini-Gs complex from co-expression.

The Adgrd1™-mini-Gas fusion protein did not show clear coupling to the GBy subunits.
Expression of the Adgrd1°AN-CTF-mini-Ga, fusion proteins was detectable but expression levels
were low.

Purification of the construct D1-mGs.10 was not successful, and the SEC peak appeared in the
void volume, indicating aggregation or formation of oligomeric structures.

Analysis of the negative staining grids confirmed that the protein was aggregated or formed

large oligomeric structures.
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4.2 Jumping spider rhodopsin-1 project

Jumping spider rhodopsin isoform 1 (JSR1) is a bistable rhodopsin found in the jumping spider [96].
Because of the ability to switch JSR1 on/off by light, this receptor is of high interest to researchers in
the optogenetics field. It was recently shown that JSR1 can be used as an optogenetic tool in zebrafish
[92]. However, JSR1 has an issue that the wavelength for activation/inactivation are overlapping,
meaning that illumination will lead to a mixed population of active and inactive receptors [100].
Moreover, JSR1 has been shown to signal through both the human Gqg (hGq) and human Gi (hGi)
protein subtypes [30, 84, 98](unpublished cell signaling data for hGi from Deborah Walter (Schertler
lab)) and ideally an optogenetic tool would signal through only one G protein subtype. Engineering of
a JSR1 mutant, where the Amax of the active and inactive states are not overlapping and only one G
protein pathway is activated, would allow precise spatial and temporal control of the receptor activity
and G protein signaling. This would result in a valuable optogenetic tool. Rational engineering of JSR1
can be aided by mechanistic and structural insights. As mentioned before, our group already
established an expression and purification protocol for JSR1 bound to the inverse agonist 9-cis retinal
[30]. In addition, the crystal structure of the inactive state JSR1 (9-cis) [30] provided us with important
insights but crucial aspects of the active state JSR1 were still missing. Dr. Filip Pamula, a former PhD
student in our lab, worked towards the structure determination of a JSR1-human Gi complex (JSR1-
hGi). He succeeded in reconstructing a cryo-EM map and determining a structure to ~5 A resolution.
Although the resolution was not good enough to see side chain densities, a density for the all-trans
retinal was visible and the structure showed interesting features in the JSR1-hGi binding interface
(discussed in “4.2.3.4 JSR1-G protein interactions”).

In my work, the focus was on improving sample and grid preparation of a JSR1-G protein complex to
determine a higher resolution cryo-EM map. This would allow us to gain insights into how JSR1

achieves bistability and how JSR1 interacts with the G protein.

4.2.1 Biochemical characterization of JSR1-G protein complexes

4.2.1.1 JSR1 purification

An expression and purification protocol for JSR1 was established by Varma et al.[30]. Dr. Elena Lesca
expressed JSR1 in HEK293GnTI" cells and the cell pellet was frozen at -80°C. Varma et al. purified JSR1
bound to the inverse agonist 9-cis retinal [30]. Shortly before | started working on this project, we
received retinal analogues from Prof. Mordechai Sheves (Weizmann Institute of Science). We received
analogues that, in theory, are either locked in the all-trans configuration (all-trans retinal 6.11) or a 9-
cis retinal 6.11 that should be locked in the all-trans configuration after light activation (Figure 35A).
The name 6.11 comes from the carbon ring around the double bond at position 11 that should not

allow isomerization to the cis configuration at this double bond.
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Figure 35: Retinal variants and their UV-Vis spectra when incubated with JSR1. A: Chemical structures of 9-cis retinal, all-
trans retinal and the analogues 9-cis retinal 6.11 and all-trans retinal 6.11. B: UV-Vis spectra for JSR1 incubated with either
of the four retinals, solubilized and 1D4 affinity purified. Spectra provided by Dr. Matthew Rodrigues.

As already mentioned before, the Amaxvalue of the inactive and active states of JSR1 overlap, meaning
that light activation will lead to a mixed population of states [30, 100]. Using the inverse agonist 9-cis
retinal instead of the natural 11-cis retinal splits the Amaxvalues slightly. The Amax for JSR1 bound to 11-
cis retinal is 535 nm while JSR1 bound to 9-cis retinal is blue shifted with a Amax of 505 nm [100].
Photoisomerization of either isoform yields the all-trans retinal with a Amax of 535 nm [100]. Because
of this overlap and the technical difficulties of preparing a cryo-EM sample and grids under dim-light
conditions, we aimed to purify JSR1 bound to the all-trans retinal 6.11 (ATR611). An additional reason
to use this analogue was that previous attempts to purify active JSR1 by adding the all-trans retinal
were not successful, as confirmed by the UV-Vis spectra (Figure 35B). The presence of the carbon ring
around the double bond at position 11 enabled binding of the ATR611 to JSR1 and subsequent
purification, shown by Dr. Matthew Rodrigues from the Schertler group (Figure 35B). We found that
ATR611 needs to be added before solubilization because incorporation of ATR611 to JSR1 did not work
in detergent environment. Purification of JSR1 bound to the 9-cis retinal 6.11 was also possible (Figure
35B).

For the in vitro activity assays and preparation of a cryo-EM sample, | either purified JSR1 (ATR611
bound) in DDM or in LMNG. The solubilization step was done with DDM in both cases and for the
LMNG sample a detergent exchange to LMNG was performed during the 1D4 affinity purification.
Normally, JSR1 was incubated with 50 uM of ATR611 but because our stock ran low, the incubation
was once done with 25 uM and once with 12.5 uM ATR611 retinal. Lowering the retinal concentration
resulted in lower yields. The yield from the purification where 50 uM retinal was used, was
approximately ~750 pg from 10 grams of cell pellet while the yield for the purifications with 25 uM or
12.5 uM were 650 pg and 530 pg respectively. Nevertheless, these quantities of pure protein are
enough for the in vitro activity assays and preparation of a JSR1-G protein complex for cryo-EM

studies.
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4.2.1.2 Human Gi heterotrimer purification

For the human Gi (hGi) heterotrimer, the Gai and GBy subunits were purified separately [117]. The
hGai subunit was expressed in BL21 (DE3) cells and cells were harvested by Dr. Ching-Ju Tsai. She also
developed a purification protocol already. The protein was His-tagged and the purification involved a
HisTrap column followed by dialysis with TEV protease cleavage to cleave of the His-tag and another
HisTrap column before a SEC step was done, resulting in pure hGai subunit with a yield of ~15 mg/L

(Figure 36). The purification worked without any problems and pure hGai subunit was detected on

SDS-PAGE (Figure 36).
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Figure 36: Purification of Gai. In both SDS-PAGE gels the intense band represents the Gai subunit. Left shows Coomassie
stained SDS-PAGE from the HisTrap column. Abbreviations: M=Marker; FT=Flow-through; W= wash; E=Elution; EAD: Eluent
after dialysis; FT2=Flow-through reverse HisTrap column; W2= Wash reverse HisTrap column; TEV=TEV protease. Right show
Coomassie stained SDS-PAGE from the peak fractions of the SEC step.

The GB1y1 subunits were purified from the transducin G protein heterotrimer which was purified from
bovine retinas as described by Maeda et al. [122] (see Methods for details). First, bovine rhodopsin in
the rod outer segment (ROS) membranes was light activated that it forms a complex with the Gt
heterotrimer and the ROS membranes were isolated from bovine retinas. Addition of GTP leads to the
dissociation of the Gt heterotrimer from bovine rhodopsin and the trimer was collected. To separate
the Gat from Gy a blue Sepharose was used and pure GBy was eluted from the column. The yield

was ~8.7 mg of protein from 450 retinas.
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As an alternative strategy to the purification of GBy from bovine retinas, | once expressed the GB1y:
subunits in insect cells and purified it. In short, High Five cells that expressed the protein were
mechanically disrupted, the membranes
harvested and GPBy was extracted from the

membranes using detergent. Next, an IMAC

IMAC A Wash
IMAC B Wash
Elution 1 IMAC
Elution 2 IMAC
Elution 3 IMAC
FT rev. IMAC
Wash rev. IMAC
Elution rev. IMAC

FT column

MW (kDA)
step was done with TALON resin. The 250

detergent-solubilized fraction was mixed with 150

TALON resin, allowing the his-tagged GBy to 1009
75/

bind to the resin. The protein was eluted with
Imidazole at high concentration and the his-
tag was cleaved by the 3C protease during
dialysis. The dialysate was again mixed with

TALON resin for the reverse IMAC step. The

Figure 37: GBy purification from insect cells. FT=Flow-through.
Samples were collected from different steps of the purification.
The elution samples of the IMAC and the FT and Wash samples
from the reverse IMAC show clear band for G8 (~38 kDa) and Gy
(~8 kDa).

flow-though and wash containing His-tag-free
GBy were collected and concentrated. After
the two affinity column steps the protein was
already pure and it was flash frozen until further use (Figure 37). The purification worked well,
although the yield was not high with ~100 pug/g of cell pellet. This could also be because the cell culture
was contaminated which likely lowered the expression efficiency.

HGai and GB1y: subunits were then mixed at an equimolar ratio and incubated for at least 30 min to
form the Gi heterotrimer. This sample was then used for the in vitro activity assays and complex

formation experiments with JSR1.

4.2.1.3 hGq/hG11/J5Giq/ISGql heterotrimer purification

The human Gq (hGq), human G11 (hG11), jumping spider Gql (JSGgl) and the human/jumping spider
Gig chimera (JSGiq) heterotrimers were all expressed in insect cells. Purification details are described
in the Methods section. In short, the cells were harvested by centrifugation, mechanically disrupted
and the G protein heterotrimer was extracted from the cell membranes with detergent. The G protein
was bound to TALON resin via the his-tag on the GB subunit. The G protein was eluted with high
Imidazole concentration and the his-tag was cleaved by the 3C protease during dialysis. Reverse IMAC
purification was done with fresh TALON resin to get rid of the his-tagged 3C protease and other protein
contaminants. The sample was then loaded onto a HiTrap Q Sepharose column and the G protein was
eluted with high NaCl concentration. The eluent was then concentrated and injected into a SEC
column. After SDS-PAGE analysis, fractions containing pure G protein were collected, concentrated

and flash frozen in liquid nitrogen until further use.
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The purification worked well for all different G proteins but the yield varied. The highest yield was
achieved with the JSGiqg (~2.5 mg/L) followed by the hGq and hG11 (~750 pg/L) and the JSGg1 (~500
ug/L). From previous experiences in our lab, we know that the hGi protein is well expressed and stable
whereas the hG11 and hGq are less stable which is reflected in the yield. In our lab we always worked
with human G proteins or with the bovine transducin G protein but never with invertebrate G proteins.
The JSGgl might need different buffer conditions which could stabilize the protein and give a higher
yield. Interestingly, a clear band on SDS-PAGE was detected between the JSGagl and G subunits
which might be a differentially modified version of either subunit (Figure 38). This band was only seen

for the JSGq1 but not for the other G proteins (Figure 38).
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Figure 38: G protein purifications. Each Coomassie stained SDS-PAGE shows samples from the SEC peak of the corresponding
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are labelled with the molecular weight in kDa. The gel for the hG11 was run with the wrong buffer resulting in wavy bands.

Nevertheless, enough protein of each G protein subtype was purified to conduct in vitro activity assays

and complex formation experiments with JSR1.

4.2.1.4 GTPase Glo assay JSR1-G proteins

After we established a purification protocol for JSR1 bound to either of the two analogues (ATR611
and 9-cis retinal 6.11), we sought out to determine their effect on JSR1 activity. JSR1 has been shown
to couple and activate hGi and hGq [30, 98] when light activated. The Ga subunit of the heterotrimeric
G protein is a GTPase. GTPase activity is based on two processes: 1. The exchange of GDP with GTP; 2.
The hydrolysis of GTP to GDP. An active GPCR catalyzes the exchange of GDP for GTP, acting as a

guanine-nucleotide exchange factor (GEF). In the GTPase Glo assay we measure the GTPase activity in
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different samples. The remaining amount of GTP, after incubation with JSR1 and either G protein, is
converted to ATP by the GTPase Glo reagent and adding a luciferase allows measurement of a light
signal. This means that a low light signal corresponds to high GTPase activity and a strong light signal
corresponds to low GTPase activity. To make it more intuitive we calculate the GTP depletion in
percentage compared to the “GTP only” reference sample (see details in Methods section).

Other than the “GTP only” reference sample, we also include “JSR1 only” and “G protein only”
reference samples. Especially, the G protein sample is important because the G proteins have basal
GTPase activity without any GPCR present. In this assay we tested JSR1 (9-cis retinal), JSR1 (9-cis retinal
6.11) and JSR1 (ATR6.11) in combination with either hGi or hGq (Figure 39). JSR1 bound to either the
9-cis or 9-cis retinal 6.11 was purified by Dr. Matthew Rodrigues from our group.

The reference samples that included only JSR1 bound to either retinal did not show any GTPase activity
as expected. In the absence of any receptor, we observed that hGi has a high basal activity with
approximately 60% GTP depletion which is markedly higher than the basal activity of the hGqg with
15% GTP depletion (Figure 39). Addition of JSR1 bound to either the 9-cis or 9-cis retinal 6.11 (dark
samples) did not result in an increase in GTP depletion or even a small decrease compared to the G
proteins only samples. This is expected because 9-cis retinal is an inverse agonist and stabilizes the
inactive state of JSR1 [30].

[llumination of 9-cis retinal bound JSR1 results in a dynamic equilibrium of JSR states because of the
overlapping Amaxof the 9-cis, 11-cis and all-trans retinal bound JSR1 [100]. Up to 73% of JSR1 molecules
adopt the active state after illumination [100]. Indeed, for both the 9-cis and 9-cis retinal 6.11 bound
JSR1 we see an increase in GTP depletion in combination with the hGi and hGq heterotrimers after
illumination (light samples) (Figure 39A/C). In combination with hGi the GTP depletion increases from
~57% to ~92% for the 9-cis bound JSR1 and from ~49% to ~91% for the 9-cis retinal 6.11 bound JSR1
(Figure 39A/C). Similarly, we detected an increase in GTP depletion in combination with hGqg from ~7%
to ~44% for the 9-cis bound JSR1 and from ~9% to ~50% for the 9-cis retinal 6.11 bound JSR1 (Figure
39A/C). This clearly shows light-induced receptor activation for both the 9-cis bound JSR1 and the 9-
cis 6.11 bound JSR1. The 9-cis retinal 6.11 likely isomerizes to form the all-trans retinal 6.11

conformation but this needs further confirmation by future experiments.
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Figure 39: GTPase Glo assay with JSR1 (9-cis; 9-cis 6.11; all-trans 6.11) in combination with hGi and hGq. Plots show the
GTP depletion in percentage on the Y-Axis by the hGi and hGq proteins in the presence of (A) JSR1 (9-cis retinal), (B) JSR1 (all-
trans 6.11 retinal) and (C) JSR1 (9-cis 6.11 retinal).

In contrast to the dark samples with 9-cis or 9-cis retinal 6.11 bound JSR1, the all-trans retinal 6.11
bound JSR1 catalyzes the nucleotide exchange without any illumination (Figure 39B). GTP depletion is
increased from ~58% to ~80% with hGi and from ~13% to ~28% with Gq (Figure 39B). However,
illumination of the all-trans retinal 6.11 bound JSR1 leads to a further increase in GTP depletion to
~91% and ~47% for hGi and hGq respectively (Figure 39B). While the C1;=C;, double bond can not
isomerize, illumination might induce conformational changes in the chromophore and its binding

pocket which increase the agonistic activity for JSR1.
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During the time | worked on this project, we received the sequence of the jumping spider visual Gql
(JSGq1) from Prof. Akihisa Terakita (Osaka Metropolitan University). Making a complex with JSR1 and
the JSGgl might result in a more stable complex than JSR1 with the hGi as we have done it before.
Because we know from experiences in our lab that the hGq protein is not very stable and difficult to
work with, we decided to create a chimeric G protein. We used the hGai as the template and mutated
residues in the C-terminal a5-helix and at contact points between JSR1 and the hGi (based on the cryo-
EM map from Dr. Filip Pamula) to match the sequence of the JSGqgl (Figure 40). The JSGql and the
chimeric JSGiq were expressed and purified. To make sure they are functional, | performed the GTPase

Glo assay in combination with JSR1 bound to the all-trans retinal 6.11.
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Figure 40: Sequence comparison and mutations introduced for the JSGiq chimera. A: Table comparing the a5 helix
sequences of the human Gai, human Gagq, jumping spider Gaq1 visual and jumping spider Gaq2. Red arrows indicate where
mutations were introduced in hGai. B: Human Guaiq structure from our JSR1-JSGiq_1 complex. Locations where mutations
were introduced are indicated in red color. C: Table with the mutations introduced to make the JSGig chimera.

The first assay was done with the same conditions that were used for the assays with the hGi and hGg.
Surprisingly, the JSGq1l and the JSGiq showed a drastically increased basal GTPase activity compared
to the hGi and hGq (Figure 41A/D). In both cases the G protein reference sample showed a GTP
depletion of over 90%, meaning that the samples including JSR1 (ATR611) did not show a significant
difference because almost all the GTP was already depleted in the control samples. Moreover, the
JSGqg1 did not show clear coupling to JSR1 in analytical SEC experiments whereas the JSGiq clearly
showed complex formation (see next section). For this reason, the conditions for the GTPase Glo assay
were only optimized for the JSGiq.

In the next assay the incubation time was reduced from 120 min to 60 min or 30 min. Remarkably,
even with the reduced reaction times the JSGiq reference sample showed a GTP depletion of ~92%

for both incubation times, meaning that almost all GTP is hydrolyzed by the JSGiq in the first 30 min
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(Figure 41B). The samples in combination with JSR1 (ATR611) showed a small increase in GTP

depletion of ~¥93% and ~96% for the dark and illuminated samples respectively (Figure 41B).
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Figure 41: GTPase Glo assay with JSR1 (all-trans 6.11) in combination with hGi, hGq, JSGq1 and JSGiq chimera. Plots show
the GTP depletion in percentage on the Y-Axis by the hGi, hGq, JSGq1 or JSGiq proteins. A: Plot showing GTP depletion by hGi,
hGq or JSGig with/without JSR1. Incubation time was 120 min and the G protein concentration 1 uM. B: Plot showing GTP
depletion by hGi or JSGiq with/without JSR1 and different incubation times of 60 min or 30 min. G protein concentration was
1 uM. C: Plot showing GTP depletion by hGi or JSGig with/without JSR1. HGi had a concentration of 1 uM and JSGiq either 0.5
uM, 0.1 uM or 0.05 uM with an incubation time of 30 min. D: Plot showing GTP depletion by hGq or JSGq1 with/without JSR1.
Incubation time was 120 min and the G protein concentration 1 uM.

Because the JSGiq basically hydrolyzed the available GTP within 30 min, in the next assay a dilution
series was done for the JSGiq. Instead of the usual 1 UM concentration, 0.5 uM, 0.1 uM and 0.05 pM

JSGiq was used for the assay. The incubation time was kept at 30 min and a reference sample with 1

76



UM of the hGi was done. The dilution series successfully increased the assay window, clearly showing
that JSR1 (ATR611) catalyzes the exchange of GDP with GTP leading to a higher GTP depletion in
combination with the JSGiq (Figure 41C). Compared to the hGi, the JSGig shows higher basal activity
even at half of the concentration of hGi but drops below the basal activity of hGi when taking ten
times less JSGiq.

Together, these assays resulted in three major discoveries: 1. The all-trans retinal 6.11 analogue is an
agonist for JSR1 in the dark and illumination results in an even more active JSR1; 2. JSR1 can activate
hGi, hGqg and the chimeric JSGiq; 3. The mutations introduced for creating the JSGig chimera lead to a

markedly increased basal activity compared to the hGi.

4.2.1.5 Analytical SEC JSR1-G protein complexes

The GTPase Glo assay showed that JSR1 can activate hGi, hGq and the JSGiq chimera (Figure 41).
Activation of a G protein does not necessarily mean that a complex with JSR1 is stable and suitable for
preparation of a cryo-EM sample. Before we had the JSGql sequence, we tested many different
human G proteins from the Gi/o and Gq/11 family for complex formation with JSR1 (ATR611). From
previous data by Dr. Filip Pamula we knew that complex formation with the hGi is possible. In his case
JSR1 was reconstituted with 9-cis retinal, followed by illumination with 495 nm long-pass filtered light
to activate JSR1 and induce G protein binding. ATR611 can be directly used to reconstitute JSR1 into
the active state without any illumination.

First, | tested if JSR1 (ATR611) also forms a complex with the hGi heterotrimer. JSR1 (ATR611) was
incubated with the hGi heterotrimer in the presence of apyrase for 2h and then injected into a SEC
column for analysis. Apyrase is added to degrade and GDP or GTP present in the sample. JSR1 (ATR611)
showed clear complex formation with the hGi, as expected, although there was still free JSR1 and G
protein, hinting that the incubation time may need to be increased or the affinity of the hGi to JSR1
(ATR611) is relatively low (Figure 42A). Cryo-EM samples of the JSR1 (ATR611)-hGi complex were then
prepared (see next section).

The JSR1 (ATR611)-hGi complex was not very stable as we have seen a lot of dissociated particles in
the cryo-EM data, even with the addition of the scFv16 that can help stabilizing GPCR-G protein
complexes [119] (See section “JSR-hGi complex cryo-EM data analysis”). For this reason, we tested
other G proteins for complex formation with JSR1.

JSR1 has been shown to activate hGq in cell assays [98] and our GTPase Glo assay data confirmed this.
Naturally, the hGq was tested for complex formation with JSR1. On the SEC profile we could detect a

clear peak for the JSR1-hGq complex similar to the JSR1-hGi complex samples (Figure 42B). Samples
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JGC=JSR1-G protein complex; JSR=JSR1 (ATR611). UV280nm absorption is shown as solid lines and absorption at 505 nm is
shown as dashed lines. JSR1 samples in DDM are labelled with (D) and JSR1 samples in LMNG are labelled with (L) in A and B.
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samples in orange and complex samples in blue.
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in DDM or in LMNG showed nearly identical profiles (Figure 42A/B).

In addition to hGi and hGq, other G proteins from these two subtypes were tested for complex
formation, namely hG11 (Gq/11 subtype; Figure 42D), bovine Gt (bGt) (Gi/o/t subtype; Figure 42E),
mini-Go (Gi/o/t subtype; Figure 42F), two mini-Gsqg variants (Figure 42G/H) and a hGiq chimera
developed by Dr. Agnieszka Olechwier (PSI) called GP04 (Figure 42C). The bGt heterotrimer and the
mini-Go proteins were expressed and purified by Dr. Ching-Ju Tsai. GP04 was expressed and purified
by Dr. Agnieszka Olechwier. The mini-Gsq proteins were expressed and purified by Dr. Ching-Ju Tsai
and Dr. Filip Pamula.

Unfortunately, the JSR1 sample used for these experiments showed large aggregates (Figure
42C/D/E/F/G/H, void peak) making the analysis more difficult. Nevertheless, it could clearly be seen
that none of these G proteins showed clear complex formation as it was seen with the hGi and hGq
(Figure 42). Both mini-Gsq, hG11 and mini-Go proteins showed no signs of complex formation because
no shift in the peak could be detected (Figure 42D/F/G/H). For the GP04 a small shift in the peak was
detected in both the UV absorption curves at 280 nm and 505 nm (Figure 42C), indicating that a
complex can be formed. But there was still a lot of free G protein and JSR1 present, meaning that JSR1
likely does not form a high affinity complex with GP04. The JSR1-bGt complex sample also showed a
slight shift of the absorption peak for the 280 nm signal but not as clearly for the 505 nm signal (Figure
42E). There might be some complex formation but again it is not as clear as for the hGi and hGq (Figure
42A/B/E). Nevertheless, a JSR1-Gt sample was prepared for cryo-EM analysis (see next section).
Overall, making a complex with either the hGi or hGq seemed to be the most promising for structure
determination. During my time working on this project, we received the jumping spider visual Gql
sequence from Prof. Akihisa Terakita. A sequence alignment of the a5-helix of the hGi, hGq and JSGq1l
showed that there are several differences in the amino acid sequence (Figure 40A). As mentioned
before, we designed constructs for expression of the full length JSGq1 and a chimeric G protein with
the human Gi as template (JSGiq). After purification, these two proteins were tested for activity with
the GTPase Glo assay (Figure 41) and subsequently for complex formation with activated JSR1 using
analytical SEC experiments.

Surprisingly, complex formation with the JSGq1 could not clearly be detected. The SEC profile showed
a smaller second peak with lower retention volume but samples taken from this peak did not show all
the components of the complex on SDS-PAGE (Figure 43A/B). On the other hand, complex formation
with the JSGig chimera could clearly be detected on the SEC profile and was confirmed by SDS-PAGE
(Figure 43C/D). Because of the silver staining the bands for JSR1 and the GB subunit are overlapping

but the Ga and Gy subunits can clearly be seen (Figure 43D).
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For the JSR1-JSGig complex, complex dissociation was induced by GDP or GTPyS (non-hydrolysable
GTP) and analyzed by analytical SEC in order to validate signaling function of the complex. Moreover,
it was tested if the scFv16 or the Fab79 that bind to the hGi protein can stabilize the complex, making
it resistant to dissociation by GTPyS. Both the scFV16 and Fab79 have been shown to make the bovine
rhodopsin-hGi complex resistant to dissociation (unpublished data from Dr. Ching-Ju Tsai) [119].
Similar to the previous analytical SEC experiments, clear complex formation of JSR1 and JSGig was
detected (Figure 44A). Addition of GDP led to a small decrease in the peak signal for the complex,
hinting that there is some dissociation (Figure 44A). Further decrease of the complex peak signal was
detected by addition of GTPyS but there was still a considerable signal, meaning that GTPyS did not

lead to the dissociation of all complex molecules, at least not in the experimental conditions used
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(Figure 44A). The experiments showed that both the scFv16 and the Fab79 bind to the complex (Figure
44B/C). Addition of the Fab79 lead to a shift in the retention volume from 8.3 ml to 7.9 ml, indicating
binding of Fab79 to the complex. The shift for the scFv16 complex was smaller because the scFv16 has
alow MW and the peak was shifted only by 0.1 ml from 8.3 ml to 8.2 ml. The JSR1-JSGig-Fab79 sample
showed shoulders of the complex peak in the SEC profile, hinting that it may be a heterogenous
population of the complex present. Addition of GTPyS led to complex dissociation in both the JSR1-
JSGig-scFv16 and JSR1-JSGiq79 samples but there was still a considerable amount of complex

molecules.
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Figure 44: Analytical SEC experiments with JSR1-JSGiq complex. Solid lines represent absorption at 280 nm and dashed lines
represent absorption at 505 nm. A: SEC chromatogram for the JSR1-JSGig complex (blue) and with addition of GDP (yellow)
and GTPyS (green). B: SEC chromatogram of the JSR1-JSGig-scFv16 complex (blue) and with the addition of GTPyS (green).
The scFv16 sample is shown in orange. C: SEC chromatogram of the JSR1-JSGig-Fab79 complex (blue) and with the addition
of GTPyS (green). The Fab79 sample is shown in orange. Abbreviations: JGAC=JSR1-G protein-antibody complex; JGC=JSR1-G
protein complex; JSR=JSR1.

Overall, we could show that the scFv16 and Fab79 bind to the JSR1-JSGig complex but they do not
make the complex completely resistant to dissociation by GTPyS as it was seen for the bovine
rhodopsin-hGi complex (unpublished data from our lab; personal communication with Dr. Ching-Ju
Tsai).

The analytical SEC experiments showed clear complex formation of JSR1 with hGi, hGq and the JSGigq.
Because the hGq protein is difficult to work with in terms of expression yield, thermal stability and

purification yield, cryo-EM samples were prepared with the hGi and the JSGiq chimera.
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4.2.1.6 Preparation of JSR1-G protein complex samples for cryo-EM

The analytical SEC experiments showed which G proteins could be used for complex formation with
JSR1 (ATR611) to make a sample suitable for cryo-EM grid preparation and analysis.

The first two samples we prepared were both a JSR1 (ATR611)-hGi complex but once we also included
the svFv16 that can potentially help stabilizing the complex. Additionally, the antibody fragment
provides an asymmetric feature that can help in aligning the particles from cryo-EM data. G protein
was added at a molar excess of 1.25:1 (G protein:JSR1) to JSR1 (ATR611) and incubated for 2h. For the
preparation of all the complexes, ~500 ug of JSR1 (ATR611) was used. Interestingly, the complex
without the scFvl6 showed two peaks but on SDS-PAGE both peaks show that all the

A e w400 B

MW (kDA) 12 3

160.00

250kDa =
150 kDa

140.00

120.00

100 kDa
75 kDa

|
4
b |
-

50 kDa * -

37kDa |

T 10000

uv280nm [mAu
UV505nm [mAu]

25kDa | el -

20 kDa - JS

15 kDa -

10 kDa e
G,

Volume [mL]

—]SR-hGi UV2B0 ——JSR-hGi UV505

MW (kDA)
250 kDa

150 kDa

—_

430.00

380.00

I

I

I

100 kDa I
|

75kDa
I

S0kDa

Uv280nm [mAu]
UV505nm [mAu]

37 kDa -l

25kDa |
20kDa =
15kDa | o
10kDa =

— N
20.005-00 700 2.00 11.00 13.00 15.00 17.00 19.00 2100 N\ 2300

Volume [mL]

6.00

——JSR-hGi-scFvl6 UV280  ——JSR-hGi-scFv16 UV505

Figure 45: Complex formation and purification of the JSR-hGi (AB) and JSR-hGi-scFv16 (CD) complexes. Blue lines in the SEC
profiles indicate absorption at 280 nm and the orange lines at 505 nm. Both SDS-PAGE were Coomassie stained. AB: SEC
profile (A) and SDS-PAGE (B) for complex formation with JSR1 and hGi. Lane number three on SDS-PAGE is the combined
fractions from peak one and two. CD: SEC profile (C) and SDS-PAGE (D) for complex formation with JSR1, hGi and the scFv16.

components of the complex are present (Figure 45A/B). Therefore, the fractions from these two peaks

were combined and concentrated to 4 mg/ml. The concentrated sample was then used to make cryo-
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EM grids. Addition of the scFvl6 resulted in a single peak, likely creating a more homogenous
population compared to the sample without the scFv16 (Figure 45A/C). All the components of the
complex were clearly visible on SDS-PAGE (Figure 45D). The peak fractions were pooled and
concentrated to ~3.5 mg/ml for grid preparation.

Although the analytical SEC experiments for the JSR1-Gt complex did not look as good as the ones for
the hGi, we decided to prepare the complex and make cryo-EM grids. On SDS-PAGE all of the
components of the complex were visible. Fractions were concentrated to ~6 mg/ml and cryo-EM grids
were prepared.

Because the cryo-EM analysis of the JSR1-hGi (-scFv16) complexes did not look very promising (see
“4.2.2 JSR-Gi complexes cryo-EM data analysis”), we decided to form a complex with another G protein
that hopefully forms a more stable complex for structure determination. The hGq also showed clear
complex formation in the analytical SEC experiments and could be an option for cryo-EM. However,
the JSGiqg chimera also showed promising results in the analytical SEC experiments and because the
chimera was designed based on the JSGql sequence (the natural G protein for JSR1) we decided to
make a JSR1-JSGig complex sample and prepare cryo-EM grids. The SEC profile showed a void peak

with aggregates and then one large peak that actually look like a fusion of two peaks (Figure 46A). The
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Figure 46: Complex formation and purification of the JSR-JSGiq complex. Blue lines in the SEC profiles indicate absorption at
280 nm and the orange lines at 505 nm. SDS-PAGE were Coomassie stained. AB: SEC profile (A) and SDS-PAGE (B) for complex

formation with JSR1 and JSGiq.
two peaks are so close together that separating the fractions is not possible. On SDS-PAGE all of the
components of the complex are visible over the whole 505 nm peak (Figure 46B), therefore the

fractions were pooled, concentrated to 8.5 mg/ml and cryo-EM grids were prepared.
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4.2.1.7 Summary of JSR1-G protein complex biochemistry

Purification of JSR1 bound to all-trans 6.11 retinal works well.

Purification of different G proteins for complex formation with JSR1.

In vitro activity assay showed that all-trans 6.11 retinal is an agonist without illumination.

In vitro activity assays showed that JSR1 can couple and activate hGi, hGq and the JSGig.
JSR1 forms a complex, that can be SEC purified and used to make cryo-EM grids, with hGi, hGq
and the JSGig.

The JSGq1 surprisingly did not form a stable complex with JSR1; invertebrate G proteins might
need different buffer conditions than human G proteins.

Neither hG11, mini-Go or mini-Gsq showed complex formation with JSR1.

Cryo-EM samples were prepared for the JSR1-hGi, JSR1-hGi-scFv16, JSR1-Gt and JSR1-JSGiq

complexes.
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4.2.2 Cryo-EM grid preparation and data analysis

4.2.2.1 Grid preparation and data collection

Cryo-EM grids were prepared for the following samples: JSR1-hGi complex, JSR-hGi-scFv16 complex,
JSR1-bGt complex and the JSR1-JSGig complex. All cryo-EM grids were prepared with a Vitrobot Mark
IV at 4°C and 100% humidity. 3 pl of protein sample was applied to the grid for blotting and freezing.
The grid type used was mainly Quantifoil R1.2/1.3 Cu 300 or 200 mesh. The blot force was kept
constant with a value of 10 and the blot time varied depending on the sample.

The samples for the JSR1-hGi and JSR1-hGi-scFv16 complexes were concentrated to ~4 mg/ml and
~3.5 mg/ml respectively. Several grids were prepared for both samples with blotting times ranging
from 2 s to 6 s. Atlas pictures of the grids were acquired on a Titan Krios and datasets on suitable grids
were collected at a nominal magnification of 165’000x, corresponding to a pixel size of 0.51 A.

Grids for the JSR1-bGt complex were prepared with two different concentrations. Once the sample
was not concentrated after SEC and grids were prepared with a concentration of 1.25 mg/ml. The blot
force was 10 and blotting time was either 2 s or 3 s. The other sample was concentrated after SEC to
6.4 mg/ml and grids were prepared with blot force 10 and blotting time of 3 s or 4s. The atlas pictures
of the grids were taken on a Titan Krios microscope. The grids from the unconcentrated sample did
not look promising in terms of the ice quality and a dataset was only collected for the concentrated
JSR1-bGt complex at a nominal magnification of 165’000x.

The JSR1-JSGig complex sample was further concentrated after SEC to 8.5 mg/ml. Grids were prepared
with a blot force of 10 and blotting times of 4 s, 6 s or 8 s. Several grids were prepared with the
different blotting times and atlas pictures were again taken on a Titan Krios. From two suitable grids,
data was collected at a nominal magnification of 165’000x. Because the complex showed a
considerable amount of flexibility and the low amount of good particles per micrograph, a large
dataset of more than 70’000 micrographs was collected for structure determination (see “4.2.2.4 JSR-
JSGig complex cryo-EM data analysis”). We also tried a different method for preparing cryo-EM grids.
We used a machine called Vitrojet (CryoSol) where a drop of the protein solution is put on a pin and
the pin “prints” the solution on a grid [142]. This method might reduce the number of particles at the
air-water interface which can lead to denaturation of proteins [143]. These grids were screened but
not suitable for a large data collection (See next section).

Most datasets were collected together with Dr. Pavel Afanasyev (Cryohub at ScopeM ETHZ), who also
taught me how to operate a Titan Krios microscope. Additionally, Pavel also taught me how to process

cryo-EM data.
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4.2.2.2 Cryo-EM data analysis of the JSR1-bGt complex

For the JSR1-bGt complex only a small dataset was collected since the analytical SEC data did not look
as good as for the hGi, hGq and JSGiq. Nevertheless, it showed that bGt forms a complex with JSR1
and we wanted to check this by analyzing the sample with cryo-EM. Unfortunately, after particle
picking and 2D classification, 2D class averages showed either the micelle or the dissociated bGt
heterotrimer (Figure 47). The 2D class averages showing the micelles probably have JSR1 in the micelle
because there are signs of the TM helices that can be seen (Figure 47). This hints that bGt does not

form a high affinity complex with JSR1.

2D class averages showing the micelle potentially with JSR1

sl f=l=ls]olv ]l
el

2D class averages showing dissociated bGt heterotrimer

Figure 47: Cryo-EM data analysis of the JSR1-bGt complex. Top: 2D class averages showing micelles potentially with JSR1
present. Bottom: 2D class averages showing dissociated bGt heterotrimer. Box size is 240x240 pixels with a pixel size of 1.02
A

Overall, the JSR1-bGt complex data did not result in any 2D class averages showing the features of the
whole complex, meaning that this sample is not stable and falls apart during freezing of the grids.
There could be several reasons why the complex dissociated: 1. The JSR1-bGt complex is likely not as
stable as the complexes of JSR1 with the hGi, hGq or JSGiqg as already seen in the analytical SEC
experiments; 2. Concentration of the sample after SEC could also lead to dissociation because of the
strong centrifugal forces; 3. Protein particles tend to stick to the air-water interface during blotting
and freezing which can lead to denaturation and therefore also dissociation of protein complexes [143,
144]. The last two reasons are not only true for the JSR1-bGt complex but also for the other JSR1-G
protein complexes (see next two sections).

To conclude, the JSR-bGt complex was not suitable for structure determination because all the
complex particles dissociated and no 2D class averages were detected showing the full complex.
Therefore, | continued with another G protein to form a better JSR1-G protein complex for structure

determination by single particle cryo-EM.
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4.2.2.3 Cryo-EM data analysis of the JSR1-hGi complexes

As already mentioned, two JSR1-hGi complex samples were used to make cryo-EM grids. One sample
included the scFv16 in addition to the JSR1-hGi complex.

For the JSR1-hGi complex, a suitable grid in terms of ice quality was found and around 11’000
micrographs were collected for analysis. The particle distribution also looked fine, and many particles
could be picked from the micrographs (> 2’000°000 particles). Unfortunately, after getting the first 2D
class averages, it became clear that the complex dissociation problem seen in the JSR-Gt complex data
was also present in the JSR1-hGi data, indicating that both complexes were not very stable (Figure
47848). In contrast to the JSR1-bGt dataset, 2D class averages showing the full JSR1-hGi complex were
generated, indicating that this complex is more suitable than the JSR1-bGt complex (Figure 48B).
However, most 2D class averages of the complex did not show any high frequency information,
indicating that the quality is not good enough for high resolution structure determination (Figure 48B).
Although many particles were picked initially, after 2D classification only ~62’000 particles grouped

into 2D class averages that show complex features (~3.1% of initially picked particles).

A

Macelle potentially with JSR1

Free hGi heterotrimer

& .
- K -

JSR1-hGi complex particles

Micelle + JSR1

Figure 48: Cryo-EM analysis of the JSR1-hGi complex. A: Example of an EM micrograph. B: 2D class averages showing only
the micelle from potentially dissociated complex particles (top); 2D class averages showing free hGi heterotrimer particles
(middle); 2D class averages showing the full JSR-hGi complex (bottom). C: Ab initio experimental maps generated from the
particles in the 2D class averages shown in C at the bottom.

Creating initial models from these ~62’000 particles showed that there are still particles containing
components of the dissociated complex (yellow density map in Figure 48C). Approximately 53’000

particles grouped into the two density maps that show features of the full complex (Figure 48C). Even
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so, the number of particles and quality of the data did not allow high resolution structure
determination and another sample was prepared for cryo-EM.

Because the JSR1-hGi complex still showed many dissociated complex particles in the cryo-EM dataset,
we decided to add the scFv16 to the complex that can potentially help to stabilize the complex. A first
dataset was collected and processed. The 2D class averages showed that even with the addition of the
scFv16 there were still many complex particles that dissociated, indicating that the scFv16 did not help
stabilizing the complex. There were 2D classes of the dissociated hGi-scFv16 sub-complex that showed
high frequency information (Figure 49A). There were enough particles of this complex to generate an
experimental map with 4.34 A according to the FSC-curve (Figure 49B/C) but our focus is actually on
the active state of JSR1. Nevertheless, the 2D class averages showing the full complex also showed

high frequency information, allowing identification of secondary structure elements in the 2D classes
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Figure 49: Cryo-EM analysis of the JSR1-hGi-scFv16 complex. A: 2D class averages showing only the micelle from potentially
dissociated complex particles (top); 2D class averages showing free hGi-scFv16 particles (middle); 2D class averages showing
the full JSR-hGi-scFv16 complex (bottom). Box size is 256x256 pixels with a pixel size of 1.02 A. B: Experimental 3D map for
the hGi-scFv16 sub-complex. C: FSC plot for the experimental map (B).
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(Figure 49A). However, the number of complex particles was too low to get a high resolution map.
Therefore, we decided to collect more data in order to have more complex particles.

After more data was collected, we could detect good 2D classes showing the full complex and in some
2D class averages we could detect secondary structure information (Figure 50A). However, because
of the dissociation of many complex particles, the total number of particles after several rounds of 2D
classification was still low with ~127°000. Creating three ab-initio maps also showed that some of the
particles are not useful for structure determination (light blue map in Figure 50B). In addition, in the
2D class averages and the 3D initial maps the micelle size varies (Figure 50A/B). This can create
problems in aligning the particles because the programs will try to align particles based on the micelle
density and not the protein density. After 3D classification only ~40’000 particles were left. 3D
refinements without a mask around the protein complex resulted in low resolution maps, presumably
also because of the differences in the micelle size. The transmembrane region was not well resolved
and not all seven TM helices could be detected. Running 3D refinement with a mask around the
protein complex worked better and a map showing all subunits with the TM helices visible was
obtained (Figure 50C). However, no side chain densities could be seen, and the resolution of the map
was only 5.6 A according to the FSC plot (Figure 50D).

Around this time, we received the JSGql sequence from Prof. Akihisa Terakita and we designed the
JSGiq chimera that showed promising results in the in-vitro activity assays and analytical SEC
experiments. We therefore decided to prepare a new sample for cryo-EM analysis of the JSR-JSGiq

complex, hoping that the JSGiq would form a more stable complex with JSR1 than the hGi.

89



A

JSR1-hGi-scFv16 complex 2D class averages

GSFSC Resolution: 5.624

10
—— No Mask (6.94)
—— Loose (5.84)
0.8 —— Tight (5.64)
Corrected (5.64)

scFvi16e

0.6 1

0.4

0.2 1

s o .
T T

DC 13rA a.ésA 4.3/1 3.24 2.6A 2.I2A

0.0

Figure 50: Cryo-EM analysis of the JSR1-hGi-scFv16 complex. A: 2D class averages showing the JSR1-hGi-scFv16 complex in
different orientations. Box size is 256x256 pixels with a pixel size of 1.02 A. B: Ab-initio experimental maps from the particle
stack. Each color represents a different experimental map. C: 3D refined experimental map using a mask around the protein
complex. Subunits are labelled. D: FSC plot for the experimental map in (C).

4.2.2.4 Cryo-EM data analysis of the JSR1-J1SGiq complex

The JSGiq chimera is based on the hGai and residues, mainly in the a5 helix, were mutated to match
the JSGql sequence (Figure 40). We prepared several grids, screened them and identified two grids
for data collection. We started collecting from very thin ice areas but after some time, we decided to
change the ice filter a bit to include areas with slightly thicker ice. This was done because micrographs
from very thin ice areas did not show many particles whereas micrographs from areas with slightly
thicker ice showed many more particles (Figure 51A/B). Nevertheless, from the first dataset good

looking 2D class averages were obtained showing secondary structure features (Figure 51C). From the
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high concentration of the protein sample (~8.5 mg/ml) we would have expected to have more particles
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Figure 51: Cryo-EM analysis of the JSR1-JSGiq complex. A: Example of an EM micrograph from a very thin ice area. B: Example
of a micrograph from a slightly thicker ice area than (A). C: 2D class averages showing the JSR1-JSGiqg complex in different
orientations. Box size is 240x240 pixels with a pixel size of 1.02 A. D: Experimental map generated from the particles in the
2D class averages shown in C.

but in the end we only had ~70’000 particles after 2D and 3D classification. Still, the 3D map from
these particles looked already better than every map from the JSR-hGi-scFv16 complex (Figure 51D).
The 3D experimental map looked promising, but the resolution was not sufficient yet to see side chain
densities (Figure 51C). Additionally, a 3D variability analysis showed that the G protein possesses large
flexibility which needs further 3D classification to isolate distinct conformational states.

We collected another large dataset which resulted in a combined dataset of more than 70000
micrographs. After several rounds of 2D classifications, 768’100 particles grouped into 2D class
averages showing the JSR1-JSGiq complex (Figure 52C). These particles were used for a 3D
classification which allowed the separation of particles into two different conformations of the
complex (Figure 52A). These two maps were refined to a global resolution of 4.06 A (JSR1-JSGiq_1)
and 4.17 A (JSR1-JSGiq_2) including all subunits of the complex (Figure 52A/F/G). The main difference
between the two maps is the orientation of the G protein which will be discussed in “4.2.3 JSR1-JSGiq

structure analysis”). The local resolution maps showed that the TM core and G core of the JSR1-
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JSGig_1 complex has high resolution with values around 3-3.5 A whereas for the JSR1-JSGigq_2 complex
it is between 3.5-4 A (Figure 52D/E). In both maps the Ga subunit shows the lowest resolution. This is
not surprising for the alpha helical (AH) domain of the Ga subunit because it is known to be flexible,
but also the Ras domain has lower resolution compared to the other subunits (Figure 52D/E). This
likely comes from the flexibility of the G protein and this flexibility also influences the resolution in the
ICL3 and cytoplasmic end of TM6 from JSR1 which shows lower resolution compared to the rest of
JSR1 (Figure 52D/E). Overall, the JSR1-JSGig_1 map showed good side chain densities for most parts
of the receptor which allowed modelling of the active state JSR1.

Several approaches were explored to increase the resolution like using different masks for refinement
or trying different 3D classification methods. Higher resolution maps were obtained with masks but
the maps showed density artifacts along the borders of the masks which is faulty. Visual comparison
of these maps with the JSR1-JSGiq_1 map also showed that there is no improvement in the density of
JSR1 which we are mostly interested in. Processing was mainly done with cryosparc and changing the
software to relion also did not improve resolution.

In the end, the map of JSR1-JSGiq_1 was used for model building and the refined model was then used
to build the model for the JSR1-JSGiqg_2 complex. Density for the AHD was seen in both complexes but
the resolution was not sufficient to confidently build side chains. The main model was built without
the AHD (for the publication) but to analyze the AHD position in both cases, models including the AHD

were built too. These will however only be analyzed regarding the AHD comparison.
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Figure 52: EM processing of the JSSR1-JSGiq complex. A: EM processing workflow for the JSR1-JSGiq complex. B: Example of
a micrograph taken at a nominal magnification of 165°000. C: 2D class averages for the JSR1-Gig complex in different
orientations. Box size is 240x240 pixels with a pixel size of 1.02 A. D: 4.06 A JSR1-JSGig complex electron potential map colored
by local resolution values. E: 4.17A JSR1-JSGiq complex electron potential map colored by local resolution values. F: FSC plot
for the JSR1-JSGig complex at 4.06 A resolution. G: FSC plot for the JSR-JSGiq complex at 4.17 A resolution.
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4.2.2.5 Summary cryo-EM analysis of JSR1-G protein complexes

The data of the JSR1-bGt complex showed no 2D class averages of the full complex but all
complex particles seem to be dissociated or denatured.

The JSR1-hGi complex also showed many dissociated complex particles but in contrast to the
JSR1-bGt sample, 2D class averages showing the full complex were detected.

The number and quality of the JSR1-hGi particles was not sufficient to create a high-resolution
electron density map.

Addition of the scFv16 to the JSR1-hGi complex did not help to stabilize the complex.
Addition of the scFv16 likely helped in the alignment of the particles and allowed detection of
secondary structure information in the 2D class averages.

The number and quality of the JSR1-hGi-scFv16 only resulted in a low-resolution electron
density map.

The JSGiq chimera forms a more stable complex with JSR1 than the hGi.

Two maps of the JSR1-JSGiq complex were created at 4.06 A and 4.17 A.

3D variability analysis shows the flexibility of the G protein, particularly the Ga subunit.

94



4.2.3 JSR1-JSGiq structure analysis

In our lab we have now a 4.9 A structure of JSR1 (all-trans retinal) bound to the hGi solved by Dr. Filip
Pamula and two structures of the JSR1 (ATR611)-JSGiq complex. In Filip’s case, JSR1 was reconstituted
with 9-cis retinal as described by Varma et al. [30]. A JSR1-hGi complex with all-trans retinal was
prepared that resulted in a 4.9 A resolution cryo-EM map. Several reasons prevented determination
of a higher resolution structure. First, JSR1 bound to the 9-cis retinal needs to be light activated to
couple to the G protein and even though the Amax of the active and inactive states are shifted (9-cis vs
all-trans JSR1), they still overlap, leading to a mixed population of active/inactive state JSR1 upon
illumination [100]. Second, the low stability of the JSR1-hGi complex resulted in dissociation during
freezing for grid preparation, lowering the number of complex particles in the EM data. Lastly, the
flexibility of the complex resulted in heterogeneity in the particle set, lowering the overall resolution
of the cryo-EM map.

An alternative strategy was therefore adopted for my work in order to determine the structure of the
JSR1-G protein complex. Firstly, rather than activating the receptor with light, JSR was reconstituted
with ATR6.11, a non-natural retinal analogue that has an agonist activity (see “4.2.1.4 GTPase Glo
assay JSR-G proteins). Secondly, the JSR1-hGi structure was used to identify residues in the G protein
that interfaced with the receptor. These residues, mainly in the a5 helix, were substituted to match
the amino acids of the jumping spider visual Gql G protein (Figure 40; see Methods for details). In
short, the sequence alignment for the a5 helix of the human Gai, human Gaq and jumping spider
Gaql revealed several differences (Figure 40). The C-terminus of the jumping spider Gaql resembles
a combination of the human Gai and Gag. We therefore designed a chimeric G protein (JSGiq) based
on the hGi and mutated residues to match the jumping spider Gql sequence.

The JSR1-JSGiq complex was reconstituted in DDM and used for structure determination (Figure 46).
Cryo-EM analysis resulted in a map at 4.06 A global resolution including all domains of the complex
(JSR1-JSGiq_1) (Figure 52). This structure will be the main focus in this section because the
improvement in resolution compared to JSR1-hGi allowed modelling of side chains into the
experimental map. 3D classification and 3D variability analysis revealed flexibility in the particle set;
the Ga subunit shows a particularly high degree of flexibility that lowers the resolution in this area
and therefore also the global resolution (Figure 52D/E). In addition, there are larger motions of the
whole G protein relative to JSR1. With 3D classification, a second conformation of the complex was
isolated and refined to a global resolution of 4.17 A (JSR1-JSGiq_2) (Figure 52). These EM maps were
used for model building of the JSR1-JSGiq complexes. The JSR1-JSGig_1 structure will be discussed in
detail in the following sections and the JSR-JSGiq_2 and Filip’s JSR1-hGi will mainly be discussed

regarding the G protein binding site (see “4.2.3.4 JSR-G protein interactions”).

95



4.2.3.1 JSR1-J5Giq complex overall structure

The structure of the JSR1-JSGig complex shows the typical features of a class A GPCR-G protein
complex. The outward movement of the TM5 and TM6 (relative to the inactive state) opens a
cytoplasmic cleft that allows the JSGiq to bind to JSR1 (Figure 53). The C-terminus of JSGaiq forms a
typical hook-like structure that inserts into the formed binding cleft as observed in all the GPCR-G
protein complexes (Figure 53B). In contrast to other GPCRs, JSR1 has an elongated TM5 that is
involved in interactions with the G protein (see “4.2.3.4 JSR-G protein interactions”). Due to the
flexibility of the ICL3 and cytoplasmic end of TM6 the resolution in this area is lower compared to the
rest of JSR1 (Figure 52D). For a small part at the end of ICL3/start of TM6 the experimental map did
not allow confident modelling. The main difference between the two JSR1-JSGiq structures is the
orientation of the G protein relative to JSR1 (Figure 60C/D) leading to different interactions of the
JSGiq protein with JSR1 (discussed in detail later). The map quality allowed modelling for most residues
in the G protein (Figure 53A/B). The map also showed clear density for the AHD of the JSGaiq subunit
but because of the low resolution in this area confident modelling of the side chains of the AHD was
not possible. The structures shown here do not include the AHD and the AHD position will only be
analysed in 4.2.3.4.

The N-terminus and the extracellular loop 2 (ECL2) of JSR1 form a cap over the orthosteric binding
site, separating the ligand binding site from the extracellular milieu (Figure 53B, Figure 66). This cap
is conserved in all opsins but the structure of the cap can vary between receptors [30, 31, 145, 146],
indicating that it might be important for the stability of the retinal-binding pocket and receptor
stability overall.

In the next sections we will discuss the JSR1-JSGiq_1 structure in detail from the ligand binding site to

the G protein binding site.
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Figure 53: Overall structure of the JSR1-JSGiq_1 complex. A: Cryo-EM map colored by subunit. JSR1, JSGaig, GB and Gy
subunits are shown in salmon, green, cyan and magenta, respectively. B: Overall model of the JSR1-JSGiqg complex colored in
the same way as the cryo-EM map. The retinal binding site and the G protein binding site are shown enlarged in separate
windows. C: Overlay of the inactive JSR1 (yellow) and the active JSR1 (salmon). Left shows a side view and right shows a view
from the cytoplasmic side of the receptor.

4.2.3.2 The retinal binding pocket

The electron density in the orthosteric binding pocket confirms the presence of a covalently linked
retinal to Lys32174 via a protonated Schiff base (Figure 54A/B; 55B) (Personal communication with
Dr. Matthew Rodrigues). In both cryo-EM maps, the density for the retinal ligand is clearly visible and
highly conserved, meaning that the retinal pose is similar between the different conformations of the
JSR1-JSGig complex. Even in the lower resolution JSR1-hGi map, density for the all-trans retinal was
visible and overlays well with the ATR6.11 analogue (Figure 54C/D). The biggest difference in the JSR1-
hGi structure is the lysine position and the Schiff base link that adopts a different conformation than
in the JSR1-JSGiq structures (Figure 56A). However, the low resolution does not allow unambiguous

modelling which might explain the difference in the JSR1-hGi structure.
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Figure 54: All-trans 6.11 retinal with the map and comparison to the all-trans retinal from the JSR1-hGi complex. AB:
Visualization of the all-trans 6.11 retinal from the JSR1-Giq complex including the experimental map for the Lys321 and all-
trans 6.11 retinal showed as an isomesh. A shows a side view and B shows a top view from the extracellular side. CD: Overlay
of the all-trans 6.11 retinal with the density map from the JSR1-JSGiq complex (black mesh) and the density map of all-trans
retinal from the JSR1-hGi complex (blue mesh). C shows a side view and D shows a top view from the extracellular side. E:
Residues in the retinal environment shown with the experimental map overlaid as a mesh. F: Counterion (Glu194) and retinal
with the Schiff base link with the experimental map overlaid. The red asterisk marks a potential water molecule position.

The density for the B-ionone ring of ATR6.11 is not sufficiently well defined to determine its
orientation based on the experimental map alone. We have therefore modelled it rotated 180°
relative to that of the 9-cis retinal B-ionone ring, which is consistent with the pose observed for all-
trans retinal in the active bovine rhodopsin metarhodopsin-Il structure [30] [146-149](Figure 55C;
56B). The polyene chain shifts to the intracellular side compared to the 9-cis retinal while the B-ionone

ring shifts further toward the extracellular side (Figure 56B).

98



45.55
A Tyr192 B

45.44
ﬂ G|u18145,44 ‘ Glu194
\
6.2
A Tyr20445 54

Tyr1914554 28 ie —‘M
I

Ser1 9945.49

-
-
-

' %Tyr]%”s
Tyr268551 1 \ 3
o J.‘J{/"—_';—. LB ‘Z% : ’\;‘, 57
Q= N 35 :

Glu1133.28

All-trans retinal 6.11

Bovine rhodopsin (T94l) - GaCT (PDB: 5ENO)

Bovine rhodopsin - mini-Go (PDB: 6FUF)

Figure 55: Retinal binding site comparison of bovine metarhodopsin-Il and active state JSR1. A: Retinal environment of
bovine metarhodopsin Il (PDB:5ENO). Important residues are shown as sticks. Carbon atoms are colored green, nitrogen
atoms blue and oxygen atoms red. Waters are shown as red spheres. B: All-trans retinal 6.11 environment of the active JSR1.
Corresponding residues from A are shown as sticks for JSR1 and carbon atoms are shown in salmon, nitrogen atoms in blue
and oxygen atoms in red. C: Overlay of the all-trans retinal 6.11 from our JSR1 structure and all-trans retinal from four bovine
metarhodopsin Il structures (PDB: 4A4M (yellow); PDB: 3PQR (orange); PDB: 6FUF (blue); PDB:5ENO (green).

In contrast to the monostable bovine rhodopsin, the Schiff base in JSR1 remains protonated upon
photon absorption and isomerisation from cis to trans conformation [91, 98]. The counterion, a
negative charge in the ligand binding pocket, is important for the stabilization of the protonated Schiff
base link. Monostable rhodopsins have a proximal Glu1133% performing the role of the counterion
[87, 145] (Figure 55A). In JSR1, as well as other bistable rhodopsins, this position is occupied by a
conserved tyrosine (Tyr126%%8), and a distal Glu194%>4* plays the role of the counterion [30, 88, 98]
(Figure 55B; 56C/D). The crystal structure of the inactive state of JSR1 showed that the counterion is
too distant for a direct interaction and is instead linked to the protonated Schiff base via a water-
mediated hydrogen bond network (Figure 56C) [30]. The retinal binding pocket undergoes subtle
changes from the inactive to the active state of JSR1. The polyene chain and the Schiff base move
further towards the intracellular side, increasing the distance to the Tyr1263% (2.9 A to 3.5 A),
Ser199%4 (3.9 A to 5.5 A) and the distal counterion Glu194*- (6.7 A to 6.8 A) (Figure 56C/D)[30].
The distal counterion also changes the rotamer in the active state but is still oriented by the
“glutamate cage” formed by Tyr204%5% and Tyr293%>! (Figure 56C/D). Densities reconstructed for the

side chains mentioned are shown in figure 54E.
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Figure 56: Retinal binding site comparison of the inactive and active states of JSR1. A: Comparison of the all-trans retinal
(JSR1-hGi complex) and the all-trans retinal 6.11 (JSR1-JSGig complex) B: Comparison of the 9-cis retinal of the inactive JSR1
(619K, yellow) and the all-trans retinal 6.11 of the active JSR1 (salmon). Carbon atoms are colored in the respective color of
JSR1 and nitrogen atoms are blue. Lysine 321, the Schiff base link and the retinal ligand are shown as sticks. Experimental
map is shown for the all-trans retinal 6.11. C: 9-cis retinal environment of the inactive JSR1. Residues involved in the Schiff
base-counterion link are shown as sticks. Carbon atoms are colored yellow, nitrogen atoms blue and oxygen atoms red. D:
All-trans retinal 6.11 environment of the active JSR1. Same residues as in B are shown as sticks and carbon atoms are shown
in salmon, nitrogen atoms in blue and oxygen atoms in red.

Previous experiments suggested that Glu194 also acts as the counterion in the active state of JSR1 but
that Ser199 is not involved in the protonated Schiff base-counterion link [98]. In our structure, the
proton of the protonated Schiff base is oriented towards the Glu194 but is not close enough for a
direct interaction. Ser199 adopts a different conformation compared to the inactive state and orients
away from the protonated Schiff base, implicating that Ser199 is not involved in the protonated Schiff
base-counterion link (Figure 56D). In the crystal structure of the inactive state there are ordered water
molecules around the protonated Schiff base involved in key polar interactions linking to the
counterion (Figure 56C) [30]. In our structure there is sufficient space in the binding pocket for water
molecules to mediate a hydrogen bond network between the protonated Schiff base and the
counterion. Interestingly, there is a density in the experimental map that connects the counterion
with the protonated Schiff base, possibly coming from 1-2 ordered water molecule(s) (Figure 54F).
The retinal binding pocket of bovine rhodopsin in the active state also shows that ordered water

molecules are present (Figure 55A).
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The retinal isomerization is the first step in the activation process that triggers conformational changes

in the protein, leading to the active state JSR1.

4.2.3.3 Micro-switch domains in JSR1

In GPCRs, there are several conformational changes in conserved micro-domains upon activation of a
receptor. In this section we will investigate three major conserved motifs and compare these to the
inactive state JSR1 and monostable bovine rhodopsin. These motifs are the C-W-x-P motif in TM6, the
P-I-F motif between TM3/5 and 6 and the D/E-R-Y motif in TM3. The model and the density for the
side chains mentioned can be seen in figure 57.

Although the C&#7-W®%-x-P®30 motif is highly conserved in class A GPCRs, invertebrate rhodopsins do
not possess a cysteine at position 6.47 but either an alanine or serine (Figure 58G). Pro®*is conserved
in the opsin family (Figure 58G) and acts as a hinge in the activation process for the movement of TM6.
Interestingly, the proline is followed by a conserved tyrosine at position 6.51 in most opsins and is
implicated in the coordination of the distal counterion (Figure 55A/B; 56C/D; 58G) [30, 145, 149].

6.48

Trp®*, also called the toggle switch, is positioned just below the retinal binding site and is one of the

6.48

major activation micro-switches. The polyene chain of the all-trans retinal “pushes” on Trp®* resulting

in a cascade of structural changes that lead to the outward movement of TM6 (Figure 57A; 58A).

648 mainly shifts towards the intracellular side but not much laterally like bovine rhodopsin (Figure

Trp
57A; 58A/B) [30, 145, 149]. This shift initiates the outward movement of TM6 and subsequent
conformational changes of the residues in TM6.

One helix turn below Trp®® is Trp®*, which is part of the P-I-F motif. The P>%0-|340-F84% mqtif s
conserved in class A GPCRs but we found that JSR1 possesses a tryptophan at position 6.44. Sequence
alignments show that most opsins have a phenylalanine at position 6.44 (~80 %), some have a tyrosine
(~19 %) and only very few have a tryptophan (~1%) (Figure 58H). Curiously, the majority invertebrate
rhodopsins have a tryptophan at this position. The position of the tryptophan is highly similar to the

position of the phenylalanine in bovine rhodopsin in both the active and inactive states (Figure 58C/D)
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[30, 145, 149]. In contrast to bovine A /<
rhodopsin, the translational shift of

proline is smaller and the isoleucine does

not undergo a rotamer change but only a
| Lys321743
small translational shift of the backbone ‘
(Figure 57B; 58C/D) [30, 145, 149].

The third micro-switch is the conserved B
D/E349-R3-30.y3:51 motif, which is crucial in
stabilizing the active state and the
interaction with the G protein in the
active state (Figure 58l). In the inactive
state structure of JSR1, the DRY motifisin

a “closed” conformation and Asp14734° €
forms an intra-helical ionic interaction

with Arg1483*°, Arg1483*° forms another
inter-helical ionic interaction with Tyr1dgsst et 255 R, i, Arg148350
Glu272%%*, These ionic interactions are i
characteristic of the inactive state of class 2

A GPCRs, although the inter-helical ionic

Figure 57: Microswitches with experimental map. A: TRP290 from
the C-W-x-P motif shown in stick representation with the experimental
map shown as mesh. B: P-I-F motif with side chains shown as sticks
and the experimental map shown as mesh.C: D-R-Y motif with side
58E/F) [18, 19, 22, 30]. In the active state chains shown as sticks and the experimental map shown as mesh.

interaction is less conserved than the

intra-helical ionic interaction (Figure

of JSR1, this ionic lock is broken and Arg1483* adopts a different rotamer that interacts with the G
protein (Figure 57C; 58E). This rotamer change is further stabilized by an interaction with Tyr234>8
(Figure 69; 70). This is very similar to bovine rhodopsin and the B2-adrenergic receptor where it was
shown that this interaction is critical in forming the active state [28, 29]. In bovine rhodopsin this Tyr
points away from the TM core in the inactive state and moves towards the TM core in the active state
(Figure 70) [28, 29]. On the other hand, in the inactive state of JSR1 or the B2-adrenergic receptor this
Tyr is already in the TM core and it only changes the rotamer in the active state (Figure 70) [24, 29,
30]. Additionally, due to the outward movement of TM6, Glu272%%° is no longer near Argl1483>,
breaking this ionic interaction.

Together, these conformational changes lead to the opening of a cytoplasmic cleft that allows the G
protein to bind to the receptor. Figure 65 shows the activation microswitches from the all-trans 6.11

retinal to the G protein binding site with a comparison to the inactive JSR1.
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retinal with Lys321743 and the conserved Trp290%48 of the C-W-x-P motif as sticks, with the active JSR1 (salmon) showing the
same residues as sticks. B: Comparison of the inactive bovine rhodopsin with the active metarhodopsin-Il showing the retinal,
Lys296743 and conserved Trp265648 as sticks. C: P-I-F motif (shown as sticks) comparison of the inactive and active states of
JSR1. D: P-I-F motif (shown as sticks) comparison of the inactive and active states of bovine rhodopsin. E: D-R-Y motif (shown
as sticks) comparison of the active and inactive state JSR1. Glu272%30 s also shown as stick representation. F: E-R-Y motif
(shown as sticks) comparison of the inactive bovine rhodopsin with metarhodopsin-Il. Glu247639 js shown as sticks. G:
Sequence conservation of the C-W-x-P motif in invertebrate rhodopsins (top) and vertebrate rhodopsins (bottom). H:
Sequence conservation of the P-I-F motif in invertebrate rhodospins (top) and vertebrate rhodospins (bottom). I: Sequence
conservation of the E/D-R-Y motif in invertebrate rhodospins (top) and vertebrate rhodopsins (bottom).

4.2.3.4 JSR1-G protein interactions

Opening of the cytoplasmic cleft enables binding of the G protein, which is a pre-requisite for catalysis
of nucleotide exchange by the activated receptor. In this section, we will compare the G protein
binding sites of the JSR1-hGi complex with the two conformations of the JSR1-JSGig complex. Due to
the lower resolution of the JSR1-hGi complex, we will not compare detailed side chain interactions but
rather focus on secondary structure positions.

The biggest movements between inactive and active states of GPCRs are present in the relocation of
the TM5/6 (Figure 53C) [18, 19]. It was shown before that the distance of relocation of TM6 is
dependent on the subtype of Ga protein [150, 151]. Indeed, we observe that the relocation of TM6 is
larger in the JSGig bound JSR1 compared to the hGi bound JSR1 (Figure 59A; 60A). The movement of
TMBG6 in the JSR1-hGi complex is comparable to other GPCR-Gi/o structures or rhodopsin bound to the
C-terminal peptide of transducin [117, 146-148] (Figure 59B). Similarly, the displacement of TM6 in
the JSR1-JSGig complex is slightly larger to that of the M1 receptor bound to hG11 but smaller thanin
the B2-adrenergic receptor bound to hGs (Figure 59D/E) [24, 152].
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Figure 59: TM5/6 and TM7 relocation comparison. A: Overlay of TM5/6/7 of the JSR1-JSGiq complex (salmon) and the JSR1-
hGi complex (red). B: Overlay of TM5/6/7 of the JSR1-hGi complex with bovine metarhodopsin Il bound to GaCT (PDB: 3PQR
(orange); PDB: 4A4M (green)). C: Overlay of TM5/6/7 of the JSR1-JSGiqg complex with different bovine metarhodopsin Il
structures (PDB: 3PQR (orange); PDB: 4A4M (green)) and the rhodopsin-hGi complex (PDB:6CMO (wheat)). D: Overlay of
TM5/6/7 of the JSR1-I1SGig complex (salmon) with the 82-adrenergic receptor-Gs complex (PDB: 3SN6, yellow). E: Overlay of
TM5/6/7 of the JSR1-1SGig complex (salmon) with the M1 receptor-G11 complex (PDB: 60lJ, cyan).

Although the TM6 movement of the JSR1-hGi complex was similar to other GPCR-Gi/o/t complexes,
we found that the conformation of TM7 is slightly different compared to other GPCR-G protein
complexes. Interestingly, it is similar to the position of TM7 in the non-canonically activated NTS1R-Gi
complex [153], indicating that JSR1 might bind the hGi differently compared to other GPCRs (Figure
60B). Additionally, the position of the a5 helix of the hGai subunit is different compared to other
GPCR-hGi complexes. The a5 helix adopts a shallower binding pose and the hook does not insert as
deeply into the binding cleft compared to the JSR1-JSGig complex (Figure 60A). Together, these
observations indicate that JSR1 interacts with the hGi in a different manner compared to other GPCRs
but still forms a functional signalling complex.

In contrast, our JSR1-JSGiq structure shows all the features of a fully active receptor. Usually, TM7
moves towards the transmembrane core and Tyr33173 follows this movement, packing it against
residues at position 3.44 and 3.47, leading to a hydrogen bond network between Tyr3317>% and

Tyr234>%8 that stabilizes the active state [26, 27]. TM7 relocates towards the transmembrane core and
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the Tyr3317-3 shifts into the core, packing against Leu1413% and Ile1443%, and is located above the
conserved Arg1483°°, Arg1483°° hydrogen bonds to the backbone oxygen of Cys351 from the hook of
the JSGaig which is a conserved interaction in GPCR-Gi complexes (see Table 5 for detailed

interactions).

Figure 60: G protein binding site analysis of the JSR1-hGi complex and two conformations of the JSR1-JSGiq complex. A: G
protein binding site comparison of the JSR1-hGi complex (lime) and the the JSR1-JSGiq_1 complex (salmon). From the Ga
subunits only the a5 helix is shown. B: Visualization and comparison of the cytoplasmic end of TM7 from the JSR-hGi (lime),
JSR-JSGiq_1 (salmon) and the non-canonical conformation of NTS1R (60SA, cyan) shown from two different views. C:
Visualization of the a5 helix rotation between the two conformations of the JSR1-JSGiq complex. The JSR1-JSGig_1 complex
is shown in salmon and the second conformation of the JSR-JSGiq_2 complex is shown in magenta. The main axis of the a5
helices are shown as arrows. D: Comparison of the cytoplasmic ends of the two JSR1 conformations bound to JSGiq. Colors
are the same as in figure 5D. From the Ga subunits only the a5 helix is shown.

As mentioned before, during our analysis of the JSR1-JSGiq cryo-EM data we found that there are large
movements primarily from the G protein relative to the receptor. 3D classification showed that a
second conformation of the JSR1-JSGiq complex was present where the o5 helix is rotated by 15.6°
(Figure 60C). The whole G protein shows a similar degree of rotation to the a5 helix. This rotation
leads to a shallower binding pose of the a5 helix of JSGaiqg where the G protein does not seem to be
fully engaged to JSR1 (Figure 60D). Moreover, the cytoplasmic end of TM5 shifts slightly more
outwards while the cytoplasmic end of TM6 moves further towards the transmembrane core to
accommodate the rotated G protein (Figure 60D). The density for the hook of a5 helix is less well

resolved in the JSR-JSGig_2 map, indicating that this region is more flexible in this conformation. In
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the JSR1-hGi complex, the a5 helix adopts an even shallower binding pose than this alternate
conformation of the JSR1-JSGiq complex, further indicating that JSR1 interacts with the hGi in a unique
manner (Figure 60A/D). In this alternate conformation of the JSR1-JSGig complex there are fewer
interactions between JSR1 and the JSGaiq compared to the fully engaged G protein conformation (17
interactions vs. 31 interactions) and nine interactions are conserved in both conformations (Table 5).
Especially that the conserved interaction of Arg1483>° with the backbone oxygen of the Cys351 is
missing, indicates that the JSR1-JSGiq_2 complex shows an intermediate state and not the fully
engaged G protein state. Otherwise, most of the differences in the interactions are located at the
cytoplasmic end of TM5 and ICL3. The density at the end of ICL3 and TM6 is not well resolved in both
cryo-EM maps, indicating that this is a highly flexible region. From the density it might even be that
the last helical turn of TM6 (inactive JSR1; PDB=6i9k) adopts a flexible structure because a helical
structure usually shows strong electron density in the experimental cryo-EM maps. In the JSR1-
JSGiq_2 complex two more residues in ICL3 had to be deleted because the density did not allow
confident modelling which might further reduce the interactions seen in the model. Together these
two conformations could visualize that JSR1 can interact differently with the JSGig and still form a
stable complex. In nature binding of the G protein is likely a dynamic process and our two structures
present two snapshots of this process.

In both of the JSR1-JSGig maps, density for the AHD could be observed, allowing modelling of the main
chain but the resolution was not good enough to model side chains. Nevertheless, models with the
AHD were created. Aligning both JSGaiq structures showed that the AHD is at a similar position in both
complexes, indicating that the AHD follows the rotation of the G protein to a similar degree. However,
the AHD in the JSR1-JSGiq_1 complex is slightly more closed than in the JSR1-JSGig_2 complex (Figure
61A). In most GPCR-G protein complexes the density for the AHD is not well resolved which does not
allow modelling of the domain. There are three GPCR-hGi complex structures were the AHD was
modelled without addition of an antibody fragment that stabilizes the AHD [154-156]. Comparison
with these structures showed that the AHD is at similar overall positions like we see in our JSR1-JSGiq
structures but the exact position of the helices differs a bit. In both of our JSR1-JSGiq structures the
H.HA helix from the AHD is in proximity to the side of blade 2 and a loop in blade 3 of the G subunit
(Figure 61C/D). These regions might interact with each other to stabilize the position of the AHD which

allows reconstruction of the density for the AHD.
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Figure 61: A: Structure comparison of the jsGaiq subunit from the JSR1-JSGiq_1 (salmon) and JSR1-JSGig_2 (magenta)
complexes. The a-helical domain (AH domain), aN helix, a5 helix and the Ras domain are labelled. B: Structure comparison
of the Ga subunit from the JSR1-JSGiq_1 (salmon), JSR1-JSGiq_2 (magenta), GABA(B) receptor-hGi (PDB: 7EB2 [154]; cyan),
NTSR1-hGi (PDB: 7L0S [155]; orange) and the cannabinoid receptor 2-hGi (PDB: 6PTO [156]; yellow) complex structures. The
a-helical domain (AH domain), aN helix, a5 helix and the Ras domain are labelled. C: Structure of the JSGaiq and G8 subunits
from the JSR1-JSGiq_1 complex. The Ga subunit is colored in salmon and the G8 subunit in cyan. The AH domain, aN helix and
the H.HA helix of the JSGaiq are labelled. The numbers of the GB subunit represent the numbering of the 8 blades according
to Wall et al. [157]. D: Structure of the JSGaiq and G8 subunits from the JSR1-JSGiq_2 complex. The Ga subunit is colored in
magenta and the GB subunit in cyan. The AH domain, aN helix and the H.HA helix of the JSGaiq are labelled. The numbers of
the GB subunit represent the numbering of the 8 blades according to Wall et al. [157].
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Residue

R148
(3.50)

V151
(3.53)

(3.54)

1152 | M156 | A157
(ICL2)

R31 (G.hns1.02)

1194 (G.53.01)

E298 (G.H4.05)

(ICL2)

P160
(ICL2)

1237
(5.61)

H244
(5.68)

L248
(5.72)

Q251
(5.75)

K254
(5.78)

M255
(5.79)

1257
(ICL3)

K258
(ICL3)

L260
(ICL3)

R261
(ICL3)

5262
(ICL3)

N263
(ICL3)

R274
(6.32)

L275
(6.33)

V278
(6.36)

S334
(7.56)

H335
(8.47)

P336
(8.48)

K337
(8.49)

A301 (G.H4.08)

E308 (G.H4.16)

£318 (G.h4s6.12)

1319 (G.h4s6.13

H322 (G.56.04)

C325 (G.s6h5.02)

Q333 (G.H5.5)

F334 (G.H5.6)

C337(G.H5.9)

K340 (G.H5.12)

D341 (G.H5.13)

1343 (G.H5.15)

N347 (G.H5.19)

1348 (G.H5.20)

K349 (G.H5.21)

E350 (G.H5.22)

€351 (G.H5.23)

N352 (G.H5.24)

L353 (G.H5.25)

V354 (G.H5.26)

Table 5: JSR1-JSGig complexes interaction table. Top row shows the JSR residue number and the B.W. numbering. Left column shows the JSGiq residue number and hGi protein numbering. The

distance cut-off for interactions was 4 A. Green fields indicate interactions present in the JSR1-JSGiq_1, orange fields interactions present in the JSR1-JSGig_2 and blue fields indicate
interactions found in both structures.
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4.2.3.5 Summary JSR1-I5Giq structure analysis

The overall structure of the JSR-JSGiq complex shows the typical architecture of GPCR-G
protein complexes.

The densities and models for the all-trans and ATR611 retinal overlay well and are similar to
the all-trans retinal from different bovine metarhodopsin Il models.

The orientation of the PSB and a density between the Cl and PSB indicate that the PSB-CI link
is mediated by water molecules.

The water mediated PSB-CI link does not involve Ser199 in the active state JSR1 but Tyr293 is
likely involved.

The microswitch domains show the typical conformations seen in other active state GPCRs.
The G protein binding pose of the JSR1-hGi is different to the JSR-JSGiqg and other GPCR-hGi
complex models.

The second conformation of the JSR1-JSGiq complex shows a rotated G protein leading to a

shallower binding pose of the a5 helix compared to the JSR1-JSGig_1 complex.
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5 Discussion

5.1 Adhesion GPCR project

The adhesion GPCR field is still relatively young compared to the GPCR field overall. In the last ~10-15
years adhesion GPCRs gained a lot of attention because it was found that these receptors are involved
in diverse and important physiological processes. Many studies focused on in vivo experiments with
model organisms, like mice or zebrafish, or cell signaling assays. In vitro assays were focused on the
extracellular domains of adhesion GPCRs and their (potential) interaction partners. However, at the
start of this project there was no literature about in vitro experiments with the 7TM domain of
adhesion GPCRs. This could have several reasons. First, the whole adhesion GPCR family lacks high
affinity ligands that could facilitate purification. Second, the ligand free state of aGPCRs is likely highly
dynamic, making it difficult to study these receptors in vitro because of a low stability when extracted
from the cell membrane. Lastly, purification from a native source (like it was done for bovine
rhodopsin for example [158]) which could facilitate purification is not suitable because of a lack of a
native source.

In this project we aimed to recombinantly express aGPCRs in order to characterize them biochemically
and structurally. Success in this direction was achieved which allowed the preparation of a sample

that could be analyzed by single particle cryo-EM.

5.1.1 AGPCR-G protein complex
5.1.1.1 Biochemistry

The initial constructs were designed for HEK cell expression because we are working with human
proteins and our collaborators, Prof. Adriano Aguzzi and his group, showed already that Adgrg6 can
be expressed in HEK cells for signaling assays [77]. For our purpose we tried to overexpress the
receptors in order to get a high yield. Before | started working on this project, Dr. Gabriella Collu
already conducted a first expression test of the full length Adgrg6 in HEK cells. The overexpression of
the full length Adgrg6 showed signs of cytotoxicity, likely attributed to the cAMP accumulation from
the G; protein activation by Adgrg6. For this reason, most of our constructs for HEK cell expression
were designed to be inactive by truncating or mutating the Stachel sequence. One Adgrg6 (G6.01)
where the GAIN domain is included did not have an altered Stachel sequence but in theory the GAIN
domain should protect the Stachel sequence and therefore activation of the receptor. Two Adgrdl
constructs were also potentially active (D1.05/.06) as these were full length receptor isoforms. In our
case we did not observe a significantly reduced cell viability with these constructs after 72h expression

(Table 6). However, from the in-gel fluorescence imaging of SDS-PAGE and FSEC experiments we can
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not conclude that the receptors were correctly expressed. The in-gel fluorescence scanning showed a
band with the same MW for all the constructs (Figure 11B). For Adgrg6 constructs faint bands with
different MW were detected (Figure 11B). We still do not know what protein showed this fluorescence

signal. The MW is too high that it could be YFP

--- only and attempts to purify the receptor from
- 5.41x10° 83.2 HEK cell expressions were not successful.
- 5 53%106 77.5 Changing the expression host to insect cells was
the right decision in hindsight.
4.95x10° 80.6
Our insect cell constructs contained both active
- 6.16x10° 75.9 (or potentially active) receptor constructs
- 4.67x10° 83.0 (G6.05/.06; D1.08) and inactive constructs
- 4.49x105 826 (G6.07-.09; D1.07/.09-.11) that can be activated
by adding chemically synthesized Stachel
5.61x10° 86.8
- peptide. For all of these constructs expression
- 4.10x10° 83.2 could clearly be detected, showing that insect
- 6.03x106 84.3 cells are a good expression host for GPCRs, as it
was demonstrated before for class B1 GPCRs
- 4.77x108 86.9
(closest family to the adhesion GPCRs) [136,

Table 6: HEK cell expression tests for Adgrd1 (D1.XX) and
Adgrg6 (G6.XX) constructs. First column shows the construct
number. Second column shows the cell count after 72h
expression. Third column shows the cell viability after 72h

expression. stable than Adgrdl because in SDS-PAGE

137]. The in-gel fluorescence imaging and FSEC

analysis also showed that Adgrg6 is likely less

fluorescence signal was detected in the stacking gel, meaning that there are aggregates that can not
be dissolved by the SDS buffer. Additionally, the FSEC data showed large peaks in the void volume,
indicating aggregation. The same was observed for the Adgrdl constructs but generally, Adgrdl
constructs showed less signal for the void peak (Figure 13).

Further evidence that Adgrg6 is less stable than Adgrd1 was seen in the detergent screening. In most
conditions tested the Adgrg6 constructs showed worse ratios (void peak signal to receptor peak signal)
compared to Adgrdl constructs (Table 3). Generally, solubilization in a mild detergent like LMNG or
LMNG/CHS showed better results as the other detergents tested. However, in almost all the
conditions tested, a higher signal was measured for the void peak, indicating that both Adgrg6 and
Adgrdl are unstable in detergent micelles, at least in the apo-state. Nevertheless, the Adgrd1 results
showed promise that purification can be achieved by optimizing conditions and addition of a

stabilizing interaction partner, in this case a G protein.
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Purification trials for the receptors alone were not successful. SDS-PAGE analysis either showed no
band for the receptor or only faint bands, but the FSEC data showed that the samples contained
aggregated protein because the peak was eluted in the void volume (Figure 17/18). The purification
trials using TALON resin also showed that there is free his-tagged GFP that binds to the column and
the FSEC data showed one main peak for GFP in the elution sample (Figure 17). Together, the
purification trials showed that the receptors need an interaction partner for stabilization in order to
purify the receptors.

A surprising result was seen in the complex formation experiment. In our hands, all the constructs
tested needed chemically synthesized Stachel peptide in the buffer in order to activate the receptor
and induce binding of the mini-Gas (Figure 20). This was especially surprising for the constructs D1.12
and G6.10 that express the CTF of the respective receptor. It was shown before that expression of the
CTF leads to an active receptor that shows G protein signaling activity in cell assays [47]. This
discrepancy could arise because we did not test this directly with co-expression but expressed the
receptor and G protein in different cells that were mixed and solubilized together. The reason is that
the expression levels of all the components are higher when expressed separately, resulting in
technical advantages like having smaller cell culture volumes and having more protein, meaning more
signal that can be detected in FSEC experiments. Furthermore, we included a HA signal sequence that
was fused to the N-terminus which might affect the ability of the Stachel peptide to bind and activate
the receptor. From the aGPCR-G protein complex structures published, we saw that having a
methionine before the Stachel sequence is important for the activation [67]. Regardless, our
experiment showed clearly that we can activate the receptors by adding their respective Stachel
peptide, leading to complex formation with the G protein.

Co-expression of the receptor with the G protein was only successful for D1.12 (Adgrd1-CTF). D1.12
already showed the highest expression levels when expressed alone (Figure 19B) and was the only
construct where clear expression was detected when co-expressed with the mini-Gs heterotrimer
(Figure 19C). The equivalent construct for Adgrg6 (G6.10; Adgrg6-CTF) showed much lower expression
levels when expressed alone (Figure 19B) and showed no clear bands in the co-expression with the
mini-G; heterotrimer. This shows that there are big differences in terms of expression and biochemical
properties between Adgrg6 and Adgrd1, indicating that Adgrd1 is a good target for biochemical and
structural studies. Further support that Adgrdl is a good target for structural studies is that the
structure was eventually solved by two different groups [68, 70] whereas we still lack a structure of
the Adgrg6-CTF.

1CTF_

The initial purification of the Adgrd mini-Gs complex worked as all components were detected on

SDS-PAGE but the SEC profile did not look good because a large peak in the void volume was detected
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and no clear peak for the complex was seen. In total three more purifications were done with
variations in the solubilization step (0.5% vs 1% LMNG/CHS) and buffer conditions. Changes in the
buffer conditions included: Addition of glycerol in the solubilization, wash and elution buffer of the
FLAG column and addition of glyco-diosgenin (GDN) to the buffers. Although these changes resulted
in a better SEC profile (Figure 22A/C), the yield was significantly lower than in the first purification.
This could also be because the expression was not as good as the first time which is based on the
intensity of the color from the dsRed protein that is used as an infection marker. For making cryo-EM
grids only very little amounts of protein is needed, meaning that several grids could be made from the
purifications, but the sample could not be concentrated a lot to increase the particle density. Grids
from all the purifications were analyzed by cryo-EM.

Taken together, these experiments showed that aGPCR are highly dynamic, making it difficult to work
with these receptors in vitro. Without an interaction partner, the receptors are too unstable in
detergents to be able to purify these receptors. Especially the lack of high affinity ligands hinders the
in vitro work with these receptors. The only successful strategy to purify the receptors was to co-
express them with the G protein, allowing complex formation in the cell membrane and subsequent

extraction and purification of the whole complex for cryo-EM studies.

5.1.1.2 Cryo-EM analysis of the Adgrd1<™-mini-Gs complex

Initially, grids were screened manually either at a JEOL JEM 2200FS microscope (with help of Dr. Ching-
Ju Tsai) or at a Titan Krios microscope (with help from either Dr. Jacopo Marino or Dr. Pavel Afanasyev).
During screening, grids from two purifications did not show any particles in the thin ice layers. In both
cases the SEC profile showed a signal and in gel fluorescence imaging and western blot also showed
that the components are present, but the yield was very low. For this reason, the samples could only
be concentrated to less than 1 mg/ml. Even with this low concentration we would have expected to
see particles in the thin ice layers. It could be that either the time between SEC and making the grids
was too long, leading to precipitation of the protein, or that concentrating the protein led to
dissociation and/or precipitation of the complex.

The grids prepared from the first (Figure 22A/B; called sample A from here) and fourth (Figure 22C/D;
called sample B from here) purification both showed particles in the thin ice layers, and we collected
a large dataset for both samples. Sample B was concentrated after SEC and sample A was not. In the
micrographs from sample B, long fibril like structures were seen that could come from the detergent
LMNG. Because sample B was concentrated it is possible that the detergent concentration was also
increased, leading to the formation of fibril-like structures of the detergent (Figure 62A, black arrows).

This indicates that a lower detergent concentration could be used, or the detergent concentration has

114



to be diluted during the protein concentration process. Grids from sample A generally had thicker ice
which can be seen from the quality of the micrograph (Figure 62B) compared to a micrograph from
sample B where the ice is thinner, and particles can easily be spotted (Figure 62C). During the grid
preparation and optimization process we noticed that short blotting times (1s or 2s) result in very
thick ice layers that can not be used for data collection (Figure 62E) and longer blotting times (4s or
5s) give a good ice thickness for data collection (Figure 62D).

Even though the SEC and ice thickness of sample A did not look very promising, the cryo-EM data was
much better than from sample B. In sample B, a lot of particles were dissociated, as seen in the 2D
classes (Figure 24B) and complex particles showed less high frequency information (Figure 24C). The
main difference between sample A and B (besides the buffer composition) is that sample A was
directly used for grid preparation whereas sample B had to be concentrated, also increasing the time
between the SEC step and grid preparation. It is possible that the complex is not very stable and the
concentration step resulted in many dissociated complex particles. Furthermore, we used longer
blotting times for making the grids with sample B, which gives us thinner ice layers but the proteins
are also more likely to be at the air-water interface which can lead to protein denaturation and
complex dissociation [143, 144]. In hindsight, adding additives like n-Octyl-B-D-glucoside (B-OG) could
have helped making better grids (personal communication with Prof. Skiniotis) and should have been
tried.

Unfortunately, neither of the two datasets collected was good enough to solve a high-resolution
structure of the complex.

The 2D classes from sample B did not clearly show all of the subunits of the complex and many of the
2D classes were blurry (Figure 24C). This translated to the 3D volumes that were created based on
these particles. The 3D volumes did not allow identification of all the subunits or did not even show
density for the G protein clearly (Figure 24D). Furthermore, the particles mostly showed side views

and no top views which is needed for a good 3D reconstruction (Figure 24C).
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Figure 62: Cryo-EM analysis of the Adgrd1¢F-mini-Gs complex. A: Micrograph from sample B taken at a nominal
magnification of 40°000x. Black arrows indicate fibril like structures. B: Example of a micrograph from sample A, collected at
a nominal magnification of 165’°000x. C: Example of a micrograph from sample B, collected at a nominal magnification of
165’000x. D: Atlas of a grid blotted with blot force 10 and blot time of 5s, collected at a nominal magnification of 175x. E:
Atlas of a grid blotted with blot force 10 and blot time 2s, collected at a nominal magnification of 175x.

The cryo-EM data from sample A, which was collected first, showed more promise as the 2D classes
clearly showed signals for all the subunits of the complex (Figure 23B/C). The 2D classes also showed
high-frequency information and secondary structure details, like the aN or a5 helix, could be
recognized from the 2D class averages (Figure 23B/C). However, attempts to create a high-resolution
3D volume were not successful. At a low contour level all subunits of the complex, micelle with
receptor, Ga and Gy, could be identified but at a higher contour level it became clear that the
transmembrane helices of the receptor are not well resolved (Figure 23D). This can have several
reasons: 1. The number of complex particles was relatively low with less than 100’000 particles
present in the best 2D classes; 2. The particle set likely included heterogeneity, lowering the signal to
noise ratio; 3. The ice thickness was relatively thick, further lowering the signal to noise ratio. These

points, together with the biochemistry of sample A, lead us to the believe that we needed a better
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sample and grids for high-resolution structure determination. In the end, it turned out that the
samples from subsequent purification resulted in worse cryo-EM data, even though the biochemistry
showed improvements. Retrospectively speaking, it might have been a good idea to collect more data
from sample A and with sufficient particles it might have been possible to solve a high-resolution cryo-
EM map of the complex.

To conclude, the cryo-EM data from sample A looked very promising but the changes implemented
for subsequent purifications did not result in a better sample for cryo-EM. Sample purification and
grid preparation still needed improvements for high-resolution structure determination but because
of the four nature papers that published structures of aGPCRs [67-70], showing the tethered peptide

activation mechanism, this project was abandoned in favor of the jumping spider rhodopsin-1 project.

5.1.2 Adgrd1-NTF
5.1.2.1 Biochemistry and crystallization

The Adgrd1-NTF was expressed as a secreted protein in insect cells. Expression of the protein worked
from the first try and pull down assays already showed promising results for purification (Figure 25).
The best expression conditions were achieved with High Five cells, a VOI of 3% and an expression time
of 48h (Yield: 2 mg/L). The purification protocol could be kept simple with one affinity chromatography
step and a SEC step, yielding pure protein for subsequent assays (Figure 26).

The thermal stability assay showed that the Adgrd1-NTF has a high Tm with ~60°C (in SEC buffer). It
also showed that freezing and thawing the protein has a negative influence on the protein. Because
the melting curve split into two melting curves where two Tm can be calculated, it is likely that one of
the domains of the Adgrd1-NTF has a lower Tm after a freeze/thaw cycle while the rest of the protein
is not affected by this. This result meant that it was the best to use the protein directly after
purification. Luckily, the protein is stable enough that it can be stored at 4°C for at least 4 days without
precipitation or changes of the Tm, further indicating that the protein is very stable. Salt (mostly NaCl)
is generally used in protein buffers to increase solubility and disrupt unspecific interactions. The NaCl
concentration had the biggest influence on the Tm of the Adgrd1-NTF with around ~15°C difference
between the sample with no NaCl and the sample with 300 mM NaCl (Figure 28B/D).

The crystallization trials were not very successful because only in one condition clear crystal growth
could be detected (Figure 29A/B). Many of the imaged drops were clear (even with the higher
concentrated sample), indicating that the protein concentration can be increased even further.
Ultimately, the crystallization trials were abandoned in favor of structure determination of the

Adgrd1-G protein complex and the jumping spider rhodopsin-G protein complex.
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5.1.3 Adgrd1 fusion proteins

5.1.3.1 Adgrd1¢F-mini-Gas fusion protein

From the purification trials of Adgrd1 and Adgrg6 alone, it became clear that the receptors need an
interaction partner for stabilization in order to purify the receptor. As an alternative strategy to the
co-expression with the G proteins, we designed a receptor-G protein fusion protein. In the complex
formation experiment we showed that Adgrdl couples to mini-Gas, so we decided to create a fusion
protein with it (Figure 30). Expression and purification of the Adgrd1™-mini-Ga, fusion was working
from the first experiment, showing that this approach is a valuable alternative to the co-expression
approach. Additionally, the protein yield after the purification was largely increased by ~7.5-fold from
200 pg/L (co-expression strategy) to 1.5 mg per Liter of cell culture. This could have several reasons.
First, in this approach only one baculovirus is added to infect the insect cells whereas in the co-
expression approach several baculoviruses are added, meaning the insect cells have to produce
several different proteins, lowering the yield for each individual protein. Second, in the fusion protein
approach the ratio of receptor molecules to mini-Ga; proteins is 1:1 and the G protein is in proximity
to the receptor. This allows every activated receptor to couple to the fused mini-Gas, thereby
stabilizing the receptor. On the other hand, the ratio of receptor molecules to G protein molecules in
the co-expression approach is likely not 1:1 and the G proteins might not be in proximity to the
receptors. This could result in activated receptors that are not coupling to a G protein and are likely
to precipitate/aggregate during the purification.

Although the fusion protein can be purified with good yields, coupling the fusion protein to the GBy
subunits did not show efficient coupling (Figure 31E). For cryo-EM studies having a bigger complex is
usually beneficial but with today’s technological advances the mini-Ga, fused to the receptor may be
enough to align particles well [159]. Because the structure of Adgrdl was solved by two groups [68,
70], we did not continue analyzing this sample by cryo-EM. Nevertheless, this work presents a proof-
of-concept for the fusion protein approach and shows that a receptor, that can not be purified

separately, can be purified with this strategy.

5.1.3.2 Adgrd1%AN-CTF-mini-Ga;s fusion protein

The other fusion proteins we designed included the GAIN domain of Adgrdl in addition to the CTF.
Additionally, cysteine mutations were introduced that, based on MD simulations, could help
immobilize the GAIN domain for structure determination. Immobilization is likely necessary because
Barros-Alvarez et al. [67] showed that the GAIN domain is very flexible, hindering structure
determination. The results showed that the constructs and/or the mutations introduced had a

negative effect. Already expression was not clearly seen for all of the tested constructs compared to
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the Adgrd1¢™-mini-Gas fusion protein (Figure 31/32). Although protein was eluted from the FLAG
affinity column, the SEC chromatogram showed only a peak in the void volume (Figure 33). This
indicates that the protein is either aggregated or the cysteine mutations we introduced might lead to
the formation of intermolecular disulfide bridges. The second theory is less likely because addition of
100 mM DTT did not change the SEC profile and this concentration of DTT should cleave potential
disulfide bridges.

Further evidence that the proteins are aggregated came from the negative staining grids analysis. In
micrographs large aggregates were seen in samples with both a high and a low protein concentration,
indicating that the protein is not healthy (Figure 34). These GAIN-CTF-G protein fusion proteins would
need further optimization and/or a redesign of the constructs but because of time reasons, this was
not possible anymore in my PhD work.

1°"-mini-Gas, fusion protein was well expressed and could be purified which

To summarize, the Adgrd
shows that this approach can be useful for other receptors as well. On the other hand, the Adgrd1A™™-
T _mini Gas fusion proteins did not express well and could not be purified. However, for these fusion
proteins it is difficult to draw any conclusions because not much work was done to try to optimize
expression and purification. In the aGPCR field, the interplay of the GAIN domain with the CTF is still

an unsolved problem. Functional and structural characterization of the interactions between the GAIN

and CTF domain will remain one of the most interesting topics of aGPCR research.
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5.2 Jumping spider rhodopsin-1 project
5.2.1 JSR1-G protein complexes

5.2.1.1 Purifications

To be able to do in vitro studies with any protein, one first needs to purify the protein. Before | started
working on this project, members of our group (Dr. Niranjan Varma; Dr. Elena Lesca and Dr. Matthew
Rodrigues) already established an expression and purification protocol for JSR1. Dr. Niranjan Varma
established a purification protocol for JSR1 bound to the inverse agonist 9-cis retinal [30] and Dr.
Matthew Rodrigues followed a similar protocol for the purification of JSR1 bound to the non-natural
all-trans retinal 6.11 analogue. The purification of JSR1 (ATR611) worked well and pure protein could
be obtained from a purification that only involved one 1D4 affinity column (Figure 35B). However, the
analytical SEC experiments showed that that there is aggregation which varies depending on the
purification (Figure 42). Therefore, the purification of JSR1 might benefit from an additional SEC step
to get rid of any aggregated proteins in the 1D4 elution. The absorbance at 505 nm for detecting the
retinal is very low in the void peak (Figure 42), meaning that the proteins that aggregate are either
aggregated JSR1 that can not take up the retinal or other proteins than JSR1. It was surprising that the
purification of JSR1 bound to the all-trans retinal 6.11 worked well because previous attempts by
several members of our group to purify JSR1 bound to the all-trans retinal were not successful (Figure
35B). One hypothesis we had is that the additional carbon atoms from the carbon ring around the

double bond at position 11 make van-der-Waals interactions with surrounding residues, leading
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Figure 63: Retinal binding site analysis with active JSR1 and either ATR611 or all-trans retinal. A: Retinal binding site of the
JSR1-JSGig complex model. ATR611 is shown in light grey and JSR1 in salmon. Residues within 4 A of the ATR611 are shown
as sticks and are labelled. The additional interaction of the ATR611 is indicated with an arrow. B: Retinal binding site of the
JSR1-JSGig complex model with the all-trans retinal. All-trans retinal is shown in grey and JSR1 in salmon. Residues within 4 A
of the ATR are shown as sticks and are labelled.
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to a higher affinity of the ATR611 compared to the all-trans retinal. Because the resolution of the JSR1-
hGi complex is not good enough to see side chain densities, the JSR1-JSGig_1 complex model was used
for this analysis and for the all-trans retinal the additional carbon atoms from the ring of the ATR611
were deleted (Figure 63). The analysis showed that only one additional residue is present within 4 A
of the ATR611 compared to the all-trans retinal (Figure 63). This residue is Gly130 which is close to
the carbon atom of the ring introduced for the ATR611 (Figure 63A). This additional interaction might
increase the affinity enough that ATR611 can be incorporated to JSR1.

Expression and purification worked well for all G proteins, but the yields varied greatly. The yields for
the purification of hGai and GBy from bovine retinas can not be directly compared to the yields of the
hGq, hG11, JSGql and JSGiqg because the expression method was very different. The hGai was
expressed as a soluble protein in E.coli which resulted in a high yield of ~15 mg/L (Figure 36). GBy was
purified from bovine retinas and yielded ~8.7 mg of protein from 450 retinas. When the Gy subunits
were expressed in insect cells and purified the yield was relatively low with ~100 pg/g of cell pellet.
Nevertheless, this protocol gave pure protein in the end (Figure 37) and therefore it is a valuable
alternative to the purification of GBy from bovine retinas. This protocol was only followed once and
there is probably room for improving the expression and purification conditions in order to achieve a
higher yield. Expression and purification of the hGq, hG11, JSGql and JSGiq heterotrimers were done
with the same protocol and worked in all cases (Figure 38). The yields for the hGg, hG11 and JSGq1
were similar with ~500-750 pg of purified protein per liter of cell culture but the yield for the JSGiq
chimera was much higher with ~2.5 mg/L. This is not surprising based on previous experiences in our
lab. The hGi heterotrimer is a well expressing protein with high thermal stability, resulting in high
yields. The basis of the JSGig chimera is the hGi, explaining why the yield is much higher compared to
the hGqg, hG11 and JSGq proteins. The hGq expression protocol is also special because the chaperon
Ric8 is needed for efficient expression (Communication with Jonas Mihle) [160]. Ric8 was not added
to the expression of the JSGgl which might have lowered the expression yield. It was also the first
time we worked with an invertebrate G protein, meaning that our protocols are not optimized for
invertebrate G proteins but for human G proteins. The JSGql might need different conditions in order
to achieve a higher yield but this will be subject of future research. Furthermore, the SDS-PAGE
analysis of the JSGql showed an additional, well visible band between the JSGaql and the GB that
was not seen in the SDS-PAGE of the other G proteins (Figure 38). This could be a differentially
modified Ga or GB subunit but further investigation is needed to uncover what protein this band
corresponds to.

Overall, all purifications of the different G proteins yielded enough protein to conduct several GTPase

Glo assays, analytical SEC experiments and preparation of cryo-EM samples.
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5.2.1.2 GTPase Glo assay

The GTPase Glo assay was performed for JSR1 bound to one of three ligands (9-cis, 9-cis 6.11 or all-
trans retinal 6.11) in combination with either hGi, hGq, JSGq1 or JSGiq heterotrimer (Figure 39/41).
The assays done with JSR1 bound to either 9-cis or 9-cis 6.11 retinal showed that these two ligands
behave similarly. Dark state JSR1 did not increase the GTPase activity of hGi or hGq when bound to 9-
cis or 9-cis retinal 6.11, showing that the analogue also acts as an inverse agonist like 9-cis retinal
(Figure 39A/C). In both cases, illumination of the sample leads to an increase in GTPase activity,
indicating that isomerization happens in both ligands, leading to an active JSR1. The GTPase activity
also reaches a very similar level, hinting that both ligands activate JSR1 to a similar level (Figure 39).
This is also true for illuminated JSR1 bound to the ATR611 which shows a very similar GTPase activity
in combination with hGi or hGqg (Figure 39). However, the activity of the dark state JSR1 bound to
ATR611 is lower, both in combination with hGi or hGgq, indicating that JSR1 does not reach full activity
even though the ligand is the same as the illuminated 9-cis 6.11 retinal in theory. There were previous
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Figure 64: All-trans 6.11 retinal conformation. A: All-trans 6.11 retinal from the
JSR1-JSGig model. Carbon atoms are displayed in salmon and nitrogen in blue. B:
Schematic representation of the all-trans 6.11 retinal from the JSR1-JSGig model.

conformation (Figure 64). The
sample that was prepared for
the EM studies was exposed to light, indicating that the illuminated sample has the anti conformation.
This suggests that in the dark state JSR1 (ATR611) the retinal could have the syn conformation that
does not act as a full agonist and therefore we see less GTPase activity in the assay (Figure 39B).

However, we do not have the data at the moment to confirm this. Currently, there are experimental
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methods for determining the conformation of the Schiff base link between JSR1 and ATR611 before
and after illumination of JSR1. Such experiments are ongoing in our lab.

For the design of the human/jumping spider Gig chimeric heterotrimer we used the hGi as the
template and mutated certain residues to match the JSGq1l sequence (Figure 40). Surprisingly, we saw
that the JSGig chimera had a higher basal activity than the hGi (Figure 41). The mutations we
introduced are not located in proximity to the GTP binding site but are mainly located in the a5 helix
(Figure 40B). We expected that these mutations might influence binding to the receptor and therefore
the GTPase activity in combination with JSR1 but not such a dramatic change in the basal activity of
the JSGiqg. It was shown before that a conserved phenylalanine in the a5 helix acts as a relay to the
GDP binding site and this residue can influence the basal activity [162]. In our chimera we do not
mutate this phenylalanine (Phe336) but we mutate Glu337 to a cysteine which might influence the
Phe336 conformation and therefore the basal activity. We also detected a high basal activity, similar
to the JSGiq, for the JSGqg1 (Figure 41D), indicating that jumping spider G proteins might show higher
basal activity than human G proteins; at least for the JSGql. While vertebrate and especially human G

proteins have been studied intensely, literature about invertebrate G proteins is very limited.

5.2.1.3 Analytical SEC experiments

The analytical SEC experiments were done to test complex formation of JSR1 (ATR611) to different G
proteins. As expected, JSR1 (ATR611) formed a complex with hGi that can clearly be detected on SEC
(Figure 42A). This was already shown by Dr. Filip Pamula who formed a JSR1-hGi complex by activating
JSR1 (9-cis) with light. However, the cryo-EM analysis of the JSR1 (ATR611)-hGi complex showed that
the complex dissociates during freezing of the cryo-EM grids (Figure 48). This was already one of the
main problems in Dr. Filip Pamula’s work and did not improve with the new ligand. The scFv16 can
stabilize GPCR-hGi complexes [119], so naturally the next sample prepared for cryo-EM analysis
included the scFv16. However, in our case the scFv16 did not help to stabilize the JSR-hGi complex,
seen in the cryo-EM data analysis (Figure 49). Therefore, a range of different G proteins from the Gi/o
and Gg/11 family were tested for complex formation. Sequences of the a5 helix of the different G

proteins are shown in Table 7.
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Table 7: Sequence alignment of the a5 helix from the G proteins tested for complex formation with JSR1 (ATR611).
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JSR1 has been shown to couple and activate hGq protein in cellular assays [98] and our GTPase Glo
assays. As expected, we detected clear complex formation of JSR1 with the hGq on SEC (Figure 42B).
The hG11 belongs to the same subfamily as hGq with a sequence identity of 90% overall and 100% for
the a5-helix. To our surprise, we did not detect clear complex formation of JSR1 (ATR611) with the
hG11 (Figure 42D). This is even more surprising because we previously detected activation of hG11 by
JSR1 in the GTPase Glo assay (Personal communication with Jonas Miihle).

Complex formation was detected for JSR1 (ATR611) in combination with the hGi/q chimera GP04 and
the bovine Gt (bGt) (Figure 42C/E). Overall, the SEC data did not look as promising as for the JSR1-hGi
or JSR1-hGq complexes, but we decided to make a JSR1-bGt sample for cryo-EM analysis which turned
out to dissociate as well (Figure 47).

The human Go belongs to the same subfamily as hGi and the mini-Go has a similar sequence of the a5
helix as the hGi (Table 7) but there are three residues that are very different (H5.02; H5.17; H5.22).
Mini-Go did not show complex formation to JSR1 (ATR611), indicating that these differences do not
allow mini-Go to couple to JSR1 (Figure 42F). Additionally, other residues in the G protein might be
different which does not allow complex formation with JSR1. The overall sequence similarity of hGo
and hGi is 73%. Bovine rhodopsin was shown to couple to bGt, hGi and mini-Go which all belong to
the same subfamily [117, 146, 148, 149] but for JSR1 we only detect clear coupling to hGi (Figure 42).
However, the natural G protein for JSR1 is the JSGgl and not a jumping spider Gi. The sequence of the
a5-helix from JSGql is more similar to the hGq than the hGi but it includes two key residues which
match the hGi (H5.18; H5.23 in Table 7). This might explain why we also see coupling to the hGi but
JSR1 does not form a stable, high affinity complex with the hGi as seen in our cryo-EM data analysis.
Both mini-Gsg chimeras did not show complex formation with JSR1 (Figure 42G/H). This can be
expected because the main part of the chimeric protein is based on the hGs which does not couple to
JSR1. The a5 helix of the mini-Gsq was mutated at certain positions to match residues of the hGq but
when comparing the sequences, one can still detect several differences to the hGq (Table 7).
Additionally, it was shown that not only the interactions with the a5 helix are important for the G
protein specificity of a GPCR but also interactions with other parts of the GPCR/G protein are involved
[163, 164]. Because the main part is from the hGs, these interactions are likely missing, leading to no
complex formation with both mini-Gsqg chimeras tested.

As mentioned already, the JSGq1l shows several differences in the sequence of the a5 helix compared
to the hGiand hGq (Table 7). Interestingly, these differences are only seen in JSGq1, which is the visual
Gq in jumping spiders, but not in the other JSGg2 which has an identical sequence of the a5 helix as
the hGq (Table 7). Because we never worked with jumping spider G proteins before and were not sure

that we can express and purify the protein, we also designed a chimeric G protein where we mutated
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residues of the hGi to match the sequence of the JSGql (Figure 40). In the end, expression and
purification of the JSGq1l was also possible but with lower yields than the JSGiq chimera. For efficient
expression of functional human Gq protein co-expression of a chaperon, Ric-8A, is important [160].
For the JSGgl we did not co-express this chaperon which could be an additional reason for the lower
yield. JSR1 (ATR611) showed clear complex formation with the JSGiq chimera but surprisingly not with
the JSGg1 which was confirmed by SDS-PAGE (Figure 43). As mentioned before, we never worked with
jumping spider G proteins, or invertebrate G proteins in general, which is also the case for our
collaborators Prof. Akihisa Terakita and his group. Therefore, we also lack the experience and vital
information about working with jumping spider G proteins in vitro. The JSGql has a sequence similarity
of 50% and 80% compared to the hGi and hGq respectively. It may be that jumping spider G proteins
need different buffer conditions than the human G proteins, including also different detergents. One
hypothesis from the SEC data was that the G protein is not functional and therefore we do not see any
complex formation. However, the GTPase Glo assay data showed that the JSGq1l has intrinsic GTPase
activity, showing that the protein is functional. Surprisingly, the basal activity was much higher than
the basal activities of the hGi and hGq proteins (Figure 41). The reason behind this significant
difference is still unclear, but it may be related to the incubation temperature used in the GTPase Glo
assay, typically set at room temperature (~22°C). In many cases, certain groups of invertebrates, such
as ectothermic species, may exhibit lower body temperatures compared to some vertebrates,
potentially indicating adaptations for optimal protein function at lower temperatures in these
organisms. Given that our assay's temperature is lower than the human body's usual temperature, it's
possible that human G proteins may be less active due to the cooler conditions. In the time frame of
my project, it was not possible to further investigate the reason we do not see complex formation
with the JSGq1l, but this will be subject of future research. Nevertheless, the JSGiq chimera showed
clear complex formation with JSR1 (ATR611) and a sample was prepared for cryo-EM analysis which

resulted in the JSR1-JSGiq structure.

5.2.1.4 Cryo-EM analysis of JSR1-G protein complexes

Grid preparation for cryo-EM single particle analysis is a critical step which determines the quality of
the data that can be collected. Ideally, we want to have a thin ice layer with many protein particles in
different orientations. However, protein complexes, especially low affinity complexes, can dissociate
during grid preparation [143, 144], meaning that a compromise between ice thickness and particle
quality has to be made. Initially, our samples had rather low concentrations (~1-~4 mg/ml) and blotting
times were between two and six seconds. At the microscope we saw that short blotting times lead to

thick ice layers which were not suitable for data collection. Blotting times of four to six seconds
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resulted in grids with good ice thickness but also in holes where the ice was too thin in the middle,
leading to particle clustering to the side of the hole (Figure 65A/B). This leads to a further problem
that particles overlap at the edges or even show blurry particles that suffer from beam induced motion
(Figure 65A/B). Even if we detected particles in these thin ice areas, these particles showed a high
degree of dissociation because they might be located at the air-water interface which can lead to
denaturation and therefore complex dissociation which was seen for the JSR1-bGt, JSR1-hGi and JSR1-
hGi-scFv16 samples (Figure 47/48/49). We adjusted the ice filter to also include areas with slightly
thicker ice than in figure 65AB in order to have complex particles (Figure 65C). The ice filter has to be
adjusted for each dataset or even changed during the data collection because if we collect
micrographs from too thick ice areas, the particles will overlap and the signal to noise ratio will be

worse (Figure 65D).
A

Figure 65: Examples of micrographs collected at a nominal magnification of 165’000 with a Titan Krios microscope. A:
Example of a micrograph in a very thin ice are with the JSR1-hGi sample. B: Example of a micrograph in a very thin ice area
with the JSR1-hGi-scFvl6 sample. C: Example of a good micrograph with the JSR-hGi-scFV16 sample. D: Example of a
micrograph in a thick ice area with the JSR-hGi-scFv16 sample.

For the JSR1-JSGiq complex we concentrated the sample much more to ~8.5 mg/ml and blotted the
grids for four to eight seconds. This change, together with the improved protein sample, resulted in

better grids and a dataset suitable for high resolution structure determination (Figure 51/52).
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However, we had to collect many micrographs because the ice filter in the first dataset was not
optimal and included too many thin ice areas where not many particles were located (Figure 51A).
Because many of our datasets showed dissociation of the complex, we also tried a different grid
preparation method with the Vitrolet. In the end, we could not see any particles on these grids. This
could also be because of the sample, which was frozen and thawed for making these grids and might
have led to denaturation or aggregation of the proteins.

To summarize, grid preparation is still one of the bottlenecks in structure determination with cryo-EM
and one should screen different conditions for grid preparation. Additionally, during data collection it
is important to screen areas with different ice thickness in order to optimize the ice filter settings and

collect good data for structure determination.

5.2.2 JSR1-JSGiq structure
5.2.2.1 Active state JSR1

In this project we solved the first active state structure of an invertebrate bistable rhodopsin, namely
JSR1. Dr. Filip Pamula already solved a 4.9 A structure but the resolution did not allow confident
modelling of side chains. | managed to improve the resolution in my JSR1 (ATR611)-JSGig_1 map to 4
A. This includes all domains of the complex and the resolution varies between the different subunits
of the complex (Figure 52D). The map quality for JSR1 was sufficient to be able to model side chains
which allows detailed analysis of the structure. The second map (JSR1 (ATR611)-JSGiq_2) reached a
global resolution of 4.17 A but this structure will only be discussed in regard to the G protein binding

site. Here we will discuss the active state JSR1 structure from the JSR1 (ATR611)-JSGiq_1 map.

5.2.2.2 N-terminal extracellular domain

The N-terminal extracellular domain of JSR1 forms a crown-like structure, acting as a lid over the
transmembrane bundle and protecting the ligand binding site from the extracellular milieu (Figure
66). This fold is conserved in the inactive and active state of JSR1 (Figure 66) [30]. In the inactive
structure it was seen that this fold is stabilized by two histidine residues in the crown that form
hydrogen bonds with residues in the transmembrane bundle [30]. These interactions are also present
in the active state JSR1, hinting that these might be important for the fold and/or stability of the N-
terminus (Figure 66). This cap is also conserved in other monostable or bistable rhodopsins but the
structure can vary, hinting at the importance of the cap to protect the retinal binding site from the
extracellular environment (Figure 66) [30, 31, 145]. Furthermore, this fold might also be important for

the receptor stability overall.
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Inactive JSR1 Active JSR1 Squid rhodopsin Bovine rhodopsin

Figure 66: N-terminal domains of different rhodopsin structures. The N-terminal domains are labelled in yellow for the
inactive JSR1 (PDB: 619K [30]), salmon for the active JSR1, palegreen for squid rhodopsin (PDB: 2Z73 [31]) and magenta for
bovine rhodopsin (PDB: 1GZM [145]). The rest of the protein is labelled in gray. Both JSR1 structures show the two histidines
and the hydrogen bond partners as sticks.

5.2.2.3 The retinal binding pocket

Bistability confers the ability to maintain the Schiff base link to the retinal in both the inactive and
active state [91]. Comparing the environment of the retinal ligand between the active and inactive
state of JSR1 showed that the 9-cis retinal in the inactive state is tightly packed by surrounding
residues (15 residues within 4 A) [30]. In contrast, the ATR6.11 is only within 4 A of seven residues.
Similarly, 11-cis retinal in bovine rhodopsin is also tightly packed by surrounding residues (15 residues
within 4 A) [145] and the all-trans retinal only has eight residues within 4 A [146]. This could indicate
larger flexibility of the retinal binding pocket and/or water molecules surround the retinal, bridging
interactions with side chains in the active state.

In contrast to the monostable bovine rhodopsin, the Schiff base in JSR1 is not deprotonated and
hydrolysed upon retinal isomerisation from 11-cis to the all-trans conformation [91, 98]. The proximal

counterion, Glu3?®

, in monostable rhodopsin together with a water molecule are responsible for
hydrolysis of the Schiff base [149, 165, 166]. In JSR1 and other bistable opsins this position is occupied
by a bulkier Tyr12632, leaving no space for a water molecule at a similar position as it is seen in the
active bovine rhodopsin structure [149]. The presence of a Tyr instead of a Glu might contribute to
the thermal stability of the Schiff base in the active state JSR1 and other bistable opsins. Our
experimental map for the JSR1-JSGig complex showed clear density for the Schiff base, demonstrating
the thermal stability in the active state (Figure 54A/B). In the inactive state of JSR1, the protonated
Schiff base is stabilized by the counterion Glu194 via a water mediated hydrogen bond network (Figure
56C) [30]. From our data it is likely that in both the inactive and active states of JSR1, water molecules
are involved in the Schiff base counterion link [30], highlighting the importance of water molecules in
JSR1. The existence of similar water mediated networks in the inactive and active states may facilitate
the bistability of JSR1. Based on our data, we propose that the water mediated network changes in

the active state compared to the inactive state JSR1. From our JSR1-JSGiq_1 structure is seems likely

that Ser199 is not involved in the active state, but Tyr293 might be involved instead (Figure 67).
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Figure 67: Schematic representation of the proposed mechanism of the PSB — Cl link in the inactive state (left) and active
state (right). In the inactive state JSR1 the PSB — Cl link is mediated by a hydrogen bond network where Glu194, Ser199, a
water molecule and the PSB are participating. This is based on the crystal structure 6/19K. In the active state we propose that
Ser199 is not participating in this network anymore. The PSB — Cl link is mediated by a similar water mediated hydrogen bond
network between Glu194, two water molecules, the PSB and possibly the Tyr293.

From our analysis it also seems likely that there are two water molecules present that mediate the
PSB — ClI link in the active state (Figure 67/68). Two models were generated where hydrogens were
added to the model and then either one or two water molecules were added manually in Coot [133].
Real space refinement for the retinal binding pocket was used to optimize the model. The model with
one water molecule showed that the distance between the nitrogen of the PSB and the water
molecule is too large for a direct interaction (4.5 A), meaning there is also free space that can be
occupied by a second water molecule (Figure 68). On the other hand, when we insert two waters to
the retinal binding site, the PSB can make a direct interaction with one of the water molecules (3.2 A)
and the second water molecule can interact with the counterion Glu194 which changes the rotamer
slightly to accommodate the water molecules (Figure 68). This creates a water mediated PSB — Cl link.

The Tyr293 is also in hydrogen bonding distance and could participate in this network (Figure 68).
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Figure 68: PSB — Cl link in the active state JSR1 models based on our JSR1-JSGiq_1 complex model. A: Model of the PSB — C/
link with an active JSR1 model and one water molecule. Experimental map is shown as mesh around the residues shown as
sticks. B: Model of the PSB — Cl link with an active JSR1 model and two water molecules. Experimental map is shown as mesh
around the residues shown as sticks.

Bistable rhodopsins are interesting receptors for optogenetic applications because they can be
activated and inactivated with specific wavelengths of light. JSR1 has been shown to work as an
optogenetic tool in zebrafish reticulospinal V2a neurons where activation of JSR1 led to an increase of
Ca?* levels and evoked a change in swimming behaviour [92]. The main issue with using JSR1 as an
optogenetic tool is that the Amax of the active and inactive states overlap, meaning that there will be a
mixture of active and inactive states upon illumination [100]. One JSR1 mutant (JSR1 S199F) has been
shown to have a Amax 0f 380nm in the inactive state and 540nm in the active state (similar to WT JSR1)
[98]. Ser199 is involved in the Schiff base-counterion link in the dark state but not in the active state,
explaining the difference of Amax in the dark state compared to the WT JSR1 [98]. The disruption of the
Schiff base-counterion link in the dark state of the S199F mutant leads to a deprotonated Schiff base,
explaining the shift of Amax (Personal communication with Dr. Matthew Rodrigues) [98]. UV-light
activation is not very desirable for in vivo applications because UV-light does not penetrate tissues
well. Our structure will facilitate rational protein engineering of the retinal binding pocket to change
Amax Of the active and inactive states. We identified a Tyr293 that does not participate in the PSB — CI
link in the dark state but could participate in the illuminated state (Figure 68). Mutating this residue
could shift Amax Of the illuminated state but not in the dark state. There is an alanine (Ala317) which is
close to the water network but is neither important in the dark state or illuminated state for the PSB
— Cl link. Mutating this residue to a polar residue could change the water network, leading to a change
in Amax of JSR1. In mouse melanopsin (mMeOp) it has been shown that mutating the equivalent residue
(Ala333 in mMeOp) to a serine changes the Amax [167]. A further change was observed when

additionally Tyr309 (Tyr293 in JSR1) was mutated to a phenylalanine [167]. Currently, experiments are
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ongoing or planned in our lab to mutate several residues in the retinal binding pocket of JSR1 in order

to shift Amax.

5.2.2.4 Micro-switch domains

Although we are working with an invertebrate GPCR, our structure showed that all the major
microswitch domains like the C-W-x-P, P-I-F or D/E-R-Y motif follow the typical structural changes seen
in vertebrate active class A GPCR structures (see Results “4.2.3.3 Micro-switch domains in JSR1”). This
hints that both invertebrate and vertebrate rhodopsins (or vertebrate class A GPCRs) have similar
activation mechanisms and over the course of evolution these mechanisms are conserved. However,
there are subtle differences in JSR1 compared to monostable bovine rhodopsin or the B2-adrenergic
receptor (class A GPCR).

One difference can be found in the C®%-W®%_x-P®0 motif. Our sequence analysis showed that
invertebrate rhodopsins possess either an alanine or serine at position 6.47 (Figure 58G). On the other
hand, vertebrate rhodopsins almost exclusively possess a cysteine at this position (Figure 58G). The
exact role of the cysteine is not very well known but studies suggested that it participates in the
rearrangement of the TM6 and TM7 interface upon receptor activation [21, 168]. One study suggested
that the protonation state of the cysteine changes upon activation which is mainly attributed to the
movement of TM6 which changes the local environment of the cysteine [168]. JSR1 possess an alanine
at position 6.47, meaning that similar functions are not possible. JSR1, and other invertebrate
rhodopsins, might have a slightly different mechanism where this position is less critical for receptor
function compared to vertebrate rhodopsins, or other class A GPCRs, that possess a cysteine at
position 6.47. The tryptophane at position 6.48 and the proline at 6.50 are highly conserved residues
(Figure 58G). The Pro®° acts as a hinge for the outward movement of TM6 in the activation process
and the Trp®“8, also referred to as the “toggle-switch”, is often considered as the primary activation
switch in class A GPCRs [18, 19, 21, 23]. The retinal isomerization leads to a movement of the polyene

|ll

chain towards the intracellular side. Trp290%“® acts as a lever and the all-trans retinal “pushes” onto
Trp290%8 and subsequently Trp286°%4 from the P-I-F motif, leading to the outward movement of TM6
(Figure 69). Our JSR1 structure shows that the Trp290% is likely also the primary activation switch as
it was shown for other class A GPCRs. Curiously, all rhodopsin sequences analysed showed that Pro%>°
is followed by a conserved Tyr®>, This tyrosine has been shown to be important for the coordination
of the distal counterion (Figure 55A/B; 56C/D; 58G) [30, 31, 145, 146, 149]. Interestingly, this is true
for both bistable rhodopsins and monostable rhodopsins although monostable rhodopsins have an

additional proximal counterion [88].
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Figure 69: Activation of JSR1 by the agonist all-trans 6.11 retinal. A: Inactive JSR1 (PDB: 619K) is shown in yellow. Side chains
of the same key residues as in A are shown as sticks. B: Active JSR1 is shown in salmon and the C-terminus (residues 334-354)
of the Gaiq in green. Side chains of key residues involved in the activation are shown as sticks.

Another difference was in the P>39-340-F&44 motif where JSR1 possesses a tryptophane instead of a
phenylalanine at position 6.44 (Figure 57B; 58C/H). Our sequence analysis showed that invertebrate
rhodopsins mainly possess a tryptophane at position 6.44 whereas vertebrate rhodopsins have the
typical phenylalanine which is conserved in most class A GPCRs (Figure 58H). Although tryptophane is
a bulkier residue than phenylalanine, the position in the active and inactive states overlaps well and
shows a similar movement from the inactive to the active state (Figure 58C/D). This hints that the
tryptophane has a similar function to the phenylalanine, meaning that it is also involved in the outward
movement of TM6 during the activation process. Compared to bovine rhodopsin or the B2-adrenergic
receptor, Pro>°? shifts very little in JSR1 (Figure 58C/D), hinting that TM3 in JSR1 changes the location
very little compared to other receptors.

The D/E3#9-R3%0-¥351 js another highly conserved motif which is located at the cytoplasmic side of TM3.
In the inactive state JSR1 Arg1483°° forms a intra-helical ionic interaction with Asp1473% and an inter-
helical ionic interaction with Glu27283° [30]. Both ionic interactions are broken in the active JSR1
(Figure 58E). Arg148%* forms a hydrogen bond with the backbone oxygen of a cysteine from the
JSGaiq (Figure 69). The rotamer change of Arg1483*° is stabilized by a tyrosine at position 5.58 and
the active state is further stabilized by another tyrosine at position 7.53 from the N-P-x-x-Y motif
(Figure 69) [28, 29]. Curiously, JSR1 shows similar conformational arrangements like the non-
photosensitive B2-adrenergic receptor which is different from bovine rhodopsin (Figure 70) [24, 145,

146, 169]. In JSR1 and the B2-adrenergic receptor, Tyr>>8 is oriented towards the transmembrane core
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in both the inactive and active states and undergoes a rotamer change during activation (Figure
70A/C) [24, 30, 169]. On the other hand, in bovine rhodopsin the tyrosine points away from the
transmembrane core in the inactive state and upon activation moves towards the transmembrane
core (Figure 70B) [145, 146). This is similar to the changes seen for Tyr’>3, although this tyrosine
undergoes bigger conformational changes in all three receptors due to the movement of TM7
compared to Tyr>>8 (Figure 70).

Together, these observations indicate that the activation mechanism of JSR1 is more similar to non-

photosensitive class A GPCRs than vertebrate rhodopsins.
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Figure 70: Structural comparison of residues Arg3*, Tyr>->¢ and Tyr’->3 between JSR1, bovine rhodopsin and 82-adrenergic
receptor. The before mentioned residues are shown as sticks and the rest of the receptor as cartoon. A: Comparison of the
inactive (yellow, PDB: 619K) and active JSR1 (salmon, JSR1-JSGiq_1). B: Comparison of inactive (magenta, PDB: 1GZM) and
active (green, PDB: 4A4M ) bovine rhodopsin. C: Comparison of the inactive (palecyan, PDB:2RH1) and active (lime, PDB: 3SN6)
62-adrenergic receptor.
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5.2.2.5 JSR1-G protein interactions

In total we have three JSR1-G protein complex structures in our lab. The JSR1 (ATR)-hGi structure was
solved by Dr. Filip Pamula and two different conformations of the JSR1 (ATR611)-JSGiq complex solved
by the author. Our analysis of the JSR1-hGi and JSR1-JSGig complexes also emphasizes several
differences in the G protein engagement. We have not used any antibodies to stabilize these
complexes, which might increase the flexibility of the G protein and decrease the resolution, but these
motions provide us interesting insights into G protein binding. Initially, we tried to form a JSR1-hGi
complex because JSR1 can potentially be used as an optogentic tool. Compared to other class A GPCR-
hGi complexes, our JSR1-hGi complex shows an unusual binding pose of the human Gai. The a5 helix
adopts a shallower binding pose compared to other GPCR-hGi complexes. Nevertheless, JSR1 is active
and in our in vitro activity assays we see clear activation of the hGi by JSR1 (Figure 39). This different
binding pose could arise from the difference of the amino acid sequence of the a5 helix when
compared to the visual jumping spider Gq (Figure 40A). JSR1 is able to couple to hGi and activate it,
as seen in our in vitro activity assay, but it might do it through different interactions than vertebrate

GPCRs. Additionally, Tyr3317>3 does not seem to be in a fully active conformation which might also

133



come from the unusual movement of TM7 in the JSR1-hGi complex. However, the resolution does not
allow confident modelling of side chains so this information has to be considered carefully.

On the other hand, our JSR1-JSGiq_1 complex shows a fully active JSR1 and a fully engaged JSGaiq in
one conformation of the complex. The other conformation of the JSR1-JSGig_2 complex shows also a
fully active JSR1 but a 16° rotated G protein (Figure 60C/D). This rotation of the G protein likely results
from a dynamic equilibrium between several states of the GPCR/G protein complex, and our structures
likely represent the two most populated states. This indicates that binding and activation of the G
protein is a highly dynamic process in which the G protein samples different binding poses. The density
for the hook is also less resolved in the JSR1-JSGiq_2 structure compared to the JSR1-JSGig_1
structure, indicating that the hook is not fully formed and engaged with JSR1. Overall, there are less
JSR1-JSGiq interactions in the JSR1-JSGiq_2 structure, further indicating that this represents maybe a
prebound G protein conformation but not the fully engaged state (Table 5). Arg1483* interacts with
the backbone oxygen of Cys351 and this interaction is very conserved in GPCR-hGi structures. This
interaction is missing in the JSR1-JSGig_2 structure, further indicating that it represents an
intermediate state and the JSR1-JSGiq_1 structure represents the fully engaged G protein state. Our
work shows that despite differences in the structures of the JSR1-hGi and JSR1-jsGig complexes, the
receptor is capable of catalyzing nucleotide exchange in both G proteins. The implications of these
different interactions will be subject of future research of bistable invertebrate rhodopsins.

Another interesting region is the cytoplasmic end of TM5, ICL3 and cytoplasmic end of TM6. We
recognized that in all the different structures we have of JSR1, there are missing or not well resolved
densities at different positions (Figure 71). In the inactive JSR1 structure most of ICL3 is missing [30].
In the JSR1-JSGiq_1 structure a small part at the cytoplasmic end of TM6 is missing and in the JSR1-
JSGig_2 structure there are additional missing residues in ICL3 (Figure 71). This indicates that this
region is more flexible in the JSR1-JSGiq_2 structure, likely having less interactions with the G protein.
Indeed, the additionally missing residues in the JSR1-JSGiq_2 structure (R261, S262 and N263) make
interactions with the JSGiq in the JSR1-JSGiq_1 structure, likely stabilizing this part (Table 5).
Interestingly, in the JSR1-hGi structure from Dr. Filip Pamula, clear density for the whole region can
be seen (Figure 71). It might be that this region makes more interactions with the hGi and therefore
it is less flexible, and a clear density can be detected. However, detailed interactions are difficult to
analyse because the resolution of the JSR1-hGi complex map does not allow modelling of side chains
(Figure 71).

Nevertheless, together these observations indicate that flexible regions like the ICL3 can be stabilized
by interactions with the G protein as seen in the JSR1-hGi and JSR1-JSGiq_1 structures. Furthermore,

both of our JSR1-JSGiq structures show missing parts at the cytoplasmic end of TM6, indicating that it
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might not form an a-helix in this part but rather a flexible loop-like structure in the active JSR1. The
JSR1-hGi structure shows an atypical bend of TM6 exactly where the density disappears in the JSR1-

JSGiq maps, meaning that the a-helical structure might also be disrupted.
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In addition, it was suggested before that monostable rhodopsins can activate G proteins more
efficiently due to the displacement of the counterion from Glu181 to Glu113 (bovine rhodopsin
numbering) and a larger opening movement of TM6 [88, 170]. In our JSR1-hGi structure we see a
similar outward movement of TM6 compared to bovine rhodopsin-Gi/Gt structures [117, 146, 147]
and in the JSR1-JSGiq the outward movement of TM6 is even bigger (Figure 59). Our structures
indicate that the G protein subtype determines the extent of the TM6 movement rather than mono-
or bistability. For optogenetic applications, further experiments will be needed to determine the
signalling profile of JSR1 with different G protein subtypes and homologues.

This work presents the first bistable invertebrate structure showing the activation mechanism and
how bistability is achieved in JSR1. Furthermore, we highlight differences in the G protein interaction
of JISR1 when either using a hGi or the JSGiq chimera for complex formation. This provides a framework
for future structural experiments of bistable rhodopsins and rational engineering of JSR1 for

optogenetic applications.
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6 Conclusion

In my PhD | was working with GPCRs from two different families, called the adhesion GPCR and opsin
family, which perceive very different signals. While opsins perceive photons, aGPCR activity is
modulated by the tethered Stachel peptide or other proteins that bind to the receptor. However, in
both cases the main goal was to solve the three dimensional structure of the active state receptor
coupled to a G protein. The aGPCR project was a new project in the group, meaning that it involved
many experiments before a cryo-EM sample could be prepared for analysis. On the other hand, the
JSR1 project has been running in our group for years which allowed fast preparation of cryo-EM

samples for structure determination.

6.1 Adhesion GPCR project

In this work, | contributed to the biochemical characterization of two aGPCRs called Adgrg6 and
Adgrd1. Additionally, | could show that Adgrdl and Adgrg6 can be activated with the respective
Stachel peptide and couple to the Gs heterotrimer. Adgrdl forms a stable complex with the Gs
heterotrimer that can be purified and used for cryo-EM studies.

At the start of my PhD, there were no publications where in vitro experiments with the aGPCRs 7TM
domain were conducted, suggesting that these receptors are difficult to express recombinantly and
subsequently to purify. In vitro experiments focused on the ECDs of aGPCRs. My aim was to purify an
aGPCR in order biochemically and structurally characterize the receptor. Because several studies have
performed signaling assays in HEK cells with aGPCRs, the first expression constructs we designed
aimed for recombinant expression in HEK cells. However, we could not confirm expression of any of
the constructs in HEK cells. This was surprising as other groups, among them our collaborators Prof.
Adriano Aguzzi and his group, could express similar constructs in HEK cells for cell signaling assays. In
our case we aim to massively overexpress the receptors which might lead to negative effects like
wrong folding and/or aggregation of the overexpressed receptors. Our group mainly worked on light
sensitive GPCRs that could be purified either in the apo state or bound to an inverse agonist from
either a native source (bovine retinas) or from recombinant expression in HEK cells. Therefore, we
searched the literature how other groups prepared their GPCR-G protein complex samples for cryo-
EM studies. Class B1 GPCRs (closest family to the aGPCR family) were mostly co-expressed in insect
cells with the G protein heterotrimer which allows complex formation directly in the cell membrane.
The interaction with the G protein stabilizes the active GPCR and allows extraction and purification of
the complex. This approach turned out to be very successful and during the time of this project many
GPCR-G protein complexes for cryo-EM studies have been prepared in this way. With this information

we designed several truncated Adgrg6 and Adgrd1 constructs for insect cell expression similar to the
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published class B1 GPCR constructs. | was able to show that both receptors can be expressed in insect
cells, but it became clear that they are not stable in the detergent micelle when extracted from the
plasma membrane. This means that neither receptor could be purified in the apo state. The lack of
high affinity ligands for aGPCRs further hinders the possibilities for purification of aGPCRs, meaning
that the only viable option is likely the co-expression with the G protein. In cell signaling assays it was
shown that expression of the Adgrgb and Adgrd1 CTF leads to an active receptor that is capable of
signaling through the Gs pathway. | was able to show that both receptors can be activated with the
corresponding Stachel peptide, leading to complex formation with the Gs heterotrimer. However, in
my case | needed to add chemically synthesized Stachel peptide to activate the receptors and form
the complex even though we also expressed the CTF of Adgrgb and Adgrdl. After the structures of
several aGPCRs were published, we compared their constructs to ours and recognized that one
publication mentioned that inserting a methionine between the N-terminal HA signal sequence and
the CTF is important for proper cleavage of the HA signal peptide and therefore proper activation of
the receptor. Nevertheless, complex formation of Adgrg6 and Adgrd1 with the Gs heterotrimer was
possible by adding the respective chemically synthesized Stachel peptide. Complex formation was
necessary to stabilize the receptor to be able to purify the complex for cryo-EM studies. During the
biochemical characterization it became clear that Adgrg6 is a less suitable receptor because of the low
expression vyields and low stability of the receptor. The co-expression screenings with the Gs
heterotrimer showed that Adgrgb expression is very low compared to Adgrdl expression. As of the
end of my PhD several structures of aGPCRs have been solved but the structure of Adgrg6 is still
missing, further hinting that the receptor is not stable enough for structural studies. Therefore, a
Adgrd1-Gs heterotrimer complex was purified and used to prepare cryo-EM grids. Purification of the
Adgrd1-Gs complex was achieved by co-expressing Adgrdl and the Gs heterotrimer in insect cells,
followed by activation of Adgrdl and complex formation with the Gs heterotrimer in the cell
membrane. Subsequently, the complex was extracted from the cell membrane by detergents and
purified to make cryo-EM grids. In addition to the co-expression approach, | showed that an
alternative approach, where we created a fusion protein of Adgrd1 with the mini-Gas, can be deployed
to purify Adgrd1. Moreover, the yield after purification was significantly higher for the fusion protein,
indicating that this can be a valuable approach to purify Adgrd1 or other GPCRs that can not be purified
without a binding partner. The SEC profile of the first sample prepared for cryo-EM studies showed a
large void peak indicating aggregation of the proteins. Nevertheless, initial cryo-EM data looked
promising and 2D class averages showing the full complex were generated. However, the amount and
quality of the data did not allow high-resolution 3D reconstruction of the complex. The SEC profile of

the next sample looked better with less aggregation but ultimately the cryo-EM data was not better
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than the first sample. This was likely not only because of the changes done in the purification protocol
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but also because of lower expression levels as the yield was much lower compared to the first
purification. During optimization of the purification protocol and grid preparation, four studies were
published which solved structures of different aGPCR-G protein complexes. The Adgdl-Gs
heterotrimer complex was solved by two groups which ultimately led to the decision that we will not
continue with the structure determination of the Adgrd1“™-Gs complex. Nevertheless, the published
results agreed well with our data. Figure 72 shows an overview of the work done for the structure
determination of an aGPCR-G protein complex.

All of the published structures focused on the CTF of several aGPCRs. In two publications they tried to
determine the structure of an aGPCR with either the GAIN domain or the full-length NTF bound. In
one publication they saw density for the NTF but it was too flexible for high-resolution structure
determination. In the other publication they created an uncleavable GAIN domain by introducing
mutations. Surprisingly, they did not see any density for the GAIN domain and the Stachel peptide
showed the same binding pose as the CTF structure. This hints that the GAIN domain is extremely
flexible. Together, these studies showed that structure determination of the CTF together with the
NTF is difficult. However, the interaction of the NTF with the CTF is one of the big remaining open
guestions in the aGCPR field. We attempted to address this by creating GAIN-CTF constructs of Adgrd1
where we introduced mutations that could potentially lead to formation of disulfide bridges between
the CTF and GAIN domain, thereby restricting the flexibility of the GAIN domain for structure
determination. Unfortunately, expression of our constructs was already not very promising as only
faint bands with a lot of contaminants or oligomeric structures were detected on SDS-PAGE. A
purification trial resulted in a sample where the SEC peak was located in the void volume, indicating
aggregation or formation of oligomeric clusters. The negative staining grids from the sample
confirmed aggregation of the protein. This could be because the protein was not correctly folded or
the cysteine mutations we introduced could have led to inter-molecular disulfide bridges. These
results have to be taken with caution as the time was not sufficient to conduct thorough screenings
for expression and purification of these constructs.

Overall, more work is needed to be able to solve a structure of an aGPCR including the NTF and CTF.
Such a structure would give an insight into possible activation mechanisms of aGPCR and the interplay

of the NTF and CTF.

6.2 Jumping spider rhodopsin-1 project

The JSR1 project has been running in our group for years. Members of our group biochemically and
spectroscopically characterized JSR1 and in addition solved the crystal structure of the inactive state
JSR1 bound to the inverse agonist 9-cis retinal. This already gave us interesting insights how JSR1

functions but crucial aspects of the active state JSR1 were still missing. | solved the structure of the
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active state JSR1 bound to a chimeric Giq heterotrimer. The resolution of the cryo-EM map allowed
modelling of the side chains, giving us insights into the molecular mechanism of JSR1 activation. There
are three major take aways from the structure. First, the structure allowed us to make a hypothesis
how the PSB is stabilized in the active state. We propose that water molecules stabilized by Tyr293
and Glu194 contribute to the extended hydrogen bond network linking the PSB and the counterion in
the active state. Second, the structure gave us insights into the activation mechanism of JSR1. The
structural changes seen in the major conserved microswitches are similar to other vertebrate GPCRs,
indicating that the activation mechanism is conserved between invertebrates and vertebrates. Third,
the structure provided detailed interactions of JSR1 with the G protein. The interaction map of JSR1
with the G protein can guide rational engineering of JSR1 mutants with different G protein specificity.
This would result in versatile optogenetic tools.

Initial efforts towards structure determination of the active state JSR1 were already done by a former
member of our group, Dr. Filip Pamula. My goal was to improve sample preparation and determine a
high-resolution structure of the active state JSR1 bound to a G protein. To achieve this goal we purified
JSR1 bound to the non-natural agonist all-trans retinal 6.11 (ATR611). It was rather surprising that
JSR1 incorporated the ATR611 because previous attempts to incorporate the all-trans retinal were
unsuccessful. An analysis of the structure showed that the carbon ring only leads to one additional
interaction with a glycine residue compared to the all-trans retinal. However, this additional
interaction is apparently enough that JSR1 can incorporate the ATR611. | showed that this retinal
analogue acts as an agonist for JSR1 without illumination and that JSR1 can activate and couple to the
human Gi and Gq proteins. Interestingly, the activity assays showed that the activity of JSR1 (ATR611)
to induce G protein nucleotide exchange increases after light stimulation. We hypothesis that light
stimulation could change the conformation of the Schiff base link which potentially can modulate the
activity of JSR1. It was shown before that the conformation of the Schiff base link influences the
activity of bovine rhodopsin. In the active structure of JSR1 the Schiff base link shows the anti
conformation of the Schiff base link, indicating that this is the state after illumination. However, this
is still subject to future research in our group. A preliminary HPLC analysis of extracted retinal
molecules showed that illumination leads to a change in the syn-anti conformation of the Schiff base
link, but further experiments are needed to confirm which isoforms are present in the dark and
illuminated JSR1 (ATR611). Additionally, the GTPase Glo assay showed that the basal activity of the
JSGiq is much higher than the hGi which was surprising. It was shown before for the hGi that a
phenylalanine in the a5 helix acts as a relay between the a5 helix and GDP binding site. Mutations of
this phenylalanine influence the basal activity, showing that mutations distant from the nucleotide

binding site can influence the GTPase activity. We do not mutate this residue in our chimera, but we
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do mutate a glutamate to a cysteine next to the phenylalanine which might influence the
conformation of this phenylalanine, leading to a change in basal activity. Together, the GTPase Glo
assay data showed that the ATR611 is an agonist of JSR1 and JSR1 couples and activates hGi, hGg and
our JSGiq chimera.

Several attempts, from Dr. Filip Pamula and myself, to solve a high resolution structure of the JSR1-
hGi complex were not successful because the complex has low stability, resulting in many dissociated
complex particles and heterogeneity in the cryo-EM data. | showed that addition of the scFv16 which
stabilizes the bovine rhodopsin-hGi complex helps aligning the particles but does not improve the
stability of the JSR1-hGi-scFv16 complex. In order to improve complex stability for solving the high-
resolution structure, we designed a chimeric human Gi-jumping spider Gqg protein (JSGig) where we
mutated several residues of the human Gai to match the sequence of the jumping spider visual Gaq1.
The cryo-EM data of the JSR1-JSGig complex indicated that the complex is more stable as no
dissociated complex particles were detected. This sample allowed structure determination of the
JSR1-JSGiq complex. The resolution was limited by the flexibility of the complex, especially the JSGaiq
subunit shows high flexibility. 3D classification allowed the identification of a second conformation of
the JSR1-JSGig complex (JSR1-JSGig_2) that could be resolved to a similar resolution as the first
conformation (JSR1-JSGiqg_1). These structures are similar at the extracellular side and retinal binding
pocket but differ at the G protein binding site.

The JSR1-JSGiq_1 structure allowed identification of a possible mechanism how bistability is achieved
in JSR1. Our hypothesis agrees well with published mutagenesis data that indicates which residues are
involved in the protonated Schiff base-counterion link in the inactive and active JSR1. One JSR1 mutant
where the serine 199 was mutated to a phenylalanine (JSR1S199F) shows a large shift of the Amaxvalue
for the inactive state but not for the active state. This agrees well with our active JSR1 structure where
serine 199 does not seem to be involved in the protonated Schiff base-counterion link. In contrast, the
crystal structure of the inactive JSR1 indicated that serine 199 participates in the protonated Schiff
base-counterion link, explaining the large shift of the Amax value in the JSR1S199F mutant. Further
mutations to support our hypothesis are currently being investigated. The proximal counterion,
Glu®*%, in monostable rhodopsin together with a water molecule are responsible for hydrolysis of the
Schiff base. We found that bistable invertebrate rhodopsins possess a tyrosine at this position which
leaves no space for a water molecule at a similar position like in monostable vertebrate rhodopsins.
This might contribute to the stability of the Schiff base in bistable rhodopsins. However, it is likely not
the main reason for the bistability because there are bistable opsins that also possess a glutamate at
position 3.28 (e.g. Zebrafish parapinopsin). Because we now have an idea which residues are

important in stabilizing the protonated Schiff base — counterion link in the inactive and active states,
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we can rationally engineer JSR1 to shift the Amax value of the inactive and/or active state JSR1. This will
help engineering a JSR1 mutant which is more suitable for optogenetic applications.

In addition, the active state JSR1 structure showed that the major conserved motifs follow the typical
structural changes seen in other vertebrate class A GPCRs, indicating that invertebrate GPCRs have a
similar activation mechanism. Compared to monostable vertebrate rhodopsin, there is a difference in
the sequence of the C-W-x-P motif where invertebrate rhodopsins use A/S-W-x-P instead. Until now
the role of this cysteine is not very well known but it is suggested that it participates in the
rearrangement of TM6 and TM7. Invertebrate rhodopsins might have a slightly different mechanism
for the rearrangement of the TM6 and TM7 interface. Additionally, invertebrate rhodopsins possess a
tryptophane instead of a phenylalanine in the P-I-F motif. The conformational change seen in the
tryptophane in JSR1 upon activation is very similar to the change seen for the phenylalanine of bovine
rhodopsin, indicating a similar mechanism. Curiously, the conformational changes of conserved motifs
close to the retinal binding pocket of JSR1 (C-W-x-P and P-I-F motifs) are similar to bovine rhodopsin
but the changes seen in motifs close to the G protein binding site (E/D-R-Y and N-P-x-x-Y motifs) are
more similar to non-photosensitive class A GPCRs than to the vertebrate monostable rhodopsin.
Therefore, JSR1 might be an attractive target to conduct time-resolved experiments to gain more
insights into class A GPCR activation.

Furthermore, our JSR1-G protein structures also indicate that JSR1 might interact differently with
human G proteins compared to the JSGig chimera. In the case of the JSR1-hGi structure, JSR1 shows a
different binding pose of the hGi protein compared to other GPCR-hGi complex structures. The a5
helix adopts a shallower binding pose and does not seem to be fully engaged with JSR1. Nevertheless,
our in vitro activity assay showed clear activation of the hGi by JSR1. Further research is needed to
clarify this discrepancy. The lower resolution of the JSR1-hGi structure also does not allow
identification of the exact interactions between JSR1 and the hGi. Interestingly, the JSR1-JSGiq_1
structure shows a fully engaged G protein similar to other GPCR-G protein complexes. This is likely due
to the mutations we made to match the sequence of the jumping spider visual Gql. The JSR1-JSGiq_2
structure shows a ~16° rotated G protein compared to the JSR1-JSGiq_1 structure. 3D variability
analysis of the cryo-EM data showed that there is motion of the G protein and the two structures we
isolated are likely representing two snapshots with stable conformation, respectively the most
populated states. It is possible that the G protein shows different binding poses during engagement
of the receptor which is visualized in the 3D variability analysis. Most GPCR-G protein complex
structures show very similar binding poses of the G protein and these probably represent the most
stable poses. However, in vivo this is a dynamic process and our data might visualize part of the G

protein binding or dissociation process. Because our cryo-EM data has no temporal resolution, we can
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not say which of the two conformations would be “first” in a time series. Our JSR1-JSGiq_2 structure
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also shows less interaction between the G protein and JSR1, indicating that it could be an intermediate
state. Because we have the nucleotide free G protein it is more likely that the JSR1-JSGiqg_2 complex
shows a G protein that starts to dissociate from the receptor.

Additionally, the electron density maps from these structures indicate that the ICL3 is flexible in the
inactive state JSR1 but can be stabilized by interactions with the G protein because we can see density
for ICL3 in the JSR1-G protein structures. Curiously, in both JSR1-JSGig maps density for a small part
of the intracellular end of TM6 is missing, indicating that it might not form an a-helical structure but
rather a flexible structure.

Furthermore, it was suggested before that monostable rhodopsins are able to activate G proteins
more efficiently than bistable rhodopsins. One hypothesis was that a contributing factor is a larger
opening of TM6 in monostable rhodopsins. Our JSR1-hGi structure shows a similar outward movement
compared to bovine rhodopsin-hGi structures and the JSR1-JSGiq structure shows an even larger
outward movement. Based on our data we propose that the extent of the TM6 movement is
determined by the G protein subtype rather than mono- or bistability of the receptor. Taken together,
our JSR1-G protein structures can help engineering of a JSR1 variant that is less promiscuous or to
change the G protein specificity. Figure 73 shows an overview of the work done for the structure
determination of the JSR1-G protein complex.

Together with the engineering of the Amaxvalues, JSR1 mutants could be developed that are activated
by a desired wavelength and signal through a specific G protein. This would yield versatile tools for
various optogenetic applications.

My work presents the first structure of the active state of a bistable rhodopsin, providing insights into
how bistability is achieved and how bistable invertebrate GPCRs interact with G proteins. My studies
provide a basis for future research on bistable rhodopsins and will help develop JSR1 as a selective

optogenetic tool.
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7 Outlook

Structural biology focused on static structures for a long time but in nature these proteins are highly
dynamic, meaning it is also important to study the protein dynamics. However, static protein
structures provide us with valuable insights into the function. Development of time-resolved methods
like time-resolved x-ray crystallography or time-resolved cryo-EM allows researchers to gain valuable
information about protein dynamics. Studying proteins with time-resolved methods will be an
important task in the future. A combination of time-resolved structural and biophysical methods might
shed light on intermediate states of proteins that can not be captured by conventional X-ray
crystallography or single particle cryo-EM. With these methods transient events like dissociation of G
protein from GPCRs or binding of GRKs to GPCRs could be studied and provide valuable information.
Furthermore, computational methods are advancing at a rapid pace which could provide researchers
with new software packages. These software packages, especially in combination with machine
learning approaches, could help extract more data from already existing datasets or help in the
analysis of large datasets which are too difficult for humans to analyze.

Structural studies of aGPCRs are still limited to either the CTF or the NTF but we lack an understanding
of the interplay of these two fragments. In my studies | tried to purify a sample where we tried to
immobilize the GAIN domain in order to get a structure of the CTF with the GAIN domain. However,
these experiments only yielded negative results. In the future it will be important for aGPCR research
to develop methods to study the interactions of the NTF with the CTF to gain further insights into the
function of aGPCRs. Moreover, some aGPCRs bind large protein ligands that modulate aGPCR activity
and gaining structural and biophysical insights to the mechanisms will provide valuable information.
In most cases it is not clear yet how binding of a ligand to the NTF will transmit the information to the
CTF and thereby regulate the activity of the receptor. Overall, we only just started understanding the
atomic details of aGPCR function and it is mostly limited to the activation of aGPCRs by the
corresponding Stachel peptide.

AGPCRs are involved in a wide variety of physiological processes, meaning that aGPCRs could be
valuable pharmaceutical targets. However, for many aGPCRs the only known ligand is the
corresponding tethered Stachel peptide. For many aGPCRs it was shown that they can be activated by
adding chemically synthesized Stachel peptide but the affinity is in the micromolar range. The low
affinity makes sense because the Stachel peptide is tethered to the receptor but for drug development
micromolar affinity is too low. The aGPCR structures bound to the Stachel peptide and mutational
studies showed which residues of the Stachel peptide are important for aGPCR activation. This
information can be used to design similar peptides with higher affinity for aGPCR activation. There

were already first efforts to design such peptides where they also introduced unnatural amino acids
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to improve the affinity. For every aGPCR there is at least one agonist known, the corresponding Stachel
peptide, but we lack orthosteric antagonists for aGPCRs. To my knowledge there is only one small
molecule antagonist known for Adgrgl and Adgrg5. Identification and development of antagonists for
aGPCRs will be an important task for future research. In addition, antagonists can potentially help to
determine the structure of inactive state aGPCRs. A few groups also started developing antibodies
that can modulate aGPCR activity. Overall, we still lack high affinity ligands for aGPCRs that can

potentially be developed as an aGPCR therapeutics.

Bistable rhodopsins are of great interest to researchers because they can potentially be used as
optogenetic tools to control signaling activity and the signaling pathway by specific wavelengths of
light. First studies already showed that JSR1 can be used as an optogenetic tool to activate the Gq
signaling pathway. Although JSR1 can be activated with green light, precise inactivation of the receptor
is not possible because the Amaxvalues for the active and inactive state JSR1 are overlapping. Based on
the inactive state and active state structures of JSR1, researchers will be able to rationally engineer
JSR1 in order to develop a more selective optogenetic tool. First experiments are already being
conducted in our lab to find a JSR1 mutant where the Amaxvalues are separated. However, separation
of the Amax values is not enough. Ideally, we would like to control JSR1 activity with long wavelength
light (red and green light) because it can penetrate tissues better than short wavelength light which is
beneficial for in vivo applications.

A good optogenetic tool would not only allow precise control of the activity of the receptor but also
control of the signaling pathway. JSR1 was shown to signal through the human Gq and Gi pathways,
meaning that JSR1 is promiscuous. It was shown before that GPCRs can be altered to signal through a
different G protein pathway by exchanging the intracellular parts of the receptor (e.g., ICLs or
intracellular ends of TM5/6/7) with the corresponding parts of a receptor that signals through the
desired G protein pathway. Similar experiments are ongoing in our lab to create JSR1 mutants that
signal through a desired G protein pathway. Together with engineering of the Anax values JSR1 can
potentially be developed into a selective optogenetic tool.

Our JSR1 structures are not only valuable for understanding JSR1 in atomic detail but also for other
bistable receptors where JSR1 can be taken as a template to engineer other bistable rhodopsins for
optogenetic applications. Furthermore, our data can help researchers determine structures of other
bistable rhodopsins.

In addition, JSR1 is a potential target for time-resolved structural methods because the activation can
be precisely controlled by light pulses, possibly allowing structure determination of intermediate

states which would further improve our understanding of JSR1. This would provide further insights
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into the changes in the retinal binding pocket upon isomerization of the retinal. Because we can also
inactivate JSR1 with light pulses we could gain insights into the re-isomerization to the 11-cis isomer.
Additionally, intermediate state structures will improve our understanding how bistable rhodopsins
function on an atomic level. We could also show that the structural changes in conserved microswitch
domains during the activation process of JSR1 are more similar to non-photosensitive class A GPCRs

meaning that JSR1 could be used to further improve our understanding of class A GPCR activation.
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8 Appendix

8.1 Supplementary Tables

Supp. Table 1: Protein sequences for the Adgrdl constructs in the pcDNA4-TO vector for HEK cell
expression. Color code: yellow=signal peptide; grey=linker; light blue=3C protease cleavage site;
green=YFP; magenta=His-tag; red=TwinStrep tag

Expression

Host

Receptor

Construct

name

Expressed protein Sequence

HEK

Adgrdl

D1.01

MEKLLRLCCWYSWLLLFYYNFQVRGAILMQVVPLELARGHQVALSSISYVGCSLSVLC
LVATLVTFAVLSSVSTIRNQRYHIHANLSFAVLVAQVLLLISFRLEPGTTPCQVMAVLLH
YFFLSAFAWMLVEGLHLYSMVIKVFGSEDSKHRYYYGMGWGFPLLICIISLSFAMDSY
GTSNNCWLSLASGAIWAFVAPALFVIVVNIGILIAVTRVISQISADNYKIHGDPSAFKLT
AKAVAVLLPILGTSWVFGVLAVNGCAVVFQYMFATLNSLQGLFIFLFHCLLNSEVRAA
FKHKTKVWSLTSSSARTSNAKPFHSDLMNGTRPGMASTKLSPWDKSSHSAHRVDLS

AVGSALEVLFQGPGGVSKGEELFTGVVPILVELDGDVNGHKFSVSGEGEGDATYGKL
KRDHMVLLEFVTAAGITLGMDELYKGSGSHHHHHHHHSAWSHPGFEKGGESEEE
GSGGSAWSHPQFEK*

HEK

Adgrdl

D1.02

MEKLLRLCCWYSWLLLFYYNFQVRGAILMQVVPLELARGHQVALSSISYVGCSLSVLC
LVATLVTFAVLSSVSTIRNQRYHIHANLSFAVLVAQVLLLISFRLEPGTTPCQVMAVLLH
YFFLSAFAWMLVEGLHLYSMVIKVFGSEDSKHRYYYGMGWGFPLLICIISLSFAMDSY
GTSNNCWLSLASGAIWAFVAPALFVIVVNIGILIAVTRVISQISADNYKIHGDPSAFKLT
AKAVAVLLPILGTSWVFGVLAVNGCAVVFQYMFATLNSLQGLFIFLFHCLLNSEVRAA

FKHKTKVWSLTSSSARTSNAKPFHSDGSALEVLFQGPGGVSKGEELFTGVVPILVELD
GPVLLPDNHYLSYQSALSKDPNEKRDHMVLLEFVTAAGITLGMDELYKGSGSHHHH
HHHHSAWSHPQFEKGGGSGGGGSGGSAWSHPQFEK"

HEK

Adgrdl

D1.03

MEKLLRLCCWYSWLLLFYYNFQVRGTNFAIAMQVVPLELARGHQVALSSISYVGCSL
SVLCLVATLVTFAVLSSVSTIRNQRYHIHANLSFAVLVAQVLLLISFRLEPGTTPCQVMA
VLLHYFFLSAFAWMLVEGLHLYSMVIKVFGSEDSKHRYYYGMGWGFPLLICIISLSFA
MDSYGTSNNCWLSLASGAIWAFVAPALFVIVVNIGILIAVTRVISQISADNYKIHGDPS
AFKLTAKAVAVLLPILGTSWVFGVLAVNGCAVVFQYMFATLNSLQGLFIFLFHCLLNS
EVRAAFKHKTKVWSLTSSSARTSNAKPFHSDGSALEVLFQGPGGVSKGEELFTGVPI

TPIGDGPVLLPDNHYLSYQSALSKDPNEKRDHMVLLEFVTAAGITLGMDELYKGSGS
HHHHHHHHSAWSHPQFEKGGGSGGGGSGGSAWSHPQFEK™
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HEK

Adgrdl

D1.04

MEKLLRLCCWYSWLLLFYYNFQVRGTNFAIAMQVVPLELARGHQVALSSISYVGCSL
SVLCLVATLVTFAVLSSVSTIRNQRYHIHANLSFAVLVAQVLLLISFRLEPGTTPCQVMA
VLLHYFFLSAFAWMLVEGLHLYSMVIKVFGSEDSKHRYYYGMGWGFPLLICIISLSFA
MDSYGTSNNCWLSLASGAIWAFVAPALFVIVVNIGILIAVTRVISQISADNYKIHGDPS

AFKLTAKAVAVLLPILGTSWVFGVLAVNGCAVVFQYMFATLNSLQGLFIFLFHCLLNS
EVRAAFKHKTKVWSLTSSSARTSNAKPFHSDLMNGTRPGMASTKLSPWDKSSHSAH

RVDLSAVGSALEVLFQGPGGVSKGEELFTGVVPILVELDGDVNGHKFSVSGEGEGDA

PNEKRDHMVLLEFVTAAGITLGMDELYKGSGSHHHHHHHHSAWSHPGFEKGGES

%

HEK

Adgrdl

D1.05

MEKGTELLVSPSQSGPGGDQPLLVKHREDSAVVLSLIDTIDTVMGHVSSNLHGSTPQ
VTVEGSSAMAEFSVAKILPKTVNSSHYRFPAHGQSFIQIPHEAFHRHAWSTVVGLLYH
SMHYYLNNIWPAHTKIAEAMHHQDCLLFATSHLISLEVSPPPTLSQNLSGSPLITVHLK
HRLTRKQHSEATNSSNRVFVYCAFLDFSSGEGVWSNHGCALTRGNLTYSVCRCTHLT
NFAILMQVVPLELARGHQVALSSISYVGCSLSVLCLVATLVTFAVLSSVSTIRNQRYHIH
ANLSFAVLVAQUVLLLISFRLEPGTTPCQVMAVLLHYFFLSAFAWMLVEGLHLYSMVIK
VFGSEDSKHRYYYGMGWGFPLLICIISLSFAMDSYGTSNNCWLSLASGAIWAFVAPA
LFVIVVNIGILIAVTRVISQISADNYKIHGDPSAFKLTAKAVAVLLPILGTSWVFGVLAVN
GCAVVFQYMFATLNSLQGLFIFLFHCLLNSEVRAAFKHKTKVWSLTSSSARTSNAKPF
HSDLMNGTRPGMASTKLSPWDKSSHSAHRVDLSAVGSALEVLFQGPGGVSKGEELR

KGSGSHHHHHHHHSAWSHPQFEKGGGSGGGGSGGSAWSHPQFEK "

HEK

Adgrdl

D1.06

MHRVCFLSFQTRKQHSEATNSSNRVFVYCAFLDFSSGEGVWSNHGCALTRGNLTYS
VCRCTHLTNFAILMQVVPLELARGHQVALSSISYVGCSLSVLCLVATLVTFAVLSSVSTI

RNQRYHIHANLSFAVLVAQVLLLISFRLEPGTTPCQVMAVLLHYFFLSAFAWMLVEGL
HLYSMVIKVFGSEDSKHRYYYGMGWGFPLLICIISLSFAMDSYGTSNNCWLSLASGAI
WAFVAPALFVIVVNIGILIAVTRVISQISADNYKIHGDPSAFKLTAKAVAVLLPILGTSW
VFGVLAVNGCAVVFQYMFATLNSLQGLFIFLFHCLLNSEVRAAFKHKTKVWSLTSSSA
RTSNAKPFHSDLMNGTRPGMASTKLSPWDKSSHSAHRVDLSAVGSALEVLFQGPG

*

ITLGMDELYKGSGS HHHHHHHHSAWSHPOFEKGGGSGEGGSGGSAWSHPGREK
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Supp. Table 2: Protein sequences for the Adgrg6 constructs in the pcDNA4-TO vector for HEK cell
expression. Color code: yellow=signal peptide; grey=linker; light blue=3C protease cleavage site;
green=YFP; magenta=His-tag; red=TwinStrep tag

Expression | Receptor | Construct | Expressed protein Sequence

Host name

MMFRSDRMWSCHWKWKPSPLLFLFALYIMCVPHSVWGANQILNLTADGQNLTSA
NITNIVEQVKRIVNKEENIDITLGSTLMNIFSNILSSSDSDLLESSSEALKTIDELAFKIDLN
STSHVNITTRNLALSVSSLLPGTNAISNFSIGLPSNNESYFQMDFESGQVDPLASVILPP
NLLENLSPEDSVLVRRAQFTFFNKTGLFQDVGPQRKTLVSYVMACSIGNITIQNLKDP
VQIKIKHTRTQEVHHPICAFWDLNKNKSFGGWNTSGCVAHRDSDASETVCLCNHFT
HFGVLMDLPRSASQLDARNTKVLTFISYIGCGISAIFSAATLLTYVAFEKLRRDYPSKIL
MNLSTALLFLNLLFLLDGWITSFNVDGLCIAVAVLLHFFLLATFTWMGLEAIHMYIALV
KVFNTYIRRYILKFCIIGWGLPALVVSVVLASRNNNEVYGKESYGKEKGDEFCWIQDP
HEK Adgrgb G6.01 VIFYVTCAGYFGVMFFLNIAMFIVVMVQICGRNGKRSNRTLREEVLRNLRSVVSLTFL
LGMTWGFAFFAWGPLNIPFMYLFSIFNSLQGLFIFIFHCAMKENVQKQWRQHLCCG
RFRLADNSDWSKTATNIIKKSSDNLGKSLSSSSIGSNSTYLTSKSKSSSTTYFKRNSHTD
NVSYEHSFNKSGSLRQCFHGQVLVKTGPCGSALEVLFQGPGGVSKGEELFTGVVPILY
ELDGDVNGHKFSVSGEGEGDATYGKLTLKFICTTGKLPVPWPTLVTTFGYGLOCFARY
PDHMKQHDFFKSAMPEGYVQERTIFFKDDGNYKTRAEVKFEGDTLVNRIELKGIDFK
EDGNILGHKLEYNYNSHNVYIMADKQKNGIKVNFKIRHNIEDGSVQLADHYQQNTPI
GDGPVLLPDNHYLSYQSALSKDPNEKRDHMVLLEFVTAAGITLGMDELYKGSGSHH
HHHHHHSAWSHPQFEKGGGSGGGGSGGSAWSHPQFEK*
MMFRSDRMWSCHWKWKPSPLLFLFALYIMCVPHSVWGGVLMDLPRSASQLDAR
NTKVLTFISYIGCGISAIFSAATLLTYVAFEKLRRDYPSKILMNLSTALLFLNLLFLLDGWI

TSFNVDGLCIAVAVLLHFFLLATFTWMGLEAIHMYIALVKVENTYIRRYILKFCIIGWGL
PALVVSVVLASRNNNEVYGKESYGKEKGDEFCWIQDPVIFYVTCAGYFGVMFFLNIA
MFIVVMVQICGRNGKRSNRTLREEVLRNLRSVVSLTFLLGMTWGFAFFAWGPLNIPF

MYLFSIFNSLQGLFIFIFHCAMKENVQKQWRQHLCCGRFRLADNSDWSKTATNIIKK

SSDNGSALEVLFQGPGGVSKGEELFTGVVPILVELDGDVNGHKFSVSGEGEGDATYG

HEK Adgrg6 G6.02

EKRDHMVLLEFVTAAGITLGMDELYKGSGSHHHHHHHHSAWSHPGFEKGEESGE
GGSGGSAWSHPQFEK®

MMFRSDRMWSCHWKWKPSPLLFLFALYIMCVPHSVWGTHAGVLMDLPRSASQL

DARNTKVLTFISYIGCGISAIFSAATLLTYVAFEKLRRDYPSKILMNLSTALLFLNLLFLLD
GWITSFNVDGLCIAVAVLLHFFLLATFTWMGLEAIHMYIALVKVFNTYIRRYILKFCIIG
WGLPALVVSVVLASRNNNEVYGKESYGKEKGDEFCWIQDPVIFYVTCAGYFGVMFF
HEK Adgrgb G6.03 LNIAMFIVVMVQICGRNGKRSNRTLREEVLRNLRSVVSLTFLLGMTWGFAFFAWGP
LNIPFMYLFSIFNSLQGLFIFIFHCAMKENVQKQWRQHLCCGRFRLADNSDWSKTAT

NIIKKSSDNGSALEVLFQGPGGVSKGEELFTGVVPILVELDGDVNGHKFSVSGEGEGD

150



DPNEKRDHMVLLEFVTAAGITLGMDELYKGSGSHHHHHHHHSAWSHPAFEKGGE
SGGGGSGGSAWSHPQFEK"

HEK

Adgrg6

G6.04

MMFRSDRMWSCHWKWKPSPLLFLFALYIMCVPHSVWGGVLMDLPRSASQLDAR
NTKVLTFISYIGCGISAIFSAATLLTYVAFEKLRRDYPSKILMNLSTALLFLNLLFLLDGWI
TSFNVDGLCIAVAVLLHFFLLATFTWMGLEAIHMYIALVKVENTYIRRYILKFCIIGWGL
PALVVSVVLASRNNNEVYGKESYGKEKGDEFCWIQDPVIFYVTCAGYFGVMFFLNIA
MFIVVMVQICGRNGKRSNRTLREEVLRNLRSVVSLTFLLGMTWGFAFFAWGPLNIPF
MYLFSIFNSLQGLFIFIFHCAMKENVQKQWRQHLCCGRFRLADNSDWSKTATNIKK
SSDNLGKSLSSSSIGSNSTYLTSKSKSSSTTYFKRNSHTDNVSYEHSFNKSGSLRQCFHG

QULVKTGPCGSALEVLFQGPGGVSKGEELFTGVVPILVELDGDVNGHKFSVSGEGEG
KDPNEKRDHMVLLEFVTAAGITLGMDELYKGS GSHHHHHHHHSAWSHPGFEKGE
GSGGGGSGGSAWSHPQFEK"
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Supp. Table 3: Protein sequences for the Adgrd1 constructs in the pAC8REDNK vector for insect cell
expression. Color code: yellow=signal peptide; grey=linker; light blue=TEV protease cleavage site;
green=GFP; magenta=His-tag; red=FLAG tag; residues with a orange letter are point mutations

Expressed protein Sequence

MKTIIALSYI FCLVFA-ENLYFQG LTEERKTFQSPGVILSYLQNVSLSLPSKSLS
EQTALNLTKTFLKAVGEILLLPGWIALSEDSAVVLSLIDTIDTVMGHVSSNLHGSTPQV
TVEGSSAMAEFSVAKILPKTVNSSHYRFPAHGQSFIQIPHEAFHRHAWSTVVGLLYHS
MHYYLNNIWPAHTKIAEAMHHQDCLLFATSHLISLEVSPPPTLSQNLSGSPLITVHLK

HRLTRKQHSEATNSSNRVFVYCAFLDFSSGEGVWSNHGCALTRGNLTYSVCRCTHLT
NFAILMQVVPLELARGHQVALSSISYVGCSLSVLCLVATLVTFAVLSSVSTIRNQRYHIH
ANLSFAVLVAQVLLLISFRLEPGTTPCQVMAVLLHYFFLSAFAWMLVEGLHLYSMVIK
VFGSEDSKHRYYYGMGWGFPLLICIISLSFAMDSYGTSNNCWLSLASGAIWAFVAPA
LFVIVVNIGILIAVTRVISQISADNYKIHGDPSAFKLTAKAVAVLLPILGTSWVFGVLAVN

GCAVVFQYMFATLNSLQGLFIFLFHCLLNSEVRAAFKHKTKVWSLTSSSARTSNAKPF
HSDLMNGTRPGMASTKLSPWDKSSHSAHRVDLSAVGSPAGENLYFQGVSKGEELRT

MKTIALSYIFCLVFABNRBBBBENLYFQGTNFAILMQVVPLELARGHQVALSSISYVG
CSLSVLCLVATLVTFAVLSSVSTIRNQRYHIHANLSFAVLVAQVLLLISFRLEPGTTPCQV
MAVLLHYFFLSAFAWMLVEGLHLYSMVIKVFGSEDSKHRYYYGMGWGFPLLICIISLS
FAMDSYGTSNNCWLSLASGAIWAFVAPALFVIVVNIGILIAVTRVISQISADNYKIHGD
PSAFKLTAKAVAVLLPILGTSWVFGVLAVNGCAVVFQYMFATLNSLQGLFIFLFHCLL

NSEVRAAFKHKTKVWSLTSSSARTSNAKPFHSDLMNGTRPGMASTKLSPWDKSSHS

AHRVDLSAVGSPAGENLYFQGVSKGEELFTGVVPILVELDGDVNGHKFSVSGEGEGD

DPNEKRDHMVLLEFVTAAGITHGMDELYKGGGGSHHHHHHHH -

Expression | Receptor | Construct
Host name
Insect cells Adgrdl D1.07
GGGGS HRFRFRAR -
Insect cells Adgrd1 D1.08
Insect cells Adgrdl D1.09

MKTIIALSYIFCLVFABNRBBBBENLYFQGGGGSGGGSVPLELARGHQVALSSISYVG
CSLSVLCLVATLVTFAVLSSVSTIRNQRYHIHANLSFAVLVAQVLLLISFRLEPGTTPCQV

MAVLLHYFFLSAFAWMLVEGLHLYSMVIKVFGSEDSKHRYYYGMGWGFPLLICIISLS
FAMDSYGTSNNCWLSLASGAIWAFVAPALFVIVVNIGILIAVTRVISQISADNYKIHGD
PSAFKLTAKAVAVLLPILGTSWVFGVLAVNGCAVVFQYMFATLNSLQGLFIFLFHCLL

NSEVRAAFKHKTKVWSLTSSSARTSNAKPFHSDLMNGTRPGMASTKLSPWDKSSHS

AHRVDLSAVGSPAGENLYFQGVSKGEELFTGVVPILVELDGDVNGHKFSVSGEGEGD

152



Insect cells

Adgrdl

D1.10

MKTIIALSYIFCLVFABNRBBBBENLYFQGLTEERKTFQSPGVILSYLQNVSLSLPSKSLS
EQTALNLTKTFLKAVGEILLLPGWIALSEDSAVVLSLIDTIDTVMGHVSSNLHGSTPQV
TVEGSSAMAEFSVAKILPKTVNSSHYRFPAHGQSFIQIPHEAFHRHAWSTVVGLLYHS
MHYYLNNIWPAHTKIAEAMHHQDCLLFATSHLISLEVSPPPTLSQNLSGSPLITVHLK

HRLTRKQHSEATNSSNRVFVYCAFLDFSSGEGVWSNHGCALTRGNLTYSVCRCTRLT
NFAILMQVVPLELARGHQVALSSISYVGCSLSVLCLVATLVTFAVLSSVSTIRNQRYHIH
ANLSFAVLVAQVLLLISFRLEPGTTPCQVMAVLLHYFFLSAFAWMLVEGLHLYSMVIK
VFGSEDSKHRYYYGMGWGFPLLICIISLSFAMDSYGTSNNCWLSLASGAIWAFVAPA
LFVIVVNIGILIAVTRVISQISADNYKIHGDPSAFKLTAKAVAVLLPILGTSWVFGVLAVN
GCAVVFQYMFATLNSLQGLFIFLFHCLLNSEVRAAFKHKTKVWSLTSSSARTSNAKPF
HSDLMNGTRPGMASTKLSPWDKSSHSAHRVDLSAVGSPAGENLYFQGVSKGEELET

GGGGS RHRFRAR -

Insect cells

Adgrdl

D1.11

MKTIIALSYIFCLVFABNRBBBBENLYFQGLTEERKTFQSPGVILSYLQNVSLSLPSKSLS
EQTALNLTKTFLKAVGEILLLPGWIALSEDSAVVLSLIDTIDTVMGHVSSNLHGSTPQV
TVEGSSAMAEFSVAKILPKTVNSSHYRFPAHGQSFIQIPHEAFHRHAWSTVVGLLYHS
MHYYLNNIWPAHTKIAEAMHHQDCLLFATSHLISLEVSPPPTLSQNLSGSPLITVHLK

HRLTRKQHSEATNSSNRVFVYCAFLDFSSGEGVWSNHGCALTRGNLTYSVCRCTHLG
GGGSGGGSVPLELARGHQVALSSISYVGCSLSVLCLVATLVTFAVLSSVSTIRNQRYHI

HANLSFAVLVAQVLLLISFRLEPGTTPCQVMAVLLHYFFLSAFAWMLVEGLHLYSMVI

KVFGSEDSKHRYYYGMGWGFPLLICIISLSFAMDSYGTSNNCWLSLASGAIWAFVAP

ALFVIVVNIGILIAVTRVISQISADNYKIHGDPSAFKLTAKAVAVLLPILGTSWVFGVLAV
NGCAVVFQYMFATLNSLQGLFIFLFHCLLNSEVRAAFKHKTKVWSLTSSSARTSNAKP
FHSDLM NGTRPGMASTKLSPWDKSSHSAHRVDLSAVGSPAGENLYFQG-

¥KG GGG -

Insect cells

Adgrdl

D1.12

MKTHALSYIFCLVFATNFAILMQVVPLELARGHQVALSSISYVGCSLSVLCLVATLVTFA
VLSSVSTIRNQRYHIHANLSFAVLVAQVLLLISFRLEPGTTPCQVMAVLLHYFFLSAFA
WMLVEGLHLYSMVIKVFGSEDSKHRYYYGMGWGFPLLICIISLSFAMDSYGTSNNC
WLSLASGAIWAFVAPALFVIVVNIGILIAVTRVISQISADNYKIHGDPSAFKLTAKAVAV
LLPILGTSWVFGVLAVNGCAVVFQYMFATLNSLQGLFIFLFHCLLNSEVRAAFKHKTK
VWSLTSSSARTSNAKPFHSDLM NGTRPGMASTKLSPWDKSSHSAHRVDLSAV-

*

Insect cells

Adgrdl

D1.13

MKTIALSYIFCLVFABNRBBBBBENLYFQGGGGSGGGSVPLELARGHQVALSSISYV
GCSLSVLCLVATLVTFAVLSSVSTIRNQRYHIHANLSFAVLVAQVLLLISFRLEPGTTPCQ
VMAVLLHYFFLSAFAWMLVEGLHLYSMVIKVFGSEDSKHRYYYGMGWGFPLLICIISL
SFAMDSYGTSNNCWLSLASGAIWAFVAPALFVIVVNIGILIAVTRVISQISADNYKIHG
DPSAFKLTAKAVAVLLPILGTSWVFGVLAVNGCAVVFQYMFATLNSLQGLFIFLFHCL
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LNSEVRAAFKHKTKVWSLTSSSARTSNAKPFHSDLMNGTRPGMASTKLSPWDKSSH
SAHRVDLSAV*

Insect cells

Adgrdl

D1.14

MKTIALSYIFCLVFABNRBBBBBENLYFQGLTEERKTFQSPGVILSYLQNVSLSLPSKSL
SEQTALNLTKTFLKAVGEILLLPGWIALSEDSAVVLSLIDTIDTVMGHVSSNLHGSTPQ
VTVEGSSAMAEFSVAKILPKTVNSSHYRFPAHGQSFIQIPHEAFHRHAWSTVVGLLYH
SMHYYLNNIWPAHTKIAEAMHHQDCLLFATSHLISLEVSPPPTLSQNLSGSPLITVHLK
HRLTRKQHSEATNSSNRVFVYCAFLDFSSGEGVWSNHGCALTRGNLTYSVCRCTAL
NFAILMQVVPLELARGHQVALSSISYVGCSLSVLCLVATLVTFAVLSSVSTIRNQRYHIH
ANLSFAVLVAQVLLLISFRLEPGTTPCQVMAVLLHYFFLSAFAWMLVEGLHLYSMVIK
VFGSEDSKHRYYYGMGWGFPLLICIISLSFAMDSYGTSNNCWLSLASGAIWAFVAPA
LFVIVVNIGILIAVTRVISQISADNYKIHGDPSAFKLTAKAVAVLLPILGTSWVFGVLAVN
GCAVVFQYMFATLNSLQGLFIFLFHCLLNSEVRAAFKHKTKVWSLTSSSARTSNAKPF
HSDLMNGTRPGMASTKLSPWDKSSHSAHRVDLSAV*

Insect cells

Adgrdl

D1.15

MKTIALSYI FCLVFA_ENLYFQGVYS RSQDHPGFQVLASASHYWPLENV
DGIHELQDTTGDIVEGKVNKGIYLKEEKGVTLLYYGRYNSSCISKPEQCGPEGVTFSFF
WKTQGEQSRPIPSAYGGQVISNGFKVCSSGGRGSVELYTRDNSMTWEASFSPPGPY
WTHVLFTWKSKEGLKVYVNGTLSTSDPSGKVSRDYGESNVNLVIGSEQDQAKCYEN
GAFDEFIIWERALTPDEIAMYFTAAIGKHALLSSTLPSLFMTSTASPVMPTDAYHPIITN
LTEERKTFQSPGVILSYLQNVSLSLPSKSLSEQTALNLTKTFLKAVGEILLLPGWIALSED
SAVVLSLIDTIDTVMGHVSSNLHGSTPQVTVEGSSAMAEFSVAKILPKTVNSSHYRFP
AHGQSFIQIPHEAFHRHAWSTVVGLLYHSMHYYLNNIWPAHTKIAEAMHHQDCLLF
ATSHLISLEVSPPPTLSQNLSGSPLITVHLKHRLTRKQHSEATNSSNRVFVYCAFLDFSS
GEGVWSNHGCALTRGNLTYSVCRCTHLTNFAILMQVVPLELARGHQVALSSISYVGC
SLSVLCLVATLVTFAVLSSVSTIRNQRYHIHANLSFAVLVAQVLLLISFRLEPGTTPCQV
MAVLLHYFFLSAFAWMLVEGLHLYSMVIKVFGSEDSKHRYYYGMGWGFPLLICIISLS
FAMDSYGTSNNCWLSLASGAIWAFVAPALFVIVVNIGILIAVTRVISQISADNYKIHGD
PSAFKLTAKAVAVLLPILGTSWVFGVLAVNGCAVVFQYMFATLNSLQGLFIFLFHCLL
NSEVRAAFKHKTKVWSLTSSSARTSNAKPFHSDLMNGTRPGMASTKLSPWDKSSHS
AHRVDLSAV*
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Supp. Table 4: Protein sequences for the Adgrg6 constructs in the pAC8REDNK vector for insect cell
expression. Color code: yellow=signal peptide; grey=linker; light blue=3C protease cleavage site;
green=YFP; magenta=His-tag; red=FLAG tag; residues written in orange letters are point mutations

Expressed protein Sequence

MKTIALSYIFCLVFABRBBBBENLYFQGPV DISNCLKEANEVANQILNLTADGQNLT
SANITNIVEQVKRIVNKEENIDITLGSTLMNIFSNILSSSDSDLLESSSEALKTIDELAFKID
LNSTSHVNITTRNLALSVSSLLPGTNAISNFSIGLPSNNESYFQMDFESGQVDPLASVIL
PPNLLENLSPEDSVLVRRAQFTFFNKTGLFQDVGPQRKTLVSYVMACSIGNITIQNLK

DPVQIKIKHTRTQEVHHPICAFWDLNKNKSFGGWNTSGCVAHRDSDASETVCLCNH
FTHFGVLMDLPRSASQLDARNTKVLTFISYIGCGISAIFSAATLLTYVAFEKLRRDYPSKI

LMNLSTALLFLNLLFLLDGWITSFNVDGLCIAVAVLLHFFLLATFTWMGLEAIHMYIAL
VKVFNTYIRRYILKFCIIGWGLPALVVSVVLASRNNNEVYGKESYGKEKGDEFCWIQD

PVIFYVTCAGYFGVMFFLNIAMFIVVMVQICGRNGKRSNRTLREEVLRNLRSVVSLTF
LLGMTWGFAFFAWGPLNIPFMYLFSIFNSLQGLFIFIFHCAMKENVQKQWRQHLCC
GRFRLADNSDWSKTATNIIKKSSDNLGKSLSSSSIGSNSTYLTSKSKSSSTTYFKRNSHT

DNVSYEHSFNKSGSLRQCFHGQVLVKTGPCGSPAGENLYFQGVSKGEELFTGVVPIL
VELDGDVNGHKFSVSGEGEGDATYGKLTLKFICTTGKLPVPWPTLVTTFSYGVQCFSR
YPDHMKQHDFFKSAMPEGYVQERTIFFKDDGNYKTRAEVKFEGDTLVNRIELKGIDF
KEDGNILGHKLEYNYNSHNVYIMADKQKNGIKVNFKIRHNIEDGSVQLADHYQQNT
PIGDGPVLLPDNHYLSTQSALSKDPNEKRDHMVLLEFVTAAGITHGMDELYKGGGGS

MKTIIALSYIFCLVFABNRBBBBENLYFQGTHFGVLMDLPRSASQLDARNTKVLTFISY
IGCGISAIFSAATLLTYVAFEKLRRDYPSKILMNLSTALLFLNLLFLLDGWITSFNVDGLCI
AVAVLLHFFLLATFTWMGLEAIHMYIALVKVFNTYIRRYILKFCIIGWGLPALVVSVVLA
SRNNNEVYGKESYGKEKGDEFCWIQDPVIFYVTCAGYFGVMFFLNIAMFIVVMVQIC
GRNGKRSNRTLREEVLRNLRSVVSLTFLLGMTWGFAFFAWGPLNIPFMYLFSIFNSLQ
GLFIFIFHCAMKENVQKQWRQHLCCGRFRLADNSDWSKTATNIIKKSSDNLGKSLSS

SSIGSNSTYLTSKSKSSSTTYFKRNSHTDNVSYEHSFNKSGSLRQCFHGQVLVKTGPCG

SPAGENLYFQGVSKGEELFTGVVPILVELDGDVNGHKFSVSGEGEGDATYGKLTLKFI

KVNFKIRHNIEDGSVQLADHYQQNTPIGDGPVLLPDNHYLSTQSALSKDPNEKRDH
MVLLEFVTAAGITHGMDELYKGGG GSHHHHHHHH*

Expression | Receptor | Construct
Host name
Insect cells Adgrgb G6.05
HHHHHHHH*
Insect cells Adgrg6 G6.06
Insect cells Adgrg6 G6.07

MKTIIALSYIFCLVFABNRBBBBENLYFQGGGSGGGSGGGSASQLDARNTKVLTFISYI
GCGISAIFSAATLLTYVAFEKLRRDYPSKILMNLSTALLFLNLLFLLDGWITSFNVDGLCI

AVAVLLHFFLLATFTWMGLEAIHMYIALVKVENTYIRRYILKFCIIGWGLPALVVSVVLA
SRNNNEVYGKESYGKEKGDEFCWIQDPVIFYVTCAGYFGVMFFLNIAMFIVVMVQIC
GRNGKRSNRTLREEVLRNLRSVVSLTFLLGMTWGFAFFAWGPLNIPFMYLFSIFNSLQ
GLFIFIFHCAMKENVQKQWRQHLCCGRFRLADNSDWSKTATNIIKKSSDNLGKSLSS

SSIGSNSTYLTSKSKSSSTTYFKRNSHTDNVSYEHSFNKSGSLRQCFHGQVLVKTGPCG

SPAGENLYFQGVSKGEELFTGVVPILVELDGDVNGHKFSVSGEGEGDATYGKLTLKFI
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GNYKTRAEVKFEGDTLVNRIELKGIDFKEDGNILGHKLEYNYNSHNVYIMADKQKNGI |
KVNFKIRHNIEDGSVQLADHYQQNTPIGDGPVLLPDNHYLSTQSALSKDPNEKRDH
MVLLEFVTAAGITHGMDELYKGGGGSHHHHHHHH*

Insect cells

Adgrg6b

G6.08

MKTIALSYIFCLVFABRBBBBENLYFQGPV DISNCLKEANEVANQILNLTADGQNLT
SANITNIVEQVKRIVNKEENIDITLGSTLMNIFSNILSSSDSDLLESSSEALKTIDELAFKID
LNSTSHVNITTRNLALSVSSLLPGTNAISNFSIGLPSNNESYFQMDFESGQVDPLASVIL
PPNLLENLSPEDSVLVRRAQFTFFNKTGLFQDVGPQRKTLVSYVMACSIGNITIQNLK
DPVQIKIKHTRTQEVHHPICAFWDLNKNKSFGGWNTSGCVAHRDSDASETVCLCNH
FAHFGVLMDLPRSASQLDARNTKVLTFISYIGCGISAIFSAATLLTYVAFEKLRRDYPSKI
LMNLSTALLFLNLLFLLDGWITSFNVDGLCIAVAVLLHFFLLATFTWMGLEAIHMYIAL
VKVFNTYIRRYILKFCIIGWGLPALVVSVVLASRNNNEVYGKESYGKEKGDEFCWIQD
PVIFYVTCAGYFGVMFFLNIAMFIVVMVQICGRNGKRSNRTLREEVLRNLRSVVSLTF
LLGMTWGFAFFAWGPLNIPFMYLFSIFNSLQGLFIFIFHCAMKENVQKQWRQHLCC
GRFRLADNSDWSKTATNIIKKSSDNLGKSLSSSSIGSNSTYLTSKSKSSSTTYFKRNSHT
DNVSYEHSFNKSGSLRQCFHGQVLVKTGPCGSPAGENLYFQGVSKGEELFTGVVPIL

KEDGNILGHKLEYNYNSHNVYIMADKQKNGIKVNFKIRHNIEDGSVQLADHYQQNT
PIGDGPVLLPDNHYLSTQSALSKDPNEKRDHMVLLEFVTAAGITHGMDELYKGGGGS
HHHHHHHH"

Insect cells

Adgrgb

G6.09

MKTIALSYIFCLVFABNRBBBBENLYFQGPVDISNCLKEANEVANQILNLTADGQNLT
SANITNIVEQVKRIVNKEENIDITLGSTLMNIFSNILSSSDSDLLESSSEALKTIDELAFKID

LNSTSHVNITTRNLALSVSSLLPGTNAISNFSIGLPSNNESYFQMDFESGQVDPLASVIL
PPNLLENLSPEDSVLVRRAQFTFFNKTGLFQDVGPQRKTLVSYVMACSIGNITIQNLK
DPVQIKIKHTRTQEVHHPICAFWDLNKNKSFGGWNTSGCVAHRDSDASETVCLCNH
FGGGSGGGSGGGSASQLDARNTKVLTFISYIGCGISAIFSAATLLTYVAFEKLRRDYPSK
ILMNLSTALLFLNLLFLLDGWITSFNVDGLCIAVAVLLHFFLLATFTWMGLEAIHMYIAL
VKVFNTYIRRYILKFCIIGWGLPALVVSVVLASRNNNEVYGKESYGKEKGDEFCWIQD
PVIFYVTCAGYFGVMFFLNIAMFIVVMVQICGRNGKRSNRTLREEVLRNLRSVVSLTF
LLGMTWGFAFFAWGPLNIPFMYLFSIFNSLQGLFIFIFHCAMKENVQKQWRQHLCC
GRFRLADNSDWSKTATNIIKKSSDNLGKSLSSSSIGSNSTYLTSKSKSSSTTYFKRNSHT
DNVSYEHSFNKSGSLRQCFHGQVLVKTGPCGSPAGENLYFQGVSKGEELFTGVVPIL

KEDGNILGHKLEYNYNSHNVYIMADKQKNGIKVNFKIRHNIEDGSVQLADHYQQNT
PIGDGPVLLPDNHYLSTQSALSKDPNEKRDHMVLLEFVTAAGITHGMDELYKGGGGS
HHHHHHHH"

Insect cells

Adgrg6

G6.10

MKTIIALSYIFCLVFATHFGVLMDLPRSASQLDARNTKVLTFISYIGCGISAIFSAATLLTY
VAFEKLRRDYPSKILMNLSTALLFLNLLFLLDGWITSFNVDGLCIAVAVLLHFFLLATFT

WMGLEAIHMYIALVKVFNTYIRRYILKFCIIGWGLPALVVSVVLASRNNNEVYGKESY
GKEKGDEFCWIQDPVIFYVTCAGYFGVMFFLNIAMFIVVMVQICGRNGKRSNRTLRE
EVLRNLRSVVSLTFLLGMTWGFAFFAWGPLNIPFMYLFSIFNSLQGLFIFIFHCAMKE

NVQKQWRQHLCCGRFRLADNSDWSKTATNIIKKSSDNLGKSLSSSSIGSNSTYLTSKS
KSSSTTYFKRNSHTDNVSYEHSFNKSGSLRQCFHGQVLVKTGPCENKBBBBN *
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Insect cells

Adgrgb

G6.11

MKTIALSYI FCLVFA_ENLYFQGGGSGGGSGGGSASQLDARNTKVLTFIS
YIGCGISAIFSAATLLTYVAFEKLRRDYPSKILMNLSTALLFLNLLFLLDGWITSFNVDGL
CIAVAVLLHFFLLATFTWMGLEAIHMYIALVKVFENTYIRRYILKFCHIGWGLPALVVSVV
LASRNNNEVYGKESYGKEKGDEFCWIQDPVIFYVTCAGYFGVMFFLNIAMFIVVMV
QICGRNGKRSNRTLREEVLRNLRSVVSLTFLLGMTWGFAFFAWGPLNIPFMYLFSIFN
SLQGLFIFIFHCAMKENVQKQWRQHLCCGRFRLADNSDWSKTATNIIKKSSDNLGKS
LSSSSIGSNSTYLTSKSKSSSTTYFKRNSHTDNVSYEHSFNKSGSLRQCFHGQVLVKTGP
c*

Insect cells

Adgrg6

G6.12

MKTIIALSYIFCLVFABNRBBBBBENLYFQGPVDISNCLKEANEVANQILNLTADGQN

LTSANITNIVEQVKRIVNKEENIDITLGSTLMNIFSNILSSSDSDLLESSSEALKTIDELAFK
IDLNSTSHVNITTRNLALSVSSLLPGTNAISNFSIGLPSNNESYFQMDFESGQVDPLAS

VILPPNLLENLSPEDSVLVRRAQFTFFNKTGLFQDVGPQRKTLVSYVMACSIGNITION
LKDPVQIKIKHTRTQEVHHPICAFWDLNKNKSFGGWNTSGCVAHRDSDASETVCLC

N/AFAHFGVLMDLPRSASQLDARNTKVLTFISYIGCGISAIFSAATLLTYVAFEKLRRDYP
SKILMNLSTALLFLNLLFLLDGWITSFNVDGLCIAVAVLLHFFLLATFTWMGLEAIHMYI
ALVKVFNTYIRRYILKFCIIGWGLPALVVSVVLASRNNNEVYGKESYGKEKGDEFCWIQ
DPVIFYVTCAGYFGVMFFLNIAMFIVVMVQICGRNGKRSNRTLREEVLRNLRSVVSLT
FLLGMTWGFAFFAWGPLNIPFMYLFSIFNSLQGLFIFIFHCAMKENVQKQWRQHLC

CGRFRLADNSDWSKTATNIIKKSSDNLGKSLSSSSIGSNSTYLTSKSKSSSTTYFKRNSH

TDNVSYEHSFNKSGSLRQCFHGQVLVKTGPC*
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Supp. Table 5: Protein sequences for the Adgrd1-mini Gas fusion protein constructs in the
pAC8REDNK vector for insect cell expression. Color code: yellow=signal peptide; grey=linker; light
blue=3C/TEV protease cleavage site; green=mini-Gas 399; red=FLAG tag; residues written in orange

letters are point mutations

Expressed protein Sequence

MKTIIALSYIFCLVFABNKDDBBRBYRBBBBRENLYFQGTNFAILMQVVPLELARGH

QVALSSISYVGCSLSVLCLVATLVTFAVLSSVSTIRNQRYHIHANLSFAVLVAQVLLLISF
RLEPGTTPCQVMAVLLHYFFLSAFAWMLVEGLHLYSMVIKVFGSEDSKHRYYYGMG
WGFPLLICIISLSFAMDSYGTSNNCWLSLASGAIWAFVAPALFVIVVNIGILIAVTRVIS
QISADNYKIHGDPSAFKLTAKAVAVLLPILGTSWVFGVLAVNGCAVVFQYMFATLNSL
QGLFIFLFHCLLNSEVRAAFKHKTKVWSLTSSSARTSNAKPFHSDLMNGTRPGMAST

KLsPWDKssHsAHRVDLSAV BNRBBBBNGCLGNSKTEDORNEEKAQREANKKIEKQ
EFLRISTASGDGRHYCYPHFTCAVDTENARRIFNDCRDIIQRMHLRQYELL*

MKTIALSYIFCLVFADNKDDDBRBYRBBBBRENLYFQGTNFAILMQVVPLELARGH

QVALSSISYVGCSLSVLCLVATLVTFAVLSSVSTIRNQRYHIHANLSFAVLVAQVLLLISF
RLEPGTTPCQVMAVLLHYFFLSAFAWMLVEGLHLYSMVIKVFGSEDSKHRYYYGMG
WGFPLLICIISLSFAMDSYGTSNNCWLSLASGAIWAFVAPALFVIVVNIGILIAVTRVIS
QISADNYKIHGDPSAFKLTAKAVAVLLPILGTSWVFGVLAVNGCAVVFQYMFATLNSL
QGLFIFLFHCLLNSEVRAAFKHKTKVWSLTSSSARTSNAKPFHSDLMNGTRPGMAST

KLSPWDKSSHSAHRVDLSAVENLYFQGEIGNSKTEDQRNEEKAQREANKKIEKQLG

RISTASGDGRHYCYPHFTCAVDTENARRIFNDCRDIIQRMHLRQYELL*

MKTIALSYIFCLVFABNKDDDDABYRBBBBR N F AlLMQVVPLELARGHQVALSSISY

VGCSLSVLCLVATLVTFAVLSSVSTIRNQRYHIHANLSFAVLVAQVLLLISFRLEPGTTPC

QVMAVLLHYFFLSAFAWMLVEGLHLYSMVIKVFGSEDSKHRYYYGMGWGFPLLICII
SLSFAMDSYGTSNNCWLSLASGAIWAFVAPALFVIVVNIGILIAVTRVISQISADNYKIH
GDPSAFKLTAKAVAVLLPILGTSWVFGVLAVNGCAVVFQYMFATLNSLQGLFIFLFHC
LLNSEVRAAFKHKTKVWSLTSSSARTSNAKPFHSDLMNGTRPGMASTKLSPWDKSS

HSAHRVDLSAVENLYFQGCLGNSKTEDQRNEEKAQREANKKIEKQLOKDKQUYRAT
RHYCYPHFTCAVDTENARRIFNDCRDIIQRMHLRQYELL"

Expression | Receptor | Construct
Host name
Adgrdl - D1-
Insect cells
mini-Gs mGs.01
Adgrdl - D1-
Insect cells
mini-Gs mGs.02
Adgrdl - D1-
Insect cells
mini-Gs mGs.03
MKTIIALSYIFCLVF
Adgrdl - D1-
Insect cells
mini-Gs mGs.04

LEVLFQGPA
YHPIITNLTEERKTFQSPGVILSYLONVSLSLPSKSLSEQTALNLTKTFLKAVGEILLLPGW

IALSEDSAVVLSLIDTIDTVMGHVSSNLHGSTPQVTVEGSSAMAEFSVAKILPKTVNSS
HYRFPAHGQSFIQIPHEAFHRHAWSTVVGLLYHSMHYYLNNIWPAHTKIAEAMHH
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QDCLLFATSHLISLEVSPPPTLSQNLSGSPLITVHLKHRLTRKQCSEATNSSNRVFVYCA
FLDFSSGEGVWSNHGCALTRGNLTYSVCRCTHLTNFAILMQVVPLELARGHQVALSS
ISYVGCSLSVLCLVATLVTFAVLSSVSTIRNQRYHIHANLSFAVLVAQVLLLISFRLEPGTT
PCQVMAVLLHYFFLSAFAWMLVEGLHLYSMVIKVFGSEDSKHRYYYGMGWGFPLLI
CIISLSFAMDSYGTSCNCWLSLASGAIWAFVAPALFVIVVNIGILIAVTRVISQISADNY

KIHGDPSAFKLTAKAVAVLLPILGTSWVFGVLAVNGCAVVFQYMFATLNSLQGLFIFL
FHCLLNSEVRAAFKHKTKVWSLTSSSARTSNAKPFHSDLMNGTRPGMASTKLSPWD

KSSHSAHRVDLSAVGGGGSGGGGSGGGGSENLYFQGCLIGNSKTEDQRNEEKAGRE

*

MKTIIALSYIFCLVF LEVLFQGPA
YHPITNLTEERKTFQSPGVILSYLQNVSLSLPSKSLSEQTALNLTKTFLKAVGEILLLPGW

IALSEDSAVVLSLIDTIDTVMGHVSSNLHGSTPQVTVEGSSAMAEFSVAKILPKTVNSS
HYRFPAHGQSFIQIPHEAFHRHAWSTVVGLLYHSMHYYLNNIWPAHTKIAEAMHH
QDCLLFATSHLISLEVSPPPTLSQNLSGSPLITVHLKHRLTRKQCSEATNSSNRVFVYCA
FLDFSSGEGVWSNHGCALTRGNLTYSVCRCTHLTNFAILMQVVPLELARGHQVALSS
ISYVGCSLSVLCLVATLVTFAVLSSVSTIRNQRYHIHANLSFAVLVAQVLLLISFRLEPGTT
PCQVMAVLLHYFFLSAFAWMLVEGLHLYSMVIKVFGSEDSKHRYYYGMGWGFPLLI
CIISLSFAMDSYGTSNCCWLSLASGAIWAFVAPALFVIVVNIGILIAVTRVISQISADNY
KIHGDPSAFKLTAKAVAVLLPILGTSWVFGVLAVNGCAVVFQYMFATLNSLQGLFIFL

FHCLLNSEVRAAFKHKTKVWSLTSSSARTSNAKPFHSDLMNGTRPGMASTKLSPWD

KSSHSAHRVDLSAVGGGGSGGGGSGGGGSENLYFQGCIGNSKTEDQRNEEKAGRE

MKTIHALSYIFCLVF LEVLFQGPA

YHPITNLTEERKTFQSPGVILSYLOQNVSLSLPSKSLSEQTALNLTKTFLKAVGEILLLPGW
IALSEDSAVVLSLIDTIDTVMGHVSSNLHGSTPQVTVEGSSAMAEFSVAKILPKTVNSS
HYRFPAHGQSFIQIPHEAFHRHAWSTVVGLLYHSMHYYLNNIWPAHTKIAEAMHH
QDCLLFATSHLISLEVSPPPTLSQNLSGSPLITVHLKHRLTRKQHSEACNSSNRVFVYCA
FLDFSSGEGVWSNHGCALTRGNLTYSVCRCTHLTNFAILMQVVPLELARGHQVALSS
ISYVGCSLSVLCLVATLVTFAVLSSVSTIRNQRYHIHANLSFAVLVAQVLLLISFRLEPGTT

Adgrdl - D1-
Insect cells
mini-Gs mGs.05
Adgrdl - D1-
Insect cells
mini-Gs mGs.06

PCQVMAVLLHYFFLSAFAWMLVEGLHLYSMVIKVFGSEDSKHRYYYGMGWGFPLLI
CIISLSFAMDSYGTSNNCCLSLASGAIWAFVAPALFVIVVNIGILIAVTRVISQISADNYK
IHGDPSAFKLTAKAVAVLLPILGTSWVFGVLAVNGCAVVFQYMFATLNSLQGLFIFLF

HCLLNSEVRAAFKHKTKVWSLTSSSARTSNAKPFHSDLMNGTRPGMASTKLSPWDK

SSHSAHRVDLSAVGGGGSGGGGSGGGGSENLYFQGCLGNSKTEDQRNEEKAQREA
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AKYFIRDEFLRISTASGDGRHYCYPHFTCAVDTENARRIFNDCRDIIQRMHLRQYELL*

Insect cells

Adgrdl -

mini-Gs

D1-
mGs.07

MKTIHALSYIFCLVF LEVLFQGPA
YHPITNLTEERKTFQSPGVILSYLQNVSLSLPSKSLSEQTALNLTKTFLKAVGEILLLPGW
IALSEDSAVVLSLIDTIDTVMGHVSSNLHGSTPQVTVEGSSAMAEFSVAKILPKTVNSS
HYRFPAHGQSFIQIPHEAFHRHAWSTVVGLLYHSMHYYLNNIWPAHTKIAEAMHH

QDCLLFATSHLISLEVSPPPTLSQNLSGSPLITVHLKHRLTRKQHSEATNCSNRVFVYCA
FLDFSSGEGVWSNHGCALTRGNLTYSVCRCTHLTNFAILMQVVPLELARGHQVALSS
ISYVGCSLSVLCLVATLVTFAVLSSVSTIRNQRYHIHANLSFAVLVAQVLLLISFRLEPGTT
PCQVMAVLLHYFFLSAFAWMLVEGLHLYSMVIKVFGSEDSKHRYYYGMGWGFPLLI

CIISLSFAMDSYGTSNNCCLSLASGAIWAFVAPALFVIVVNIGILIAVTRVISQISADNYK
IHGDPSAFKLTAKAVAVLLPILGTSWVFGVLAVNGCAVVFQYMFATLNSLQGLFIFLF

HCLLNSEVRAAFKHKTKVWSLTSSSARTSNAKPFHSDLMNGTRPGMASTKLSPWDK

SSHSAHRVDLSAVGGGGSGGGGSGGGGSENLYFQGELIGNSKTEDQRNEEKAQREA

AKYFIRDEFLRISTASGDGRHYCYPHFTCAVDTENARRIFNDCRDIIQRMHLRQYELL"

Insect cells

Adgrdl -

mini-Gs

D1-
mGs.08

MKTIHALSYIFCLVFA| LEVLFQGPA
YHPITNLTEERKTFQSPGVILSYLOQNVSLSLPSKSLSEQTALNLTKTFLKAVGEILLLPGW
IALSEDSAVVLSLIDTIDTVMGHVSSNLHGSTPQVTVEGSSAMAEFSVAKILPKTVNSS
HYRFPAHGQSFIQIPHEAFHRHAWSTVVGLLYHSMHYYLNNIWPAHTKIAEAMHH

QDCLLFATSHLISLEVSPPPTLSQNLSGSPLITVHLKHRLTRKQHSEATNSSNRVFVYCA
FLDFSSGEGVWSNHGCALTRGNLTYSVCRCTHLTNFAILMQVVPLELACGHQVALSS
ISYVGCSLSVLCLVATLVTFAVLSSVSTIRNQRYHIHANLSFAVLVAQVLLLISFRLEPGTT

PCQVMAVLLHYFFLSAFAWMLVEGLHLYSMVIKVFGSEDSKHRYYYGMGWGFPLLI

CIISLSFAMDSYGTSNNCWLSLASGAIWAFVAPALFVIVVNIGILIAVTRVISQISADNY
KIHGDPSAFKLTAKAVAVLLPILGTSWVFGVLAVNGCAVVFQYMFATLNSLQGLFIFL
FHCLLNSEVRAAFKHKTKVWSLTSSSARTSNAKPFHSDLMNGTRPGMASTKLSPWD

KSSHSAHRVDLSAVGGGGSGGGGSGGGGSENLYFQGCLGNSKTEDORNEEKAGRE

*

Insect cells

Adgrdl -

mini-Gs

D1-
mGs.09

MKTIIALSYIFCLVF

LEVLFQGPA
YHPIITNLTEERKTFQSPGVILSYLONVSLSLPSKSLSEQTALNLTKTFLKAVGEILLLPGW

IALSEDSAVVLSLIDTIDTVMGHVSSNLHGSTPQVTVEGSSAMAEFSVAKILPKTVNSS
HYRFPAHGQSFIQIPHEAFHRHAWSTVVGLLYHSMHYYLNNIWPAHTKIAEAMHH
QDCLLFATSHLISLEVSPPPTLSQNLSGSPLITVHLKHRLTRKQHSEATNSSNRVFVYCA
FLDFSSGEGVWSNHGCALTRGNCTYSVCRCTHLTNFAILMQVVPLELARGHQVALSS
ISYVGCSLSVLCLVATLVTFAVLSSVSTIRNQRYHIHANLSFAVLVAQVLLLISFRLEPGTT
PCQVMAVLLHYFFLSAFAWMLVEGLHLYSMVIKVFGSEDSKHRYYYGMGWGFPLLI
CIISLSFAMDSYGTSNNCWLSLCSGAIWAFVAPALFVIVVNIGILIAVTRVISQISADNY
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KIHGDPSAFKLTAKAVAVLLPILGTSWVFGVLAVNGCAVVFQYMFATLNSLQGLFIFL
FHCLLNSEVRAAFKHKTKVWSLTSSSARTSNAKPFHSDLMNGTRPGMASTKLSPWD

KSSHSAHRVDLSAVGGGGSGGGGSGGGGSENLYFQGCIGNSKTEDQRNEEKAGRE

*

Insect cells

Adgrdl -

mini-Gs

D1-
mGs.10

MKTIIALSYIFCLVF LEVLFQGPA
YHPIITNLTEERKTFQSPGVILSYLQNVSLSLPSKSLSEQTALNLTKTFLKAVGEILLLPGW
IALSEDSAVVLSLIDTIDTVMGHVSSNLHGSTPQVTVEGSSAMAEFSVAKILPKTVNSS
HYRFPAHGQSFIQIPHEAFHRHAWSTVVGLLYHSMHYYLNNIWPAHTKIAEAMHH
QDCLLFATSHLISLEVSPPPTLSQNLSGSPLITVHLKHRLTRKQHSEATNSSNRVFVYCA
FLDFSSGEGVWSNHGCALTRGNCTYSVCRCTHLTNFAILMQVVPLELACGHQVALSS
ISYVGCSLSVLCLVATLVTFAVLSSVSTIRNQRYHIHANLSFAVLVAQVLLLISFRLEPGTT
PCQVMAVLLHYFFLSAFAWMLVEGLHLYSMVIKVFGSEDSKHRYYYGMGWGFPLLI
CIISLSFAMDSYGTSNNCWLSLCSGAIWAFVAPALFVIVVNIGILIAVTRVISQISADNY
KIHGDPSAFKLTAKAVAVLLPILGTSWVFGVLAVNGCAVVFQYMFATLNSLQGLFIFL
FHCLLNSEVRAAFKHKTKVWSLTSSSARTSNAKPFHSDLMNGTRPGMASTKLSPWD
KSSHSAHRVDLSAVGGGGSGGGGSGGGGSENLYFQGCLGNSKTEDQRNEEKAQRE
ANKKIEKQLOKDKQVYRATHRLLLLGADNSGKSTIVKQMRILHGGSGGSGGTSGIFET

*
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Supp. Table 6: Cryo-EM data collection and processing details of Adgrd1-Gs complex

Adgrd1-Gs complex

classification

Sample A Sample B
Direct Electron Detector K3 + GIF K3 + GIF
Number of movies 22'504 31'141
Acceleration Voltage [kV] 300 300
Total Exposure [e’/A?] 55 80
Number of Frames per Movie 40 40
Defocus Range [um] -0.8to0-2.0 -1.2to-3.0
Automated EM Data EPU EPU
Acquisition Software
Pixel Size [A/px] 0.51 0.51
Symmetry C1 C1
Total Number of picked 1'055'084 1'941'387
Particles
Number of Particles after 2D 95'413 33'278

Number of Particles in final

Map

Final Map Resolution [A]

FSC threshold

Map Sharpening B-factor [A2]
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Supp. Table 7: Cryo-EM data collection and processing details of the JSR1-Gt complex

Particles

JSR1-Gt
Direct Electron Detector K3 + GIF
Number of movies 11'408
Acceleration Voltage [kV] 300
Total Exposure [e’/A?] 50
Number of Frames per Movie 40
Defocus Range [um] -1.0to-2.2
Automated EM Data EPU
Acquisition Software
Pixel Size [A/px] 0.51
Symmetry C1
Total Number of picked 2'387'106

Number of Particles after 2D

classification

No particles for the full

complex

Number of Particles in final

Map

Final Map Resolution [A]

FSC threshold

Map Sharpening B-factor [A?]
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Supp. Table 8: Cryo-EM data collection and processing details of JSR1-hGi complexes

JSR1-hGi JSR1-hGi-scFv16
Direct Electron Detector K3 + GIF K3 + GIF
Number of movies 11'801 28'128
Acceleration Voltage [kV] 300 300
Total Exposure [e’/A?] 70 54
Number of Frames per Movie 40 40
Defocus Range [um] -1.0to-2.4 -1.0to-2.4
Automated EM Data EPU EPU
Acquisition Software
Pixel Size [A/px] 0.51 0.51
Symmetry C1 C1
Total Number of picked 2'023'050 681'002
Particles
Number of Particles after 2D 62'660 127'009
classification
Number of Particles in final - 39'274
Map
Final Map Resolution [A] - 5.62
FSC threshold - 0.143
Map Sharpening B-factor [A?] - -420
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Supp. Table 9: Cryo-EM data collection and processing details of JSR1-JSGiq

JSR1-JSGig_1 JSR1-JSGiq_2
Direct Electron Detector K3 + GIF K3 + GIF
Number of movies 74'605 74'605
Acceleration Voltage [kV] 300 300
Total Exposure [e /A?] 70 70
Number of Frames per Movie 40 40
Defocus Range [um] -1.0to-24 -1.0to-24
Automated EM Data EPU EPU
Acquisition Software
Pixel Size [A/px] 0.51 0.51
Symmetry C1 C1
Total Number of picked 2'964'739 2'964'739
Particles
Number of Particles after 2D 768'100 768'100
classification
Number of Particles in final 159'665 134'167
Map
Final Map Resolution [A] 4.06 4.17
FSC threshold 0.143 0.143
Map Sharpening B-factor [A2] -162 -206
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Supp. Table 10: Refinement and validation statistics of the JSR1-JSGiq complex models.

JSR1-JSGiq_1 JSR1-JSGiq_2

Initial models used 619K (JSR1), 6CRK 619K (JSR1), 6CRK
(Gi) (Gi)

Model resolution [A] 4.0 4.1
FSC threshold 0.143 0.143
Non-hydrogen atoms 7482 7489
Protein residues 946 948
Ligand ATR611 ATR611
R.m.s.d. Bond length [A] 0.004 0.004
R.m.s.d. Bond angles [°] 0.718 0.756
MolProbity score 2.10 2.27
Clashscore 14.16 19.96
Rotamer outliers [%)] 1.47 1.72
Ramachandran plot
Favored [%] 95.49 95.73
Allowed [%] 4.40 4.17
Outliers [%] 0.11 0.11
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Supp. Table 11: List of software packages used

Sofware

Function

Provider

PyMOL[134]

Three-dimensional

molecular viewer

Schrodinger

Coot: CCP4 software suite | Display and modification of CCP4 software suite
[133] three-dimensional models
PHENIX [132] Phasing, map modifications PHENIX

and structure refinement
Biorender.com Graphics program BioRender
Adobe lllustrator Graphics program Adobe

CryoSPARC [125]

Cryo-EM data processing

Structura Biotechnology

Relion [128, 171]

Cryo-EM data processing

MRC LMB / Scheres lab

CisTEM [172]

Cryo-EM data processing

UMASS/Grigorieff lab

GraphPad PRISM

Statistics program

GraphPad Software

Chimera/ChimeraX [131, 173]

Three-dimensional

molecular viewer and editor

RBVI

ChemDraw

Graphics program for

chemical structures

Revvity Signals
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8.2 Presentations at scientific events

8.2.1 Poster presentations

Synapsis Forum 2020 and 2022

4™ ERNEST conference 2020

4™ GPCRnet International Conference 2022
International Retinal Protein Conference 2022
13" D-BIOL Symposium ETH Zurich

8.2.2 Scientific talk
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