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Abstract

G proteincoupled receptor 68 (GPR68) is an orphan receptor that falls under the
Rhodopsidike family of G proteincoupled receptors (GPCRS). It is a prosensing
GPCR which is activated by extracellular acidity and plays a crucial role in various
physiological processes. It is highly expressed in various types of cancers and has
implications in chronic inflammatory diseases, fibrosis, and bone homeostasis.
Pharmacological explorations of GPR68 have discovered allosteric modulators in the form
of nonspecific small molecules, peptides, or divalent metal ions. The precise role of the
proton sensing receptor in a variety of disorders remains undeterminsdaritemerging

and challenging therapeutic target due to its association with a wide array of
pathophysiological conditions. The current understanding of how GPR68 senses
extracellular protons is mostly hindered by the absence of a publicly available/8@Drgtr
Existing theories propose that extracellular histidines or a buried carboxylic triad play a

part in proton sensing function of the receptor.

In my doctoral thesis, | utilized protein engineering to express and pdefyuate amounts

of the human GPR68 in presence of a proprietary antagunilktdetergentHowever, the
protein quality was unsuitable for determining the structure of the receptor in its inactive
conformation via Xray crystallography and single particle cryogenic electron microscopy
(cryo-EM). Following a mitigation strategy, | started toriiyi the homologouszebrafish
GPR68 in presence of the proprietary antagonist. Subséguérpursued structure
determination via cry&M with a specific protein construct which had a fusion protein
(BRIL) in the intracellular loop 3, that was exploited to form a complex #itti-BRIL

FAB andAnti-BRIL-FAB nanobody. In view of substantial noise in the dataset and limited
time for the thesis, | did not process the data further after achieving a satisfactory 2D
classification that showed a clearly visible fiducial marker. Future-EiMowork with
improved protein material and crM samples hldsgreat promise to enaltleestructure

determination of this GPR68 ortholog.

Additionally, | established a protocol for validating structural models of GRia68d on

various $rategiesand used the best possible model for classical moledyteamics to




identify crucial proton sensing regions of the receptor. | performed atomistic simulations
with specific protonation states for previously described functionally relevant residues in
GPR68 and applied graph theory and hydrogen bond calculations to désgripeton
sensing structural elements by asses#iegmpact of the protonation states. | found that
GPR68 has a robust and highly dynamic watediated hydrogebond network that
connects the extracellular histidine and carboxylate clusters to tiegl lmarboxylates via

a previously described putative allosteric pocket of GPR68. The hydrogen bond network
was found to besensitive to changes in the protonation states of specific buried
carboxylates and may induce sufficient structural changes to allow further connection of

the buried acidic residues to the intracellular G protein binding site.

These observations and hypotheses were experimentally validated by establishing a
homogeneous timeesolved fluorescence (HTRF) based functional assay for GAR68.
used thimssajome as ur e GP R6 8 s pathwag dver a gnge of @Hs. Gfter
performing mutation studies using the HTRF assay, | have shown that specific surface
carboxylates, and a buried acidic residue ttiaak no prior indication to be functional, play

a substantial role in the proton sensafgity of GPR68.




Zusammenfassung

Der GProteirgekoppelte Rezeptor 68 (GPR68) ist ein OrpRaaeptor, der zur
RhodopsirFamilie der GProteingekoppelten Rezeptoren (GPCRsS) gehort.h&sdelt

sich bei GPR68 um einen phbhéngigen Rezeptor, der durch extrazellulares azides Milieu
aktiviert wird und eine entscheidende Rolle bei verschiedenen physiologischen Prozessen
spielt. Er ist bei verschiedenen Krebsarten tberexprimiert und wikakier in chronisch
entzindliche Erkrankungen, Fibrose und Knochenhomdostase diskutiert. Bei
pharmakologischen Untersuchungen von GPR68 wurden verschiedene organische
Molekile, Peptide oder zweiwertige Metallionen als allostere Modulatoren entdeckt. Die
genaue Rolle des pidbhangigen Rezeptors bei einer Vielzahl von Erkrankungen bleibt
ungeklart. Aufgrund seiner vermuteten Rolle in einer Vielzahl pathophysiologischer
Erkrankungen ist er ein interessantes Zielobjekt fir therapeutische Anséatze. Das derzeitige
Verstandnis dariber, wie GPR68 extrazellulare Protonen erkennt, wird hauptsachlich durch
das Fehlen einer 6ffentlich zuganglichenS8BDuktur begrenzt. Bestehende Theorien gehen
davon aus, dass extrazellulare Histidine oder eine Triade saurer Aminoséuren

Rezeptorinneren eine Rolle bei der Protonenerkennungsfunktion des Rezeptors spielen.

In meiner Doktorarbeit habe ich Protdimgineering genutzt, um das menschliche GPR68

in Detergens in ausreichenden Mengen in Gegenwart eines proprietaren Antagonisten zu
exprimieren und zu reinigen. Allerdings war die Proteinqualitat nicht geeignet,aim di
Struktur des Rezeptors in seiner inaktiven Konformation mittels Réntgenkristallographie
und EinzelpartikeKryo-Elektronenmikroskopie (cry&M) zu bestimmen. Als
alternativen Ansatz habe ich das homologe ZebrafdleR68 in Gegenwart des
proprietaren Ardgonisten gereinigt. Mit einem spezifischen Proteinkonstrukt, ein
Fusionsprotein mit einer BRidomane, die in dem intrazellularen Loop 3 eingebettet ist,
das wiederum zur Bildung eines Komplexes amti-BRIL-FAB und Anti-BRIL-FAB-
Nanokdrper geeignet ist, begann ich mit der Strukturbestimmung mittelsEbtyo
Angesichts des erheblichen Rauschens im Datensatz und der begrenzten Zeit fir die Arbeit
habe ich die Daten bisher nicht weitergehend bearbeiten kbénnen. Aktuelléistalass

eine vielversprechemd2DKlassifizierung der Einzelpartikel vorliegt, die einen deutlich

sichtbaren Referenzmarker zeigt. Zuklnftige Arbeiten mit -&yb mit verbessertem




Proteinmaterial und crygM Proben sollten mit Wahrscheinlichkeit die

Strukturbestimmung dieses GPR68 Orthologen erméglichen.

Daruber hinaus habe ich ein Protokoll zur Validierung von unterschiedlich hergeleiteten
Strukturmodellen von GPR68 erstellt und das bestmogliche Modell fur klassische
Molekulardynamik verwendet, um wichtige Protorf@ensorregionen des Rezeptors zu
identifizieren. Ich  flhrte  atomistische  Simulationen  mit  spezifischen
Protonierungszustanden fur die zuvor beschriebenen funktionsrelevanten Reste in GPR68
durch und nutzte Graphentheorie und Wasserstoffbrickenbindungsberechnungen, um
Strukturelemente der Protoregkkennung zu beschreiben. Ich fand heraus, dass GPR68
Uber ein robustes, hochdynamisches wasservermitteltes Wasserstoffbriickennetzwerk
verfugt, das den extrazellularen Histidimd Carboxylatcluster Uber eine in der Literatur
beschriebene mutmallliche allerische Tasche von GPR68 verbindet. Das
Wasserstoffbindungsnetzwerk  reagiert  empfindlich  auf  Anderungen  der
Protonierungszustande der Carboxflaade im Proteininneren und kann ausreichende
strukturelle Veranderungen induzieren, um eine weitere Veauhmdler vergrabenen

sauren Reste mit der intrazellularerP@teinBindungsstelle zu ermoglichen.

Schlie8lich habe ich einen Funktionstest zur Messung demhhidngigen GPR68
Signalubertragung Uber den U@11-Signalweg etabliert, der auf homogener,
zeitaufgeloster Fluoreszenz (HTRF) beruht. Mit den Ergebnissen dieses Assays wurden die
strukturabgeleiteten Hypothesen experimentglidiert. Nach der Durchfihrung von
Mutationsstudien mit dem HTRRAssay habe ich gezeigt, dass spezifische
Oberflachencarboxylate und ein verborgener saurer Rest, fir den es zuvor keine Hinweise
auf eine funktionelle Rolle gab, eine wesentliche Rolle beler
Protonenerkennungsfahigkeit von GPR68 spielen.

The translation of the abstract@erman was kindgi provided by Dr. Herbert Nar.
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1. Introduction

1.1 G Protein-Coupled Receptors

G proteincoupled receptors (GPCRsjorm the largestfamily of integral merbrane
proteins consistingof about800 receptord?, representing roughl$% of the @pressed
gene in humans®. GPCRs are divided into two major classes of olfactory and non
olfactory receptorsApproximately 400 out of the total 800 genes are responsible for
encoding olfactory recept®ri?l. The first structure of a GPCR, specifically bovine
rhodopsin bound to 1dis retinal, was resolved in 2080 Subsequently, the first structure
ofahuman GPCRs p e c i f i gadrénkrgic récéptor, vilas resolved in 2607 total

of 187 uniquenonolfactory receptor structures have been determined Asignist2023
based on GPCRd#.

Structurally, GPCRshave seven transmembrane (TM)phahelices Thesehelices are
accompanied byalternatingintracellular and extracellular lps [l (Figure 1) Certain
GPCRsevenhave an additional eighth helix, which is amphipathicin nature anduns
parallel to the membrarf®. GPCRs araisualy tilted in thelipid bilayer, mostly because
of helix-helix interactionsandvariations intilts, kinks lengthsand hydrophobicityf the
helices [l. GPCRs undergo multiple posranslation modifications. Theyhave an
extracellularN-terminusthat is oftenN-glycosylated® . Additionally, the C-terminus
may undergo several modifications like phosphorylation, palmitoylationand
ubiquitination 2%, Thesereceptorshave a disulfié bond between TM3 arektracellular
loop 2 ECL2) which is highly conserved (92%)mongst all GPC&R!Y. CertainGPCRs
may possess additional disulfide bond thahayconnectdifferent regions of the protein.
For exampleN-terminusto ECL3 21, N-terminus to thgunction of ECL3/TM7 23], N-

terminus to ECL2, betweerECLs™® or as arintra-loop disulfide bod 261,

Newly synthesized GPCRs undergo exocytic trafficking from the endoplasmic reticulum
(ER) to the plasma membrane via the Golgi apparatus. After the synthesis of GPCRs in the
endoplasmic reticulum, these receptors undergo processing and folding by quity co

proteins called chaperones such as calnexin and calreticulin, which retain misfolded




GPCRs in the ER. Properly folded receptors are packaged into coat protein complex Il
(COPIllycoated vesicles derived from the ER. These transport vesicles visit various
intracellular compartments and carry the GPCRs througiGBRi intermediate complex,

the Golgi apparatus, and the tradslgi network. Throughout this process of migration,

the receptors may undergo additional goshslational modifications such as
glycosylation. Subsequently, these receptors are packed in exocytic vesicles in which they
are transported to the plasma membrane as mature préteifisCertain key motifs for
efficient export of the GPCRs have been identified. The motifs are IN-teaminus /C-
terminus of the receptor and typically the part that is proximal to the membrane. The
following motifs can be involved at different stages from the ER export to the plasma
membrane. @erminal motifs are E/D(X).L], [F(X)3F(X)sF], [FN(X)2LL(X)3L] and

[F(X)e L/I L/]. N-terminal motifs are [YS] and {Nnked glycosylation (NXS/T).
Interestingly, specific motifs exist that prevent the transpopraperly folded GPCRs to

the plasma membrane, which are called ER retention motifs. Examples of such motifs are
RXR or a double RXR motif, which can be found either in the proximal part o€the

terminus or in the intracellular loop 3 (ICLBS.

G-protein

Figurel: Overall architecture of a G proteaoupled receptor (GPCR)ghlightingthe seven transmembrane
(TM) helices with the alternating extracellular loops (EGhdracellular loopsI(), ligand binding site and
G protein coupling siteThis figure has been adapted arelised?”.

Mature GPCRs ardocated athe plasma membrane to facilitate their crucial function as
stimuli mediators, allowing them to recognizewéde range of physical and chemical
stimuli from theextracellular environment, such as protons, photons, peptides, nucleotides,

lipids, mechanical forces, and mdfd. GPCRsundergo a conformational changipon




binding of thesenolecules whichenablesinding of the G proteinat thecytoplasmic side
(Figure 1) This, in turn, triggers asuitable signaling pathwayleading to a series of
intracellularevents ultimatelyesulting inan effect in response to the extracellular stimuli
These receptors were ternm@dProteinCoupled Receptors because thagicooperate with

G proteirs for their function?® 231 The compounds that facilitate the binding of receptors
to G proteirs, resulting in receptor activation are refertedas agonists. Conversely,
moleculesthat bind to same receptors but prevénproteirs from binding resulting in
receptor inactivatiorare known as antagonistd.

G proteirs are heterotrimeric proteins comprisingtud three subunitst , , a b d When

a GPCR is inactive, gnasinediphosphat¢GDP) is bound tdhe Usubunitof theG protein
due to the internal GTPase activity of thesubunit In the inactive state, heterotrimeric
proteins exist as a complékypically, theUando subunits are anchored to the inner leaflet
of the lipid bilayer. The &ivation of a GPCRauseghe exchange of GDP with guanosine
triphosphate (GTRhich enable§ proteinto undergdavorable conformational changes
enabling binding to the GPCR. Consequently heterotrimericG protein components
dissociate intd}GTP andab-o complex These componenisduce downstream signaling
via different effectorsand secondary messengewhile the receptor remains fremd
bound to theagonist andmay activateadditional G proteirs initiating a process called
catalytic activation of GPCR$?"l, The signaling of GPCRs is terminated when the GTP
is hydrolyzed back to GDP in th& protein alpha sukunit and the heterotrimer is
reassembledr dissociation of the ligand specific modification®f the GPCRsdads to

its desensitizatiorsubsequently leading tecycling or degradation of the GPCR&s2]

The internalization or endocytosis of the recepganitiated wherGPCR kinases (GRK)
mediated GPCRphosphorylation sequestrationor ubiquitination occurs & 29|
Additionally, GPCRs can also get¢gulatedindependent of5 proteirs via a b-arrestin
mediated pathwathat promoteseceptoiinternalizationwith additionally recruiting other
adaptoror accessorproteins likeclathrin% 31 While ubiquitinationhas been associated
with receptor internalization and degradati{gigure 2) S-palmitoylationparticipates in

both GPCR export to the plasma membrane and its internaliz&tion

GPCRsontinuously undergo a cycle efidocytosigrecycled or degraded) and extosis
(Figure 2) Thus, internalization of the receptor can occur independent of agonist




stimulation Although, the rates of internalizatiatiffer. For instancethe b.-adrenergic
receptoris internalizd from the cell surfacevith anestimated haffife of approximately
onehour in absence afnagonist and about 1fin in presence o&n agonist*® 33 The
endocytosis of the GPCRs can occur via clathrin coated vesicles, uncoated vesicles or
caveolae®, Caveolae can be described as special cases ofréift&lthat form small
invaginations ocup-shapeqits in the plasma membrandich are approximately 5000

nm in size B%. Certain sequenelased motifs have also been identified for the
internalization of the GPCR3yrosinebased sorting motifs lik¥ XXHy, where Hy is a
hydrophobic residue and NXX#¥re found typicallyon exposedcytoplasmicdomains of

the receptorsi!® 36l Clustes of threonines and serines act as sites of receptor
phosphorylationand theacidic dileucine motif[D/E XX L L/l or D/E XXX L L/1] is not

only a key motif for receptoexport aglescribed abovdyut alsoplay an important role in
receptorinternalization®?. Additionally, the NFxY motif (present in the TM7)which is

more popularly known agne of the structural rearrangement motifs in GPCRs has been

previously described to be important for receptor internalizatispecific GPCRE" %8l

Signaling

5 Degradation
Gaolgi RS

Signaling

Biosynthetic pathway —p —p

Degradation @@

@)

Figure2: Outline of the life cycle of a G proteitbupled receptor, emphasizing the traffickirerycling,and
degradatiorvia ubiquitinationof GPCRsThis figure has been reusétl.

Proteasome

Upon entering the endosomel GRshave two possible fates: they caither be ecycled
to the plasma membrane or guided to other locations along the endocytic pathway, such as
the lysosomeln most cases GPCRs are recycled to the plasmabnage, but the fate of

the GPCRss determined by specific signals within early endosorAesexample of such




a specific signain be-adrenergic receptowould bethe disruption of crucial domain

interactionsof anadaptor proteinvith the GPCRhat promotedegradation over recycling
[40]

1.1.1 Classification nomenclature & signaling pathways

Classification of GPCRs igrucial to gain a more thorough comprehemsiof the
fascinating molecular machineny a systematic wayrhe initial classification of GPCRs
that wasput forth is known as the GRAFSystem, with stands forGlutamate(G),
Rhodopsin(R), Adhesion(A), FrizzledTaste2(F) and SecretinS) classesFigure 3)
Later, theClass HFamily of receptors asreclassifiedwhereTaste2 (T family of receptors
were allocated a separate cl#3s The Rhodopsin class is the largesth around 700
receptorsand consists dbur major sukclassed) , b, with 12asubdivisipns??l,
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Figure3: Classification of G protekcoupled receptor family based on the GRAFS classification sy$tam.
figure from has been reused with permission.




In arptherclassification system GPCRs weligided into sevegroupsA-F and O, but this
was later modified to only six classes i.e-F&*. TheClass Ais Rhodopsidlike receptors,
Class Bis Secretinlike, Class C is for Metabotropic glutamédtke receptorsClass D is
Pheromone receptor§lass ECAMP receptors and€lass Ffor Frizzled/Smoothened
receptorsThereceptorghatdo not have a defined function or endogenous ligantdave

structural similaritieso the GPCRsre termed a8 mphan receptors*®.

Comparison of a particulaesidue positiorwithin GPCRshas beemmade easier due to
existing well-establishedequencdasechumbering methodir Class A“®l, Class B4,

Class d*8and Class 9. The romenclaturaised in thesaumberingsystems consists of

two parts. The first number represents the helix, ranging Trivth to TM7. The second
number indicates the position of the residue relative to the most conserved position, which
is designated as 5tbr exampld N1.50 (97%) D2.50 (94%), R3.50 (96%), W4.50 (96%)),
P5.50 (77%), P6.50 (100%), and P7.50 (96%)For instance, the vallR49represents a
residue located iTM3, which isone positiorbeforethe most conserved residu250).

The conservegositionsof ahelix under questionary among the different GPCR classes.
These systems were further improved ®YCR database5PCRd) nomenclaturdhat
additionally gives insights into the helix constrictions or bulges. This systbased on

the GPCRswhose structures have been determiaed accounts for structubased
sequence alignmenfA uni que separator O6x6 is added t
followed by a numbethat is based on the structural dafar instance, 6.40x41The
conserved residues in the loops can alsovhéten with the GPCRdb nomenclature,
especially residues tfie ECL2. For instance, C45.50here the number 4®lls us that the

loop is between TM4 and TM5. Although, as loops are less structhese are limited
consered residuegshat can be labelled with GPCRdb nomenclati8aperscript can be

used to integrate this numbering scheme with the general residue numbers and-receptor
specific numbers e.gR11F5>00r R3.50x5&1° 1,

Furthermore, it is possible to further categorize the three subunits that constitute G proteins.

Al t hough, the major classification is base
classified into founity,yp®HahdseBachoithesehe U
fami | y o-finitcamferthddbesubdh vi de d . Li kewise, the b
be classified and have multiple members. Such functional and structural diversity makes it

a complicated task in understanding the downstrsignaling pathways of the GPCRS,
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Figure 4: Signaling pathwag for G proteircoupled receptorsThis figure haseen reuse®4 under the
CreativeCommongAttribution license.

Signaling via bothG d and G Umodulatesa common effector, adenylate cyclase, which
catalyzesthe conversion of cytosoliadenosine triphosphat&TP) to cyclic adenosine
monophosphateeAMP), a secondary messendEigure4). It is directly stimulated by the
GUsclass of proteinsConverselypinding of G Winhibits conversion of ATP to cAMBy
inhibiting adenylate cyclase. The levelscytosolic CAMP can activatmembers of the
protein kinase A familyor ion channelsepresentingsecondary effector molecul &Sl
Signaling via G}, activates an effector molecule known as phospholipa3éi€ .enzyme
catalyzeshebreakdown of membrarAgoundphosphatidylinosito#t,5-bisphosphatéPIP.)
into the secondary messengepsitol 1,4,5triphosphat€IP3) anddiacyl glycerol DAG).
The messengéPsbinds tocalcium ion channdlP; receptors located in the ER membrane,
causing the release a@filcium ionsfrom the ER. Meanwhile, BG can activate any
membranebound variants of secondary effector moleclt@own as protein kinase The
calcium iongeleased from the ER actt@stiary messengetbattriggeractivaton of other

proteirs like calmodulir®®. Lastly, signaling via th& W3 stimulates guanine nucleotide




exchange factors for the Rho small GTPagbkikh in turnregulate the actin cytoskeleton
[57, 58]

1.1.2 Constitutiveactivity & ligands

Constitutive or basal activity refers to GPCR activation in the absence of a ligand
subsequently triggering signal transduction pathway(s). Constitutive activity in GPCRs was
first discovered in the 1980s, whép-adrenergic andi-opioid receptor showed basal

activity 15 €0},
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Figure5: Various types of doseesponse curves and a spectrum of relative efficacy for GPCR ligemds.
figure has beereused®!! under the Creative Commons Attribution license.

A diverse array oéndogenous or synthetic ligands can activate GPCRs, and these ligands
can be categorized based on their capacity to facilitate the coupling of different signal
transducers to the receptocggands that maximally activate the GPE&te considered as

full agonists (usually endogenous ligands), and a ligand is known as saggoést when

the maximal effect of the ligand exceeds that of the endogenous figaAgonistswhich

do not induce 100% activation are defined as partial agohig@ndsthat block agonist
activity are called antagonists and can be of two types&rse agonists, which reduce
constitutive activity, angilent orneutral antagonists, which limit the actions of agonists

without affecting constitutive actiwit®! (Figure 5)

These group of ligands typically bind at the same site where the endogenous agonists bind
their cognate GPCRs, and this site is known as the orthosteric binding site or pocket.
Sometimes this orthosteric pocket maybe occupied byNtterminus (aftemproteolytic
cleavage)®¥ or the ECL2 of the same GPCR! andlead toreceptoractivatione.g.,




calcitonin receptolike receptof®® or blockligand access tthe receptoe.g., sphingosine
1-phosphate receptor &1, In addition, GPCRs can also be modulated allosterically by
compounds that bind to a site different than the orthosteric pddikese allosteriigand
bindingsites may present on the extracellular sida thetransmembrane regidtf! and

in some casesven at the intracellular sid®). The allosteric ligands can modulate the
activity of the receptors negatively or positively and are categoagetkgative allosteric
modulators (NAMs) or positive allosteric modulators (PAMs¥pectively Allosteric
modulators can also occur naturally, such as sodium ions and choleSiteyak ligands
interact with both orthosteric and allosteric binding sétedcan eitheibe either agonists
or antagonist&® 7% Someligands can selectively activasespecific signal transduction
pathway, and thiphenomenoms known as functional selectivity or biased signaling. The
ligands that cause this effect are called as biased ligahds

1.13Class A GPCRs

Class A GPCRs or Rhodopsdlike family of the receptors ithe most widely investigated
class and iaccouns for 85% of GPCRsThe Rhodopsitike family includes435sensory
GPCRs(olfaction, vision,tasteand pheromone)197 non-sensoryreceptors(excluding
orphany and 87 orphan receptdfél. The nonsensory receptors can be categorized into
eightdifferent broad classes according to the type of ligand that stimulatesphaain,
peptide, nucleotiddipid, steroid, alicarboxylic acid, melatoniand aminggic based on
GPCRdb®. Such diversity of ligand recognition makes this group of receptors an
interesting therapeutic target ardéore than 500 drugithat are available on the market
target class A GPCRs of which thrgearters are synthesized against amicereceptors
and 10% for peptietactivated receptors. These drugscover disease areas like
cardiovascular diseases, pulmonadyseases hypertension, depression, glaucoma,

Par ki ns o rcénserasbiciatedasysngtonamdmany more’>l.

Class A GPCRs have a standard GPCR structure as described previously in this thesis
(Figure 1,section 1.1). GPCR activation requires intricate rearrangement within the core
receptor which is facilitated by certain key motifs. Different classes of GPCRs possess
different set of functional motifs that undergo major rearrangement to cause a global
corformational change in the receptor. These functional motifs are highly conserved within

every class. The unique set of motifs observed within Class A GPCRS\&d® motif




(C6.47, W6.48, P6.50) also known as toggle swittf’] PIF motif (P5.50, 13.40, F6.44)
[78. 791 allosteric sodium pocké®®, NPxxY (N7.49, P7.50, Y7.53) motf*'83 and DRY
(D3.49, R3.50, Y3.51) motif¥ (Figure 6).

CWxP

Asp2.50
NPxxY
DRY

Figure6: Conserved motifs of Class A GPCH#$e figure has been adapted aedsed®! underthe Creative
Commons Attribution license.

The CWxP motifresiduegC6.47, W6.48, P6.50) have a sequence conservation of 71%,
78% and8% amongst the rhodopsin family of receptBr The proline causeshelix kink

of about 38, which is 18 more than usually found for prolines TM helices!®¢l. C6.47

and W6.48 are the most important residues of the motif that undesigecainrotamer

shift depending on the receptor stéte®®] but thisdata was found to be inconsistent within
the rhodopsin famil{f 1. Although, site directechutagenesis of C6.47 or W6.48 is known

to affect receptor signalingr ligand recognitior® %, Interestingly, the CWxP motif is
known to influence the residues involved in the NPxx¥tif and the sodium pocket of
class A GPCRE",
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The PIFandCWxP motifs arespatially proximalandtogetherform a larger motif known
as the transmissiswitch("® %11, This larger motifconfers rearrangemeritsthe orthosteric
ligand binding pocketaffecting ligand interaction and consequentlyconformational
changeson the cytosolic sideThe PIF moti (P5.50, 13.40, F6.44position 3.40 may
possessmallerhydrophobicamino aciddike valine or isoleucindorming PVF or PIL

motifs respectivelyin class A GPCRE?,

The activation of class A GPCRs involves the expulsion of the sodium ion from the receptor
which leads to theollapse of the sodium pocket. Thuse sodium ion acts as a negative
allosteric modulator in class A GPCKY. This sodium ion isittached vianultiple polar
sidechains and a fedirectly coordinatedvater moleculesThe sodium pocket is typically
comprised othe residue®2.50(90% conserved)S3.39(75% conserved)N7.45(70%
conservedandN7.49(75% conserved @n aspartate hereroughly 20% conservedbut

in certain GPCRge.g., neurotensirreceptorl) other residues at positiom$1.50 (97%
conservellandS7.46(66% conservedmay also become a part of the allosteric sodium ion
pocket®. Note that N1.50 is the most conserved position within the rhodopsin f&thily
Similar allosteric effects can also be observed in presence of otherosgaaliccations

like amiloride instead of sodium id¥¥!.

The NPxxY motif is recognized for its important contributionthie receptor activation
pathway ands locatedin the TM7 4. Inwardmovement of TM®Huring activatiorallows
for crucial interaction like a hydrogen bond formation between Y7.53 and Y5&&]
Y 7.53 with residues in the TM3 (3.4346 and R3.50f the DRY moti}, whichstabilizes
the active state of the recept8P %l The position7.49 maybe be an asparagif®%o
conservedpr an aspartat€20% conserveddnd7.53 is a tyrosine (89% conservethis
N(D)7.49has been reported tdsobe a part of sodium pockEf!. The other roles of the

NPxxY motif includestabilizing the receptdor receptor internalizatiol].

Lastly, the DRY motif (D3.49R3.50,Y3.51), where theositions 3.49 i87% conserved
with a negatively charged receptor, 3i8®3% conserved with arginine and 3.55486
conserved withyrosine The R3.50 forms an ionic lock with the D3.49 in TM3 and with
E/D6.30 in TMb [84 98991 |n certain GPCREke chemokine receptor CCREhe position

6.30 may contain a lysine, where the R3.50 interacts with the K6.30 via water mediated

11



hydrogen bondB%, The breaking of #se ionic interactionss essential for the activation

of the receptoas the R3.50 can interatditectly with the @subunit of theG proteirs 101,

Apart from these motifsreotherhydrophobic pocket has been observed in Class A GPCRs.
This hydrophobiclock consists ofesiduepositions6.40, 6.41, 3.43The breaking of the
hydrophobic lock between TMBM®6 allows the outward movement of TM6 which is key
for receptor activationThe rearrangement of tkeresidueshappens in conjunctiowith

the other conserved motiémdcrucial for receptor activatiof’? 103l

A conservedearrangementf the motifshas beerpreviouslydescribed after analyzing
active and inactive state structures of several B®This rearrangement tifieconserved

motifs residuesidechaingeads to larger changasthe TM helices leading to themward

or outward movementotation,and tilt An inter-helical or interresiduecontactsmap of

over 400 class A GPCR structuragveaéd a canmon mechanistic pathwayom the
extracellular ligand binding site to the intracellul@r protein coupling site via the
conserved motifsSequence conservation analysis of each GPCR class shows that most

residueresidue contacts can be formed in at least 30% of recéjjftrs

A study that involvedhe active and inactive stag®uctures ol 3 class A GPCRs revealed
thattheoutward movement of the TM&upported by TM5 and TMig a common hallmark
activating feature within thehodopsin family.The movement at the extracellular side of
TM6 is by about 2A, whereas thenovement on the intracellular side can range freh3 7
A. Moreover, TM6 also undergoesatation of about 38upon activationSimilarly, the
cytosolic end movememntf TM5 is about 2A on anaverageandTM7 also may experience
eitherextracellular orcytosolicside movemesstranging from 24 A roughly %4, These
movementswithin the three helices are supported by the presence of a helixvkick
exists due tdighly conservegroline located at the position X.50, where X carnékces

5, 6 or 7114191 Additionally, TM3 acts as an important helix in stabilization of a specific

receptor state due to its high residue contact frequency to the other regions of the receptor
[96, 106]

Hence, the activation of class A GPCRs may be describmzhasrteccomplexeventghat

includes the binding of a ligand, alterations in thsidue sidechain rotamers of highly

12



conservedtlass AGPCRmotifs, and concomitant modifications in the overalbvement

(inward or outward) and rotatiaf TM helices, ultimatelyollowed byG proteincoupling.

1.2Impact of protonation on GPCRs

H,O + — +

Ventilation

Excretion

Figure 7: Mechanism of the acid base homeostasis in the human body. This figure has beenaahpted
reusel (171,

The blood pH in humans ranges from 77385 in absence of pathological states. The
bicarbonate buffer system (Figure 7) alone is not sufficient to maintain pH homeostasis
during consistent and large adddse imbalance. The biological membranes allow for
passive diffusion of certain selected ions, although a controlled selective ion transfer is
more efficient in regulating pH within different cell compartméif8 Several membrane
proteins play a role in pH regulation by transporting ions selectively alpassive
transporti often regulated by ion channel&}” or against a gradierfactive transport

often regulated by ion pumps, which can be either antiporters or sympdttérs)
converting byproducts that create pH gradiéiit§ and detecting protons or pH changes

to trigger different signaling pathwa{}$?l. A few examples arbla’-H* exchanges (NHE)

(1131 monocarboxylatéd* efflux cotransporter§MCT) 14 Na'/HCOs cotransporters
(NBC) 1151 carbonic anhydrasé8!! and pH sensing GPCHRS2. The least understood
membrane proteins that respond to the-deise imbalance are pH sensing GPCRs.

1.2.1 Proton sensingGPCRs

Proton sensing GPCRsense extracellular pkb undergo conformational changend
subsequent activationf various signaling pathways?. Proton sensing GPCRsay an
important role in different pathological staté® cardiovascular diseases, tumor biology,

13



pulmonary diseases, fibrosigmflammation, neuropathy, aridtestinal disorder§-6: 1171
(Figure 8) Thus, making them highlyattractive therapeutic targetget, the molecular
mechanism of ton sensings unresolvedThe proton sensing GPCGRbfamily includes
GPR68(ovarian cancer GPCRi OGR1)1!8 GPR4!'% GPR65T-cell deathassociated
gene8i TDAGS) [*2% and GPR13ZG2 accumulatiori G2A) [*21, Two morereceptors
GPR31 and GPR15appear to be activatday slightly acidic pH'??, althoughthey are

very distant based on sequesaailarity.

GPR4

mediates leukocyte activation
adhesion to aggravates
endothelial cells inflammation

can increase intestinal
inflammation in murine
models

activation in vascular endothelial
cells causes ER-stress

role in ischemic both tumor-suppressing and
stress and related tumor-promoting effects have
pH decrease disease been described

c‘.'in_raduce_ acidification

angiogenesis .

ang cn)-igetaslasws detect ?;;?ZS&G
acidification in
inflammation cAMP
and in the TME expression

widely meodulated by To(E5TER
GRS lysophospholipids altered during

and/or spingolipids ORI (T

invelved in widely expressed

tumor-induced in human tumors
immunesuppresion

strongest expression

acidification mainly in lymphoid tissues

increases IP; and
calcium signaling

Figure8: The physiological and pathological properties of the proton sensinf@suly of Class A GPCRs.
Abbreviations: ER: endoplasmic reticulum, cAMP: cyclic adenosine monophosphate, DRG: dorsal root
ganglia, LPS: lipopolysaccharide, -& : inter| eutkimmor6 ., netMNPB: s factor
microenvironment, SMC: smooth muscle cells, C&Xcyclooxygenas®, PGI2: prostaglandin 12. The

figure has been reus&é! under the Creative Commons Attribution license.

Proton sensing GPCRs aubiquitously expressed under physiological conditions. Based
on cell typespecifictranscriptomedatal?® 124 GPR68 is found in high proportion in the
endothelial cell$'?® and immune cell§?%, GPR65 and GPR132 are restricted to mainly
immune cell$'?” 128land glial celld*?® 139 whereas GPR4 is majorly found in endothelial
cells, adipocytes and smooth muscle déifs!®? The sensing rangs the proton sensing
GPCRs varies widg from pH 5.5 to 8.0'¢l, as does the usagesifinaling pathways3*!
(Figure9).

Initially, extracellular histidine$*? and, more recently, buried acidic residéd have
been suggested to play a key role in the proton sensing function of the receptors. To date,
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experimental protein structures of the proton sensing GPCRs are publicly unavailable
making it difficult to establish structure function relationships.
GPR4
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Figure9: In vitro pH activation range, preferences for signaling pathways, and signaling of the proton sensing
GPCRs. The following figure displays the pH activation range for each of the four receptors, namely TDAG8
(GPR65, green), G2A (GPR132, blue), GPR4 ()l and OGR1 (GPR68, red). Abbreviations: AC:
adenylyl cyclase, cAMP: cyclic adenosine monophosphate, Rho: Ras homologue, ROG&&sBtiated
coiled-coil-containing protein kinase, PLC: phospholipase C, PKC: protein kinase €], [Catracellular
calcium concentration, Ras: rat sarcoma protein, MAPK: mitesgtivated protein kinase(s), PI3K:
phosphoinositide-&inase, Akt: protein kinase B, LPAR: lysophosphatidic acid receptor, S1PR: sphirgosine
1-phosphate receptor. This figure has been reti$&dnder Creative Commons Attributidicense.

Certain lipid molecules have been described to bind to proton sensing GRGRs
galactosylsphingosine  (psychosine)binds to GPR65 %1 and 12-(S)
hydroxyeicosatetraenoiecid binds to GPR311%], GPR68 GPR4,and GPR132were
proposed to bindphingosylphosphorylcholinand lysophosphatidylcholin€3" 39, put
thes three papes were later retracted.A biologically active neuropeptide, galanin was
shown to slightly activate GPR1%51%, but later studies revealed that galanin is unlikely
to active GPR158#44,

The proton sensing GPR68 and GPR4 undergo oligomerization (both homo and hetero)
with other proton sensing sdiamily members and other lipid sensing GPCRs like
lysophosphatidic acid receptors or sphingodifghosphate receptor$*? (Figure 9)
Though,later studies have suggested beterodimerization o$phingosinel-phosphate

receptorswith distanly related receptors to be unlikéhf®l.
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1.2.2 Influence of pH on GPCRs

An increasen the extracellulaprotonconcentratioraffectsproton sensing GPCR¥et, it
is extensively questionetiprotons are the true endogenous ligands for the proton sensing
GPCRsThere isa divide ovethe questionwhether the proton sensing GPCRes directly

activated by protons eatherallosterically modulatef® 244

Thereis evidence thaadditionalGPCRscan beactivated omodulated byH butare not
classified as pH sensing GPCRsstudy investigatng proton modulatiorof 28 unique
class A GPCRssing 10 independent € e r mi n a | Srbins showiedribat the
receptors were positivelyegatively,or unmodulated by protornis the presence otheir
respectiveagonists andmodulation by protons may depend on the concentration of the
agonist.Furthermorethe study reportethat theadenosineA2a receptomwasactivated by
acidic pH(pHso of 6.25 £ 0.7% in theabsence odnendogenous or synthetic ligarichis
study wasperformedin a yeastbasedplatform using Dynamic Cyanlinduction by
Functional Integrated ReceptdiBCyFIR), which exploitsthe single pheromon&PCR
activation pathwayin the yeast and the fact that thgracellular pH of thesystem is
insensitive tahe changesn the extracellular pH#® 1461 Another example of protonation
dependent activation has previousBenreported for thé,-adrerergic receptor, where the
protonation of the D2.50 (sodium pocket) destabilizes the inactive state of the réé¢8ptor
The observations described above raises the quéstvbether this protonatiedependent
activation is a coincidental characteristic shared by all class A GRP@&hdation by pH
has also been witnessedecalcium sensing receptor, a class C GP@Rerethebinding

of the endogenouagonist i.e., calcium ionsor other polycationi@agonistsis modulated
by pH*48l,

G proteirsinteract withGPCRs at the intracellular side of the receptor after agonist binding.
In various pathological states like ischendad neuroinflammatiort**¥ %54 or other
metabolic stres§?, the intracellular pHcan drop to about 6-6.8. The pH sensing
structural motifs in the Radge domainand helical domains have been describedHer
mammalianGU subunit which govern itsstability and conformationFor instancepne
study indicated thahe Q] subunitmay posses®nizable residueis the buried regions of

the proteirwhosepKa is upshifted Typically, the residues that act as proton sensors have
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pKa values close to the physiological rar&®l. Thus, it is crucial taot only focus on

extracellular pH but alsonthe intracellular pH in understanding the behavior of a GPCR.

Subcellular compartments like the endosomdsich play an important role in GPCR
transport to the plasma membrane and recy&ffhexposeGPCRs tan intraluminahcidic

pH (pH 4.5-6.5) [53. 154l GPCR signaling from the endosomes is possital G proteinor
b-arrestin Most of the endosome based GPCR signaling has been shalidyg withclass

B GPCRslike vasopressin receptor type'®! and parathyroid hormone receptor type 1
(1561 hut has been also witnessed in class A GP@sb2-adnergic receptdt®’. Larger
compl exes termed as Omegapl éaresinand the® i c h
proteinhas also beeobservedn certain casewhereb-arrestin binds to th€-terminus of

the receptort?>> %8 Sych data has openednew avenuedor novel drug discovery
opportunities where ligands could sustain or infgbiiosomal GPR signaling*®® 1601

In special casepH can influence ligand behavior and GPCR activatidrere the ligand
binds to an ionizable residue in the binding pockatch an example ithe p-opioid
receptothathasa histidineresidue in the ligand pocketnd under acidic conditions, H6.52
gets protonated and prevetitgndbinding 16,

1.23 Role of protonation in the activation of class AGPCRs

Hydrogen bonds play a role in prottnansfer processes and canpmentially seen as
intermediates to thegerocesse$'®?. Some studies highlight the role of complex water
mediated hydrogen bond networks in the activation of GPCRs likp-tpeoid receptor
and U-opioid receptor!®3l and theimportanceof conserved water networks in class A
GPCRg%4,

The impact ofprotonationon GPCRs can be better understood itnyestigatingthe
structual details at an atomistic levelhe energy required for the conformational change
within class A GPCRss governed by the proton movement from the extracellular side to
the intracellular sidef the membrandriven mainly by thalifferences in the membrane

potentiall*6],

Proton transfer would require ionizable residysslarresiduespr water molecule8°!,

Highly conserved class A GPCR motifs seem to contain highly conserved residue positions
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like D2.50(sodium pocketjn the core of the receptor7.53 (NPxxY motif) and/E 3.49
(DRY motif) at the cytosolic en’l. The D2.50 and D3.49 are titratable and can activate
the receptor when protonatéithese motifs and conserved titratable residues are supported
by other polar residues amutderedwater molecules within GPCR® form aproton
transfer networlallowing proton transfer from the extracellular side to the intracellular
side where the source of protons is likely to be the extracellularidioleement of protons
would alter the dynamic properties within differerggions of protein causing helix
rotations or fts and formation of new interactions favoring a particular conformation

(active or inactivg!*67],

Neutralization of D2.50, which is situated in tbaried core of the class A GPCRs,
abolishes receptor activati@s studied by mutating to an asparadiffé The sodium ion
that acts as a negative allosteric modulator of class A GPCRs binds mainly to @2y50
to show the importanaef negatively charged2.50[%. The energy barrier f@odium ion
transferis higher than thafior protontransfer. Although, mtonationof D2.50 leads to the
expulsion of the sodium ion to the cytoplasmic sigeeducing the energy barrier allowing
movement of the sodium id#°. This would cause the collapse of the sodium pocket
causing proximity of S3.39 to D2.50 which leads to deprotonatioD2.50 and by
involvement of ordered water molecules aother polar residues mainly from the
conserved motifs e.g., Y7.53 would allogwentual protonation of D3.49. Upon its
protonation the salt bridge between R3.50 and D3.49 would break leadirsgserieof
alteredinteractiors and TM helix rearrangement leading @ proteinrecruitmentand
subsequent activatidtf’l. Apart from theabovementionedmotifs, C6.47 (CWxP motif)

is regaded to play arucial rolein the supporting theydrogen bond networlormed by
D2.50 and\'7.450f the sodium pocketindN.7.490f the NPxxY motifi’”l. Additionally,
computationapi et ddri eaieipracepior heawe dhoven a comparable
activation mechanisrto the one described before for rhodopsémthe inactive state, the
DRY motif is not involved in the larger hydrogen bond network, but it becomes part of it
upon receptor activation. These studiesused onproteinwater H-bond network and

conformational dynamics using graph theBfyi.
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1.3 GPR68

1.3.1 An orphan proton sensing GPCR

GPR68 is an orphan classphoton sensingsPCR!!?. GPR68 is also known as ovarian
cancer GPCR 1 (OGR13s it was first isolated from ovarian cancer céliBR68has been
mapped to chromosome atthandl4q31 GPR68 has 365 amino acids and has a molecular
weight of about 4kDa 18], Structurally, GPR68 is predicted to have the typical class A
GPCR structur¢Figure 1A) It hastwo N-glycosylation sites in thE-terminus along with

a putative site proposed in teetracellular loop £, Overexpressed GPR68 in theman
embryonic kidney HEK293) cells has reported to be glycosylated at two sites with a
molecular weight of 5&Da 7%, Apart from the highly conserved disulfide bond within
class A GPCRs i.e., C3.2545.5Q0 GPR68may have an additional disulfide between
C13?4.C258C-3 171 GPR68can be activated by protons alone arfuliy active at about

pH 6.66.8 and fully inactive at about pH 7881112 172l GPR68 carsignalvia G 112 173

174 GO 175 1761 gU 77 or GUionspathways'™, b ut t her e i-@mrestino evi d
coupling*”. Weak homodimerization and heteromerizatidrG PR68with other proton
sensing GPCRs like GPR13%®! and GPR4 or other lipid sensing GPCRs like
lysophosphatidic acid or sphingosifhieeceptomhas beepreviouslydescribed*? (Figure

9).

1.3.2 Expression andpathology
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Figure 10: The normalized expression (nTPM) levels of the GPR8 mitochondrial RNA (mMRNA) in 55
different tissue types. This figure has been reused fhenHuman Protein Atlas databd%él. The website
(https://www.proteinatlas.org/ENSG000001197GRR68/tissue) was accessed on 05.03.2024.
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Overall, GPR68 § expressed quite ubiquitously at a low to moderate fEelt has been
observed to bdighly expressed in thpituitary gland,small intestine, placenta, lungs,
brain, and kidney*'& ®(Figure 10) GPR68 is highly expressed in certain cell types like
the immune cells like neutrophif§! and TFcells!*®2, smooth muscle cells of the aols!

and esophageal mucd$¥], skeletal myocytes and epithelial cells of lungs and intestines
[1121 GPR68 overexpressiomas been observed irarious pathological stateske solid
tumors [170: 185 1861 inflammatory bowels disease (IBIFf7], and idiopathic pulmonary
fibrosis*88l, Interestingly, ssingleresiduemutationL74Pin GPR68cause amelogenesis

imperfecta®],
1.3.3 Proton sensing

The proton sensing function of GPR&&s initially linked to the extracellular histidines
(1121 (Figure11). A studybased orcytosolicinositol monophosphate 1P4) accumulation
involving GPR68single mutations of the histidine to phenylalanine showed that +£7
H20'3L H84°" H169°? and H269°¢ were describedcrucial for the poton sensing
function of the receptqrwhereas mutation of H892 H159-%3 or H175°2 had no
significant effect on the proton sensing functiéf?. The proton sensing function was
inhibited by the single mutants H269 and H245°2 where H245%?wasproposed to be
important for the structural integrity of the recepbased on homology modelifg?. A
four-histidine mutant of H1#28 H20'3!, H84%%" and H2693° where all residues are
mutated to phenylalanine, does not completely abolish the receptor futtsastingly,
some receptor activity wasgained after exposure to more aciditpld 5.9 for the above
described mutanté!?l. Additionally, early homology modelling has predicted hydrogen
bonds between HI7-H84%57 and H23-*1-H26936 1121, A separate study examining the
function of extracellular histidindsased otAMP accumulation revealed that the majority
of single extracellular histidines mutants involving alanine and phenylalanine exhibit
distinct behavioandsuggestdthatthe histidines may have a lesser impact on protonation
compared to their rolmaintainingthe structural integrity of the receptor. H20 and H169
were identified aghe most important histidinesdividually crucial for proton sensing
function of the receptorThe joint replacement oevenhistidinesby alanine(H17+%8,
H20M31, H84267 H89352 H159-63 H169C2 H175°"?) decreasetheefficacytoless than
10% compared to the wiltype (WT)GPR68and a 30dold decrease ipotency*®?l. Later
studies revealed that the buried acidic triad @¥87E149°3 D28249 (Figure 11)was
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responsible for the proton sensing function of GRRb&reE149->3waspredicted to have
an upshifted pki**4. Although GPR68has beesuggested to biavolvedin co-incidence

detection of protong34 145 19llgggesting an alternate endogenous ligand
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Figure 11: The snake diagram of GPR68 highlighting the proposed structural elements of GPR68 for pH
sensing. This figure was prepared using the GPCRdb wébsite

1.3.4 Mechanosensing

Mechanosensing is suggested to be an additipugtive functionof GPR68125 192]
Mechanesensation may occur via membrane stretcshear stres&®® %41 GPR68 may
potentially recognizehear stress ahe blood flow via N-terminal glycosylationlike b-
adrenergic receptdt®® or via influence ofmembrane stretchy the movement of the
amphipathic helix 81°6. Additionally, a study whereall the crucial histidingsH17*28
H20'3L H8457 H16FC? and H26335 werechangedo phenylalanineshoweda loss in

boththe proton sensing and mechanosensing funaifcBPR682°],
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1.3.5 Modulation via divalent metal ions

Varying results have been reported for GPR68 modulation via divalent metal ions. Earlier
studies suggested Zrnand C@" ions to inhibit GPR6®ased orGU; signalingwhen it is
fully activatedat approximately pH 6.8'2. Another G, signaling based studpdicated
Fe*, Zr?*, C&*, Ni?* and Mrt* as agonists as they activate GPR68 at neutraf $H
Similar resultswerereportedby a different group that investigated cAMP based signaling
171 Although, theagonistic behavior of divalent metal iowss not obsendfor GPR68
when checked for signaling vtae GUi2/GU.s pathway 1981, More recent studies showed
that GPR68can be allosterically modulated by divalent metal i@*, Co**, C#*, Fe,
Mn?*, Ni*, and ZR") andthe modulation isnfluenced by pHand the concentration of
metal iond'’Y. Studies that performecdmology modeling of GPR68 with two disulfide
bonds suggestl a tetrahedron modefor metal ion ceordination, where thefour
extracellular histidinegH17%28 H20'3% H8457 and H168%"?) could ceordinate a zinc
ion 171, Additionally, GPR68 withmultiple extracellular histidineeplacementéH1 725,
H20'3F, H842¢F, H16FC-2F, H2693%) did not respond to metal iormiggesting the
intertwined role of protorteon and metal ion modulatidhl,

1.3.6 Small moleculeligands

In addition to the abovementionedmetal ions, there have also been reports of various small
moleculeligands that can act as positive allosteric modulators of GPR68. A lyzsest
screen revealed thddenzodiazepineske lorazepam, diazepam gndgerin are non
selective modulators for GPRE&! (Figure 12), and lorazepam promotes biased signaling

of GPR68 via the cAMP pathwa}?®l. Docking studies of lorazepam using a homology
model of GPR68 followed by mutagenesis studies highlights that lorazepgmmontact

polar residues like B50*%4 R18%42 Y2445 andY 268° and form norpolar contacts

with W77260 1101332 F17355L H269 3¢ and L2723°175]. An improved form of ogerin,
called ACompound 710 wafad mor potent thanyogetitfle si z e d
(Figure 12). Three peptide ligands were discovered that are positive allosteric modulators
of GPR68 osteocrin, cocaine and amphetaminezgulated protein CART), and rat

corticotropinf?ll, The osteocrin peptide is reported to Held more potent than ogerift!.
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A dibenzazepine derivative that acts as a GPR4 antagonist had an antagonistic impact on
GPRG68 at concentratisexceeding 1 pMP°, A vinca alkaloig conophyllinemay inhibit

GPR68 in cancer associated fibroblast®l. Recently, he inhibitory effects of
Cephalotaxus harringtoniavar. nana extractlong with homoharringtonine on the
generation of inflammatory cytokines have beepored with the mechanism being
dependent on the expression of GPH88. A small molecule screen against zebrafish

GPR68 led to a discovery of a selective inhibitor called as ogremdfffhifFigure 12).

N \r/, W F N\]_; N

N N

Ogerin Compound 71 Ogremorphin

Lorazepam Diazepam Conophylline

Figure 12 2D structures of GPR68ntagonists{Ogremorphin)and allosteric modulatorf_orazepam,
Diazepam, Ogerin, Compound 71 and ConophyllinB)e structures are represented without explicit
hydrogens

1.4 Working with G Protein-Coupled Receptors

It has been estimated thé@i 85% of humanGPCRs with potential therapeutic benefits
have not yet been targeted with drlf§¥. The paths to reach a potentiaveldrug for a
GPCR are mostly via a combined effort infunctional high-throughput screeningof
compound librarieandstructurebasedn silico drug discovery?°® 2%l Both theroutes are
lined up with complex challengeshis subsectionhighlights thechallengs facedduring

thestructurebaseddrug discovery rowt

Several techniques are the core of drug discovery research such as protein structure
determination viaX-ray crystallography, small anghk-ray scattering (SAXS), nuclear
magnetic resonance (NMR) and cryogenic electron microscopy-E)o molecular

dynamics simulations and molecular docking for struebased drug discoveRP? 2. In
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scenarios where the 3D structure is not determined for GPCRs, homology or structural
modeling has been extremely helpful for gaining insights into such GBE&RsRecently
developed Adbased structural modeling tools likdphaFold?*® are expected to play a
huge role in drug discovery in the futdf&. Other widely used techniques to study and
characterize GPCRs and perform ligand screening are radioligand binding &s8ays
DNA encoded librarie8*®l, surface plasmon resonar@é!, resonance energy transfef!

and other assays for detecting receptor activatidn
1.4.1 Expressionand purification

Selection of an appropriate heterologous expression of human GPCRs is a crucial as
differentexpressiorsystems come with different drawbagcisdthe expression system can
have a substantial influence on the proteurity and yields The initial challenge of
working with the membrane proteins like GPCRs is that they are difficult to express and
produce in sufficient quantities for structural studies due to various factors like their
complex structure and poor stability which stems freaveral reasons ducas the
membrane embedded hydrophobic regions of the receptor along with intrinsically
disordered regions like loops and ternttAi 22X and thénherentpropensity of GPCRs to

be highly dynamic proteins, as they rely on conformational change for their function.
Additionally, a low expression levels a frequent problemvhen working with GPCRs.
GPCRs are well known to contain pasinslational modifications which further
complicates the expression and production of GPARs.importance of cholesterol
binding to GPCRs and its role in allosteric modulafféfl makes it challenging to work

with expression systems likescherichiacoli. Although, successful GPCR expression in
Escherichiacoli have beemeported forsome GPCRs like rat neurotensin receftdtin
inclusion bodieshuman adenosine recept® with an antagonist and fusion protein
modification and human opioid receptofé®]. Furthermore, anothemajor set of
challenges arrive during downstream protein purification process where the GPCRs when
extracted from their native environment (membrane) tend to be highly unstable which leads
to unfolding or degradation of the GPCR!.

The baculoviruexpression system in insect cellghe mostfrequently usecdkxpression
system for GPCRs and have yielded the highest number of GPCR striréirédost
GPCR studies use the following insect cell lifggodoptera frugiperdést9), Spodoptera
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frugiperda(Sf21) orTrichoplusia ni(High Five or Hi5) for receptor overexpression and
productioni??l, Insect cells are more expensive and complex to work with in comparison
to theE. coli or yeastbased systems, but they are cheaper and easier to work with than
mammalian cell line&?8. Nevertheless, insect cells are easier to agalor high yields

and the receptors overexpressed in insect cells are likely to have the corrtretstetion
modifications necessary for structural and functional integhityther inherent drawback

of insect cell expression systems is the variations in the plasma membrane lipid
composition in comparison to mammalian cells. The membranes of insect cells have a low
cholesterol level, a high quantity of phosphatidylinositol,d aan absence of
phosphatidiserine??6: 22°1 Furthermore, the lytic pathway of viral infection might lead to
protein degradatioid?® 2%l Despite the limitations of insect cells, they are the most popular
choice of expression system for pursuing structural studies of GPCRs.

Mammaliancells lines like human embryonic kidney (HEK) and Chinleamster ovary
(CHO) are he nextwidely usedchoicein GPCRstudies These cell lines can be usted

GPCR functional assays usually as adherent cells and for protein overexpiEssion
suspensionulturel??6: 221 Mammalian cell lines provide a natilike environment to work

with human GPCRs, as they have the most favorable lipid composition of the plasma
membrane and enzymes for ptrsinslational modifications. Although, mammalian cells
provide lower yields incomparison to other expression systems, and they are more

expensive and difficult to work witk2¢ 232

After the selection of an appropriate expression systieennext challenge is totilize
techniques to improve overexpression of the receptor amsliteessful purificatioof a
stable and correctly folded proteiBelow is a compilation of commonly employed
strategiegor increased celsurface expression @PCRs and overafiroteinstabilization

throughout the purificatioprocess

GPCRs thatvereexpressedn high amounts werdiscoveredo posses®ptimal codons

for efficienttranslation whereas the GPCRs expressed in low amounts were found to have
suboptimal codons whichdecreasedranslation %2, Thus, ©don optimizationby
replacement of subptimal codons with more frequently used codons in a particular
expression system isiequently usedtrategyfor GPCRsTargeted expression of GPCRs

to the plasma membrarneoften achieved by usinthe influenza derived hemagglutinin
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signal peptide (MKTIIALSYIFCLVFAA)2%, Overall improved expression for GPCRs
has been witnessed bgdition ofthe KozaksequencéGCCACCATGQ at the 5 endor
eukaryoticexpression systenf®% and by sageof a srong promotee.g.,polyhedriniz34
for insect cell expressigmnd humanCMV (cytomegaloviruspromoterfor mammalian

cell expressiof?=®!,
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TAL fragment Flavodoxin Xylanase Rubredoxin Cytochrome meIL

Figure13: This figureillustrates commonly used fusion proteins which are inserted in the ICAR3EHCR,
shown as anakediagram. This figure has been reu&etl.

Modifying the receptolis a major strategy employddr achieving increased receptor
stabilization or foenabling smooth receptor purificatiokddition of fusion proteing the
intracellular loopgICLs), mainly ICL3,acts as a twgoint fusionattachment strategy and
assists in further stabilization of the GPQRigure 13)?%¢l. A few examples of commonly
used fusion proteins arebredoxin(PDB ID: 1IFHM), C-terminal fragment of 4 lysozyme
(PDB ID: 207A), xylanase PDB ID: 2B45), flavodoxin(PDB ID: 1110), thermostabilized
apocytochrome d3.RIL (BRIL) (PDB ID: 1M6T) and thermostable glycogen synthase
domain fromPyrococcus abys$PGS)(PDB ID: 2FBW)[236 2371 Recently, a threpoint
fusion attachment strategy usirgf calcineurin(PDB ID: 4IL1) was established mainly
aimed at cryeEM based structure determinati&i®l. It is important to note that this
strategy likely favors the inactive state of the receftersause of the modification made
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in ICL3 which is an important interaction site for G proteins couplartd it also has
variable lengths amongst GPCRs as well as high flexiti#y Furthermore, addition of
fusion in ICL3is known to improve crystal contact formatiorfusion caract as a fiducial
marker during2-dimensional 2D) classification in cryeEM data processing.g.,addition

of calcineurin fusior?®® or BRIL fusion in ICL3 allows for complexation withnti-BRIL

FAB and Anti-BRIL-FAB nanobody?®’l. Another strategyoften implementedfor
increased receptor stability and structure determination viaE&as the co-expression

of G proteins together with the target receptor to generate an active state complex that may
be more stable than just purifying the receptor aléie Specifically, addition of BRIL

fusion to theN-terminus of recombinantly expressed GPCRs has proven to improve overall
overexpression and stability of recept&f§l. Moreover, tuncating the termini or other
flexible region strategically may also improve protein expression, reduce chances of protein

degradationand promote overall protein stabilifj*: 24?1

Apart from these modifications, strategies likage of receptor specific ligands or other
modulators like metal ions that bind to the target receptor can be added dupngtéie
expression angurification process to impart additional stability to the recéfffdrLastly,
mutations ofresidues that form theonserved motifs can be mutated to lock and stabilize
the receptor in a particular conformatiétfl. Other strategies can be employeddentify
point mutations which likely increase receptogrmostability aralanine/leucine scanning
2451 ‘anddirected evolutiomutationapproach?*®l. Additionally, mutaton of residuescan

be performedbased omutation prediction tools lik€ompoMud?*6l, whichusessequence
and structurdbasedcriteriaalong with machine learning help predictthermostabilizing

mutations

Some modifications to the receptor sequence are also made to specifically ease the
purification process likeaddition of tags for enabling purification of recombinantly
expressed proteife.g., poly-histidine tag, FLAG tagStrep-tactin tag etc) [243 247, 248]
Protease cleavage sitew endopeptidasesay be added after tags or fusion proteins
mainly when introduced at either terminus to assist in remove or cleavage of the protein if
required 24, Moreover, thiol modification >l may improve receptor stability if the
receptor contains free cysteines. In GPCR purification protocols, DTT is often used for

reversible modification and iodoacetamideifoeversiblemodification of cysteines.
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Extracing GPCRsrom their nativeenvironmentin the cellis the first essential step of the
purification and is termed as solubilizatioiithe most usedeagent for solubilization of
GPCRs are detergeni&he charge of theedergentsand the length of the hydrophobic tail
(the shorter the tail, the harsher the deterggat) an important rolen the ability to extract
the proteins from the cells. lonic detergests considered harsh and @ther be anionic
(FC-12: n-dodecylphosphocholink?) or cationic(LDAO: N,N-Dimethykn-dodecylamine
N-oxide). The zwitterionic detergents like CHAPS:3-[(3-cholamidopropyl)
dimethylammonio]l-propanesulfonatare lessharsh than the ionic detergents but more
harsh than the nelonic detergents. Noeionic detergents like DDMn-dodecytb-d-
maltopyranosideor LMNG: lauryl maltose neopentyl glycol are considered as mild
detergents. The mild detergemt&y not affect the proteuprotein interactions but may
impact lipiclipid or proteirlipid interactions, whereas harsh detergevesn though more
effective in protein extraction may cause the denaturation of the membrane Btbtém
DDM and LMNG are the most widely used detergents for GPCR studies in combination
with CHS: choleteryl hemisuccinatea(detergent often used to reazholesteroduring
the purification proce3&+’l. A major drawback of using detergents is that tlepface the
lipids which are bound to the target receptarn{aar lipidg, which may contribute to
additional instability of the receptBP3l. Othermembrane mimetitodsthat are popularly
usedto stabilize GPCRare bicelles?%* 255 amphipolsi?®l, syntheticco-polymers like
SMALPS[?%7, saposidlipoprotein nanoparticiike Salipro?8, nanodisc&, liposomes

2601 andpeptidiscd?H.
1.4.2 Structure determination techniques

The two most widely used techniques fiooteinstructure determination aceyo-EM [2621
andX-ray crystallography?®3l. Structuredeterminatiorof GPCRs is crucial fostructure
baseddrug discovery to yieldnd optimizenovel compouds. Within the lastyearsthere
has been a significant rise in the numbecrgb-EM determined structures of GPCRs in

comparison tX-ray crystallograph{f®4,

The significant bottlenecfor both the structure determination technique is a stpble,
and monodispersed proteff> 2561 X-ray crystallography of GPCRs caried outusing
lipidic cubic phase(LCP) crystallography!?6”- 2681 Optaining crystalscan be time

consuming and may even take yeasst is an iterative processhis iterative procesmay

28



involve optimizing theprotein constructvith mutations fothermostabilizing the receptor
269 different fusion proteins for establishingtimalcrystal contactand overall stability
2361 "and the receptor that remains stable throughoutrystal formation proces3.he
flexibility of the constructgifficulties in establishing crystal contac#sd the time required

for obtain the first crystals can be very difficult to addf8s>"!

With single particlecryo-EM a lot of theproblems ofX-ray crystallographyre solved as

it does not require crystalg 2017, the first structure of a GPCR was determined using
cryo-EM 271, Typically, cryo-EM as techniqués optimalfor structure determinatiaifthe

size of the target protein is ~100 kDa, but GPCRs usually have a molecular weight in the
range of35-45 kDal?’?l. To circumvent this problem, GPCRs are often complexed @ith
proteind?”® or b-arrestin?’“ which results in a complex size of ~1185 kDaor the GPCR

can bemodified by adding a BRIL fusion protein in the ICL3 whicdin further complex
with a BRIL-specificantibody RAB fragment along withmanti-BRIL-FAB nanobody?">

278l leading to a complex size of ~120 kD¥nother strategy involved inserting a chimeric
BRIL with an extra linker sequence derived from thgx Adenosine receptor. These
approaches have been previously described and proven effétive

The overall stability issue for the structure determination techniques can be counteracted
with the usage of a ligand, which predatially locks the receptor in a stable conformation
264,277 Cryo-EM being a faster technique lessens the burden of the overall stivitite
protein in comparison to structure determination Waay crystallography.Other
advantage otryo-EM is that it requires less amounts of protein and is more tolerant

towards sample heterogeneity gndsence of small amounts of contaminiits

Before the last decadine resolution obtained witk-ray crystallography wasigherthan
cryo-EM, but the development in the past decades have significantly improved the
resolutions of thgrotein map that can be determined arigo-EM 278289 Thus, opening

new avenues for structure determinatiocaiplex proteins
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1.4.3 Moleculardynamicssimulations

Atomic resolution structuresf GPCRs arerucialfor structurebased drug discovery and
for establishing a structufeinction relationshipAt the same time, onaustconsider that
GPCRs are highly dynamimolecules whose function depeandn their propensity to
undergo conformational changgsection 1.1)Additionally, some information about the
GPCRfunctionalitymay be lostlue to modifications bjusion proteins, taggruncations
or point mutations for improved thermostabilitgnd placement into anon-native
environment e.g., detergerfsection 1.4.1)

MoleculardynamicgMD) simulations can be used to complemexperimental structural
data or functional assay$he first MD simulation performed fo6PCRs was fothe
dopamine D2 receptdf®. Technology improvementsy CPUs, GPUs, and parallel
processing within GPUs the last decaddsave enabled simulations of larger systé&fits
2831 Additionally, continuous developments of molecular dynamics simulatiohother
analysigoolshavesignificantlyhelped investigatig GPCRs. A few examples of such tools
are: he widely used input generation toGHARMM-GUI 284 internal watemolecules
prediction tool forGPCRs HomolWat 12®5 GPCR specific structural modeling tool
GOMoDo [?1? 286] 1o for analyzing MD simulationdDAnalysis packag&®l, andthe
GPCR molecular dynamics databa&®CRnd 288, MD simulations have improvethe
understandingof GPCRsfrom a pharmacologicaand GPCRconformational dynamics
perspectivao unravel different binding modes for allosteric modulatthe,role of the
loop regions and G protein couplinginterfaces?®®. Additionally, posttranslational
modificationslike palmitoylation?®®, the influence ofcholesteroland the lipid bilayer
compositionon GPCRg?%% 221 and GPCRoligomerization?®® were simulated using

molecular dynamics.

Moreover, MD haprovento be helpful in thisnvestigaion of conserved watenolecules
in GPCRs?4 that revealed thdormation of internal continuouswater wireswith
significant residence timd$®®!, and how these water moleculsspport conformational
changes within GPCRs for receptor activation inroodination with conserved GPCR
motifsi*®3], The role othesodium ion asnegative allosteric modulatwith investigations

into residues influencing thanetics of sodium bindinglternate entry point®r sodium
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into GPCRsand importance of sodium exchange for GPCR activation was establish by

work performed usingD (16,

Techniques liketeered MD may be useful in understanding of the transitions between
receptorconformationsput theseare likely to beéss unbiased and stressedit into the
nonphysiological time scales that are typically required for these evé@ften,
informationaboutthe atomic detailss lost when using coarsgrained MDsimulations to
investigate broader questioaBout the conformational landscape over longer timeframes.
Even though MD requires experimental validatignbut still forms a vita tool when
investigating questions related to GPCRat cannot be addressed due to experimental

limitations 296,
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2. Aims & Objective

The primary objective of this thesis was to determinesthecture of the inactive state of
GPR68 and to perform functional studies to understand the mechanisms involved in proton

sensing.

GPR68 is an orphan proton sensing GPCR that senses protons, but the proposed proton
sensing mechanisms of GPR68 lack conseHs$tig** 144 GPR68 is a therapeutically
relevant target as it is overexpressed in various pathological $#4t#8! and acts as a
marker in different types of cancéf®l. Currently, only positive allosteric modulators have

been described for the recepfdrt’

The objective of my thesis was to obtain the structure of GPRG68 in its inactive state, with
an antagonist bound. An atomic resolution 3D structure of GPR68 would enable me to
establish structure function relationshgndwould be valuabldor structurebased drug
discovery. To determine the structure of GPR68, lipidic cubic phase crystallization for X
ray crystallography and single partiobkeyo-EM should be usedFor crystallography,
GPR68 constructs withrminal or ICL3 fusionshould be generated promote crystal
contacts. For cry&M, primarily GPR68 constructs with ICL3 BRIL fusiatmould baised

which can be copiexed with Anti-BRIL FAB and an Anti-BRIL FAB nanobody to
increase the receptor's size to approximately 110 kDa, as this modification would facilitate

cryo-EM analysis.

Whilst pursuing structure determinatiom, structural model of GPR6&hould be
investigated using classicalMD. This involves comparing a standard protonation
simulation to a set of protonation simulation where specific residues were protonated.
Additionally, the Bridge2 softwaré®®® 303 should beused to generate and investigate the
dynamic wateimediated hydrogen bond networks from each simulation to further enhance
our understanding of the proton sensing mecharksinther a homogeneous tinresolved
fluorescence assaif? should be established assess the functionality of GPR68 using
IPraccumul at i @isignalinggpatiwhayeas eéGngasure of receptor activation. This
assayshould complement theomputational worlby testingthe function ofidentified,

putativelyrelevant residues.
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During thethesiswork, an artificial intelligence based structural modeling tool, AlphaFold
was first describe&*%. Its description compelled me to incorporate AlphaFold into my
research to keep up with the latest advancements in the field and to test the potential of this
software to predict rigid continuous helices when substitwmigtracellular loop with a

fusion protein and investigatinipe behavior of AlphaFoldbased structuramodels in

classical molecular dynamics.
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3. Materials & Methods

3.1 Materials

3.1.1GPR68gene synthesis

All the constructs designed for the investigation of GPR68 were synthdsyzed
GeneArtM (ThermoFisher Scientific)The GPR68 constructs were coemptimized for
the selectedexpression systetice., HighFivé™ cells (insect)or HEK293 cells(human)
The GPR68 constructs that are designed for insect cell expression were subcloned in
pFastbacl usingamHI and EcoRl restriction siteswhereas the constructs designed for
HEK293 cell expression were subcloned ppDNASYFRT, using BamHI and Notl
restrictionsites. Additimal construct details include the presence #foaak sequence
followed by a start codon at tiNeterminus and a stop codon at xerminus The amino
acid sequencdsr the GPR68 constructanbe foundin the Appendies(Supplementary
1).

3.1.2Cell lines
Name Supplier / Distributor
Escherichia col(DH10Bac) competent cell Gibco™ (ThermoFisher Scientific)
Escherichia col(DH5U) competent cells Invitrogen™ (Thermd-isher Scientific)
HEK293H Cells Gibco™ (ThermoFisheBcientific)
HEK293 Cells Sigma Aldrich (Merck)
High Five™ Cells Invitrogen™ (Thermdrisher Scientific)
Sf9 Cells Gibco™ (Thermdrisher Scientific)
3.13 Cell culture
Name Supplier / Manufacturer

10X Heatlnactivated FBS (HI FBS)

Gibco™ (ThermoFisher Scientific)
Performance plus

Carbenicillin Disodium Salt Gibco™ (ThermoFisher Scientific)
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CellfectirE Il Reagent

Gibco™ (ThermoFisher Scientific)

Dulbecco’s Modified Eagle Medium
(DMEM), high glucose, GlutaMAE ,
pyruvate

Gibco™ (ThermoFisher Scientific)

Dulbecco's Phosphate Buffered Salin
(No C&*or Mg?)

Sigma Aldrich (Merck)

Expi29F Expression Medium,
GlutaMAXE

Gibco™ (ThermoFisher Scientific)

Gentamycin

Gibco™ (ThermoFisher Scientific)

InsectXPRESSM Proteinfree Insect
Cell Medium

Lonza

Kanamycinsulfate

Gibco™ (ThermoFisher Scientific)

Lipofectamin& Transfection Reagent

Invitrogen™ (ThermoFisher Scientific)

Luria Bertani (LB) (Lennox) broth / age

Sigma Aldrich (Merck)

Opt-MEME | Reduced Serum Mediun

Gibco™ (ThermoFisher Scientific)

Penicillin-Streptomycin (10,000 U/mL)

Gibco™ (ThermoFisher Scientific)

Polyethylenimine (PEIMax
(MW 40,000)

PolySciences

Sf-900E Il SFM

Gibco™ (ThermoFisher Scientific)

Sodium butyrate

Sigma Aldrich (Merck)

Tetracycline

Sigma Aldrich (Merck)

TrypLEE Express Enzyme (1X),
no phenol red

3.1.4 Equipments

Name

Gibco™ (ThermoFisher Scientific)

Supplier / Distributor

Akta FPLC/Explorer/Purifier

GE Healthcare

AQUAIline AL 571 water bath

Lauda

Avanti }20 XP/ 325/ 326 XP centrifuge

Beckman Coulter

Axiovert 25 Zeiss
BBD6220CO.-incubator Heraeus
Benchtop pH meter pH 50 VioLab Basic| Carl Roth

Blue/Green LED Transilluminator
FG-09WS

Nippon Genetics

CasyTTC Cell counter

Innovatis

Centrifuge 5415 R/ 5810 R/ 5702 R/ 5424
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Comfort / Premium Nofrost Fridge

Liebherr

Cooling cabinet unichromat 1500

UniEquip

Dionex Ultimate HPLC 3000

Thermoscientific

Dounce homogenizer Wheaton

Dri-Block DB100/2 Techne
EasiGlowi glow discharge system Pelco
EB170S incubator Jouan

EconoeColumn for chromatography Bio-Rad
Ecotron HT Multitron standard/ Multitron Infors

E-gel powerBase v4

Invitrogen™ (ThermoFisher Scientific)

ELx405 HTi washer

Bio-Tek

FINNPIPETTE F1

ThermoFisher Scientific

Freezeii 80°C

Sanyo

Freezeii 80°C HERA freezer

Heraeus

Freezeii 80°C TSX Series

Thermo Scientific

Glass syringes for LCP

Hamilton

Heracell 240i CO2 incubator

ThermoFisher Scientific

Heracell™ 150i CQ-incubator

ThermoFisher Scientific

Highlight 3001 / SZX16

Olympus

HiLoad Superdex 2006/600
preparative grade

Cytiva

iBlot 2

Invitrogen™ (ThermoFisher Scientific)

Innova 4000 incubator shaker

New Brunswick Scientific

Lab armor beadath

VLM GmbH

Laminar Air Flow BDK

Luft und Reinraum Technik GmbH

Lipidic cubic phase (LCP) mosquito

SPT Labtech

Magnetic StirreRH basic 2

IKA

MicroLoops LD

Mitogen

Multidrop Combi

ThermoFisher Scientific

Multifuge X1R centrifuge

ThermoScientific

Mx3005P

Stratagene

NanoDrop One

Thermo Scientific

Nitrogen decompression
4635 cell disruption vessel
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Pheonix liquid handler

Art Robbins Intruments

PHERAstar FSX

BMG Labtech

PIPETBOY 2 Integra
Pipettes
(2.5uL, 10pL, 20 pL, Eppendorf
100pL, 200pL, 1 mL)
PowerPac Basic Bio-Rad
Powerpack 25 T Biometra

Prometheus NT.48

NanoTemper Technologies GmbH

RI-1000 incubator and imager

Formulatrix

Rotator drive STR4

Stuart scientific

Rotor HE121, IL117

Eppendorf

Rotor JA 25.50/ 9.100/ 8.100

Beckman Coulter

SeeSaw Rocker SSL4

Stuart Scientific

Sonorex RK

Bandelin
Sprouti Mini centrifuge Biozym
Superdex 200 increase 10/300 GL Cytiva
Superose 6 increase 10/300 GL Cytiva
Superose 6 increas¢150 GL Cytiva

Swinging bucket rotor JS 5.3

Beckman Coulter

T3 Thermocycler

Biometra

ThermoMixer C

Eppendorf

Unix-C SEG300 4.6300

SepaxTechnologies

Unstirred water bath

Grant

Vitrobot Mark IV1 plunge freezer

ThermoFisher Scientific

Vortex VV3 VWR
Weighing balance
ED6202S/ TE214S/ ED426RW/ Sartorius
ED6202S0CE
3.1.5Disposales
Name

Supplier / Distributor

Amiconi Ultra centrifugal filters
(Molecular weightutoff:
30kDa, 50kDa, and 10kDa)

Sigma Aldrich(Merck)

Anti-FLAG M2 affinity gel
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Cell culture petri dish100 mmx 20 mm)

Corning

Corning,CoStarStripette
serological Pipettes
(5mL, 10mL, 25mL, 50mL)

SigmaAldrich (Merck)

DeepWell Block (96ewell)

ThermoFisher Scientific

Disposal bag Sarstedt
E-gel 1.2% Invitrogen™ (ThermoFisher Scientific)
Erlenmyer flask (250 mL) Corning
Falconi plasma vacuum gas treated
tissue culture flasks Corning
(25 cn?, 75 cn#, 175cnm)
Falcons' High clarity polypropylene tubeg Corning

(15 mL, 50 mL)

Laminex Glass base (0.2 mm) and cove

Molecular Dimensions

MatrixE Reagent Reservoi(d0 mL.)

ThermoFisher Scientific

Monolith NT.115 series High sensitivity
capillaries

NanoTemper

Multiwell plates (6well)

Corning

NuPAGEM 4-12% BisTris Mini Gel

Invitrogen™ (ThermoFisher Scientific)

Parafilm Bemis Flexible packaging
Pipette Tips (1@QuL, 200puL, 1 mL) Eppendorf
Poly-D-lysine Solid white flat bottonplate Comning

(384well)

Precision wipes

Kimtech / KimberlyClark professional

Purple Nitrile Xtra gloves Kimtech
Quantifoil R0.6/1.0 300Au Quantifoil
Quantifoil R0.6¢/1.0 300 Cu Quantifoil
Quantifoil R1.2/1.3 30@u Quantifoil
QuantifoilR1.2/1.3 300 Cu Quantifoil

Roller bottles (850 ci@) Corning
SafelLock Tubes Eppendor
(0.5mL,15mL,2mL,5mL)
Safeseal surphob pipet tips Biozym

(10pL, 100pL, 300pL 1 mL)

Soft tissues

Henry Schein

StrepTactin XT 4Flow high capacity

IBA Lifesciences

TALON superflow cobalbasedesin for
immobilized metal affinity chromatograph)
(IMAC)

Clontech (Takara Biotech)

Tissue culture flask
Nuclon delta surface

(25cn®, 75 cn?, 175 cnd)
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TouchNTuff nitrile gloves

Ansell

Zebaspin desaltingcolumns

3.1.6 Chemicals and reagents

ThermoFisher Scientific

Name Supplier / Distributor
(2-(N-morpholino)ethanesulfonic acid)
(MES) Carl Roth
1-oleoyl-rac-glycerol(Monoolein) Sigma Aldrich
3-[(3-cholamidopropyhdimethylammonio]
1-propanesulfonate](CHAPS) Anatrace
3-isobutyt1-methylxanthingIBMX) Sigma Aldrich
3x FLAG peptide NeoBiotech
4-(2-hydroxyethyl}1- Sigma Aldrich

piperazineethanesulfonic adidEPES)

5-bromao-3-indolyl-3-D-galactopyranoside
(Bluo-Gal)

ThermoFisher Scientific

5x Colorless GoTaq Flexi Buffe

Promega

7-diethylamine 3-(4-maleimidylphenyl}4-
methylcoumarinCPM)

ThermoFisher Scientific

Adenosine triphosphat@TP) Sigma Aldrich

Bicine Sigma Aldrich

Biotin Sigma Aldrich

Bovine serum albumin Sigma Aldrich

Cholesterol Sigma Aldrich
Cholesteryhemisuccinateris salt (CHS) Anatrace

cOmpletéM EDTA free protease inhibitor

Roche (Sigma Aldrich)

cocktail
Copper chloride CarlRoth
D-glucose Fluka Analytical

Dithiothreitol (DTT)

SERVA Electrophoresis GmbH

DNA molecularweightmarker X1V (100 bp
ladder)or XVI (250 bp ladder)

Roche (Sigma Aldrich)

DNase | Roche (Sigma Aldrich)
Ethane 2.5 HiQminican Linda
Ethanol Honeywell
Ethylenediamine tetraacetic agiDTA) Carl Roth
Forskolin Sigma Aldrich
Foscholine-12 (FC-12) Anatrace
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Glycerol

Sigma Aldrich

Glyco-diosgenin(GDN)

Anatrace

HT 96 MemChannel Eco Screen

Molecular Dimensions

HT 96 MemGold Eco Screen

Molecular Dimensions

HT 96 MemGold2 Eco Screen

Molecular Dimensions

HT 96 MemGoldMeso Eco Screen

Molecular Dimensions

HT 96 MemMeso

Molecular Dimensions

HT 96 MemTrans Eco Screen

Molecular Dimensions

Hydrochloric acid 32%

neoFroxx GmbH / Merck (Sigma Aldrich)

Imidazole Merck (Sigma Aldrich)
Inositol monophosphate (P Sigma Aldrich
lodoacetamide Sigma Aldrich
Isopropanol Abcr GmbH

Isopropytb-D-1-thiogalactopyranoside
(IPTG)

ThermoFisher Scientific

JBScreen LCIHTS

Jena Biosciences

Laemmlisamplebuffer 2x/ 4x

SERVA Electrophoresis GmbH

Lauryl maltoseneopentylglycol (LMNG)

Anatrace

Leupeptin

Roche (Sigma Aldrich)

Lithium chloride

Merck (Sigma Aldrich)

M13 forwardprimer (100 uM)
Cat#11-20551/2

MWG-Biotech AG

M13 reverseprimer (100 uM)
Cat# 1120552/2

MWG-Biotech AG

Magnesium chloride

Merck (Sigma Aldrich)

Magnesium chloride, 261M

Promega

NBT-BCIP solution

ThermoFisher Scientific

n-dodecytb-D-maltopyranosidéDDM) Anatrace
Nickel () sulfate Merck (Sigma Aldrich)
Octyl glucoseneopentylglycol (OGNG) Anatrace

Pefabloc SC (42-Aminoethyl)}
benzolsulfonylfluorié-hydrochloride)

Roche (Sigma Aldrich)

Perfect Protei Markers, 15150 kDa

469149 Merck (SigmaAldrich)
Ponceau S Sigma Aldrich
Potassium chloride Sigma Aldrich
Potassium dihydrogen phosphate Sigma Aldrich
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Potassium hydroxide Carl Roth
Potassium phosphate dibasic Merck (Sigma Aldrich)
Precisionplus proteindual color standards, :
500uL #1610374 BioRad
Precisionplus proteirk all blue prestained BioRad
proteinstandards #1610373
Precisionplus proteirE unstainedprotein BioRad

standards#1610363

Quick Coomassie stain

SERVA Electrophoresis GmbH

Sodium azide SigmaAldrich
Sodium bicarbonate Merck (Sigma Aldrich)
Sodium carbonate Merck (Sigma Aldrich)
Sodium chloride Carl Roth
Sodium citrate Sigma Aldrich
Sodium dihydrogen phosphate monohydr, Carl Roth
Sodium hydroxide solutio(il N) Carl Roth
Sodiumphosphate dibasic Sigma Aldrich
Zinc chloride Fluka Analytical

3.1.7 Commercial kits

Name

Supplier / Distributor

iBlot2 nitro-cellulose transfer stacks

Novex (ThermoFisher Scientific)

IP-One Gq kit

Revvity

Plasmid DNA

miniprep/ midiprepgigaprepkits

3.1.8 Antibodiesand enzymes

Name

Qiagen

Supplier / Distributor

Anti-GPR68polyclonal,produced in rabbit
Cat# 720277

Invitrogen (ThermoFisher Scientific)

Ant-mouse 1 gG (whol

alkaline phosphatase antibody produced Sigma Aldrich
rabbit Cat# A4312
Anti-rabbit IgG (whole moleculd) alkaline
phosphatase antibody produced in goat Sigma Aldrich

Cat# A3687

DYKDDDDK tag (Anti-FLAG) antibody
produced in rabbit,

Cat# 606401-383
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GoTag® G2 Flexi DNA polymerase
(5U/uL), Cat# M780B

Promega

PentaHis antibody, BSAfree
produced in mouse&at# 34660

3.19 Softwares

Qiagen

Name Supplier / Distributor
Adobe acrobat read@023.00820555 Adobe
Adobe lllustrator 2021 Adobe

Anaconda / miniconda3.110-2

Anaconda Inc.

Bridge2 (HBond network analysis)

[300, 301]

Chromeleon 7

ThermdrisherScientific

Co0t 0.9.8.92

[303]

CryoSPARC and CryoSPARC Live4.1

Structura Biotechnology Inc.

EPU Ver 3.2.0.4766REL

ThermdrisherScientific

ExXPASy server

[304]

Graphpad Prism 10

Graphpad Software Inc.

Marvin Sketchl7.24.3 Chemaxon
Microsoft Office 365 wersion 2308 Microsoft
MXPro Stratagene

Nanoscale Molecular Dynamics 2.14

[305]

Phenix 1.21

[306]

PheraStar FSX Reader Control

BMG LabTech

PR_Thermocontrol 2.1.1 EN

NanoTemper Technologies GmbH

PyMOL 2.4.1

Schrodinger

Rockmaker3.17.9.1

Formulatrix

TALOS, TIA, FluCam Viewer

ThermoFisher Scientific

Unicorn 7.8

Cytiva

Visual MolecularDynamics 1.9.3
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3.1.10 Small molecule ligands

The small molecule ligands (antagonists) used in my thassBoehringer
Ingelheim proprietary ligand®r. Matthias Hoffmann (Boehringer Ingelheim, Biberach,
Germany)provided me withadequate amountsf the ligands.The proprietaryligands
(Ligand 1, Ligand 2 and Ligand 3) were identified by screening human GPR68
Additionally, ogremorphin(CAS# 35256321-4), a publicly available antagonist, identified

by screening zebrafish GPR&&sused in mythesis.
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3.2 Methods

3.2.1Molecular biology

DNA Resuspension

Lyophilized GPR68 construct DN$A5 ug) wereresuspended in 5aL of sterile water
(theoretical concentration of 10@/uL).

Transformation% Blue-white screening

Competent cells aliquots were thawed on it@.ng of plasmid DNA(pFasBacl or
pcDNAYFRT) was mixed with50 pL of Escherichia coliDH10Bac(for pFastBacl)pr
Escherichia coliD H 5 (fbr pcDNAS/FRT) competent cells in 1.5 mEppendorftubes
The mixture was incubated on ice for@in. The mixture was exposed to heat shock in a
water bath at 4 for 30 s and immediatelyput on ice for 5min. The mixture was
transferred tdd mL round bottom tubes (Falcon, Corning) adtD uL of superoptimal
broth withcatabolite repressiomedium (S.O.Gnediun) was addedThe tubes were then
incubated in the shaker at 37°C fon &t 250 rpm

10-20 pL of a culturewith 100 uL of S.0.C medium was plated onto a LB agar plate
containing50 pg/mL kanamycin, 7ug/mL gentamicin, and 1@Qug/mL tetracycline 40
pg/mL IPTG and 100 pug/mL Bluo-Gal for bluewhite screening ofpFastBacl
recombination, whereas LB agar pkteith 100 pg/mL carbenicillin were used for
pPpcDNAYFRT vector recombinant screeninthe plateswvere inverted and incubated
37°C for 48h. The pFastBacl plates were additionaligubated at 4C for 2448 h.

For thetransposegFastBacl vector, lite colonies(2-3) were picked.Each colony was
inoculated in 3 h LB medium containing0ug/mL kanamycin, f1g/mL gentamicin, and
10 pg/mL tetracycline The inoculated medium wascubate overnight at 250pm and
37°Cin a shakerAfter the incubation, theulturewascentrifugedfor 15 min at 300C® g
and 4°C The supernatant was discarded, and the pellets were stai@a&tor directly

used for plasmid DNA extraction.

For thepcDNAYFRT plates oneisolated single colonwas inoculatednto 80 mL LB
mediumcontaininglO0pg/mL ampicillinin a 250 mLbaffledErlenmeyeflaskand grown
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overnight at 120pm and 37°C in a shakeérrhis setup is henceforth termed as-pudure.
Thispre-culture waghenutilized to inoculate 4 x IL of LB mediumcontaininglOOpg/mL
ampicillin in 5 L baffled Erlenmeyerflasks in a ratio of 1:50i.e., using a preculture
inoculum of 20mL per literof culture The Erlenmeyeiflasks wereincubatedovernight
for approximately 8 h at a speed of 118pm and a temperature of 37°@&fter the
incubation, theulturewascentrifugedfor 30 min at 300 g at4°C. The supernatant was
discardedand the pellets were weighed and stored88°C or directly usedor plasmid

DNA extraction.

Plasmid/Bacmid extraction

The HiSpeed Plasmid Mi/Midi/Giga prepkits from Qiagenwere usedto extract the
bacmid or plasmid DNA from the cell&fter the bacmid DNAextraction 1 uL (out of 40

ML) was removed for polymerase chain reaction to confirm successful recombination of
DNA. The remainingDNA was stored &at20°C until further use.

Polymerase chain reaction (PGH3acmid DNA

The master mixvas preparedccording to the following tabEnd49 pL of the master mix
was addedo the 1uL of bacmid DNA

Components 1x
BacmidDNA lpuL
5x PCR Buffer 10puL
Deoxynucleotide triphosphate 1L
(dNTP) mixture (10 mM each
Taqg Polymerase (B/uL) 0.5uL
MgCl2 (25 mM) 3puL
H20 325uL
M13 forward prime20 uM) 1uL
M13 rewerse primef20 uM) 1uL
Total 50 uL

M213 forward primer sequence:-ECCAGTCACGACGTTGTAAAACG3’
M13 reverse primer sequencé:AGCGGATAACAATTTCACACAGG-3
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PCR Setup
Steps Time and Temperature | Cycles
Initial denaturation 5minat 94°C 1x
Denaturation 45sat 94°C
Annealing 45sat 55°C 35x
Extersion 5minat 72°C
Final extension 7minat 72°C 1x
Hold at4°C -

After the PCRthesamples wereonfirmed for successful recombination usaggrose gel
electrophoresis using the-gel system from InvitrogeriThe PCR mixture (5QuL) was
mixed with 5uL of 10x loading buffef50% glycerol, 20nM EDTA, bromophenol blue)
15 pL of the sample mixture was loaded in per well on the gedgEL.2% agarose
Invitrogen) together with th&00 bp DNA Molecular Weight Marker XIV (Rochehich
was usedas a standardlhe gel was run for 3@in. The norrecombinant DNA \as
identified by the presence of a band at 300wdgch is the size of the bacmiflhe bacmid
which is transposed with the targetinterest in the pFastBacl vectmsa size 0~2300
bp + size otarget ofinterest.

3.22 Protein expression and production

Cell maintenance andouning

The cell maintenance was performgdce a weeklby laboratory scientistéor Sf9 cells,
High Five™ cells, andHEK293F cells The Sf9 cells were cultured BSF900 11l SFM
medium (Gibco), High Fiv# cells (Hi5) in InsecteXPRESE medium (Lonza) and
HEK293F cells in Expi29%F , GlutaMAXE (Gibco) The insect and mammaliacells
were always examinedfor contamination,shape and size&inder a microscope and
subsequentlgountd using a CASY cell count@nnovatis) All the cell culture work was
performedn laminar air flow under sterile conditiorighe cell culture medium was always

prewarmed aR7°Ceither in the incubator or water bath27T.
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Insect cells

Transgction

Sf9 cells wereseeded 100.8 3 1P cellswell in a 6well plate. The 6well plate was
incubate at 27°C for 3045 min to allow the cells t@adhere to the bottom of the welhe
following solutionswereprepared for 2 wells:

The Solution Acomprised oR pgof GPR68 bacmid DNAL0 ul) in 200 pl of ESF900

[l SFM medium(Gibco), andthe Solution Bcomprised ofL6 ul of Cellfectin Il reagent
(Gibco)in 200pul ESF900 I SFM medium (Gibca)Solution Bwas added to th®&olution

A and this mixture was incubated for BOn at room temperatur13 pl of this DNA-
Cellfectin mixture was addeid each welland the @éwell plate was incubated for [ at
27°C. Then themediumwas removed carefulliyom the surface of the cells, ensuring that
the cells remain attached.mL of freshESF900 Ill SFM mediumwas addedyently to
each welandthe 6well plate wasncubatel for 72hat 27°C Then the media was removed
from the surface of the cells and centrifuged famib at 200® g at room temperature. The

supernatant (PO virus) was stored atG-4intil further use.

Baculovirus amplification

The first amplification (P¥irus) was prepared by seedifg 10° Sf9 cellsin apetri dish
(150 mm x 25 mm The cells were incubated for 30in at 27C to allow the cells to
adhereThe media was removed from the surfacéhef cells and replaced with 2 mL of
fresh medium along with 1 mL of PO virus. Tieetri dishwas then incubated for 1 After
the incubation7 mL of fresh mediunwasadded gently from the walls of the petri dish and
the petri dish was incubated for 48 or @zt 27C. After incubation, the media was
removed and centrifuged forrbin at 500 3 g at room temperature. The supernatarit (P

virus) was stored at *€ until further use.

The second amplification (P2 virus) was preparedniying 42.7 mL ofSf9 clls at a
concentration ol 3 1P cellsimL cells in a 250nL Erlenmeyeflask along with 8.3 mL of
P1 virus The flask was incubated for 48at 27°Cand85 rpm. After the incubationthe
suspension culture waentrifuged forl0 min at 1200 3 g at roomtemperature. The

supernatant (@virus) was stored at *&€ until further use.
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The third amplification (P3 virus) was preparexhctlyas for the second amplification.
The P1 or P3 virus preparation incubation times varetdveen 48 to 7B depending on

the dayof the week when the virus amplification was started.

Test expression of GPR@&®nstructs was performed using the following virus tit€®0

pL/ 500 mL, 300 pL/ 500 mL, 1 mL/ 500 mL, 3 mL/ 500 mL and 10 mL/ 500 mL in High
Five™ cells The experimental procedures involved doing the test expredsiofisshly
prepared virugn a volume of 20 mL, with the viral quantities being changed accordingly.
The test expressions were done in 50 mL fal@rd”C and 140 rpnfor 72 h. After the
incubation of 72h in a shaker, the cells were counted and 1 mL aliquots were taken from
all virus titer expressions, which were centrifuged at 16900 for 5 min at room
temperatureThe cell pelles were resuspended 850 pL distilled watetbased on for every

13 10° cell count.

After resuspension of the pell@ uL of the sample were mixed wiB pL of 23 Laemmli

buffer and loaded onttluPAGE™ Novex bis-tris gelsin NUPAG™ MES SDS running

buffer for 35 min at 200 V.Proteins were transferred to the nitrocellulose membrane using
the iBlot2 system fokVestern blotanalysis As primary antibodythe penteHis antibody
produced in mouse (Sigma Aldrich) was used, and as a secondary amitodyouse

l gG (whole mol ecul e) T al kaline phosphat a:
(Sigma Aldrich) was used. The expression titer showing the highest expression judged from
band intensity was used as optimal virus amount for GPR68 protein exprésssoraried
typically from construct to construcHowever the final optimal titers were usually in the
range of 100 ul- 1 mL/500 mL expression medium. For approximately 30 constructs out
of all the GPR68 constructs designed for insect cell expression, the preparation of the
amplified baculoviruof wasperformed byAdelheid Loehle, Heike Rapp, Jessi Bretzel
and Julian Friedbf the PEP2 lab, Structural Research Department (Boehringer Ingelheim,

Biberach, Germany).

GPRG68 protein expression in the insect cells was always performed using P heus.
protein expression wamerformedn al.8L FernbacHlaskfilled with a volume of 500 mL
culture mediumper flaskat 27°C at @ rpm for 72 h. The cells were harvestedby
centrifugation aR5003 g for 30 min at 4°C.The cell pellets were stored a80°C until

further use.
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Mammalian cells

HEK293Fcells were transiently transfectad suspension culturés the expression of the
targetreceptor The cells wereplit at a density of 3 1P cells/mLin a volume of 1L and
allowed togrow for 24 h at 37°C, 8% CO2, and 12@m in 850 cnf roller bottles with a
maximumcapacity of 2L. The next day, the cells were transiently transfected using the

following solutions where compositions are described for 1 L expression cultures
Solution 1:50 mL of OptiMem™ + 1 mg of GPR68 construct DNA

Solution 2:47 mL of OptiMem™ + 3 mL of 1 mg/mL oflinear polyethyleneimindPEl),
(molecular weight 40,00Q0. The stock of PEI was prepared in sterile water.

First, the two solutions were individually mixed and incubate fonib each at room
temperatureThen Solution 2 wasnixed withSolution 1, and subsequently incubated for
a duration of 30 minutes esomtemperatureAfter the incubation, 1061L of this mixture
was added to 1 L of HEK293F cell®llowed by addition of 10 mM sodium butyréte
the cells. The expression wasne for72h at37°C, 8% CO2, and 12@m. Thecellswere
harvestedy centrifugation a003 g for 30 min at 4°C.The cell pelletswere stored at
80°C until further use.

3.23 Protein purification

Cell Lyss andSolubilization

The frozen celpelletfrom a 500 mL expressiomasresuspended ih00 mLof hypertonic
bufferi 50 mM HEPES pH 7.4, 800 mM NaCl, 10 mM MgC10% glycerol and 1%
LMNG (or DDM), 0.2% cholesteryl hemisuccinate (CH8)d EDTA-free cOnpletd™
protease inhibitor cocktafll tablet / 100mL buffer)The solubilization in the hypertonic
buffer with detergentsvas carried oufor 1.5 h. The solubilized membranes were then
centrifuged at 50,000 g for 40 min at 4C.
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Affinity purification

One of the following methods were opted for the first purification step.
1. Immobilized metal affinity

The supernatant after centrifugation veapplemented with8LmM buffered imidazole,
pH 7.5, and incubated with TALON Superflow Metal Affinity Resin (Clonjedh5 ml
bed volumeper 500 i of original culture volumg for 2 h or overnightat 4°C. After
incubation, the solubilized protein mixturetive presence of the resin was allowed to flow
through a glass column for packing or was centrifuged at IPfor 5 min at4°C and the
supernatantvas removed using a pipet cargfulWashing was performedith 20 column
volumes (CV)of wash buffeii 50 mM HEPES pH 7.4, 500 mM NaCl, 10 mM Mg3%
glycerol, 40 mM imidazole and 0.01% LMN@&G002% CHS or 01% DDM/ 0.02% CHS
Elutions were carriesvith 5 CV in steps o#f, where volume was equal to25 CV and
incubation time with the elution buffer was1® min for every stepThe dution buffer
comprised o560 mM HEPES pH 7.4, 500 mM NaCl, 250 mM imidazole and 0.003%
LMNG/0.0008% CHS or 0.02% DDM/ 0.004% CHSThe eluates were pooleand
concentrated using a HIDamolecular weight cubff concentrator (Merckip approximate
volumes of 500700 L in preparation for the second purification step.

2. Antibody affinity

The supernatant after centrifugation vimsubated withFLAG M2 resin(Sigma Aldrich)

(2 mL bed volumeper500 nL of original culture volumg for 2 h or overnightat 4°C.
After incubation, the solubilized protein mixture in presence of the resin was allowed to
flow through a glass column for packing or was centrifuged at I@r 5 min at4°Cand

the flowthrough was removegdrefullyusing a pipet. Washing was perfornweith 20 CV

of washbufferi 50 mM HEPES pH 7.4, 500 mM NaCl, 10 mM Mg(3% glycerol, and
0.01% LMNGD0.002% CHS or 0.1% DDM/ 0.02% CHS. Elutions were carried out for 5
CV in steps of 4, where volume was equal to 1.25 CV and incubation time with tloa eluti
buffer was 2830 min for every step. The elution buffer comprised of 50 mM HEPES pH
7.4, 500 mM NaCl, 0.1 mg/mL 33 FLAG peptide (NeoBiotech) and 0.003%
LMNG/0.0008% CHS or 0.02% DDM/ 0.004% CHS. The eluates were pooled and
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concentrated using a k@amolecular weight cubdff concentrator (Merck) to approximate

volumes of 500700 L in preparation for the second purification step.
3. Recombinant protein affinity

The supernatant after centrifugation wasubated withSteptactin XT 4ow (IBA
Lifescience}¥ (1.5mL bed volumeper500 i of original culture volumg for 2 h at 4°C.
After incubation, the solubilized protein mixture in presence of the resin was centrifuged
at 1003 g for 5 min at 4°C and the flowthrough was removed using a pipet carefully.
Washing was performedith 10 CV of wash bufferl 1 50 mM HEPES pH 7.4, 500 mM
NaCl, 10 mM ATP, D mM MgChk, 5% glycerol, and 0.1% LMN®/02% CHS or 0.1%
DDM/ 0.02% CHSand EDTAfree cOnpleted™ protease inhibitor cocktaill tablet /
100mL buffer), followed by washingith 10 CV of wash buffer 2 50 mM HEPES pH
7.4, 500 mM NaCl, 5%lycerol, and 0.01% LMNG&.002% CHS or 0.1% DDM/ 0.02%
CHS and EDTAfree cOnpletd™ protease inhibitor cocktatl tablet / 100mL buffer).
Elutions were carriedith 5 CV of elution bufferin steps ob, where volume was equal to

1 CV and incubation time with the elution buffer wasb for every step. The elution
buffer comprised of 50 mM HEPES pH 750 mM NaCl,freshly added 50 mM biotin
(SigmaAldrich), 50ug/mL Pefabloc SC (Sigma Aldrich), l/mL leupeptinfRoche)and
0.003% LMNGD.0008% CHSor 0.02% DDM/ 0.004% CHS. The eluates were pooled and
concentrated using a k@amolecular weight cubff concentrator (Merck) to approximate

volumes of 506700 L in preparation fosize exclusion chromatography

Sizeexclusion chromatography

Size exclusion chromatograpf$EC)was used as a second and final step for the protein
purificationprocesslt wasperformedusing Superdef00 Increase 10/300 GL or Superose
6 Increase 10/300 GIThe SEC buffer comprised 650 mM HEPES pH 7.4150 mM or

500 mM NacCl,50 pg/mL Pefabloc SC (Sigma Aldrich), 5 pg/mL leupegfRoche) and
0.003% LMNGP.0008% CHS or 0.02% DDM/ 0.004% CHSIhe SEC eluates from the
peak were pooled together and concentrated using kD&molecular weight cuoff
concentrator (Merck) oif Anti-BRIL FAB complexation was performed, ti€®0 kDa
molecular weight cubff concentrator (Merckyvas used
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Anti-BRIL FAB complexation

The Anti-BRIL FAB (FAB) andAnti-BRIL FAB nanobody(NB) wereadded to GPR68
(ICL3 BRIL constructs) in the ratio of 1:1.2:1.2 or 1:1.5fRe complexation components
were purified byJulian Friedel and Adelheid Loeldecording to the protocols previously
publishedAnti-BRIL FAB 276 3%8land Anti-BRIL FAB nanobody=°l,

Purification in presence of ligands

When a ligand was used to enhance the stability of the GPR68 construct, it was introduced
into all buffers during the protein purification process final concentration of 1M of

small molecules or 100M of metal ions
Miscellaneous

In case a purification was performed at pH, Th@bufferingcomponentised was HEPES
and for purifications performed at pH @l@e buffering component used was MB®e
AKTA Explorer orPure was equipped with a UV cell size of 2 mm or 10 mm. All the
chromatograms reported in this thesis are normalized for 10 mm UV Alklthe
purification steps were carried out &4 Stocks were prepared for a maximum storage for
up to 3 months. Buffer pH was adjusted at room temperature using Nil@E!.

Membrane preparation (optional):

The frozen cells pellet from a 500 mL expression was resuspended in 100 mL of hypotonic
buffer (0 mM HEPES pH of 4, 10 mM MgChk, 20 mM KCI, DNase, and tablet of
EDTA-free cOnpletéd™ protease inhibitor cocktafll tablet / 100mL buffer). Membrane
preparation was performed using the cell disruption vesstdie nitrogen bomb (Parr
Instrument Company) at 3farfor 30 min. Thecell lysate washen centrifuged 80,000

3 gfor 40minat 4°C.

Alkylation (optional):

Certain protocols involved alkylation of resuspended lysed pellet before solubilization in
the dark, where 2 mg/mL iodoacetamide was used to block free cysteines irreversibly. Then

the normal stepstarting from solubilization were carried out, as described above.
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3.24 Protein analysis

Protein concentration measurement

Estimations of concentrations for the purified protein samples or extracted plasmid DNA
was obtained usintyanoDrogM One (ThermoFisher Scientific) at 280 nm and 260 nm
respectively. The concentrations were calculated based on the-lBemberts law.
According to the BeeLambertlaw, the absorbance, A, is directly proportional to the molar
concentratiorfc). The equatio® = U x | x ¢, represents the relationship between the molar
absorption coefficientdj and the cell path length (Ifhe molar extinctioc o e f f i ci ent
guantifies the intensity of light absorption by a chenscdistancat a specific wavelength.

For proteins this is mainly derivdxy thenumber ofspecific amino acids in a protein which

act as chromophores litg/ptophan, tyrosineand cystein&'%, The extinction coefficient

of DNA and RNA is influenced by certain functional groups present in the nucleotide bases,
such as the amino and keto groups. Purine bases, namely adenine and guanine, exhibit a
higher capacity for UV light absorption comparedotsimidine bases, namely cytosine,
thymine, and uracil. This disparity can be attributed to the presence of an additional double
bond inside their ring structul&.

SDSPAGE

Sodium dodecyl sulfaté polyacrylamidegel electrophoresi$SDSPAGE) was first
described in 1970 when the head of bacteriophage T4 was being investitfatedS
PAGE is often used to analyze the purity of the protein samg@éed on separation
dependent on the molecular weight of the protBiAGE is a biochemical method that
enables the separation of proteins based on their electatighmobility, which refers to
their ability to move rapidly in an electric fielBriefly, SDS is aharshanionic detergent
that denatures the protemaking it lose its higher order structure and forcing them to
become lineaandeffectively coaing the denatured protein in a net negative charpas,
after the exposure to SD&Il the proteins ira sample have a net negative charge and a
similar net charg@¢o-mass ratioTherefore, m the context of SD®AGE, the separation of
molecules is based on their mass, rather than their ch&ige

Increased aggregation of membrane proteasbeen observed aftezating omoiling of

samples. ThuSDSPAGE samples prepared in this study weresatijected to any prior
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heating oboiling before loading them on the g&".. Also, it has been reported previously
that membrane proteins whemalyzed via SD¥AGE show differences between the

theoretical molecular weights and observed molecular weights on th® 808 gel®),

The samples prepared fropellets supernatanand flowthroughs from the first step of
purification (affinity-based) were mixed with 2 Laemmli sample buffer(Serva
Electrophoresis GmbHWwhereasany other sample was mixed with £aemmli sample
buffer. The sample buffers wesalditionally mixed withdithiothreitd (DTT) to obtain a

final concentration of 50 mM. DTT was added to reduce the disulfide bonds in the protein
sampleThe protein ladder used for the gels Wascision plus proteth all blue prestained
protein standards #16103{BioRad).

The NUPAGE® 412% BisTris precast Mini Gel§éThermoFisher Scientifjc wereused to
perform SDSPAGE of protein samples where the running buffer used NvB3AGE®
MES SDS running buffefThermoFisher Scientific. The electrophoresis was carried out in
a Xcell SureloclE Mini-Cell chamber (ThermoFisher Scientifidlhe SDSPAGE gels
were runat 2@ V for a duration of 35 minThe gels were stainedvernightby Quick
Coomassie StaifBerva Electrophoresis GmbFy visualization of thgroteins while the

backgound wadle-stainedusingdistilled waterovernight
Western Blot

For Western blding or immunoblotting the gels afteSDSPAGE were notstained and
subsequently transferred onto a nitrocellulose memhrsimg the iBlot2 systemand the
nitrocellulose transfestacks(Invitrogen. To facilitate the transfer, wltageof 20 V was
appliedfor a duration of Tin. Then, Ponceau $Sigma Aldrich)solution was used to stain
the nitrocellulose membran&he membrane was blocked witl3% BSA solution inflris-
buffered salindTBS) with the composition50 mM Tris, 150 mM NaCl, pH 7.for a
duration of 1 hSubsequently the membrane was washigd TBS-T (50 niM Tris, 150
mM NaCl, pH 7.5, 0.05% TweeR0) three times for 5min. After the washing, the
membrane was incubated with the primary antib@ted in TBST 1:1000)for 1 h.
After the incubation, the membrane was washed ag@imTBS-T three times for Bnin.
An alkaline phosphatase conjugated secondary antif@bldyed in TBSIi 1:30,000)was

incubated with the membrane for #n. The last cycle of washing was performed after
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the incubation with TBS three times for Bin. The protein bands were staingsing the
1-StepTM NBT/BCIP solution(ThermoFisher Scientific), an alkaline phosphatase
substrate. The reaction was stopped to avoid high background by washing the membrane
with distilled water.

Mass Spectrometry

In-gel protein samples we analyzed by cutting out gel piecethe protein bands of
interestfrom Coomassie stained gelad were handed over to Kareiter (Boehringer
Ingelheim, Biberach, Germanypr analysis An endopeptidasdrypsin, was used for
protein digestion to yield peptidellatrix-assisted laser desorptiammizationi time of

flight (MALDI -TOF) mass spectrometry was performed with digested samples and the

results were analyzagingMascot search engine software (MatBoience)

Differential Scanning Fluorimetr§DSF)

DSF also known as thermal shift assay is a method whilikes a fluorescent dye which
binds to the hydrophobic regioas the proteiis subjected to a temperature gradidine
relationship between the fluorescence signal and temperature is graphed, yielding a
sigmoidal curve. The point of inflection in this curve corresponds to the melting
temperature (%), at which 50% of the proteis unfolded Typically used fluorescent dyes

that bind to hydrophobic regions do not work well with detergent soledilimembrane
proteins. Thus,the thiolspecific dyelike 7-diethylamine3-(4-maleimidylphenylh4-
methylcoumarin(CPM) is a commonly used dye However, more recent lab#&ke
techniques like NanoDSF are also effective in determining the melting temperatures of
GPCRs.

NanoDSF

NanoDSF is ahighly sensitive andabelfree technique that moniterthe changesn
intrinsic fluorescence originating from the inherggptophanin proteins,as a function of
temperatureThe fluorescence of tryptophan was quantified at $pecific wavelengths,
330 nm, 350 nm andthe ratio of 350 nm/330 nfte. A common finding pertaining to the
protein unfolding phenomenon is the occurrence of a red siifa blue shiftin the

fluorescence emission maxima, which is towards a longer emission wavedersgsort
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emission wavelength depending on the local environment changesyptiophars as the

protein unfoldg®7: 3181

The melting points in this study were determined with the Prometheus NT.48
(NanoTempeéx The purified protein sample (3fL) wasloaded in éigh sensitivity glass
capllary (NanoTemper The discovery scan function was used to estimate the optimal
excitation leveusually in the range of 5000%) The melting curve wagenerated over
atemperature range of Zb°C,in incremental stepsf 1°C per minute. Data analysis was
doneusing the PR.ThermControl V2.1sbftware The experiments were performed with

a minimum of two replicates.

3.25 X-ray crystallography

Composition, Y%w/w water

Figurel4: Phase diagram of the monoolein/water system determined at 20 °C. la3d and Pn3m represent cubic
phases. The figure has been reU$€d

The phenomenon of-ray diffraction by crystals was initially observed by Max Lainel
colleaguesin 1912 B20. 3211 The first protein structure elucidated usingray
crystallography was myoglobiff3l. The processf a protein crystal structure elucidation
involves crystallizing a concentratpdbteinsample and subjecting the resulting crystals to

an X-ray beamA few methods to obtain protein crystals are vapor drop diffusion method
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(sitting drop or hanging drop§??, counterdiffusion method?®?%l, dialysis method®?4,

batch metho#?: 32€land lipidic cubic phase crystallizati&i” 31°!

The obtained diffraction patteraseanalyzed to determine the crystal packing symmetry
and the dimensions of the repeating unit that constitutes the crystainfneation is
essentiallyderived from the arrangement of the diffraction sptits 328l There are 230
space groupsategorized within 7 lattice typeBowever not all of them are suitable for
proteins due to the chirality of amino acid$us, only 65 space groups are applicable for
proteinst?%l, The magnitude of each diffracted spot is determined by the diffracted waves
that reach tb detectarThe intensity of the waves will be dictated by the amplitude and
phase difference, which is given as an anfgte amplitude estimation is possible from the
intensity as they are proportional, but the phase information cannot be determined directly.
Thus, for protein structure determination the phase problem has been solved via different
methods like molecular régcement 3% isomorphous replacement®l, multiple
wavelength anomalous diffractidti?, and single wavelength anomalous diffractio.

Now, structure factors can be calculated usingRhst Fourier Transform method®*#
resulting in a threelimensional electron density map, which is then used for refinement

and model building to finally obtain the coordinates of the protein struéttire

The most widely used methetb crystallize membrane proteiagein surfo(in detergent)
crystallization andipidic cubic phas€LCP) crystallization oin mesccrystallization LCP
crystallization occursn a bicontinuous lipidic mesophasEhese mesophases are very
sensitive to changes in the environment (e.g., salt, pH, temperatiee additivesand
composition (e.g., type of lipid used and the ratio of lipid to water confiémg)cubic phase
is essential formetbr the monoolein/water system raom tenperature (20°C) with an
overall composition of approximately 40% (wt/wt) wafFigure 4). Excess amount of
water would result in formation of @econd phase and a tpbase systerF'®. This
behavior of formation of a good cubic phase is fwwnoolein/water systens better
represented by the phase diagrd@igure 14). So far, LCP crystallization has beeery
successful in structure determination of GPERS
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LCP setup

In my thesisfreshlypurified GPR68 was used perform LCP crystallizatioriThe process

of lipidic cubic phase (LCP) crystallization involved combining the protein with a lipid
mixture consisting of monoolein and cholesterol in a ratio of 9:1 (Wi/lag.protein to lipid
ratioused wag:3.4.The LCPsetupusing the mosquitbCP (SPT Labtech) with a solution
ratio of 40:800nL (bolus: precipitant)The crystals were collected using MicroLoops
(mitogen) and rapidly frozen using liquid nitrogehhe crystals were sentor data
collectionat PXI beamline of the Swiss Light Source (SLS).

Please note that the harvestiof crystalswas performed by Dr. Dietmar Weichert
(Boehringer Ingelheim, Biberach, Germany) and the data collection was setup by Dr Dirk

Reinert (Boehringer Ingelheim, Biberach, Germany)
3.26 Single particle ayogenic electron microscopy

Single particle cryogeniclectron microscopy utilizes electrons as radiatiom,a high
vacuum environmertb examine sample§hese electrons are then accelerated along the
microscope columrtypically using voltages ranging frort00 to 300 kV. Scattered
electronsafter passinghrough the object, are concentrated by the electromagnetic lenses
of the microscopeA higher resolution can be achieved with shorter waveleriéitfis
Vitrified protein samples are obtained after being plunge frozen into liquid ethane which
are later stored in liquid nitrogen and then used for imaginhg.thickness of the ice layer
obtained can be quite variabreferably, one would observe identical copies of the protein
in different orientations within the vitreous ice (Figu).IMany select 2D images with
various orientations can be combined to obtaBDareconstruction of the structufg®),

Unlike X-ray crystallography, this method works in the real space thus there are problems
associated to the phase problem. Cryogenic temperatures help reduce radiatiof®famage

that preferably includes exact replicas of the intricate structure in various orientations.

Sample preparation

GPR68 constructs with ICL3 BRIL construct (e.g., C99) was complexed teBARili-
FAB and AnttFAB nanobody in the ratio of 1:1.5:2. These samples were either purified

via Superose 6 Increase 10/300 GL colu(@ytiva). The samples were always freshly
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prepared and immediately subjected to plunge freeinglume of 3uL of protein ample
wasappliedonto glow discharged ©-1.2/1.3300-Au and QF0.6/1.6300-Cu grids.The
grids were then rapidly frozen in liquid ethane usingumge freezeryitrobot Mark IV
(ThermoFisher). Then the grids were transferred to grid boxes and stored in liquid nitrogen.

A B

Electrons

Electron
beam

L —~ Specimen

Image plane

R e & e o id s,
L7 e =" e

Figure 15: Working of single particle electron microscopy. (A) The figure depicts the process of image
formation in an electron microscope. (B) Schematic depicting the fundamental process of data gathering for
electron tomography. When the specimen is inclineceiation to the electron beam, several images are
captured of the identical area. (C) Selected projection views of the protein sample in vitrified film which were
used to rebuild the thredimensional volume by using a collection of projection images trabe used to

create baciprojection profiles. The figure has been reused with permigsiom!3¢l,

Data Acquisition and Processing of EM Datasets

The micrographs were automatically captured using the EPU software on a Titan Krios
microscope (Thermo Fisher) operating at 300 kV. The microscope was equipped with a K2
direct electron detector in electron counting mode. The images were taken at a nominal
magnification of 130,000 which corresponds to a calibrated pixel size of 1.077 A. A

series of 8&econd videos consisting of 40 frames each were captured at an electron dose of
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55 e/R, and the defocus values ranged from 0.

performed by Dr. Rebecca Ebenhoch.

A total of 18,591 micrographs were collected and were motion corrected by patch motion
correction and the CTF parameters were estimated by patch CTF estimation.
Duplicateparticles were eliminated, and several iterations of 2D classification were
performedo generate 2D classes that clearly displayed the fiducial marker protruding. All

the data processing steps were performed in CryoSPARC V#%4.1
3.2.7 Molecular dynamics simulations

Please note that the method section for the molecular dynamics simulations in this thesis

has been originally described in a publicatfg.

Structural modeling of GPR68

The structuralmodels for GPR68 were generated using two distinct structural modeling
methodologies. The initial approach entailed utilizing the webserver GPCR Online
Modeling and Docking (GOMoDoJ?%¢l, along with its recently launched iteration
pyGOMoDol?!2, Weusedthese tools to choose templates for GPR68 homology modeling,
perform multiple sequence alignments (MSAS) using the seardhlign technique
HHblits (profile hidden Markov Models (HMM), and do lightnif@st iterative sequence
search based on HVHIMM). A further comparison wamadeusing GPCRd!.

The N-terminus and the disulfide bonds were refined using MODELLER vi¥l1Class

A GPCRs typically have a conserved disulfide bridge between C3.25 and 48,50

the case of GPR68, an additional disulfide bond might connect?€tt8C25&CH3 1171,

Two separate MODELLER calculatiomgere performedone calculation with a restraint
imposed on C9¥°-C172°° bridge and, another with restraints imposed on3€94
C172°5°0 and C1324C258°12 disulfide bridges. For each of the described $600

GPR68 modelsvere generatedfor a total of 6000 models, which veethen ranked
according to their calculated DOPE score (Shen and Sali, 2006). After visual inspection of
the ten highesscoring models, models with unstructured regions or other structiiaeta

were discarded, and the structure that had both the highest DOPE score and lacked structure

artifacts was kept. The-derminal segment (first 18 amino acids) of all structural templates
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were modeled and refined with MODELLER. Thus, we kept in total six models from the
first strategy that includes the usage of GOMoDo and MODELLIER .structural models
based on the first strategy were prepared by Filippo Baldessari and Prof. Alejandro
Giorgetti (University of Verona).

The utilization of the more recent artificial intelligence (Al) based structural modeling
software AlphaFold*® constituted the second approach. The GPR68 model was obtained
from alphafold.ebi.ac.uk and the AlphaFold script was utilized to determine the underlying
templates used by AlphaFold for modeling. The AlphaFold algorithm uses a confidence
metric known ashe predicted local distance difference test (pLDDT) on argmdue
basis. The AlphaFold GPR68 model had an overall pLDDT score of 79.69, which falls
within the range of scores between 70 and 90, indicating a high level of confidence in the
model's overdlquality. The confidence scores of termini and loop regions were lower as
these regions are generally flexibldditionally, | prepared a bovinehodopsinbased
model of GPR68 for comparison with other models generated in theastdadyith Ludwig

and colleague8'?. This model was not used for simulations. Tineletail protocol for
model preparation can be found hE?&.

Model# Proteins used as Seq_uence Dis_ulfide Sequence
template (s) Identity (%) bridges range
Structuralmodels prepared with GOMoDo
1 Protease Activated C94C172
2 Receptor 2 17 C94C172, 1-299
(5NJ6- Inactive) C13C258
3 Angiotensin Il Type 1 C94C172 12-299
4 Receptor C94-C172, 1-299
(4ZUD - Inactive) C13C258
S Angiotensin Il Type 1 20 C94C172 12-290
Receptor
6 : C94C172,
(6DO1- Active) C13.0258 1-290
AlphaFold Atbased model
- i C94-C172, 1-317
C13C258
. Multiple templates _ C94C172, (:3014?%:7310
C13C258 .
palmitoylated

Tablel: Structural models of GPR68 usiecthis study.
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A longer amphipathic helix 8 was observed in the AlphaFold model GPR68. The
palmitoylation of theC-terminus of GPR68 may occur at two specific locations, namely
304 and 310, where two Cys groups are present. Thus, to assess the possibility of
palmitoylation, we used two AlphaFold models, where one model was palmitoylated at the

two sitesi C304 and C3Q and the other model was not palmitoylated.

Simulation Setup

Using the website Orientations of Proteins in Membranes (G&#Mgach GPR68 model

was oriented in the membrane. The GPR68 protein was incorporated into hydrated bilayers
of POPC (3palmitoyl2-oleoytsnglycero3-phosphocholine) lipids using the CHARMM

GUI B4 with the addition of a neutralizing 0.15 M sodium chloride salt. In a distinct
simulation, we examined the behavior of GPR68 when incorporated into a POPC
membrane containing 10% cholesterol (Sim #9 in Table 2). This cholesterol content falls
within therange typically observed in plasma membrdffés Although, the Sim #9 has

not been described in my thesis but has been discussed in my previously published work
3391 The forcefield parameters of CHARMM36ni*®! were used in conjunction with the
TIP3P model for water moleculd¥®, and NAMD v2.14[05 347. 348 The standard
CHARMM-GUI protocol was utilized to conduct the initial equilibration and geometry
optimization of all systems, along with velocity rescaling and constraints. Production runs
were performed in the NPT ensemble (constant number of particlesnsitant pressure

P = 1 bar, and temperature T = 303.15 K)
collision frequency of 5ps! and a Noséddoover Langevin pistor®493%l Coulomb
interactions were calculated using gmaoothparticle mesh Ewald method and for real
space interactions we used a switching function between 10 and 12 A. Lengths of bonds
involving hydrogen atoms were fixed. Heating, equilibration and the fins¢ df the
production run were performed with an integration step of 1 fs, and the remaining of each

of the productions run, with a step of 2 fs.

For all simulations performed to identify the best compatible structural model of GPR68
(Simulations #1 to #8 as described in Table 2) standard protonation states were used for all
titratable sidechains, i.e., positively charged arginine and lysine, ajadivedy charged
aspartate and gl utamat e, and hi st trathkedhe si n
GPR68 model (Model #5) (according to the compatibility of fldpilibrated models with
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known structural features of class A GPCRs, see ranking protocol below) to understand
how protonation states impact conformational dynamics of GPR68. | performed
independent simulations (Sim #1&im #18 in Table 2) with different protonation states

of sdected Asp, Glu, and His sidechains (Table 2).

Each simulation was prolonged to €1.6us, and coordinates were saved each 10 ps. We
computed Hoond graphs and average values from the lash8@® Simulation #5, and the
last 300 ns of Simulations #3B (Table 2).

Protocol to rank structural models of GPR68

As summarized above, six GOMoiRenerated and two AlphaFetgenerated structural
models were selected for MD simulations (Table 1). To understand the relevance of the
equilibrated structures obtained from the eight independent MD simulations performed, we
first monitored, for each simulation, percentage of alpélecal conten{Figure S1), the
structuraktability of the TM helical region according to reneansquared distance (rmsd)
values relative to the startingpordinates (Figures2). Separately eat of the eight
equilibrated structural models were closely inspected for its compatibility with generally
accepted class A GPCRs.

Sim# | Model# Protonation L e n gt h Lipid Bilayer Composition
1 1 1
2 2 1
3 3 1
4 4 1
POPC
5 5 Standard 1
6 6 1
7 7 1
8 8 1
9 5 0.6 POPC:cholesterol
10 E14900 0.6
11 5 E1490( 0.6 POPC
12 H269 0.6
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13 E1030(L 0.6

14 E10300 2 0.6
15 D282-0 1 1 0.6
D67-0O 2,
16 . 0.6
E1490U 1D282-0 @
D67-0 2,
17 0.6

E14900 2D2820 2

D67-0l2, E1030UL,
18 . 0.6
E1490C1L, D282-0ii2

Table2: Summary of all MD simulations performed in this the$ise designation 'Standard' denotes that all
titratable sidechains possess standard protonation, as previously described. Simuldt®imsvaved the
inclusion of titratable sidechains that exhibited+stendard protonation. Specifically, the protonateghen
atom of the neutral Asp/Glu in tlsmulations 10, 11, 128, while simulation 12 had a positively charged
His sidechain (H269). Lipid bilayers were comprised of POB&ept forSim #9, whereGPR68 with
standard protonatiowas embeddedithin a FOPC membrane supplemented with 10% cholesterol.

Graph computations of dynamichtdnd networkef GPR68

Dynamic HBond Networks and water wires were calculated using Brid¢g234
Briefly, Bridge2 is a set of gragihased algorithms with graphical user interface for highly
efficient computations of protewater Hbond networks. A graph of-Honds consists of
nodes, which in our case are theébbhding sidechains of GPR68, and edgyesich are
direct or wateimediated Hbonds between sidechains (on average, may contain up to 3
water molecules in one bridge):-lbbnds are computed using geometric criteria; here, H
bond computations for the proteivater Hbond were performed with a tésice criterion

of O 3.5 | -boreltlone and actept@ hekdamms, and an #ond angle of

O 6 0 A -bondalustét consists of nodes and edges that are alconeected to each
other. An Hbond path between two nodes i and j of the graplsistsmof the nodes and
edges that interconnect i and j. The joint occupancy (JO) of-band path reports the
percentage of coordinate sets from the trajectory segment used for analyses in which all
intermediate path segments are sampled simultanedestyclarity, unless otherwise

specified, we show Hond graphs with Hhond occupancies of at least 30%.

Time series and average number of internal water molecules
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The number of internal water molecules in structural models of GPR68 simuldigmse

S3) were monitored by the membrane region according to the average location of the
phosphate atoms of the lipid bilayer within A®@f the protein and monitored the number

of water oxygen atoms within 4 of these membrane boundaries. The calculations were

performed based on the scripts from a previous study on opioid re@&ftor

Inter-helical distances in GPR68 models and static structures of GPCRs

A geometrical evaluation was introducedDalton et al., 2015 to compare inactive vs.

active structures of GPCRs. This geometrical evaluation included a set efiefita

di stances measur ed b¥%DER% 0F*)W14&8C) P18 ms o f
F2374and C279* They used a dataset of 25 static GPCR structures, of which 7 were
presented for active conformations, and 18, for inactive conforméatihid/e monitored

the averages of théme series of the distances alosighulations #3#8 (Figure S4)and

compared it to the Dalton and colleague dataset, along with Hauser and colleague dataset

(1041 Molecular graphics were prepared with Visual Molecular Dynamics, WD

3.28 Functional assay

Principle

| used the previously described homogeniime-resolved fluorescence (HTRF)-[Pne
assay to track GRpaRwag¥? This assay is typically perfo@ed

at physiological pH to gain insights into small molecule ligands in a high throughput
manner®>3 therefore the assay had to be modified so that it is suitable to be tested for
GPR68, where the receptor is activated by acidic pH. Upon exposure to an increased
concentration of agonist (in my case, protons) the receptor (in my case, GPR68) would
couplet o g3 Which would then activate the enzyme phospholipase C to produce the
secondary messengers Bhd diacyl glycerol (DAG). However, #is not stable and gets
converted to inositol diphosphate {JPinositol monophosphate @{Pand lastly to emyo-

inositol due to the presence of inositol phosphatases that degrada® fae previously
described product®>l. It is possible to block the activity of inositol monophosphates by
addition of LiCl to prevent further degradation of tB d-myo-inositol %%, This leads to

the accumulation of iHn the cells upon receptor activation in presence of LiCl.
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Figure16: HTRF IP-One assay principle. The snake diagram in the circle represents a GPCR and the cyan
sphere represents the cognate agonist for the receptor. The abbreviations used in the figlteCare
(phospholipase C), HRinositol, triphosphate), Rinositol monophosphate), LiCl (lithium chloride), and
FRET (Forster resonance energy transfer). The figure has been Fdsemder Creative Commons
Attribution license

The HTRF assay is competitive binding assay where after incubation with the agonist, as a
final step known amounts of d2 (acceptor) labelledai®l Terbium cryptate (donor)
labeled IR specific antibody are added. These components are prepared in lysis buffer to
lyse the cells and stop further accumulation epi®duced due to receptor activation. This
endogenously produced ijlRompetes with the labelled 1o stop the FRET reaction
(Figure ). The excitation wavelength is 337 nm and the emission wagti for the

donor is 620 nm and for the acceptor it is 665 nm. The signal is measured as the ratio of
acceptor to donor emission. This signal is further multiplied by a factor of 10,000 which is
then referred to as the HTRF ratio and forms the ré&#it®*3! As the amount of

endogenous IAs increased due to receptor activation the HTRF ratio decreases.

The timeresolved nature of the HTRF assay mitigates the background fluorescence that
arises from the buffer, media components etc. The time delay introduced between the
excitation of the donor molecule and the measurement of the emission of the acceptor
molecule is referred to as the timesolution. This would require a fluorophore thatits

for a longer duration e.g.,illisecondtimescale. Therefore, Terbium cryptate is used as a

donor as it can emit for a longer duration. The photobleaching would occur in the timescale
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of a few minutes and therefore it does not affect the HTRF measurement as it is done within

half a millisecond (Figuré?7) 302 353]

¢ Donor & Acceptor ® Activated acceptor

FLUORESCENCE
EMISSION

Background “
flourescence ! :
- > - = -
(ns) Time delay Measurement TIME
(50-150 ps) (300-400 ps)
Excitation

Figurel7: Principle for timeresolved fluorescence. The figure has been reéfSednderCreative Commons
Attribution license.

Cell culture

HEK293H (Gibco), human embryonic Kkidney
modified eagle medium (DMEM) growth media supplemented with Glutd¥ax
(ThermoFisher Scientific), 10% heat inactivated fetal bovine serum (Gibco), and 100 U/mL
of penicillin-streptomycin (Gibco). The HEK293H cells were used as they offer faster
growth, high transfection efficiency, and better adherence. The cells cultureenaaice

was done biweekly, and the cells were grown adherently in high humidity at 37°C and 5%
CO..

Transfection and preparation for cellular assay

The HEK293H cells were seeded in-avéll plate (Corning, Falcon) with a cell density of
0.53 1P cells/well (2 mL volume/well) overnight to achieve-80% confluency. Transient

transfections were performed for cells in each well by addition of an appropriate GPR68
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constructDNA (2500 ng DNA) with 6 pL of Lipofectamine reagent (Invitrogen) mixed in
Opti-MEME | reduced serum medium (Gibco). After Bdof transfection, cells were
detached with TrypLB" express enyzme (Gibco), counted and resuspended in fresh
growth medium. Subsequently, the cells were plated into-Blysine 384well solid
white opaque flabottom plates (Corning) at a cell density of 15,000 cells/well in a volume
of 50 pL/well. The cells were then allowed to adhere and recover &4 Before further

experimentation

Buffers and pH

Experi ments wer e clalnmcedsat sotution (HBSS) buffgr withauh k 6 s
calcium or magnesium salts and without phenol red. HBSS was further modified by
addition of 8mM each of MES {@\-morpholino) ethanesulfonic acid), HEPES24
hydroxyethyl}1-piperazineethanesulfonic acid ancciBe for ideal buffering capacity to

cover the entire pH range used during the cellular assay. The pH adjusted buffers were
prepared at room temperature (-=22°C) and the pH was adjusted using KOH or HCI. The
modified HBSS buffer used for washing the sellas adjusted to pH 7.4 and is henceforth
termed as o6wash buffero6. The cellul ar assa
eight different pH points: 5.2, 5.8, 6.4, 6.8, 7.2, 7.6, 8.0 and 8.4. On the assay day, 50mM
lithium chloride(LiCl) and 0.1% bovine serum albumin (BSA) were added freshly to these
eight different buffers. Lithium chloride inhibits the inositobnophosphatases which
prevents degradation of inosiblphosphate (I to myainositol.

IP1 formation assay

The IROne Homogenous Time Resolved Fluorescence (HTRF) assay kit (Revvity) was
used to assess GRiRdr&tly bytragkihg the gccumalatidh Wf the
secondary messenger IR he cellular assay involved washing the cells three times with
80uL of the wash buffer using an automated washer-{&ik ELx405 HT). The automated
washer was programmed to remove all the buffer from each well after the washing was
completed. Subsequently, a multidrop dispenser was used to dispemseoR@ifferent

pH buffers in the 384vell plate and the plate was incubated at 37°C fanB0 After the

incubation was completed, the detection reagentd_(Bach of the IRd2 andAnti-1P;-
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cryptate prepared in lysis buffer from the kit) were added to the each well and the plate was

then incubated at room temperature in the dark fonisbefore final measurement.

Data acquisition

The final measurement was carried out using PHERAstar FSX (BMG Labtech) with the
two optical modules set to excitation and emission filters of [@87/665nm and 337
nm/620nm. The data was collected using 5 flashes/well with an integration time as400
and an integration delay of §8 at a focal height of 11r@m. The final raw data illustrates

the ratio of the emission wavelengths 66®/620 nm (acceptor/donor) with a

multiplication factor of 10,000 which collectively is called as HTRF ratio.

Data analysis

GraphPad Prism 10 was used for data analysis. The pH titration data frotypeil@ PR68

(WT) and mutants acquired in terms of the HTRF ratio was interpotatedrmalized
against the standard curves obtained for the eight different pH points at which the assay
was performed to get the accumulated VBlues. This interpolated data was baseline
corrected by the interpolated data obtained frommnamsfected cells. Afterwards, a ron

linear fit was performed followed by normalization agaimsid type (WT) efficacy
maximum averaged over the three independent datasets. The negative logarithm of half
maximum effective proton concentration has been reported=ayaldes and the efficacy
maximum is denoted asmk. The normalized data points are represented as mean *
standard error mean for three independent experiments performed in duplicates, where

every data point in an independent experiment consisted of duplicates.

| have used the following frequently used terms to describe the results of my functional
assay. NnThe basal activity of the receptor
pathways, is defined by the probability that a fraction of the recagtapts the active state

in the abs &¥cEHicaoyimaximungia definéd as the maximal effect of the
agonist (in this case, protons) or maximum signaling respétsk has been denoted as

Emax. Generally, potency is defined as the ligand concentration required to produce a given
effect 571, In our case as the agonist are protonsy@dn be described as the negative

logarithm of the halmaximum effective concentratidt??.
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4. Results

4.1 Expression Purification and Structure Determination Trials of

GPR68

Fusion
Protein

AS2  AS5

Figure 18: A generic representativeonstruct design stratedgr humanGPR68 used in this thesis. The
conserved class A GPCR disulfide bond has been shown in yellow solid line and the putative disulfide bond
has been shown in dotted yellow line. Additionally, the cysteines involvdasidfide bond formatiorare
highlighted in yellow.The commonly used truncations throughout the theistatminus oIC-terminus are
marked with a black solid line along with deletion of amino acids represented withIGee¢kt e r 6 6
by number of amino acid¥he mutated amino acidiescribedn thissectionhave been highlighted in blue.
Certain representativeodifications in the constructgere insertion ofusion proteins (either &-terminus

or ICL3), tobacco etch virusTEV) protease cleavage site PreScissionPreC) protease cleavage site,
purification tags like decéalistidine tag (10x Hispr FLAG tag, ad haemagglutinin signal peptide (HA).

foll
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The primary objective was to express, purify and optimize different GPR68 constructs to
identify a construct suitable for inactive state structure determination way X
crystallography or single particle cryogenic electron microscopy in presence of small
molecule ligands (antagonists). There was no previous GPR68 construct design or
purification protocol reported in the literature when | started my thesis. This chapter of my
thesis focuses on the different strategies undertaken for the optimization GPER@3
constructs for structure determination. Briefly, the strategies undertaken encompass usage
of protease cleavage sites (TEV or PreScission), purification of tags at both terminus (10x
His, FLAG, or TwinStrep tag), hemagglutinin signal peptide (Hé) fargeted expression

of GPR68 to the plasma membraNeandC terminal truncations, mutations, screening and
insertion of various fusion proteins in ICLsN#terminus, and varying insertion regions of
fusion proteins. A representative construct design has been shown in Figure 18 and specific
construct details segregated based on strategy used has been summarized in Table 3. For a
more elaborate description thfese strategies and their effectiveness in different structure
determination techniques, please refer to the sections 1.4.1 and 1.4.2. The GPR68
constructs dmils, the fusion acronyms or any other descriptive legends can be found in the
Appendix 1. These acronyms or legends are used throughout this section. Furthermore, the
absence of a specified species for the GPR68 construct implies that the receptor being

referred to is of human origin.

GPR68purified in presence of detergerdn the size exclusion chromatography (SEC)
columnswill run at a higher molecular weight &sis surrounded by a detergent micelle

and the additional increase in molecular weight is due the molecular weight of the detergent
micelle itself. The molecular weight of the detergents mainly used in my thesi®axg

(~70 kDa)*%8 LMNG (variable MW, as it has been suggested that membrane proteins are
not truly embedded in detergent micelle and are rather surrounded by minimal amount of
detergent required to shield hydrophobic ar&4%) and GDN (~8eB5 kDa, as estimated
based on the fact that the hydrodynamic radius of the GDN micelled® ¥ more than

DDM [260.381) 'Note that the micelle size can vary based on environmental factors.

The retention volume for monomeric GPR68 constructs irrespective of detergent was
observed to be at an average retention volume or time of-4B&%2mL (Superdex 200
increase 10/300 GL column), or ~14.8.1 mL (Superose 6 increase 10/300 GL column)

or ~13.8-14.1 min (Superose 6 increase 5/150 GL column) or ~18.2 min (MNSEGC
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300 4.6/300 column). Slight deviations may be observed from these values due to usage of
different columns throughout my thesi$e retention time/ retention volume of the GPR68
construct monomer/ complex peak was estimated by comparing with the column calibration
standard run for a specific column. The criteria used to analyze the monomer peak from
chromatograms were monomer paae, monomer to aggregate peak size ratio and other
characteristics of the peak itself (shape, separation from other peékg, @ peak
shoulders). All the purification results are normalized for a 10 mm UV cell and for a 500

mL cell pellet unless mentioned otherwise.
4.1.1 Expression otonstructs

The bacmid preparation for all GPR68 constructs was confirmed using agarose gel
electrophoresis after DNA extraction a@R(section3.2.]). A representative agarose gel
electrophoresisof GPR68 C2 recombinantbacmids PCR productshighlights two
important scenarios. The fisample C21-Bacmid 1 wherethe300bp band for the bacmid

was not observed(Figure BA) explainsthat 100% transposition taoccurred for the
bacmid with the pFastbag2300bp) containing the GPR68 insert. The total size of this
would bet h sze df the pFastbadt 6 si ze of litnhsde;@BOBD 816172

bp). The second scenario where recombinant BNXIGPR68 C21 PCR produgand along

with the 300bp bacmidPCR producbandare visible(Figure BA) would represent the
casewhere | ha incomplete transposition of the bacmid DNA certain scenarios, when

| only had the 30®p bacmid PCR product band would mélaat either the transposition
failed, or incorrect colony was picked after blwhite screening. All the GPR68 bacmid
DNAs were screened as described above and only the samples containing pure recombinant
bacmid DNA were used for transfectidkfter the transfection with the correct recombinant
DNA followed by multiple virus amplification rounds, the optimal virus titers amounts
were used to express each of the GPR68 constructs. The expression of different GPR68
constructs were tested usimgnti-His primay antibody in Western blots using the
expressed pellet samples (section 3.2.2). A representéggeern blohas beershown in

this section for the constructs €B (Figure 8B), which shows varying expression levels

as indicated by varying intensities of bands for different GPR68 constructs. This method is
also efficient for GPR68 pilot expression level screens as we can clearly observe the signal
and differences in the signdle to varying molecular weight of the GPR68 constructs
(Figure BB). The overgpressed receptor construct bands are indicated by arrows (Figure
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19B). It also crucial to observe that these constructs run slightly lower than their expected
theoretical molecular weight, which is also very common for GPCRs and other membrane
proteins. This is likely because the SDS alone is not enough to denaturetiiaspr
samples thus resulting in naptimal charge distribution along with compact protein
structures leading to differences in migratidhe same result may lead to presence of a
band for each construct at twice the size (Figg®)1such oligomeridands are often
observed for GPCRs in SEFAGE gels andVestern blotsMoreover, psttranslational
modificationssuch as Nglycosylation and palmitoylation, frequently occur in GPCRs and
can result in GPCRs having bands with apparent molecular weights that are higher than
expected which adds to the complexity in interpretation of SBSGE gels Of all the
GPR68 constructs (CC75, and C99), the overall expression levels were very loW for
(WT-like) and C5(mT4L) (Figure BB), and no expression was observed for C11.

s B
M Cl C2 C3 C4 C5 C6 C7T C8 C9
- e | =

N '
-
= —

75kDa s

S0kDa e £ -

37kDa == —

25kDa sae T T T
- GPR68

Figure 19: Representative GPR68 PCR products and the optimal baculovirus titer screening for GPR68
constructs. (A) Agarose gel electrophoresis of two bacmids from GPR68 C21, where M represents the DNA
marker. (B)Anti-His tagWestern blot from the SDBAGE of the overexpressed proteins from the cell pellet
samples of GPR68 GT9, here M represents the protein marker.
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Construct N-terminus N tem.“'”a' GPR68 C-terminus
ID Fusion
WT -like construct
C1 | FLAG | - | 1-365 | 10x His
Initial fusion (ICL3) constructs
C2 FLAG - 216--T4L--217 10x His
C3 FLAG - 216-BRIL--217 10x His
C4 FLAG - 216-PGS-217 10x His
C5 FLAG - 216-mT4L--217 10x His
C6 FLAG - 214-RDX--220 10x His
N-terminal truncation testing constructs
C9 FLAG, i - 216--T4L--217 10x His
C10 FLAG, 1l4p - 216-T4L--217 10x His
Cl1 FLAG, 2Gp - 216--T4L--217 10x His
C-terminal truncation testing constructs
C12 FLAG - 216--T4L--217 dl8, 10x His
C13 FLAG - 216--T4L--217 gb2,10x His
Cil4 FLAG - 216--T4L--217 b5, 10x His
C15 FLAG - 216--T4L--217 B0, 10x His
N-terminal BRIL Fusionand truncation combination constructs
C8 FLAG, | BRIL - 10x His
C27 FLAG, 14p BRIL - dl8, 10x His
C28 FLAG, 14p BRIL - gb2,10x His
C29 FLAG, 14p BRIL - B0, 10x His
C32 FLAG BRIL - 10x His
C33 FLAG BRIL - dl8, 10x His
C34 FLAG BRIL - gb2,10x His
C35 FLAG BRIL - B0, 10x His
ICL3 Fusionand truncation combination constructs
C7 FLAG, | BRIL 216-T4L--217 10x His
C18 FLAG, | - 216-PGS-217 10x His
C19 FLAG, ! - 216-PGS-217, N86Q 10x His
C20 FLAG, 14p - 216--T4L--217 Twin-Strep
C21 FLAG, 14p - 216--T4L--217 dl8, 10x His
C24 FLAG, 14p - 216-PGS-217 dl8, 10x His
C66 FLAG, | BRIL 214-BLEK--221 dl8, 10x His
Cc67 FLAG, 14p - 214-CalB--219 16, CalA,10x His
ICL3 BRIL Fusionand truncation combination constructs
C16 FLAG - 214--BRIL--219 10x His
C17 FLAG - 211--BR | k221 10x His
C30 FLAG, 14p - 211--BR | k221 10x His
C31 FLAG - 214--BRIL--219 dl8, 10x His
C43 FLAG, 14p - 214--BRIL--219 dl8, 10x His
Cc61 FLAG, 14p - 214-BR 1 221 dl8, 10x His
C75 .
(HEK293) FLAG - 214-BR | k221 8, 10x His
ICL1 or ICL2 BRIL Fusionand truncation combination constructs
C73 FLAG, o - 50--BRIL(ICL1)--55 o6, 10x His
C74 FLAG, | - 122-BRIL(ICL2)--135 o16,10x His
Zebrafish construct
C99 | FLAG, oof GFP | 209-BRIL--219,N9Q [ 86, Twin-Strep

Table3: A summary of construct for which chromatograms are shown and described in this section. The
truncation of amino acids represented with Greek t t e r
protein inserted in an ICL of GPR68 is shown with the insertion region (amino acids between which fusion
protein is inserted) separated by a double hyphgnThe fusions are inserted in ICL3 unless mentioned
otherwie e.g., C73. Note that other redundant details like cleavage tags, linkers and signabpeptide

0 lep dumben of &ndne acitls. The fusion
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described in this table. Other specific mutation construct details have been described in Table 4. The
abbreviations used and the other construct details has been described in Appendix 1.

4.1.2 Screening oflifferent protein fusions to GPR68

Low expression levelef C1 (wild typelike construct necessitateshe use of protein
engineering to increase expression levelssalility of the receptausing fusiorprotein

based modifications which are often used for class A GR&#sionl.4.1). The first step

was to introduce fusion proteins in the ICL3 of the receptor, as most of G proteins couple
to ICL3 in Class A GPCRs faactivation Thus,introdudng a fusion protein in this loop
increaseshelikelihood of locking the receptor imanactve conformatia and can likely

provide crystals contacts for LCP
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Figure 20: Screening ofdifferent fusion proteins inserted in the ICL3 of GPRG3) Size exclusion
chromatograms from the pooled eluates after affjpitgification (TALON) for C2C4 and C6The SEC was
performed on Superdex 200 increase 10/3Q0rom 500mL cell pelletand all the purification steps were
performed using DDM/CH&t pH 7.8 (B-E) SDS PAGE of the first three TALON eluaties C2 (panel B),

C3 (panel C), C4 (panel D) and C6 (panel E). @Wérepresents the protein markalso note that the marker
used in panel E is different from panellB Note that the numbers on the marker bands represent the
corresponding molecular weigimt kDa for the band.
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The fusion proteins that showed improved expression of the modified GPR68 constructs
were rubredoxin (RDX)Pyrococcus abyssylycogen synthas€PGS), apocytochrome

b562 (with M7W/H102I/R106L mutationgBRIL) and T4 lysozyme(T4L) (Figure BB,

20A). The expression levels between constructs are compared basestnn blot results

and chromatogramsatio of aggregate and monomer peak maximum). The overall yields
were higher for BRIL (C3) and RDX (C6) based constructs in comparison to T4L (C2) and
PGS (C3 fusions. Although, based on the monomer peak characteristics and monomer to
aggregatgeakmaximumratio for C2 and C4 wasbetter than C3 and C6 (Figu2@€A).

The affinity purified proteins could also be observed on the Coorrstesieed SDSFAGE

gels atthe expected molecular weights (Figures 1B The yields were not enough for

the protein to be stained after SEased on th@arameterslescribed abovell fusions,
except for RDX, were selected for further testifidne above tested fusion protein
combinatiors for GPR6&Iid notyield enough proteito pursue structural studigkerefore

it was clear thamoreprotein engineeringvasrequiredto further improve overall protein

yield and stability.

4.1.3 Effect of termini truncations

A
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Figure 21: Screening othe T4L fusion proteirinserted in the ICL3 of GPR6®&ith truncation at either
terminus (A) Size exclusion chromatograms from the pooled eluates after affinity purification (TALON) for
theN-terminal truncation constructs (C9 and C1B).Size exclusion chromatograms from the pooled eluates
after affinity purification (TALON) forthe C-terminal truncation constructs (CI215). The SEC was
performed on Superdex 200 increase 10/G00from 500mL cell pellet and all the purification steps were
performed using DDM/CHS at pH 7.8. Note that the Greek lgtt@presents truncation, if thegpis before

the fusion protein, it is aN-terminal truncation e.g., C@®$-T4L) meanghat the 8 amino acids from tie
terminus are truncatewvhereas iftpis after the fusion it represen@terminal truncation e.g., C12 (T4L
il 8) meandhat the 18 amino acids from tkieterminus are truncated.

Another often used approach invadveuncating eitheterminusof GPCRsto enhance
protein production and stabilifgection 1.4.1)Furthermore, removal afisordered termini
may improve crystal contacts during crystallizatibosed the T4L fusion in the ICL&f
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GPR68 and test 3N-terminal truncatiosand 4C-terminal truncationsOut of the three
N-terminal truncation construc(€9, C10 and C1)1 C11 did not expressvhich is likely
because of excessive truncatigr2@ amino acids) into the TM1 of GPR68, as observed
from snake diagram of GPR68 in GPCR#gure 1§. Amongst allN-terminal truncation
constructsa deletion of 14 amino acid€10) was clearly better thatkeletion of 8 amino
acids C9) based on monomeric peak characteristics as well as monomer to aggregate peak
size ratio(Figure 21A). However the SEC profile of C10 was not reproduciblel ahe
behavior was later founi be likeC9, except with more overall yield3heexplanation

for the lack of reprodability of C10 chromatograrhas been described later in my thesis
under the sectio.1.5 Finally, amongst theC-terminal truncatiorbased constructs
(deletion of 18, 52, 55, and 61 amino acids in the const@t® C13, C14 and C15
respectively, the monomer peak siznd overall SEC profilevassimilar amongst alC-
terminal truncatiorbasedconstructs.On comparingthe T4L based GPR68 construct
without any truncations (C29 the overaltruncation results shaedthatall the truncation
constructs showed significant overall yield improvements (Figafe 21A,B), of which
theC-terminal truncations seem to be more effective. Thikkedy because th€-terminus

is longerthan theN-terminus in GPR6&nd truncation of longer likely disordered regions

would show more improvemenis protein behaviar

4.1 4 Combination of fusions truncations, and variations of fusion insertion site
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Figure22: Screening otonstructs containing@mbinatiorof afusion protein inserted in the ICL3 of GPR68
along withatruncation at either termini or botarmini. (A) Size exclusion chromatograms from the pooled
eluates after affinity purification (TALON) for the PR68 constructs which have either T4L (C21) or PGS
(C24) as ICL3 fusion (B) Size exclusion chromatograms from the pooled eluates after affinity purification
(TALON) for the GPR68 constructs based on ICL3 BRIL insertibhese BRIL constructgary in insertion
points in the ICL3, addition of chimeric BRIL (BR&), or a combination with truncation.The SEC was
performed on Superdex 200 increase 10/300from 500mL cell pellet and all the purification steps were
performed using DDM/CH&t pH 7.8 The truncation denotation used in this figure is as formerly described
in Figure21.
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The next set of GPR68 constructs involved¢@mbination ofN-terminal truncationlike

C10 (gp 1)4and C-terminal truncationlike C12 (¢p B) along with an ICL3 fusioni T4L

(C21) and PGS (C24This strategy seemed ineffectiveths overall yieldslecreasednd
monomeric peak characteristics wer@se(Figure 2A) in comparison tevhen theabove
describedstrategies were implemented separatéigyre 20, 21). Additional constructs
including T4L (C22 and C23) or PGS (C25 and C26) ICL3 fusions were created, differing
only in their Gterminal truncationAppendix 1) Theseconstucts had comparableC-
terminal truncations lik€13 and C15 for each ICL3 fusion priot@ndexhibited similar
behavior to C21 and C24.,resulting in a reduced ovekgield and poor monomereak

characteristicgFigure 2A).

| alsoinvestigated a distinct set obnstructghat aimed to optimize the insertion BRIL

in ICL3 of GPR68 These constructs were designed using alternative insertion locations
compared to the previously tested BRIL consti(@3). These BRIL constructs did not

show any monomeric peak and were not any better than strategies previously accomplished
(Figure 2B). The overall yields were also poor except for C31 (FiguB) Avhich
included a truncation like construct C12.

A

vo)

Aggregate Aggregate
g 1500+ — C35 (BRIL(N)-A60) g 400+
S — C34 (BRIL(N)-A52) = — €29 (A14-BRIL(N)-A55)
© — 33 (BRIL(N)-A18) @ _ — €28 (A14-BRIL(N)-A52)
(\,J 1000 — C32 (BRIL(N) 0.‘ =00 — C27 (A14-BRIL(N)-A18)
) 5
< < 2004
E 500+ Monomer E | Monomer
3 ] 8 1004
& & A
2 04 £
<] s 04
w [0}
2 2 oo
500 T T T A0 T T T T T T T T T
0 2 4 6 8 10 12 14 16 18 20 22 24 0 2 4 6 8 10 12 14 16 18 20 22 24
Retention volume (mL) Retention volume (mL)
C Aggregate
E 404 — C7 (AB-BRIL(N)-T4L)
8 ) — C8 (A8-BRIL(N))
«~ 304
§ 204 Monomer
E
Q
Q
[ =
©
£
[=]
[%2]
2
- O

T T T T T T T"1
0 2 4 6 8 10 12 14 16 18 20 22 24
Retention volume (mL)

Figure 23: Screening of theombination constructs that include a BRilision protein inserteat theN-
terminus of the GPR68 c¢ on &Nt §AuSize exclusiondchromiatograsis fdire n ot e d
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the pooled eluates after affinity purification (TALON) for t8®R68 constructs which have variatiomshe
C-terminal truncation and a BRINJ. (B) Size exclusion chromatograms from the pooled eluates after affinity
purification (TALON) for theGPR68 constructs having BRIN) and a combination of termini truncations
(C) Size exclusion chromatograms from the pooled eluates after affinity purification (TALON) f6PR&8
constructs having BRIILY) and a combination of termini truncatioi$ie SEC was pesfmed on Superdex
200 increase 10/30GL from 500 mL cell pellet and all the purification steps were performed using
DDM/CHS at pH 7.8 The truncation denotation used in this figure is as formerly described for Riure

A similar strategy of addingN-terminal BRIL was implementedut with an additional
removal of the first 14 amino acids at tReerminus (C27C29), where it was observed
that lesser truncation d@-terminus was more effective to obtain more overall yields
(Figure B8B). The yields of the constructs GEZ29 (~156400 mAU) was less than C32
C35 (~500100 mAU). Lastly, the constructs C7 and C8 had very poor yields (Fige 2
and form the worst set &§-terminal BRIL constructs.

4.1.5Effect of cobalt ionson GPR68 stability

In the section 4.1,3 described that C1lBadan ideal SEC profiléFigure 21A), but the
resultwas not reproducibléJpon further investigatign found out that th@ ALON resin

was likely leakingcobalt ionsas it was an older batch stored for a long time. The cobalt
ions lealing from the resin werthen contributing to the stability @10. This hypothesis
was confirmed byepeatingthe C10 purification using a new batch of TALON resin. A
distinct SEC profile was found, showing a reduced amoustatile proteir{Figure 2A)
compared to the previous purification performed with the old batch of TALON resin that
was previouslyglescribed (Figur2lA). To further confirnthetheory, the same purification
was repeatedith a fresh batch of TALON resim presence of inM EDTA in the SEC
buffer, and interestinglythe overall amount of protein on the SEC column vesiiced
drastically with barely any protein in the typical monomeric protein retention volume
(Figure 21A). Additionally, a FLAGbased affinitypurification wagperformed in presence

of 100 uM cobalt chloride and a monomeric peak was observed (Figthg Zhus,
validating my theory about the leaking metal iohs.investigatehe role of theC-terminal

10 His-tagin stabilizing C10 via forming a possibétructured region witkc-terminus, a
new construct C20ke C10was desigadwith a TwinStrep tag substituting the 3L ®is-

tag (Table 3) C20 was subjected to FLARased affinitypurification in presence of 100
MM cobalt chlorideand still showed stabilization via cobalt iofiSgure 21B). Although,

the yields had reduced to about 50% of C10.
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The C12 was also purified via FLAtagin presence of 10QM cobalt chloride and this

construct was alsfmund to bestabilizedvia cobalt ions However, when the concentration

of cobaltchloride was reduced to 25 puM, no stability wasen. This suggests that the

receptor's affinity for cobalt ions is likely low.
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Figure24: Screening of the combination constru@4.0, C12 and C20h presence of cobalt chlorid8ize
exclusion chromatograms from the pooled eluates after affinity purificgliéhON, if not mentioned
otherwis@ for GPR68 C10 (panel AGPR68C20 (panel B), and GPR68 C12 (panel The SEC was
performed on Superdex 200 increase 10/300from 500mL cell pellet and all the purification steps were
performed using DDM/CHS at pH 7.8. The truncation denotation used in this figure is as formerly described
for Figure21.

Minimal quantities of monomeric protein were detected for C7, C21, and(fkigdre
25A), however the overall yielstmprovedcompared to the purification without cobalt ions
(Figure 2A, 23C). Similar trend was observed foonstructs that hadl&€L3 BRIL fusion
(Figure 2B, 24B), but C17 containingthe chimeric BRIL (BRI L showed adistinct
monomeric peakFigure 5B).
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Figure 25: Screening of thearious ombination construstin presence of cobalt chlorid8ize exclusion
chromatograms from the pooled eluates after affinity purificdif@AG) for GPR68 @, C21 and C2{panel

A), GPR68C17, C31 and C48panel B), and GPR681C C32, C33, C34 and C3panel C).The SEC was
performed on Superdex 200 increase 10/800(panel A,B) and orSupepse 6increase 10/300G(panel

C) from 500mL cell pellet and all the purification steps were performed using DDM/CHS at pghah@l

A,B) or at pH 63 (panel C) The truncation denotation used in this figure is as formerly described for Figure
21

| investigatel the potential of cobalt ions to enhance the stability of GPR68 constructs with
a BRIL fusion at theN-termirus (BRIL(N)) and a native ICL3, thereby facilitating the
required conformational change in GPR68the active state structurdpon testing the
idea, extremely small amounts of yieldrere observed for all construgtsalthough
interestingly no aggregate peak was observed for these constxuefs for C32Kigure

24C).
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4.16 Addition of small moleculesenhanced protein stability
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Figure 26: Screening of th&PR68construcs in presence gfroprietary ligands (Ligand 1, Ligand 2 and
Ligand 3).Size exclusion chromatograms from the pooled eluates after affinity purificeb®N (panel
A-D) andFLAG (panel EF) for purification of differentGPR68constructs in Ligand 1 (panelB), Ligand

2 (panel E) and Ligand 3 (panel. Fhe SEC was performed on Superdex 200 increase 1@BOMmM 500
mL cell pellet and all the purification steps were performed using DDM/CHS at pH e8truncation
denotation used in this figure is as formerly described for Figlire

On average,he protein yields have consistently been view for different GPR68
constructsvhen purified without ligands or in the presence of cobalt ionss provided

with over a dozen proprietary ligands which were identiiscantagonistagainsthuman
GPR68.To identify the most effective ligands for stabilizittge humarGPR68 in anon
native environment, a range of representative constructs were purified using different
ligands.l only reportthe ligands thastabilizzd the humarGPR68
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The initial testing of variou&sPR68constructs was performaasing Ligand 1 which
stabilized all the different types of GPR68 construgtEigure BA-D) compared to

apoprotein (section 4.1:21.4)based oroverall yields ananonomeric protein yields

A distinct monomeric peak, with improvegrotein stabilty and overall yieldswere
observedusing Ligand 2 and Ligand ®&hen various types of combination constsuct
containing truncations, different fusion proteins in ICLNeterminal BRIL (Figure BE-
F) in comparison to apoprotein, or in presence of Liganor tobalt ions.Ligand 3
contributedto highe stabilizationof the receptor construcéd thus was used to produce

protein for structure determination

4.17 Effect of potential thermostabilizing mutations

Construct | Mutation | Rationale
Mutations introduced into C19 ( pBRIL( N)-PGS) N86349Q) as base construct

C36 F24 1549\ Restoring CWxP motif
C37 1226533V Predicted by CompoMu§*®!

4 Predicted by CompoMug'®!
C38 G11G4WwW / GPCRAB362!

58 Destabilize active statnformation stabilized vid(>52Y 753 of
€39 Y2055A DPxxY7-%3 motif [56°]
C40 D67>5N Neutralizing Sodiunpocket
C42 T293F5F High conservation in Helix 854

Mutations introduced into C17 (BRILG) as base construct
C62 | S1083R | Sodium pocket ionic lock (D67°S10839R) [365]
Mutations introduced into C33 (BRIL(N)-gp 1)&s base construct

C46 C304A, C31@& Potential palmitoylation sites
Ca7 G46-5'A Predicted by CompoMu§'®!
C48 L6073 Decrease the size of hydrophobic podi&st
C49 L112843A Increase the size of hydrophobic podké
C50 1115%45A Increase the size bifydrophobic pockef®®
C51 K223 RestoreDR®*% motif potentialinteraction partneR119*50-K2235-3%€
C52 T64%47A Predicted by CompoMu§®!
C53 V1094A Disrupting P\**9F motif
C54 E103*A Potential role in proton sensitigection 42.4 and4.3.3 of my thesis)
C55 E149-%A Role in proton sensing
C57 T23F4%V Restore hydrophobicity of the pockéf!
C68 F76-5C Introducing artificial disulfide bond

4
C70 %1111?;;41‘_ Class conservation based GRCRdb sequence alignment
C71 S108°3K Sodium pocket ionic lock (DG7%-S1083%K) (671
C72 L74?5P Amelogenesis imperfectautant(*&]

Table4:Compilation ofpotentialthermostabilizing mutations for human GPR68.
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Figure27: Screening of the GPRg®int mutatiors. Size exclusion chromatograms from the pooled eluates
after affinity purification TALON (panel B) and FLAG (panelC,D) for purification of different GPR68
mutationconstructsThe SEC was performed on Superdex 200 increase 1®BABm 500mL cell pellet
(panel A,BandD) or on Supepse 6increases/150GL column(panel Clusing 50 mL cell pelleand all the
purification steps were performed using DDM/CHS at pHwitBout ligand (panel A presence of Ligand

3 (panel BD). The truncation denotation used in this figure is as formerly described for Riure

GPR68 mutations were tested in different groups throughout the thesis using three different
constructs (C17, Cl19 and C33) in which muit
construct 6. The mut at ratonakeforttheiadesign Baveebeen e st e ©
presented in Tabld. The mutations predicted by ComoMB¢f! were proposed by Dr.

Christofer Tautermann (Boehringer Ingelheim, Biberach, Germany).

The mutations designed using C19 as a base construct resulted in an increased protein
aggregation and reduced monomer formation as inferred from chromatogram (Filgure 2

C62 was also ameffective mutant as it had a similar chromatogram to its base construct,
C17 (Figure ZB). The mutations that wenasertedin C33 when tested in small scale
showed extremely similar SEC profile for all the constructs tebtedshigher monomeric

peak was observed for C50, C53, C54 and C55 in comparison to C33 (H@Uré 2ew

mutation constructs from thpgevioudy describedset (C46, C47, C48, C5anhd the mutant

constructthat had improved peak characteristi€s5, E149453 in comparison to the
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base construct (C33)erepurified againon a large scaléb00 mL) andwere observed to
behave worse than the base const(@33) in terms of monomeric peak yield and
characteristics (Figure7/D). Thus, the next set of constructs were directly teisted500

mL scale and were also found to be worse than the base construct, C33 (Aljure 2
Ultimately, all efforts to stabilize GPR68 by mutations were unsuccessful.

4.1.8Anti -BRIL FAB c omplexationtrials

A

GPCR

<
!ﬂ“' Anti-FAB NB

Model Confidence
W Very high (pLDDT > 90) High (90 > pLDDT > 70) Low (70 > pLDDT > 50) B Very low (pLDDT < 50)

Figure28: Construct designtsategyfor GPCRsusingartificial intelligencebasedstructural modeling tool,
AlphaFold®*3, The acronyms used this figurearedescribed as followtor the fragment antigehinding
region (FAB), single monomeric variable antibody domaiesigned to bind\nti-BRIL FAB (NB), beta
lactamase fronkescherichia coli K1ZBLEK), calcineurin sufunit A (CalA), calcineurin sulunit A (CalB)
andperresidue local distance difference tgstDDT), a global model scoring systefd\) Representative
BRIL-FAB-NB complex This panel was adapted and reused with permissidier Creative Commons
Attribution license®®®l, Structural models generated for different GPR68 constructs containing the following
fusion proteing beta lactamase (panel B), calcineurin (panel C), BRIL fusions based (p&)el D
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Cryo-EM of class A GPCRs have been successéulierusing the BRILFAB strategy,
wherea GPCR construetith aBRIL fusion in ICL3is purified and complexed witiAnti-

BRIL FAB andAnti-BRIL-FAB nanobody (NB)Figure BA). AlphaFold was publicly
released while | pursued my thesisrk, | usedt to design rigid BRIL fusion based GPR68
constructs. Her e, the term O6r i o@fittkdegionepr es e
wherethe BRIL fusion is added e.qg., if BRIL is added in ICL3, then TM5 and Ta¥ithe

GPCR would ideally form continuous helicestending into the BRIL fusion. The strategy
used to design suchPR68constructs involved usage of sequence manipulésaaition

or deletion of residues)f the GPR68 sequence in & 3 region followed by addition of

BRIL or B R 1 kequence to this manipulated regibtany such sequences with different
combinations were prepared and used as input files for the AlphaFold algorithm. This cycle
was continued until a construeith a potentiakigid BRIL fusion was observed from the
structural models generated by AlphaFaith a consensuwhich can be further used for
experimentationAn example of such a construct generateti Wigh confidence score was

C61 (Figure28F). Then | back testedsome of the BRIL constructs which were design
before AlphaFold was released and found that C17 (FigRD¢ ®as more rigid than C43
(Figure BE).

Complexformationwas tested usingurified GPR68constructs containing tHEL3 BRIL

fusion constructs (C17, C43, and C61), as well aS-tarminal BRIL fusion (BRILN))
construct (C33), using thenti-BRIL FAB (FAB) and/orAnti-BRIL-FAB nanobody (NB)

at pH 7.8 The initial attempt was conducted qualitatively by adding an excessive amount
of FAB to the purified protein. The objective was to notice a decrease in retention volume,
becausehe size of thecomplex GPR68 construct + FABIs larger than that of the
monomeric potein. However, the results indicated trmmplexation of FAB withboth

types of constructs the ICL3 BRIL fusion constructs and tieterminal BRIL fusion
construct did not cause any changeeitention volume due to changes in size or molecular
weight (Figure 2A-D). Consequently, the experiment was conduetgdin with C61
guantitatively attwo distinct pHvalues(pH 6.0 and pH 7.8), resulting in identical
outcomes,i.e.,, no observable shifin retention volumes (Figure9g,F). Another key
observatiorfrom these set of experiments was that upon complex formation the size of the
Acompl ex peako would reduce instead of ir

monomeric peak (Figure9g,F).
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Figure 29: Screening of the GPRBBRIL fusion construcs for complexation wittAnti-BRIL FAB. Size
exclusion chromatograms from the pooled eluates after affinity purifictié&® and SEGor complexation
with Anti-BRIL FAB. The SEC was performed &mix-C SEG300 4.6800 columnfor C17(panel A) C43
(panel B) C61(panel C) and C33 (panel By onSupepse 6Gincrease AL50GL columnfor C61(panel E,F)
All the purification steps were performed using DDM/CH8ifferent pH values indicated in the respective
figure legend. All purification were performed in presence of Ligandt8 truncation denotation used in
this figure is as formerly described for Fig@e

In consideration of the puzzling outcomes, | decidecrtoceedwith an alternative
approach. Specifically,designedwo constructs, C73 and C74, in which a BRIL was fused
to the ICL1 and ICL2 regions respectively, utilizing AlphaFold predictions. Similarly, these
two construtsalso exhibited findings comparable to G6igure30A,B). As a succession,

| consideredchangingthe expression systerto mammalian cells (HEK293pr testing
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FAB complexationby utilizing an ICL3 BRIL constructC75. However, this approach

yielded comparable outcomes as previously described (F3§@e
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+Ligand 3 pH 6.0 40— +Ligand 3 pH 6.0
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Figure30: Screening of the GPR68 BRIL fusiennstructs for complexation withnti-BRIL FAB based on

new strategiesSize exclusiorthromatograms from the pooled eluates after affinity purificatbAG and

SEC for complexation wittnti-BRIL FAB (BRIL-FAB) and or nanobody (NB)The SEC was performed

on Superose 6 increase 5/150 GL colufimmntesting complexation with ICL1 BRIL fusioconstruct C73
(panel A), ICL2 BRIL fusion construct C74 (panel B) and ICL3 BRIL fusion construct C75, expressed in
HEK293 cells (paneC). All the purification steps were performed using DDM/CHS at differen6gHAll
purification were performed in presce of Ligand 3. The truncation denotation used in this figure is as
formerly described for Figur2l.

Alternatively, a completely different construct design approach folésved after the
initial failure with ICL3 BRILbased constructsvhere the first strategy involved fusion of
betalactamase fronkEscherichia coli K1ZBLEK) to the ICL3 in GPR68 and the second
strategy involved using calcineurin (CalA and&) as a fusion protein (Figure82) as
described befor828l. These constructs were mainly desidfor the use ircryo-EM as the
BLEK fusion and the calcineurin fusion would increasedize of the constructs to 38

kDa and ~8 kDa respectivelandcould act as &ducial marker
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4.19 X-ray crystallography trials with GPR68

Figure31: Summary ofthe mainX-ray crystallography trials undertaken using hur@PR68constructs

Size exclusion chromatogranfsom the pooled eluates after affinity purificatid@LAG) from a 2L
expression of C33 purified usiregSuperdex200increaseld/300 GL columnin the presence dDM/CHS

at pH 7.8(panel A) and its respective SBFAGE gel (panel B)Size exclusion chromatogranfrem the
pooled eluates after affinity purificatiqfLAG) from a 2L expression of C61 purified usin@aperdex200
increasel /300 GL column in the presence of DDM/CHS at pH §panel C) and its respective SP8GE

gel (panel D) The crystals from the crystallization of C61 has been shown after maximum growth under
visible and crospolarized light (panel EAIl purificationswere performed ithepresence of Ligand 3. Eh
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