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Abstract 

G protein-coupled receptor 68 (GPR68) is an orphan receptor that falls under the 

Rhodopsin-like family of G protein-coupled receptors (GPCRs). It is a proton sensing 

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 non-specific small molecules, peptides, or divalent metal ions. The precise role of the 

proton sensing receptor in a variety of disorders remains undetermined. It is an emerging 

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 3D structure. 

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, I utilized protein engineering to express and purify adequate amounts 

of the human GPR68 in presence of a proprietary antagonist, with detergent. However, the 

protein quality was unsuitable for determining the structure of the receptor in its inactive 

conformation via X-ray crystallography and single particle cryogenic electron microscopy 

(cryo-EM). Following a mitigation strategy, I started to purify the homologous zebrafish 

GPR68 in presence of the proprietary antagonist. Subsequently, I pursued structure 

determination via cryo-EM with a specific protein construct which had a fusion protein 

(BRIL) in the intracellular loop 3, that was exploited to form a complex with Anti-BRIL 

FAB and Anti-BRIL-FAB nanobody. In view of substantial noise in the dataset and limited 

time for the thesis, I did not process the data further after achieving a satisfactory 2D 

classification that showed a clearly visible fiducial marker. Future cryo-EM work with 

improved protein material and cryo-EM samples holds great promise to enable the structure 

determination of this GPR68 ortholog. 

Additionally, I established a protocol for validating structural models of GPR68 based on 

various strategies and used the best possible model for classical molecular dynamics to 
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identify crucial proton sensing regions of the receptor. I performed atomistic simulations 

with specific protonation states for previously described functionally relevant residues in 

GPR68 and applied graph theory and hydrogen bond calculations to describe key proton 

sensing structural elements by assessing the impact of the protonation states. I found that 

GPR68 has a robust and highly dynamic water-mediated hydrogen-bond network that 

connects the extracellular histidine and carboxylate clusters to the buried carboxylates via 

a previously described putative allosteric pocket of GPR68. The hydrogen bond network 

was found to be sensitive 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 time-resolved fluorescence (HTRF) based functional assay for GPR68. I 

used this assay to measure GPR68 signaling via GŬq/11 pathway over a range of pHs. After 

performing mutation studies using the HTRF assay, I have shown that specific surface 

carboxylates, and a buried acidic residue that had no prior indication to be functional, play 

a substantial role in the proton sensing ability of GPR68. 
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Zusammenfassung 

Der G-Protein-gekoppelte Rezeptor 68 (GPR68) ist ein Orphan-Rezeptor, der zur 

Rhodopsin-Familie der G-Protein-gekoppelten Rezeptoren (GPCRs) gehört. Es handelt 

sich bei GPR68 um einen pH-abhängigen Rezeptor, der durch extrazelluläres azides Milieu 

aktiviert wird und eine entscheidende Rolle bei verschiedenen physiologischen Prozessen 

spielt. Er ist bei verschiedenen Krebsarten überexprimiert und wird als Faktor in chronisch 

entzündliche Erkrankungen, Fibrose und Knochenhomöostase diskutiert. Bei 

pharmakologischen Untersuchungen von GPR68 wurden verschiedene organische 

Moleküle, Peptide oder zweiwertige Metallionen als allostere Modulatoren entdeckt. Die 

genaue Rolle des pH-abhängigen Rezeptors bei einer Vielzahl von Erkrankungen bleibt 

ungeklärt. Aufgrund seiner vermuteten Rolle in einer Vielzahl pathophysiologischer 

Erkrankungen ist er ein interessantes Zielobjekt für therapeutische Ansätze. Das derzeitige 

Verständnis darüber, wie GPR68 extrazelluläre Protonen erkennt, wird hauptsächlich durch 

das Fehlen einer öffentlich zugänglichen 3D-Struktur begrenzt. Bestehende Theorien gehen 

davon aus, dass extrazelluläre Histidine oder eine Triade saurer Aminosäuren im 

Rezeptorinneren eine Rolle bei der Protonenerkennungsfunktion des Rezeptors spielen. 

In meiner Doktorarbeit habe ich Protein-Engineering genutzt, um das menschliche GPR68 

in Detergens in ausreichenden Mengen in Gegenwart eines proprietären Antagonisten zu 

exprimieren und zu reinigen. Allerdings war die Proteinqualität nicht geeignet, um die 

Struktur des Rezeptors in seiner inaktiven Konformation mittels Röntgenkristallographie 

und Einzelpartikel-Kryo-Elektronenmikroskopie (cryo-EM) zu bestimmen. Als 

alternativen Ansatz habe ich das homologe Zebrafisch-GPR68 in Gegenwart des 

proprietären Antagonisten gereinigt. Mit einem spezifischen Proteinkonstrukt, ein 

Fusionsprotein mit einer BRIL-domäne, die in dem intrazellulären Loop 3 eingebettet ist, 

das wiederum zur Bildung eines Komplexes mit Anti-BRIL-FAB und Anti-BRIL-FAB-

Nanokörper geeignet ist, begann ich mit der Strukturbestimmung mittels cryo-EM. 

Angesichts des erheblichen Rauschens im Datensatz und der begrenzten Zeit für die Arbeit 

habe ich die Daten bisher nicht weitergehend bearbeiten können. Aktueller Stand ist, dass 

eine vielversprechende 2D-Klassifizierung der Einzelpartikel vorliegt, die einen deutlich 

sichtbaren Referenzmarker zeigt. Zukünftige Arbeiten mit cryo-EM mit verbessertem 
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Proteinmaterial und cryo-EM Proben sollten mit Wahrscheinlichkeit die 

Strukturbestimmung dieses GPR68 Orthologen ermöglichen. 

Darüber hinaus habe ich ein Protokoll zur Validierung von unterschiedlich hergeleiteten 

Strukturmodellen von GPR68 erstellt und das bestmögliche Modell für klassische 

Molekulardynamik verwendet, um wichtige Protonen-Sensorregionen des Rezeptors zu 

identifizieren. Ich führte atomistische Simulationen mit spezifischen 

Protonierungszuständen für die zuvor beschriebenen funktionsrelevanten Reste in GPR68 

durch und nutzte Graphentheorie und Wasserstoffbrückenbindungsberechnungen, um 

Strukturelemente der Protonenerkennung zu beschreiben. Ich fand heraus, dass GPR68 

über ein robustes, hochdynamisches wasservermitteltes Wasserstoffbrückennetzwerk 

verfügt, das den extrazellulären Histidin- und Carboxylatcluster über eine in der Literatur 

beschriebene mutmaßliche allosterische Tasche von GPR68 verbindet. Das 

Wasserstoffbindungsnetzwerk reagiert empfindlich auf Änderungen der 

Protonierungszustände der Carboxylat-Triade im Proteininneren und kann ausreichende 

strukturelle Veränderungen induzieren, um eine weitere Verbindung der vergrabenen 

sauren Reste mit der intrazellulären G-Protein-Bindungsstelle zu ermöglichen.  

Schließlich habe ich einen Funktionstest zur Messung der pH-abhängigen GPR68-

Signalübertragung über den GŬq/11-Signalweg etabliert, der auf homogener, 

zeitaufgelöster Fluoreszenz (HTRF) beruht. Mit den Ergebnissen dieses Assays wurden die 

strukturabgeleiteten Hypothesen experimentell validiert. Nach der Durchführung von 

Mutationsstudien mit dem HTRF-Assay habe ich gezeigt, dass spezifische 

Oberflächencarboxylate und ein verborgener saurer Rest, für den es zuvor keine Hinweise 

auf eine funktionelle Rolle gab, eine wesentliche Rolle bei der 

Protonenerkennungsfähigkeit von GPR68 spielen. 

 

The translation of the abstract in German was kindly provided by Dr. Herbert Nar. 
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1. Introduction 

1.1 G Protein-Coupled Receptors 

G protein-coupled receptors (GPCRs) form the largest family of integral membrane 

proteins, consisting of about 800 receptors [2], representing roughly 5% of the expressed 

genes in humans [3]. GPCRs are divided into two major classes of olfactory and non-

olfactory receptors. Approximately 400 out of the total 800 genes are responsible for 

encoding olfactory receptors [2]. The first structure of a GPCR, specifically bovine 

rhodopsin bound to 11-cis retinal, was resolved in 2000 [4]. Subsequently, the first structure 

of a human GPCR, specifically the ɓ2-adrenergic receptor, was resolved in 2007 [5]. A total 

of 187 unique non-olfactory receptor structures have been determined as of August 2023 

based on GPCRdb [6]. 

Structurally, GPCRs have seven transmembrane (TM) alpha helices. These helices are 

accompanied by alternating intracellular and extracellular loops [7] (Figure 1). Certain 

GPCRs even have an additional eighth helix, which is amphipathic in nature and runs 

parallel to the membrane [8]. GPCRs are usually tilted in the lipid bilayer, mostly because 

of helix-helix interactions and variations in tilts, kinks, lengths and hydrophobicity of the 

helices [7]. GPCRs undergo multiple post-translation modifications. They have an 

extracellular N-terminus that is often N-glycosylated [9, 10]. Additionally, the C-terminus 

may undergo several modifications like phosphorylation, palmitoylation, and 

ubiquitination [10]. These receptors have a disulfide bond between TM3 and extracellular 

loop 2 (ECL2) which is highly conserved (92%) amongst all GPCRs [11]. Certain GPCRs 

may possess an additional disulfide bond that may connect different regions of the protein. 

For example: N-terminus to ECL3 [12], N-terminus to the junction of ECL3/TM7 [13], N-

terminus to ECL2 [14], between ECLs [15] or as an intra-loop disulfide bond [16]. 

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 quality control 

proteins called chaperones such as calnexin and calreticulin, which retain misfolded 
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GPCRs in the ER. Properly folded receptors are packaged into coat protein complex II 

(COPII)-coated vesicles derived from the ER. These transport vesicles visit various 

intracellular compartments and carry the GPCRs through ER-Golgi intermediate complex, 

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

the receptors may undergo additional post-translational modifications such as 

glycosylation. Subsequently, these receptors are packed in exocytic vesicles in which they 

are transported to the plasma membrane as mature proteins [17, 18]. Certain key motifs for 

efficient export of the GPCRs have been identified. The motifs are in the N-terminus / 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. C-terminal motifs are E/D(X)3LL], [F(X) 3F(X)3F], [FN(X)2LL(X) 3L] and 

[F(X)6 L/I L/I]. N-terminal motifs are [YS] and N-linked glycosylation (NXS/T). 

Interestingly, specific motifs exist that prevent the transport of properly 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 of the C-

terminus or in the intracellular loop 3 (ICL3) [19]. 

 

Figure 1: Overall architecture of a G protein-coupled receptor (GPCR) highlighting the seven transmembrane 

(TM) helices with the alternating extracellular loops (ECL), intracellular loops (IL), ligand binding site and 

G protein coupling site. This figure has been adapted and reused [20]. 

Mature GPCRs are located at the plasma membrane to facilitate their crucial function as 

stimuli mediators, allowing them to recognize a wide range of physical and chemical 

stimuli from the extracellular environment, such as protons, photons, peptides, nucleotides, 

lipids, mechanical forces, and more [21]. GPCRs undergo a conformational change upon 
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binding of these molecules, which enables binding of the G protein at the cytoplasmic side 

(Figure 1). This, in turn, triggers a suitable signaling pathway leading to a series of 

intracellular events ultimately resulting in an effect in response to the extracellular stimuli. 

These receptors were termed G Protein-Coupled Receptors because they can cooperate with 

G proteins for their function [22, 23]. The compounds that facilitate the binding of receptors 

to G proteins, resulting in receptor activation are referred to as agonists. Conversely, 

molecules that bind to same receptors but prevent G proteins from binding, resulting in 

receptor inactivation, are known as antagonists [24]. 

G proteins are heterotrimeric proteins comprising of the three subunits: Ŭ, ɓ, and ɔ. When 

a GPCR is inactive, guanosine diphosphate (GDP) is bound to the Ŭ subunit of the G protein 

due to the internal GTPase activity of the Ŭ subunit. In the inactive state, heterotrimeric 

proteins exist as a complex. Typically, the Ŭ and ɔ subunits are anchored to the inner leaflet 

of the lipid bilayer. The activation of a GPCR causes the exchange of GDP with guanosine 

triphosphate (GTP), which enables G protein to undergo favorable conformational changes 

enabling binding to the GPCR. Consequently, heterotrimeric G protein components 

dissociate into Ŭ-GTP and a ɓ-ɔ complex. These components induce downstream signaling 

via different effectors and secondary messengers, while the receptor remains free and 

bound to the agonist and may activate additional G proteins initiating a process called 

catalytic activation of GPCRs [25ï27]. The signaling of GPCRs is terminated when the GTP 

is hydrolyzed back to GDP in the G protein alpha sub-unit and the heterotrimer is 

reassembled, or dissociation of the ligand or specific modifications of the GPCRs leads to 

its desensitization, subsequently leading to recycling or degradation of the GPCRs [28, 29]. 

The internalization or endocytosis of the receptor is initiated when GPCR kinases (GRK) 

mediated GPCR phosphorylation, sequestration or ubiquitination occurs [28, 29]. 

Additionally, GPCRs can also get regulated independent of G proteins via a ɓ-arrestin 

mediated pathway that promotes receptor internalization with additionally recruiting other 

adaptor or accessory proteins like clathrin [30, 31]. While ubiquitination has been associated 

with receptor internalization and degradation (Figure 2), S-palmitoylation participates in 

both GPCR export to the plasma membrane and its internalization [32]. 

GPCRs continuously undergo a cycle of endocytosis (recycled or degraded) and exocytosis 

(Figure 2). Thus, internalization of the receptor can occur independent of agonist 



 

 

   4 

stimulation. Although, the rates of internalization differ. For instance, the ɓ2-adrenergic 

receptor is internalized from the cell surface with an estimated half-life of approximately 

one hour in absence of an agonist and about 10 min in presence of an agonist [18, 33]. The 

endocytosis of the GPCRs can occur via clathrin coated vesicles, uncoated vesicles or 

caveolae [34]. Caveolae can be described as special cases of lipid rafts that form small 

invaginations or cup-shaped pits in the plasma membrane which are approximately 50-100 

nm in size [35]. Certain sequence-based motifs have also been identified for the 

internalization of the GPCRs. Tyrosine-based sorting motifs like YXXHy, where Hy is a 

hydrophobic residue and NXXY are found typically on exposed cytoplasmic domains of 

the receptors [19, 36]. Clusters of threonines and serines act as sites of receptor 

phosphorylation, and the acidic di-leucine motif [D/E XX L L/I or D/E XXX L L/I ] is not 

only a key motif for receptor export as described above, but also play an important role in 

receptor internalization [32]. Additionally, the NPxxY motif (present in the TM7), which is 

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

previously described to be important for receptor internalization in specific GPCRs [37, 38]. 

 

Figure 2: Outline of the life cycle of a G protein-coupled receptor, emphasizing the trafficking, recycling, and 

degradation via ubiquitination of GPCRs. This figure has been reused [39]. 

Upon entering the endosome, GPCRs have two possible fates: they can either be recycled 

to the plasma membrane or guided to other locations along the endocytic pathway, such as 

the lysosome. In most cases GPCRs are recycled to the plasma membrane, but the fate of 

the GPCRs is determined by specific signals within early endosomes. An example of such 
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a specific signal in ɓ2-adrenergic receptor would be the disruption of crucial domain 

interactions of an adaptor protein with the GPCR that promote degradation over recycling 

[40]. 

1.1.1 Classification, nomenclature & signaling pathways 

Classification of GPCRs is crucial to gain a more thorough comprehension of the 

fascinating molecular machinery in a systematic way. The initial classification of GPCRs 

that was put forth is known as the GRAFS system, which stands for Glutamate (G), 

Rhodopsin (R), Adhesion (A), Frizzled/Taste2 (F) and Secretin (S) classes (Figure 3). 

Later, the Class F family of receptors was reclassified, where Taste2 (T) family of receptors 

were allocated a separate class [41]. The Rhodopsin class is the largest with around 700 

receptors and consists of four major sub-classes Ŭ, ɓ, ɔ and ŭ with 13 sub-divisions [42]. 

 

Figure 3: Classification of G protein-coupled receptor family based on the GRAFS classification system. This 

figure from [43] has been reused with permission. 
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In another classification system GPCRs were divided into seven groups A-F and O, but this 

was later modified to only six classes i.e., A-F [44]. The Class A is Rhodopsin-like receptors, 

Class B is Secretin-like, Class C is for Metabotropic glutamate-like receptors, Class D is 

Pheromone receptors, Class E cAMP receptors and Class F for Frizzled/Smoothened 

receptors. The receptors that do not have a defined function or endogenous ligand but have 

structural similarities to the GPCRs are termed as ñorphan receptorsò [45]. 

Comparison of a particular residue position within GPCRs has been made easier due to 

existing well-established sequence-based numbering methods for Class A [46], Class B [47], 

Class C [48] and Class F [49]. The nomenclature used in these numbering systems consists of 

two parts. The first number represents the helix, ranging from TM1 to TM7. The second 

number indicates the position of the residue relative to the most conserved position, which 

is designated as 50, for example ï N1.50 (97%) D2.50 (94%), R3.50 (96%), W4.50 (96%), 

P5.50 (77%), P6.50 (100%), and P7.50 (96%) [50]. For instance, the value 3.49 represents a 

residue located in TM3, which is one position before the most conserved residue (3.50). 

The conserved positions of a helix under question vary among the different GPCR classes. 

These systems were further improved by GPCR database (GPCRdb) nomenclature that 

additionally gives insights into the helix constrictions or bulges. This system is based on 

the GPCRs whose structures have been determined and accounts for structure-based 

sequence alignment. A unique separator óxô is added to the previous described systems 

followed by a number that is based on the structural data. For instance, 6.40x41. The 

conserved residues in the loops can also be written with the GPCRdb nomenclature, 

especially residues of the ECL2. For instance, C45.50 ï here the number 45 tells us that the 

loop is between TM4 and TM5. Although, as loops are less structured there are limited 

conserved residues that can be labelled with GPCRdb nomenclature. Superscript can be 

used to integrate this numbering scheme with the general residue numbers and receptor-

specific numbers e.g., R1193.50x50 or R3.50x50119 [51]. 

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

Although, the major classification is based on the Ŭ subunit. G proteins can be mainly 

classified into four types based on the Ŭ sub-unit: GŬq, GŬs, GŬi and GŬ12/13. Each of these 

family of the Ŭ sub-unit can further be sub-divided. Likewise, the ɓ and ɔ subunits can also 

be classified and have multiple members. Such functional and structural diversity makes it 

a complicated task in understanding the downstream signaling pathways of the GPCRs [52]. 
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In GŬs the letter ósô denotes stimulatory 
[53], in GŬi the letter óiô denotes inhibitory  

[53] and 

in GŬq the letter óqô denotation remains unclear. 

 

Figure 4: Signaling pathways for G protein-coupled receptors. This figure has been reused [54] under the 

Creative Commons Attribution license. 

Signaling via both GŬs and GŬi modulates a common effector, adenylate cyclase, which 

catalyzes the conversion of cytosolic adenosine triphosphate (ATP) to cyclic adenosine 

monophosphate (cAMP), a secondary messenger (Figure 4). It is directly stimulated by the 

GŬs class of proteins. Conversely, binding of GŬi inhibits conversion of ATP to cAMP by 

inhibiting adenylate cyclase. The levels of cytosolic cAMP can activate members of the 

protein kinase A family or ion channels representing secondary effector molecules [55]. 

Signaling via GŬq activates an effector molecule known as phospholipase C. This enzyme 

catalyzes the breakdown of membrane-bound phosphatidylinositol 4,5-bisphosphate (PIP2) 

into the secondary messenger inositol 1,4,5-triphosphate (IP3) and diacyl glycerol (DAG). 

The messenger IP3 binds to calcium ion channel/IP3 receptors located in the ER membrane, 

causing the release of calcium ions from the ER. Meanwhile, DAG can activate any 

membrane-bound variants of a secondary effector molecule known as protein kinase C. The 

calcium ions released from the ER act as tertiary messengers that trigger activation of other 

proteins like calmodulin [56]. Lastly, signaling via the GŬ12/13 stimulates guanine nucleotide 
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exchange factors for the Rho small GTPases which in turn regulate the actin cytoskeleton 

[57, 58]. 

1.1.2 Constitutive activity & 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, when ɓ2-adrenergic and ŭ-opioid receptor showed basal 

activity [59, 60]. 

 

Figure 5: Various types of dose-response curves and a spectrum of relative efficacy for GPCR ligands. This 

figure has been reused [61] under the Creative Commons Attribution license. 

A diverse array of endogenous 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 receptors. Ligands that maximally activate the GPCRs are considered as 

full agonists (usually endogenous ligands), and a ligand is known as a super-agonist when 

the maximal effect of the ligand exceeds that of the endogenous ligand [62]. Agonists which 

do not induce 100% activation are defined as partial agonists. Ligands that block agonist 

activity are called antagonists and can be of two types: inverse agonists, which reduce 

constitutive activity, and silent or neutral antagonists, which limit the actions of agonists 

without affecting constitutive activity [63] (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 by the N-terminus (after proteolytic 

cleavage) [64] or the ECL2 of the same GPCR [65] and lead to receptor activation e.g., 
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calcitonin receptor-like receptor [66] or block ligand access to the receptor e.g., sphingosine-

1-phosphate receptor 3 [67]. In addition, GPCRs can also be modulated allosterically by 

compounds that bind to a site different than the orthosteric pocket. These allosteric ligand 

binding sites may present on the extracellular side or in the transmembrane region [68] and 

in some cases even at the intracellular side [69]. The allosteric ligands can modulate the 

activity of the receptors negatively or positively and are categorized as negative allosteric 

modulators (NAMs) or positive allosteric modulators (PAMs) respectively. Allosteric 

modulators can also occur naturally, such as sodium ions and cholesterol. Bitopic ligands 

interact with both orthosteric and allosteric binding sites and can either be either agonists 

or antagonists [63, 70]. Some ligands can selectively activate a specific signal transduction 

pathway, and this phenomenon is known as functional selectivity or biased signaling. The 

ligands that cause this effect are called as biased ligands [71ï73]. 

1.1.3 Class A GPCRs 

Class A GPCRs or Rhodopsin-like family of the receptors is the most widely investigated 

class and it accounts for 85% of GPCRs. The Rhodopsin-like family includes 435 sensory 

GPCRs (olfaction, vision, taste and pheromone), 197 non-sensory receptors (excluding 

orphans) and 87 orphan receptors [74]. The non-sensory receptors can be categorized into 

eight different broad classes according to the type of ligand that stimulates them: protein, 

peptide, nucleotide, lipid, steroid, alicarboxylic acid, melatonin, and aminergic based on 

GPCRdb [6]. Such diversity of ligand recognition makes this group of receptors an 

interesting therapeutic target area. More than 500 drugs that are available on the market 

target class A GPCRs of which three-quarters are synthesized against aminergic receptors 

and 10% for peptide-activated receptors. These drugs cover disease areas like 

cardiovascular diseases, pulmonary diseases, hypertension, depression, glaucoma, 

Parkinsonôs disease, cancer associated symptoms and many more [75]. 

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 

conformational change in the receptor. These functional motifs are highly conserved within 

every class. The unique set of motifs observed within Class A GPCRs are: CWxP motif 
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(C6.47, W6.48, P6.50) also known as toggle switch [76, 77], PIF motif (P5.50, I3.40, F6.44) 

[78, 79], allosteric sodium pocket [80], NPxxY (N7.49, P7.50, Y7.53) motif [81ï83], and DRY 

(D3.49, R3.50, Y3.51) motif [84] (Figure 6). 

 

Figure 6: Conserved motifs of Class A GPCRs. The figure has been adapted and reused [85] under the Creative 

Commons Attribution license. 

The CWxP motif residues (C6.47, W6.48, P6.50) have a sequence conservation of 71%, 

78% and 98% amongst the rhodopsin family of receptor [77]. The proline causes a helix kink 

of about 35°, which is 15° more than usually found for prolines in TM helices [86]. C6.47 

and W6.48 are the most important residues of the motif that undergo a sidechain rotamer 

shift depending on the receptor state [87, 88], but this data was found to be inconsistent within 

the rhodopsin family [77]. Although, site directed mutagenesis of C6.47 or W6.48 is known 

to affect receptor signaling or ligand recognition [89, 90]. Interestingly, the CWxP motif is 

known to influence the residues involved in the NPxxY motif and the sodium pocket of 

class A GPCRs [77]. 
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The PIF and CWxP motifs are spatially proximal, and together form a larger motif known 

as the transmission switch [76, 91]. This larger motif confers rearrangements in the orthosteric 

ligand binding pocket affecting ligand interaction and consequently conformational 

changes on the cytosolic side. The PIF motif (P5.50, I3.40, F6.44) position 3.40 may 

possess smaller hydrophobic amino acids like valine or isoleucine forming PVF or PIL 

motifs respectively in class A GPCRs [92]. 

The activation of class A GPCRs involves the expulsion of the sodium ion from the receptor 

which leads to the collapse of the sodium pocket. Thus, the sodium ion acts as a negative 

allosteric modulator in class A GPCRs [80]. This sodium ion is attached via multiple polar 

sidechains and a few directly coordinated water molecules. The sodium pocket is typically 

comprised of the residues D2.50 (90% conserved), S3.39 (75% conserved), N7.45 (70% 

conserved) and N7.49 (75% conserved or an aspartate here is roughly 20% conserved), but 

in certain GPCRs (e.g., neurotensin receptor 1) other residues at positions N1.50 (97% 

conserved) and S7.46 (66% conserved) may also become a part of the allosteric sodium ion 

pocket [80]. Note that N1.50 is the most conserved position within the rhodopsin family [50]. 

Similar allosteric effects can also be observed in presence of other small organic cations 

like amiloride instead of sodium ion [93]. 

The NPxxY motif is recognized for its important contribution to the receptor activation 

pathway and is located in the TM7 [94]. Inward movement of TM7 during activation allows 

for crucial interactions like a hydrogen bond formation between Y7.53 and Y5.58, and 

Y7.53 with residues in the TM3 (3.43, 3.46 and R3.50 of the DRY motif), which stabilizes 

the active state of the receptor [95, 96]. The position 7.49 maybe be an asparagine (75% 

conserved) or an aspartate (20% conserved) and 7.53 is a tyrosine (89% conserved). This 

N(D)7.49 has been reported to also be a part of sodium pocket [80]. The other roles of the 

NPxxY motif include stabilizing the receptor for receptor internalization [97].  

Lastly, the DRY motif (D3.49, R3.50, Y3.51), where the positions 3.49 is 87% conserved 

with a negatively charged receptor, 3.50 is 93% conserved with arginine and 3.51 is 64% 

conserved with tyrosine. The R3.50 forms an ionic lock with the D3.49 in TM3 and with 

E/D6.30 in TM6 [84, 98, 99]. In certain GPCRs like chemokine receptor CCR5, the position 

6.30 may contain a lysine, where the R3.50 interacts with the K6.30 via water mediated 
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hydrogen bonds [100]. The breaking of these ionic interactions is essential for the activation 

of the receptor as the R3.50 can interact directly with the GŬ sub-unit of the G proteins [101]. 

Apart from these motifs another hydrophobic pocket has been observed in Class A GPCRs. 

This hydrophobic lock consists of residue positions 6.40, 6.41, 3.43. The breaking of the 

hydrophobic lock between TM3-TM6 allows the outward movement of TM6 which is key 

for receptor activation. The rearrangement of these residues happens in conjunction with 

the other conserved motifs and crucial for receptor activation [102, 103]. 

A conserved rearrangement of the motifs has been previously described after analyzing 

active and inactive state structures of several GPCRs. This rearrangement of the conserved 

motifs residues sidechains leads to larger changes in the TM helices leading to their inward 

or outward movement, rotation, and tilt. An inter-helical or inter-residue contacts map of 

over 400 class A GPCR structures revealed a common mechanistic pathway from the 

extracellular ligand binding site to the intracellular G protein coupling site via the 

conserved motifs. Sequence conservation analysis of each GPCR class shows that most 

residue-residue contacts can be formed in at least 30% of receptors [104]. 

A study that involved the active and inactive state structures of 13 class A GPCRs revealed 

that the outward movement of the TM6 supported by TM5 and TM7 is a common hallmark 

activating feature within the rhodopsin family. The movement at the extracellular side of 

TM6 is by about 2 Å, whereas the movement on the intracellular side can range from 7-13 

Å. Moreover, TM6 also undergoes a rotation of about 38° upon activation. Similarly, the 

cytosolic end movement of TM5 is about 2 Å on an average and TM7 also may experience 

either extracellular or cytosolic side movements ranging from 2-4 Å roughly [104]. These 

movements within the three helices are supported by the presence of a helix kink which 

exists due to highly conserved proline located at the position X.50, where X can be helices 

5, 6 or 7 [104, 105]. 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 described as concerted complex events that 

includes the binding of a ligand, alterations in the residue sidechain rotamers of highly 
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conserved class A GPCR motifs, and concomitant modifications in the overall movement 

(inward or outward) and rotation of TM helices, ultimately followed by G protein coupling. 

1.2 Impact of protonation on GPCRs 

 

Figure 7: Mechanism of the acid base homeostasis in the human body. This figure has been adapted and 

reused [107]. 

The blood pH in humans ranges from 7.35-7.45 in absence of pathological states. The 

bicarbonate buffer system (Figure 7) alone is not sufficient to maintain pH homeostasis 

during consistent and large acid-base 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 compartments [108]. Several membrane 

proteins play a role in pH regulation by transporting ions selectively along (passive 

transport ï often regulated by ion channels) [109] or against a gradient (active transport ï 

often regulated by ion pumps, which can be either antiporters or symporters) [110], 

converting byproducts that create pH gradients [111], and detecting protons or pH changes 

to trigger different signaling pathways [112]. A few examples are Na+-H+ exchangers (NHE) 

[113], monocarboxylate-H+ efflux cotransporters (MCT) [114], Na+/HCO3
- cotransporters 

(NBC) [115], carbonic anhydrases [111] and pH sensing GPCRs [112]. The least understood 

membrane proteins that respond to the acid-base imbalance are pH sensing GPCRs. 

1.2.1 Proton sensing GPCRs 

Proton sensing GPCRs sense extracellular pH to undergo conformational change and 

subsequent activation of various signaling pathways [112]. Proton sensing GPCRs play an 

important role in different pathological states like cardiovascular diseases, tumor biology, 
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pulmonary diseases, fibrosis, inflammation, neuropathy, and intestinal disorders [116, 117] 

(Figure 8). Thus, making them highly attractive therapeutic targets. Yet, the molecular 

mechanism of proton sensing is unresolved. The proton sensing GPCR sub-family includes 

GPR68 (ovarian cancer GPCR 1 ï OGR1) [118], GPR4 [119], GPR65 (T-cell death-associated 

gene 8 ï TDAG8) [120] and GPR132 (G2 accumulation ï G2A) [121]. Two more receptors, 

GPR31 and GPR151, appear to be activated by slightly acidic pH [122], although they are 

very distant based on sequence similarity. 

 

Figure 8: The physiological and pathological properties of the proton sensing sub-family of Class A GPCRs. 

Abbreviations: ER: endoplasmic reticulum, cAMP: cyclic adenosine monophosphate, DRG: dorsal root 

ganglia, LPS: lipopolysaccharide, IL-6: interleukin 6, TNFŬ: tumor necrosis factor Ŭ, TME: tumor 

microenvironment, SMC: smooth muscle cells, COX-2: cyclooxygenase-2, PGI2: prostaglandin I2. The 

figure has been reused [116] under the Creative Commons Attribution license. 

Proton sensing GPCRs are ubiquitously expressed under physiological conditions. Based 

on cell type-specific transcriptome data [123, 124]; GPR68 is found in high proportion in the 

endothelial cells [125] and immune cells [126], GPR65 and GPR132 are restricted to mainly 

immune cells [127, 128] and glial cells [129, 130], whereas GPR4 is majorly found in endothelial 

cells, adipocytes and smooth muscle cells [131, 132]. The sensing range of the proton sensing 

GPCRs varies widely from pH 5.5 to 8.0 [116], as does the usage of signaling pathways [133] 

(Figure 9). 

Initially, extracellular histidines [112] and, more recently, buried acidic residues [134] 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. 

 

Figure 9: 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 (yellow), and OGR1 (GPR68, red). Abbreviations: AC: 

adenylyl cyclase, cAMP: cyclic adenosine monophosphate, Rho: Ras homologue, ROCK: Rho-associated 

coiled-coil-containing protein kinase, PLC: phospholipase C, PKC: protein kinase C, [Ca+2], i: intracellular 

calcium concentration, Ras: rat sarcoma protein, MAPK: mitogen-activated protein kinase(s), PI3K: 

phosphoinositide 3-kinase, Akt: protein kinase B, LPAR: lysophosphatidic acid receptor, S1PR: sphingosine-

1-phosphate receptor. This figure has been reused [116] under Creative Commons Attribution license. 

Certain lipid molecules have been described to bind to proton sensing GPCRs: 1-ɓ-D-

galactosylsphingosine (psychosine) binds to GPR65 [135], and 12-(S)-

hydroxyeicosatetraenoic acid binds to GPR31 [136]. GPR68, GPR4, and GPR132 were 

proposed to bind sphingosylphosphorylcholine and lysophosphatidylcholine [137ï139], but 

these three papers were later retracted. A biologically active neuropeptide, galanin was 

shown to slightly activate GPR151 [140], but later studies revealed that galanin is unlikely 

to active GPR151 [141]. 

The proton sensing GPR68 and GPR4 undergo oligomerization (both homo and hetero) 

with other proton sensing sub-family members and other lipid sensing GPCRs like 

lysophosphatidic acid receptors or sphingosine-1-phosphate receptors [142] (Figure 9). 

Though, later studies have suggested the heterodimerization of sphingosine-1-phosphate 

receptors with distantly related receptors to be unlikely [143]. 
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1.2.2 Influence of pH on GPCRs 

An increase in the extracellular proton concentration affects proton sensing GPCRs. Yet, it 

is extensively questioned if protons are the true endogenous ligands for the proton sensing 

GPCRs. There is a divide over the question whether the proton sensing GPCRs are directly 

activated by protons or rather allosterically modulated [116, 144]. 

There is evidence that additional GPCRs can be activated or modulated by pH but are not 

classified as pH sensing GPCRs. A study investigating proton modulation of 28 unique 

class A GPCRs using 10 independent C-terminal GŬ chimera strains showed that the 

receptors were positively, negatively, or unmodulated by protons in the presence of their 

respective agonists, and modulation by protons may depend on the concentration of the 

agonist. Furthermore, the study reported that the adenosine A2A receptor was activated by 

acidic pH (pH50 of 6.25 ± 0.75) in the absence of an endogenous or synthetic ligand. This 

study was performed in a yeast-based platform using Dynamic Cyan Induction by 

Functional Integrated Receptors (DCyFIR), which exploits the single pheromone GPCR 

activation pathway in the yeast and the fact that the intracellular pH of the system is 

insensitive to the changes in the extracellular pH [145, 146]. Another example of protonation 

dependent activation has previously been reported for the ɓ2-adrenergic receptor, where the 

protonation of the D2.50 (sodium pocket) destabilizes the inactive state of the receptor [147]. 

The observations described above raises the question ï whether this protonation-dependent 

activation is a coincidental characteristic shared by all class A GPCRs? Modulation by pH 

has also been witnessed in the calcium sensing receptor, a class C GPCR, where the binding 

of the endogenous agonist, i.e., calcium ions or other polycationic agonists, is modulated 

by pH [148]. 

G proteins interact with GPCRs at the intracellular side of the receptor after agonist binding. 

In various pathological states like ischemia and neuroinflammation [149ï151] or other 

metabolic stress [152], the intracellular pH can drop to about 6.6-6.8. The pH sensing 

structural motifs in the Ras-like domain and helical domains have been described for the 

mammalian GŬ subunit, which govern its stability and conformation. For instance, one 

study indicated that the GŬi
 subunit may possess ionizable residues in the buried regions of 

the protein whose pKa is upshifted. Typically, the residues that act as proton sensors have 
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pKa values close to the physiological range [152]. Thus, it is crucial to not only focus on 

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

Sub-cellular compartments like the endosomes which play an important role in GPCR 

transport to the plasma membrane and recycling [18] expose GPCRs to an intraluminal acidic 

pH (pH 4.5-6.5) [153, 154]. GPCR signaling from the endosomes is possible via G proteins or 

ɓ-arrestin. Most of the endosome based GPCR signaling has been studied mainly with class 

B GPCRs like vasopressin receptor type 2 [155] and parathyroid hormone receptor type 1 

[156] but has been also witnessed in class A GPCRs like ɓ2-adnergic receptor [157]. Larger 

complexes termed as ómegaplexesô, which consist of the GPCR, ɓ-arrestin and the G 

protein has also been observed in certain cases where ɓ-arrestin binds to the C-terminus of 

the receptor [155, 158]. Such data has opened new avenues for novel drug discovery 

opportunities where ligands could sustain or inhibit endosomal GPCR signaling [159, 160]. 

In special cases, pH can influence ligand behavior and GPCR activation, where the ligand 

binds to an ionizable residue in the binding pocket. Such an example is the µ-opioid 

receptor that has a histidine residue in the ligand pocket, and under acidic conditions, H6.52 

gets protonated and prevents ligand binding [161]. 

1.2.3 Role of protonation in the activation of class A GPCRs 

Hydrogen bonds play a role in proton-transfer processes and can be potentially seen as 

intermediates to these processes [162]. Some studies highlight the role of complex water 

mediated hydrogen bond networks in the activation of GPCRs like the µ-opioid receptor 

and ŭ-opioid receptor [163], and the importance of conserved water networks in class A 

GPCRs [164]. 

The impact of protonation on GPCRs can be better understood by investigating the 

structural details at an atomistic level. The energy required for the conformational change 

within class A GPCRs is governed by the proton movement from the extracellular side to 

the intracellular side of the membrane driven mainly by the differences in the membrane 

potential [165]. 

Proton transfer would require ionizable residues, polar residues, or water molecules [166]. 

Highly conserved class A GPCR motifs seem to contain highly conserved residue positions 
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like D2.50 (sodium pocket) in the core of the receptor, Y7.53 (NPxxY motif) and D/E 3.49 

(DRY motif) at the cytosolic end [77]. The D2.50 and D3.49 are titratable and can activate 

the receptor when protonated. These motifs and conserved titratable residues are supported 

by other polar residues and ordered water molecules within GPCRs to form a proton 

transfer network allowing proton transfer from the extracellular side to the intracellular 

side, where the source of protons is likely to be the extracellular side. Movement of protons 

would alter the dynamic properties within different regions of protein causing helix 

rotations or tilts and formation of new interactions favoring a particular conformation 

(active or inactive) [167]. 

Neutralization of D2.50, which is situated in the buried core of the class A GPCRs, 

abolishes receptor activation as studied by mutating to an asparagine [168]. The sodium ion 

that acts as a negative allosteric modulator of class A GPCRs binds mainly to D2.50, only 

to show the importance of negatively charged D2.50 [80]. The energy barrier for sodium ion 

transfer is higher than that for proton transfer. Although, protonation of D2.50 leads to the 

expulsion of the sodium ion to the cytoplasmic side by reducing the energy barrier allowing 

movement of the sodium ion [169]. This would cause the collapse of the sodium pocket 

causing proximity of S3.39 to D2.50 which leads to deprotonation of D2.50 and by 

involvement of ordered water molecules and other polar residues mainly from the 

conserved motifs e.g., Y7.53 would allow eventual protonation of D3.49. Upon its 

protonation, the salt bridge between R3.50 and D3.49 would break leading to a series of 

altered interactions and TM helix rearrangement leading to G protein recruitment and 

subsequent activation [167]. Apart from the above-mentioned motifs, C6.47 (CWxP motif) 

is regarded to play a crucial role in the supporting the hydrogen bond network formed by 

D2.50 and N7.45 of the sodium pocket, and N.7.49 of the NPxxY motif [77]. Additionally, 

computational studies on ŭ-opioid receptor and ə-opioid receptor have shown a comparable 

activation mechanism to the one described before for rhodopsin. In the inactive state, the 

DRY motif is not involved in the larger hydrogen bond network, but it becomes part of it 

upon receptor activation. These studies focused on protein-water H-bond network and 

conformational dynamics using graph theory [163]. 
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1.3 GPR68 

1.3.1 An orphan proton sensing GPCR 

GPR68 is an orphan class A proton sensing GPCR [112]. GPR68 is also known as ovarian 

cancer GPCR 1 (OGR1), as it was first isolated from ovarian cancer cells. GPR68 has been 

mapped to chromosome 14 at band 14q31. GPR68 has 365 amino acids and has a molecular 

weight of about 41 kDa [118]. Structurally, GPR68 is predicted to have the typical class A 

GPCR structure (Figure 1A). It has two N-glycosylation sites in the N-terminus along with 

a putative site proposed in the extracellular loop 1 [118]. Overexpressed GPR68 in the human 

embryonic kidney (HEK293) cells has reported to be glycosylated at two sites with a 

molecular weight of 58 kDa [170]. Apart from the highly conserved disulfide bond within 

class A GPCRs i.e., C3.25-C45.50, GPR68 may have an additional disulfide between 

C131.24-C258ECL3 [171]. GPR68 can be activated by protons alone and is fully active at about 

pH 6.6-6.8 and fully inactive at about pH 7.6-7.8 [112, 172]. GPR68 can signal via GŬq
 [112, 173, 

174], GŬs 
[175, 176], GŬi 

[177] or GŬ12/13 pathways [178], but there is no evidence for ɓ-arrestin 

coupling [170]. Weak homodimerization and heteromerization of GPR68 with other proton 

sensing GPCRs like GPR132 [179] and GPR4 or other lipid sensing GPCRs like 

lysophosphatidic acid or sphingosine-1-receptor has been previously described [142] (Figure 

9). 

1.3.2 Expression and pathology 

 

Figure 10: The normalized expression (nTPM) levels of the GPR8 mitochondrial RNA (mRNA) in 55 

different tissue types. This figure has been reused from the Human Protein Atlas database [124]. The website 

(https://www.proteinatlas.org/ENSG00000119714-GPR68/tissue) was accessed on 05.03.2024. 
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Overall, GPR68 is expressed quite ubiquitously at a low to moderate level [170]. It has been 

observed to be highly expressed in the pituitary gland, small intestine, placenta, lungs, 

brain, and kidney [118, 180] (Figure 10). GPR68 is highly expressed in certain cell types like 

the immune cells like neutrophils [181] and T-cells [182], smooth muscle cells of the aorta [183] 

and esophageal mucosa [184], skeletal myocytes and epithelial cells of lungs and intestines 

[112]. GPR68 overexpression has been observed in various pathological states like solid 

tumors [170, 185, 186], inflammatory bowels disease (IBD) [187], and idiopathic pulmonary 

fibrosis [188]. Interestingly, a single residue mutation L74P in GPR68 causes amelogenesis 

imperfecta [189]. 

1.3.3 Proton sensing 

The proton sensing function of GPR68 was initially linked to the extracellular histidines 

[112] (Figure 11). A study based on cytosolic inositol monophosphate 1 (IP1) accumulation 

involving GPR68 single mutations of the histidine to phenylalanine showed that H171.28, 

H201.31, H842.67, H169ECL2 and H2697.36 were described crucial for the proton sensing 

function of the receptor, whereas mutation of H8923.52, H1594.63 or H175ECL2 had no 

significant effect on the proton sensing function [112]. The proton sensing function was 

inhibited by the single mutants H2697.36 and H2456.52, where H2456.52 was proposed to be 

important for the structural integrity of the receptor based on homology modeling [112]. A 

four-histidine mutant of H171.28, H201.31, H842.67 and H2697.36 where all residues are 

mutated to phenylalanine, does not completely abolish the receptor function. Interestingly, 

some receptor activity was regained after exposure to more acidity (~pH 5.6) for the above-

described mutants [112]. Additionally, early homology modelling has predicted hydrogen 

bonds between H171.28-H842.67 and H201.31-H2697.36 [112]. A separate study examining the 

function of extracellular histidines based on cAMP accumulation revealed that the majority 

of single extracellular histidines mutants involving alanine and phenylalanine exhibit 

distinct behavior and suggested that the histidines may have a lesser impact on protonation 

compared to their role maintaining the structural integrity of the receptor. H20 and H169 

were identified as the most important histidines individually crucial for proton sensing 

function of the receptor. The joint replacement of seven histidines by alanine (H171.28, 

H201.31, H842.67, H8923.52, H1594.63, H169ECL2, H175ECL2) decreased the efficacy to less than 

10% compared to the wild-type (WT) GPR68 and a 300-fold decrease in potency [190]. Later 

studies revealed that the buried acidic triad (D672.50, E1494.53, D2827.49) (Figure 11) was 
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responsible for the proton sensing function of GPR68, where E1494.53 was predicted to have 

an upshifted pKa 
[134]. Although, GPR68 has been suggested to be involved in co-incidence 

detection of protons [134, 145, 191] suggesting an alternate endogenous ligand. 

 

Figure 11: The snake diagram of GPR68 highlighting the proposed structural elements of GPR68 for pH 

sensing. This figure was prepared using the GPCRdb website [6] . 

1.3.4 Mechanosensing 

Mechanosensing is suggested to be an additional putative function of GPR68 [125, 192]. 

Mechano-sensation may occur via membrane stretch or shear stress [193, 194]. GPR68 may 

potentially recognize shear stress of the blood flow via N-terminal glycosylation like ɓ-

adrenergic receptor [195] or via influence of membrane stretch by the movement of the 

amphipathic helix 8 [196]. Additionally, a study where all the crucial histidines, H171.28, 

H201.31, H842.67, H169ECL2, and H2697.36, were changed to phenylalanine, showed a loss in 

both the proton sensing and mechanosensing function of GPR68 [125]. 
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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 Zn2+ and Cu2+ ions to inhibit GPR68 based on GŬq signaling when it is 

fully activated at approximately pH 6.9 [112]. Another GŬq signaling based study indicated 

Fe2+, Zn2+, Co2+, Ni2+ and Mn2+ as agonists as they activate GPR68 at neutral pH [197]. 

Similar results were reported by a different group that investigated cAMP based signaling 

[171]. Although, the agonistic behavior of divalent metal ions was not observed for GPR68 

when checked for signaling via the GŬ12/GŬ13 pathway [198]. More recent studies showed 

that GPR68 can be allosterically modulated by divalent metal ions (Cd2+, Co2+, Cu2+, Fe2+, 

Mn2+, Ni2+, and Zn2+) and the modulation is influenced by pH and the concentration of 

metal ions [171]. Studies that performed homology modeling of GPR68 with two disulfide 

bonds suggested a tetrahedron model for metal ion co-ordination, where the four 

extracellular histidines (H171.28, H201.31, H842.67, and H169ECL2) could co-ordinate a zinc 

ion [171]. Additionally, GPR68 with multiple extracellular histidine replacements (H171.28F, 

H201.31F, H842.67F, H169ECL2F, H2697.36F) did not respond to metal ions suggesting the 

intertwined role of protonation and metal ion modulation [171]. 

1.3.6 Small molecule ligands 

In addition to the above-mentioned metal ions, there have also been reports of various small 

molecule ligands that can act as positive allosteric modulators of GPR68. A yeast-based 

screen revealed that benzodiazepines like lorazepam, diazepam and, ogerin are non-

selective modulators for GPR68 [175] (Figure 12), and lorazepam promotes biased signaling 

of GPR68 via the cAMP pathway [199]. Docking studies of lorazepam using a homology 

model of GPR68 followed by mutagenesis studies highlights that lorazepam may contact 

polar residues like E1604.64, R1895.42, Y2446.51 and Y2687.35, and form non-polar contacts 

with W772.60, L1013.32, F17345.51, H2697.36 and L2727.39 [175]. An improved form of ogerin, 

called ñCompound 71ò was later synthesized that is 33-fold more potent than ogerin [200] 

(Figure 12). Three peptide ligands were discovered that are positive allosteric modulators 

of GPR68: osteocrin, cocaine and amphetamine-regulated protein (CART), and rat 

corticotropin [21]. The osteocrin peptide is reported to be 2-fold more potent than ogerin [21]. 
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A dibenzazepine derivative that acts as a GPR4 antagonist had an antagonistic impact on 

GPR68 at concentrations exceeding 1 µM [201]. A vinca alkaloid, conophylline may inhibit 

GPR68 in cancer associated fibroblasts [202]. Recently, the inhibitory effects of 

Cephalotaxus harringtonia var. nana extract along with homoharringtonine on the 

generation of inflammatory cytokines have been reported with the mechanism being 

dependent on the expression of GPR68 [203]. A small molecule screen against zebrafish 

GPR68 led to a discovery of a selective inhibitor called as ogremorphin [204] (Figure 12). 

 

Figure 12: 2D structures of GPR68 antagonists (Ogremorphin) and allosteric modulators (Lorazepam, 

Diazepam, Ogerin, Compound 71 and Conophylline). The structures are represented without explicit 

hydrogens. 

1.4 Working with G Protein-Coupled Receptors 

It has been estimated that 60ï85% of human GPCRs with potential therapeutic benefits 

have not yet been targeted with drugs [205]. The paths to reach a potential novel drug for a 

GPCR are mostly via a combined effort in functional high-throughput screening of 

compound libraries and structure-based in silico drug discovery [206ï208]. Both the routes are 

lined up with complex challenges. This sub-section highlights the challenges faced during 

the structure-based drug discovery route. 

Several techniques are the core of drug discovery research such as protein structure 

determination via X-ray crystallography, small angle X-ray scattering (SAXS), nuclear 

magnetic resonance (NMR) and cryogenic electron microscopy (cryo-EM), molecular 

dynamics simulations and molecular docking for structure-based drug discovery [209ï211]. 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 GPCRs [3, 212]. Recently 

developed AI-based structural modeling tools like AlphaFold [213] are expected to play a 

huge role in drug discovery in the future [214]. Other widely used techniques to study and 

characterize GPCRs and perform ligand screening are radioligand binding assays [215], 

DNA encoded libraries [216], surface plasmon resonance [217], resonance energy transfer [218] 

and other assays for detecting receptor activation [219]. 

1.4.1 Expression and purification  

Selection of an appropriate heterologous expression of human GPCRs is a crucial as 

different expression systems come with different drawbacks, and the expression system can 

have a substantial influence on the protein purity 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 from several reasons such as the 

membrane embedded hydrophobic regions of the receptor along with intrinsically 

disordered regions like loops and termini [220, 221], and the inherent propensity of GPCRs to 

be highly dynamic proteins, as they rely on conformational change for their function. 

Additionally, a low expression level is a frequent problem when working with GPCRs. 

GPCRs are well known to contain post-translational modifications which further 

complicates the expression and production of GPCRs. The importance of cholesterol 

binding to GPCRs and its role in allosteric modulation [222] makes it challenging to work 

with expression systems like Escherichia coli. Although, successful GPCR expression in 

Escherichia coli have been reported for some GPCRs like rat neurotensin receptor [223] in 

inclusion bodies, human adenosine receptor [224] with an antagonist and fusion protein 

modification, and human opioid receptors [225]. Furthermore, another major 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 GPCRs [226]. 

The baculovirus expression system in insect cells is the most frequently used expression 

system for GPCRs and have yielded the highest number of GPCR structures [227]. Most 

GPCR studies use the following insect cell lines: Spodoptera frugiperda (Sf9), Spodoptera 
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frugiperda (Sf21) or Trichoplusia ni (High Five or Hi5) for receptor overexpression and 

production [227]. Insect cells are more expensive and complex to work with in comparison 

to the E. coli or yeast-based systems, but they are cheaper and easier to work with than 

mammalian cell lines [228]. Nevertheless, insect cells are easier to scale-up for high yields 

and the receptors overexpressed in insect cells are likely to have the correct post-translation 

modifications necessary for structural and functional integrity. Another 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, and an absence of 

phosphatidylserine [226, 229]. Furthermore, the lytic pathway of viral infection might lead to 

protein degradation [226, 230]. Despite the limitations of insect cells, they are the most popular 

choice of expression system for pursuing structural studies of GPCRs. 

Mammalian cells lines like human embryonic kidney (HEK) and Chinese hamster ovary 

(CHO) are the next widely used choice in GPCR studies. These cell lines can be used for 

GPCR functional assays usually as adherent cells and for protein overexpression as 

suspension culture [226, 231]. Mammalian cell lines provide a native-like environment to work 

with human GPCRs, as they have the most favorable lipid composition of the plasma 

membrane and enzymes for post-translational modifications. Although, mammalian cells 

provide lower yields in comparison to other expression systems, and they are more 

expensive and difficult to work with [226, 232]. 

After the selection of an appropriate expression system, the next challenge is to utilize 

techniques to improve overexpression of the receptor and the successful purification of a 

stable and correctly folded protein. Below is a compilation of commonly employed 

strategies for increased cell-surface expression of GPCRs and overall protein stabilization 

throughout the purification process. 

GPCRs that were expressed in high amounts were discovered to possess optimal codons 

for efficient translation, whereas the GPCRs expressed in low amounts were found to have 

sub-optimal codons which decreases translation [232]. Thus, codon optimization by 

replacement of sub-optimal codons with more frequently used codons in a particular 

expression system is a frequently used strategy for GPCRs. Targeted expression of GPCRs 

to the plasma membrane is often achieved by using the influenza derived hemagglutinin 
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signal peptide (MKTIIALSYIFCLVFAA) [233]. Overall improved expression for GPCRs 

has been witnessed by addition of the Kozak sequence (GCCACCATGG) at the 5´end for 

eukaryotic expression systems [226] and by usage of a strong promoter e.g., polyhedrin [234] 

for insect cell expression, and human CMV (cytomegalovirus) promoter for mammalian 

cell expression [235]. 

 

Figure 13: This figure illustrates commonly used fusion proteins which are inserted in the ICL3 of a GPCR, 

shown as a snake diagram. This figure has been reused [236]. 

Modifying the receptor is a major strategy employed for achieving increased receptor 

stabilization or for enabling smooth receptor purification. Addition of fusion proteins in the 

intracellular loops (ICLs), mainly ICL3, acts as a two-point fusion attachment strategy and 

assists in further stabilization of the GPCRs (Figure 13) [236]. A few examples of commonly 

used fusion proteins are rubredoxin (PDB ID: 1FHM), C-terminal fragment of T4 lysozyme 

(PDB ID: 2O7A), xylanase (PDB ID: 2B45), flavodoxin (PDB ID: 1I1O), thermostabilized 

apocytochrome b562RIL (BRIL) (PDB ID: 1M6T) and thermostable glycogen synthase 

domain from Pyrococcus abyssi (PGS) (PDB ID: 2FBW) [236, 237]. Recently, a three-point 

fusion attachment strategy using rat calcineurin (PDB ID: 4IL1) was established mainly 

aimed at cryo-EM based structure determination [238]. It is important to note that this 

strategy likely favors the inactive state of the receptors because of the modification made 
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in ICL3 which is an important interaction site for G proteins coupling, and it also has 

variable lengths amongst GPCRs as well as high flexibility [236]. Furthermore, addition of 

fusion in ICL3 is known to improve crystal contact formation or fusion can act as a fiducial 

marker during 2-dimensional (2D) classification in cryo-EM data processing e.g., addition 

of calcineurin fusion [238] or BRIL fusion in ICL3 allows for complexation with Anti-BRIL 

FAB and Anti-BRIL-FAB nanobody [237]. Another strategy often implemented for 

increased receptor stability and structure determination via cryo-EM is 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 alone [239]. Specifically, addition of BRIL 

fusion to the N-terminus of recombinantly expressed GPCRs has proven to improve overall 

overexpression and stability of receptors [240]. Moreover, truncating the termini or other 

flexible region strategically may also improve protein expression, reduce chances of protein 

degradation, and promote overall protein stability [241, 242]. 

Apart from these modifications, strategies like usage of receptor specific ligands or other 

modulators like metal ions that bind to the target receptor can be added during the protein 

expression and purification process to impart additional stability to the receptor [243]. Lastly, 

mutations of residues that form the conserved motifs can be mutated to lock and stabilize 

the receptor in a particular conformation [244]. Other strategies can be employed to identify 

point mutations which likely increase receptor thermostability are alanine/leucine scanning 

[245], and directed evolution mutation approach [245]. Additionally, mutation of residues can 

be performed based on mutation prediction tools like CompoMug [246], which uses sequence 

and structure-based criteria along with machine learning to help predict thermostabilizing 

mutations. 

Some modifications to the receptor sequence are also made to specifically ease the 

purification process like addition of tags for enabling purification of recombinantly 

expressed protein (e.g., poly-histidine tag, FLAG tag, Strep-tactin tag etc.) [243, 247, 248]. 

Protease cleavage sites for endopeptidases may be added after tags or fusion proteins 

mainly when introduced at either terminus to assist in remove or cleavage of the protein if 

required [249]. Moreover, thiol modification [250] may improve receptor stability if the 

receptor contains free cysteines. In GPCR purification protocols, DTT is often used for 

reversible modification and iodoacetamide for irreversible modification of cysteines. 
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Extracting GPCRs from their native environment in the cell is the first essential step of the 

purification and is termed as solubilization. The most used reagent for solubilization of 

GPCRs are detergents. The charge of the detergents and the length of the hydrophobic tail 

(the shorter the tail, the harsher the detergent) play an important role in the ability to extract 

the proteins from the cells. Ionic detergents are considered harsh and can either be anionic 

(FC-12: n-dodecylphosphocholine 12) or cationic (LDAO: N,N-Dimethyl-n-dodecylamine 

N-oxide). The zwitterionic detergents like CHAPS: 3-[(3-cholamidopropyl) 

dimethylammonio]-1-propanesulfonate are less harsh than the ionic detergents but more 

harsh than the non-ionic detergents. Non-ionic detergents like DDM: n-dodecyl-ɓ-d-

maltopyranoside or LMNG: lauryl maltose neopentyl glycol are considered as mild 

detergents. The mild detergents may not affect the protein-protein interactions but may 

impact lipid-lipid or protein-lipid interactions, whereas harsh detergents even though more 

effective in protein extraction may cause the denaturation of the membrane protein [251, 252]. 

DDM and LMNG are the most widely used detergents for GPCR studies in combination 

with CHS: cholesteryl hemisuccinate (a detergent often used to replace cholesterol during 

the purification process) [247]. A major drawback of using detergents is that they replace the 

lipids which are bound to the target receptor (annular lipids), which may contribute to 

additional instability of the receptor [253]. Other membrane mimetic tools that are popularly 

used to stabilize GPCRs are bicelles [254, 255], amphipols [256], synthetic co-polymers like 

SMALPS [257], saposin-lipoprotein nanoparticles like Salipro [258], nanodiscs [259], liposomes 

[260], and peptidiscs [261]. 

1.4.2 Structure determination techniques 

The two most widely used techniques for protein structure determination are cryo-EM [262] 

and X-ray crystallography [263]. Structure determination of GPCRs is crucial for structure-

based drug discovery to yield and optimize novel compounds. Within the last years there 

has been a significant rise in the number of cryo-EM determined structures of GPCRs in 

comparison to X-ray crystallography [264]. 

The significant bottleneck for both the structure determination technique is a stable, pure, 

and monodispersed protein [265, 266]. X-ray crystallography of GPCRs is caried out using 

lipidic cubic phase (LCP) crystallography [267, 268]. Obtaining crystals can be time 

consuming and may even take years, as it is an iterative process. This iterative process may 
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involve optimizing the protein construct with mutations for thermostabilizing the receptor 

[269], different fusion proteins for establishing optimal crystal contacts and overall stability 

[236], and the receptor that remains stable throughout the crystal formation process. The 

flexibility of the construct, difficulties in establishing crystal contacts, and the time required 

for obtain the first crystals can be very difficult to address [264, 270]. 

With single particle cryo-EM a lot of the problems of X-ray crystallography are solved as 

it does not require crystals. In 2017, the first structure of a GPCR was determined using 

cryo-EM [271]. Typically, cryo-EM as technique is optimal for structure determination if the 

size of the target protein is ~100 kDa, but GPCRs usually have a molecular weight in the 

range of 35-45 kDa [272]. To circumvent this problem, GPCRs are often complexed with G 

proteins [273] or ɓ-arrestin [274] which results in a complex size of ~110-135 kDa or the GPCR 

can be modified by adding a BRIL fusion protein in the ICL3 which can further complex 

with a BRIL-specific antibody FAB fragment along with an anti-BRIL-FAB nanobody [275, 

276] leading to a complex size of ~120 kDa. Another strategy involved inserting a chimeric 

BRIL with an extra linker sequence derived from the A2A adenosine receptor. These 

approaches have been previously described and proven effective [236]. 

The overall stability issue for the structure determination techniques can be counteracted 

with the usage of a ligand, which preferentially locks the receptor in a stable conformation 

[264, 277]. Cryo-EM being a faster technique lessens the burden of the overall stability for the 

protein in comparison to structure determination via X-ray crystallography. Other 

advantage of cryo-EM is that it requires less amounts of protein and is more tolerant 

towards sample heterogeneity and presence of small amounts of contaminants [264]. 

Before the last decade, the resolution obtained with X-ray crystallography was higher than 

cryo-EM, but the development in the past decades have significantly improved the 

resolutions of the protein map that can be determined via cryo-EM [278ï280]. Thus, opening 

new avenues for structure determination of complex proteins. 
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1.4.3 Molecular dynamics simulations 

Atomic resolution structures of GPCRs are crucial for structure-based drug discovery and 

for establishing a structure-function relationship. At the same time, one must consider that 

GPCRs are highly dynamic molecules whose function depends on their propensity to 

undergo conformational changes (section 1.1). Additionally, some information about the 

GPCR functionality may be lost due to modifications by fusion proteins, tags, truncations 

or point mutations for improved thermostability, and placement into a non-native 

environment e.g., detergents (section 1.4.1). 

Molecular dynamics (MD) simulations can be used to complement experimental structural 

data or functional assays. The first MD simulation performed for GPCRs was for the 

dopamine D2 receptor [281]. Technology improvements in CPUs, GPUs, and parallel 

processing within GPUs in the last decades have enabled simulations of larger systems [282, 

283]. Additionally, continuous developments of molecular dynamics simulation and other 

analysis tools have significantly helped investigating GPCRs. A few examples of such tools 

are: the widely used input generation tool, CHARMM-GUI [284], internal water molecules 

prediction tool for GPCRs, HomolWat [285], GPCR specific structural modeling tool, 

GOMoDo [212, 286], tool for analyzing MD simulations, MDAnalysis package [287], and the 

GPCR molecular dynamics database, GPCRmd [288]. MD simulations have improved the 

understanding of GPCRs from a pharmacological and GPCR conformational dynamics 

perspective to unravel different binding modes for allosteric modulators, the role of the 

loop regions, and G protein coupling interfaces [289]. Additionally, post-translational 

modifications like palmitoylation [290], the influence of cholesterol and the lipid bilayer 

composition on GPCRs [291, 292], and GPCR oligomerization [293] were simulated using 

molecular dynamics.  

Moreover, MD has proven to be helpful in this investigation of conserved water molecules 

in GPCRs [294] that revealed the formation of internal continuous water wires with 

significant residence times [295], and how these water molecules support conformational 

changes within GPCRs for receptor activation in co-ordination with conserved GPCR 

motifs [163]. The role of the sodium ion as a negative allosteric modulator with investigations 

into residues influencing the kinetics of sodium binding, alternate entry points for sodium 
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into GPCRs, and importance of sodium exchange for GPCR activation was establish by 

work performed using MD [169].  

Techniques like steered MD may be useful in understanding of the transitions between 

receptor conformations, but these are likely to be less unbiased and stressed to fit into the 

non-physiological time scales that are typically required for these events. Often, 

information about the atomic details is lost when using coarse-grained MD simulations to 

investigate broader questions about the conformational landscape over longer timeframes. 

Even though, MD requires experimental validation, but still forms a vital tool when 

investigating questions related to GPCRs that cannot be addressed due to experimental 

limitations [296]. 
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2. Aims & Objective 

The primary objective of this thesis was to determine the structure 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 consensus [112, 134, 144]. GPR68 is a therapeutically 

relevant target as it is overexpressed in various pathological states [297ï299], and acts as a 

marker in different types of cancer [170]. Currently, only positive allosteric modulators have 

been described for the receptor [21, 175]. 

The objective of my thesis was to obtain the structure of GPR68 in its inactive state, with 

an antagonist bound. An atomic resolution 3D structure of GPR68 would enable me to 

establish structure function relationships and would be valuable for structure-based drug 

discovery. To determine the structure of GPR68, lipidic cubic phase crystallization for X-

ray crystallography and single particle cryo-EM should be used. For crystallography, 

GPR68 constructs with N-terminal or ICL3 fusions should be generated to promote crystal 

contacts. For cryo-EM, primarily GPR68 constructs with ICL3 BRIL fusion should be used, 

which can be complexed 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 determination, a structural model of GPR68 should be 

investigated using classical MD. This involves comparing a standard protonation 

simulation to a set of protonation simulation where specific residues were protonated. 

Additionally, the Bridge2 software [300, 301] should be used to generate and investigate the 

dynamic water-mediated hydrogen bond networks from each simulation to further enhance 

our understanding of the proton sensing mechanism. Further, a homogeneous time-resolved 

fluorescence assay [302] should be established to assess the functionality of GPR68 using 

IP1 accumulation via the GŬq/11 signaling pathway as a measure of receptor activation. This 

assay should complement the computational work by testing the function of identified, 

putatively relevant residues. 
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During the thesis work, an artificial intelligence based structural modeling tool, AlphaFold 

was first described [213]. 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 substituting an intracellular loop with a 

fusion protein and investigating the behavior of AlphaFold based structural models in 

classical molecular dynamics. 
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3. Materials & Methods 

3.1 Materials 

3.1.1 GPR68 gene synthesis 

All the constructs designed for the investigation of GPR68 were synthesized by 

GeneArtTM (ThermoFisher Scientific). The GPR68 constructs were codon-optimized for 

the selected expression system i.e., HighFiveTM cells (insect) or HEK293 cells (human). 

The GPR68 constructs that are designed for insect cell expression were subcloned in 

pFastbac1 using BamHI and EcoRI restriction sites, whereas the constructs designed for 

HEK293 cell expression were subcloned in pcDNA5/FRT, using BamHI and NotI 

restriction sites. Additional construct details include the presence of a Kozak sequence 

followed by a start codon at the N-terminus and a stop codon at the C-terminus. The amino 

acid sequences for the GPR68 constructs can be found in the Appendices (Supplementary 

1). 

3.1.2 Cell lines 

Name Supplier / Distributor  

Escherichia coli (DH10Bac) competent cells GibcoTM (ThermoFisher Scientific) 

Escherichia coli (DH5Ŭ) competent cells InvitrogenTM (ThermoFisher Scientific) 

HEK293H Cells GibcoTM (ThermoFisher Scientific) 

HEK293F Cells Sigma Aldrich (Merck) 

High FiveTM Cells InvitrogenTM (ThermoFisher Scientific) 

Sf9 Cells GibcoTM (ThermoFisher Scientific) 

3.1.3 Cell culture  

Name Supplier / Manufacturer  

10X Heat-Inactivated FBS (HI FBS) 

Performance plus 
GibcoTM (ThermoFisher Scientific) 

Carbenicillin Disodium Salt GibcoTM (ThermoFisher Scientific) 
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CellfectinÊ II Reagent GibcoTM (ThermoFisher Scientific) 

Dulbecco's Modified Eagle Medium 

(DMEM), high glucose, GlutaMAXÊ, 

pyruvate 

GibcoTM (ThermoFisher Scientific) 

Dulbecco's Phosphate Buffered Saline 

(No Ca2+ or Mg2+) 
Sigma Aldrich (Merck) 

Expi293Ê Expression Medium, 

GlutaMAXÊ 
GibcoTM (ThermoFisher Scientific) 

Gentamycin GibcoTM (ThermoFisher Scientific) 

Insect-XPRESSTM Protein-free Insect 

Cell Medium 
Lonza 

Kanamycin sulfate GibcoTM (ThermoFisher Scientific) 

LipofectamineÊ Transfection Reagent InvitrogenTM (ThermoFisher Scientific) 

Luria Bertani (LB) (Lennox) broth / agar Sigma Aldrich (Merck) 

Opti-MEMÊ I Reduced Serum Medium GibcoTM (ThermoFisher Scientific) 

Penicillin-Streptomycin (10,000 U/mL) GibcoTM (ThermoFisher Scientific) 

Polyethylenimine (PEI) Max  

(MW 40,000) 
PolySciences 

Sf-900Ê III SFM GibcoTM (ThermoFisher Scientific) 

Sodium butyrate Sigma Aldrich (Merck) 

Tetracycline Sigma Aldrich (Merck) 

TrypLEÊ Express Enzyme (1X), 

no phenol red 
GibcoTM (ThermoFisher Scientific) 

3.1.4 Equipments 

Name Supplier / Distributor  

Äkta FPLC/Explorer/Purifier GE Healthcare 

AQUAline AL 5 ï water bath Lauda 

Avanti J-20 XP/ J-25/ J-26 XP centrifuge Beckman Coulter 

Axiovert 25 Zeiss 

BBD6220 CO2-incubator Heraeus 

Benchtop pH meter pH 50 VioLab Basic Carl Roth 

Blue/Green LED Transilluminator  

FG-09WS 
Nippon Genetics 

Casy TTC Cell counter Innovatis 

Centrifuge 5415 R/ 5810 R/ 5702 R/ 5424 R Eppendorf 
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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 

EasiGlow ï glow discharge system Pelco 

EB170S incubator Jouan 

Econo-Column for chromatography Bio-Rad 

Ecotron HT Multitron standard/ Multitron Infors 

E-gel powerBase v4 InvitrogenTM (ThermoFisher Scientific) 

ELx405 HT ï washer Bio-Tek 

FINNPIPETTE F1 ThermoFisher Scientific 

Freezer ï80°C Sanyo 

Freezer ï80°C HERA freezer Heraeus 

Freezer ï80°C TSX Series  Thermo Scientific 

Glass syringes for LCP Hamilton 

Heracell 240i CO2 incubator  ThermoFisher Scientific 

HeracellTM 150i CO2-incubator ThermoFisher Scientific 

Highlight 3001 / SZX16 Olympus 

HiLoad Superdex 200 16/600  

preparative grade 
Cytiva 

iBlot 2 InvitrogenTM (ThermoFisher Scientific) 

Innova 4000 incubator shaker New Brunswick Scientific 

Lab armor bead bath VLM GmbH 

Laminar Air Flow BDK Luft und Reinraum Technik GmbH 

Lipidic cubic phase (LCP) mosquito SPT Labtech 

Magnetic Stirrer RH basic 2 IKA  

MicroLoops LD Mitogen 

Multidrop Combi ThermoFisher Scientific 

Multifuge X1R centrifuge Thermo Scientific 

Mx3005P Stratagene 

NanoDrop One Thermo Scientific 

Nitrogen decompression  

4635 cell disruption vessel 
Parr Instrument Company 
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Pheonix liquid handler Art Robbins Intruments 

PHERAstar FSX BMG Labtech 

PIPETBOY 2 Integra 

Pipettes 

(2.5 µL, 10 µL, 20 µL,  

100 µL, 200 µL, 1 mL) 

Eppendorf 

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 

See-Saw Rocker SSL4 Stuart Scientific 

Sonorex RK Bandelin 

Sprout ï Mini centrifuge Biozym 

Superdex 200 increase 10/300 GL Cytiva 

Superose 6 increase 10/300 GL Cytiva 

Superose 6 increase 5/150 GL Cytiva 

Swinging bucket rotor ï JS 5.3 Beckman Coulter 

T3 Thermocycler Biometra 

ThermoMixer C Eppendorf 

Unix-C SEC-300 4.6/300 Sepax Technologies 

Unstirred water bath Grant 

Vitrobot Mark IV ï plunge freezer   ThermoFisher Scientific 

Vortex VV3 VWR 

Weighing balance 

ED6202S/ TE214S/ ED4202-CW/ 

ED6202S-0CE 

Sartorius 

3.1.5 Disposables 

Name Supplier / Distributor  

Amicon ï Ultra centrifugal filters 

(Molecular weight cutoff: 

30 kDa, 50 kDa, and 100 kDa) 

Sigma Aldrich (Merck) 

Anti-FLAG M2 affinity gel Sigma Aldrich (Merck) 
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Cell culture petri dish (100 mm × 20 mm)  Corning 

Corning,CoStar, Stripette  

serological Pipettes  

(5 mL, 10 mL, 25 mL, 50 mL) 

Sigma Aldrich (Merck) 

DeepWell Block (96-well) ThermoFisher Scientific 

Disposal bag Sarstedt 

E-gel 1.2% InvitrogenTM (ThermoFisher Scientific) 

Erlenmyer flask (250 mL) Corning 

Falcon ï plasma vacuum gas treated 

tissue culture flasks 

(25 cm3, 75 cm3, 175 cm3) 

Corning 

Falcons ï High clarity polypropylene tubes 

(15 mL, 50 mL) 
Corning 

Laminex Glass base (0.2 mm) and cover Molecular Dimensions 

MatrixÊ Reagent Reservoirs (10 mL) ThermoFisher Scientific 

Monolith NT.115 series High sensitivity 

capillaries 
NanoTemper 

Multiwell plates (6-well) Corning 

NuPAGETM 4-12% Bis-Tris Mini Gel InvitrogenTM (ThermoFisher Scientific) 

Parafilm Bemis Flexible packaging 

Pipette Tips (10 µL, 200 µL, 1 mL) Eppendorf 

Poly-D-lysine Solid white flat bottom plate 

(384-well) 
Corning 

Precision wipes Kimtech / Kimberly-Clark professional 

Purple Nitrile Xtra gloves Kimtech 

Quantifoil R0.6/1.0 300 Au Quantifoil 

Quantifoil R0.6/1.0 300 Cu Quantifoil 

Quantifoil R1.2/1.3 300 Au Quantifoil 

Quantifoil R1.2/1.3 300 Cu Quantifoil 

Roller bottles (850 cm3) Corning 

Safe-Lock Tubes 

(0.5 mL, 1.5 mL, 2 mL, 5 mL) 
Eppendorf 

Safeseal surphob pipet tips  

(10 µL, 100 µL, 300 µL 1 mL) 
Biozym 

Soft tissues Henry Schein 

Strep-Tactin XT 4Flow high capacity IBA Lifesciences 

TALON superflow cobalt-based resin for 

immobilized metal affinity chromatography 

(IMAC)  

Clontech (Takara Biotech) 

Tissue culture flask 

Nuclon delta surface 

(25cm3, 75 cm3, 175 cm3) 

ThermoFisher Scientific 
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TouchNTuff nitrile gloves Ansell 

Zeba spin desalting columns ThermoFisher Scientific 

3.1.6 Chemicals and reagents 

Name Supplier / Distributor  

(2-(N-morpholino)ethanesulfonic acid) 

(MES) 
Carl Roth 

1-oleoyl-rac-glycerol (Monoolein) Sigma Aldrich 

3-[(3-cholamidopropyl)-dimethylammonio]-

1-propane sulfonate] (CHAPS) 
Anatrace 

3-isobutyl-1-methylxanthine (IBMX)  Sigma Aldrich 

3x FLAG peptide NeoBiotech 

4-(2-hydroxyethyl)-1-

piperazineethanesulfonic acid (HEPES) 
Sigma Aldrich 

5-bromo-3-indolyl-ß-D-galactopyranoside 

(Bluo-Gal) 
ThermoFisher Scientific 

5x Colorless GoTaq Flexi Buffer  Promega 

7-diethylamino-3-(4'-maleimidylphenyl)-4-

methylcoumarin (CPM) 
ThermoFisher Scientific 

Adenosine triphosphate (ATP) Sigma Aldrich 

Bicine Sigma Aldrich 

Biotin Sigma Aldrich 

Bovine serum albumin Sigma Aldrich 

Cholesterol Sigma Aldrich 

Cholesteryl hemisuccinate tris salt (CHS) Anatrace 

cOmpleteTM EDTA free protease inhibitor 

cocktail 
Roche (Sigma Aldrich) 

Copper chloride Carl Roth 

D-glucose Fluka Analytical 

Dithiothreitol (DTT) SERVA Electrophoresis GmbH 

DNA molecular weight marker XIV (100 bp 

ladder) or XVI (250 bp ladder) 
Roche (Sigma Aldrich) 

DNase I Roche (Sigma Aldrich) 

Ethane 2.5 HiQ minican Linda 

Ethanol Honeywell 

Ethylenediamine tetraacetic acid (EDTA) Carl Roth 

Forskolin Sigma Aldrich 

Fos-choline-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 (IP1) Sigma Aldrich 

Iodoacetamide Sigma Aldrich 

Isopropanol Abcr GmbH 

Isopropyl-ɓ-D-1-thiogalactopyranoside 

(IPTG) 
ThermoFisher Scientific 

JBScreen LCP HTS Jena Biosciences 

Laemmli sample buffer 2x / 4x SERVA Electrophoresis GmbH 

Lauryl maltose neopentyl glycol (LMNG) Anatrace 

Leupeptin Roche (Sigma Aldrich) 

Lithium chloride Merck (Sigma Aldrich) 

M13 forward primer (100 µM)  

Cat# 11-2055-1/2  
MWG-Biotech AG 

M13 reverse primer (100 µM)  

Cat# 11-2055-2/2 
MWG-Biotech AG 

Magnesium chloride Merck (Sigma Aldrich) 

Magnesium chloride, 25 mM  Promega 

NBT-BCIP solution ThermoFisher Scientific 

n-dodecyl-ɓ-D-maltopyranoside (DDM) Anatrace 

Nickel (II) sulfate Merck (Sigma Aldrich) 

Octyl glucose neopentyl glycol (OGNG) Anatrace 

Pefabloc SC (4-(2-Aminoethyl)-

benzolsulfonylfluoride-hydrochloride) 
Roche (Sigma Aldrich) 

Perfect ProteinÊ Markers, 15-150 kDa 

#69149 
Merck (Sigma Aldrich) 

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) 

Precision plus protein dual color standards, 

500 µL #1610374 
BioRad 

Precision plus proteinÊ all blue prestained 

protein standards #1610373 
BioRad 

Precision plus proteinÊ unstained protein 

standards #1610363 
BioRad 

Quick Coomassie stain SERVA Electrophoresis GmbH 

Sodium azide Sigma Aldrich 

Sodium bicarbonate Merck (Sigma Aldrich) 

Sodium carbonate Merck (Sigma Aldrich) 

Sodium chloride Carl Roth 

Sodium citrate Sigma Aldrich 

Sodium dihydrogen phosphate monohydrate Carl Roth 

Sodium hydroxide solution (1 N) Carl Roth 

Sodium phosphate 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/ midiprep/ gigaprep kits 
Qiagen 

3.1.8 Antibodies and enzymes 

Name Supplier / Distributor  

Anti-GPR68 polyclonal, produced in rabbit  

Cat# 720277 
Invitrogen (ThermoFisher Scientific) 

Anti-mouse IgG (whole molecule) ī 

alkaline phosphatase antibody produced in 

rabbit Cat# A4312 

Sigma Aldrich 

Anti-rabbit IgG (whole molecule) ï alkaline 

phosphatase antibody produced in goat  

Cat# A3687 

Sigma Aldrich 

DYKDDDDK tag (Anti-FLAG) antibody 

produced in rabbit,  

Cat# 600-401-383 

Rockland Immunochemicals 
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GoTaq® G2 Flexi DNA polymerase  

(5 U/µL), Cat# M780B 
Promega 

Penta-His antibody, BSA-free  

produced in mouse, Cat# 34660 
Qiagen 

3.1.9 Softwares 

Name Supplier / Distributor  

Adobe acrobat reader 2023.008.20555 Adobe 

Adobe Illustrator 2021 Adobe 

Anaconda / miniconda 23.11.0-2 Anaconda Inc. 

Bridge2 (H-Bond network analysis) [300, 301] 

Chromeleon 7 ThermoFisher Scientific 

Coot 0.9.8.92 [303] 

CryoSPARC and CryoSPARC Live 4.4.1 Structura Biotechnology Inc. 

EPU Ver 3.2.0.4766REL ThermoFisher Scientific 

ExPASy server [304] 

Graphpad Prism 10 Graphpad Software Inc. 

Marvin Sketch 17.24.3 Chemaxon 

Microsoft Office 365 version 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 

Rockmaker 3.17.9.1 Formulatrix 

TALOS, TIA, FluCam Viewer ThermoFisher Scientific 

Unicorn 7.8 Cytiva 

Visual Molecular Dynamics 1.9.3 [307] 
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3.1.10 Small molecule ligands 

The small molecule ligands (antagonists) used in my thesis are Boehringer 

Ingelheim proprietary ligands. Dr. Matthias Hoffmann (Boehringer Ingelheim, Biberach, 

Germany) provided me with adequate amounts of the ligands. The proprietary ligands 

(Ligand 1, Ligand 2, and Ligand 3) were identified by screening human GPR68. 

Additionally, ogremorphin (CAS# 352563-21-4), a publicly available antagonist, identified 

by screening zebrafish GPR68 was used in my thesis. 
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3.2 Methods 

3.2.1 Molecular biology 

DNA Resuspension 

Lyophilized GPR68 construct DNAs (5 µg) were resuspended in 50 µL of sterile water 

(theoretical concentration of 100 ng/µL). 

Transformation & Blue-white screening 

Competent cells aliquots were thawed on ice. 10 ng of plasmid DNA (pFastBac1 or 

pcDNA5/FRT) was mixed with 50 µL of Escherichia coli DH10Bac (for pFastBac1) or 

Escherichia coli DH5Ŭ (for pcDNA5/FRT) competent cells in 1.5 mL Eppendorf tubes. 

The mixture was incubated on ice for 30 min. The mixture was exposed to heat shock in a 

water bath at 42°C for 30 s and immediately put on ice for 5 min. The mixture was 

transferred to 5 mL round bottom tubes (Falcon, Corning) and 450 µL of super optimal 

broth with catabolite repression medium (S.O.C medium) was added. The tubes were then 

incubated in the shaker at 37°C for 4 h at 250 rpm. 

10-20 µL of a culture with 100 µL of S.O.C medium was plated onto a LB agar plate 

containing 50 µg/mL kanamycin, 7 µg/mL gentamicin, and 10 µg/mL tetracycline, 40 

µg/mL IPTG and 100 µg/mL Bluo-Gal for blue-white screening of pFastBac1 

recombination, whereas LB agar plates with 100 µg/mL carbenicillin were used for 

pcDNA5/FRT vector recombinant screening. The plates were inverted and incubated at 

37°C for 48 h. The pFastBac1 plates were additionally incubated at 4°C for 24-48 h. 

For the transposed pFastBac1 vector, white colonies (2-3) were picked. Each colony was 

inoculated in 3 mL LB medium containing 50 µg/mL kanamycin, 7 µg/mL gentamicin, and 

10 µg/mL tetracycline. The inoculated medium was incubated overnight at 250 rpm and 

37°C in a shaker. After the incubation, the culture was centrifuged for 15 min at 3000 ³ g 

and 4°C. The supernatant was discarded, and the pellets were stored at ï80°C or directly 

used for plasmid DNA extraction. 

For the pcDNA5/FRT plates, one isolated single colony was inoculated into 80 mL LB 

medium containing 100 µg/mL ampicillin in a 250 mL baffled Erlenmeyer flask and grown 
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overnight at 120 rpm and 37°C in a shaker. This setup is henceforth termed as pre-culture. 

This pre-culture was then utilized to inoculate 4 × 1 L of LB medium containing 100 µg/mL 

ampicillin in 5 L baffled Erlenmeyer flasks in a ratio of 1:50 i.e., using a preculture 

inoculum of 20 mL per liter of culture. The Erlenmeyer flasks were incubated overnight 

for approximately 18 h at a speed of 110 rpm and a temperature of 37°C. After the 

incubation, the culture was centrifuged for 30 min at 3000 ³ g at 4°C. The supernatant was 

discarded, and the pellets were weighed and stored at ï80°C or directly used for plasmid 

DNA extraction. 

Plasmid/Bacmid extraction 

The HiSpeed Plasmid Mini/Midi/Giga prep kits from Qiagen were used to extract the 

bacmid or plasmid DNA from the cells. After the bacmid DNA extraction, 1 µL (out of 40 

µL) was removed for polymerase chain reaction to confirm successful recombination of 

DNA. The remaining DNA was stored at ï20°C until further use. 

Polymerase chain reaction (PCR)- Bacmid DNA 

The master mix was prepared according to the following table and 49 µL of the master mix 

was added to the 1 µL of bacmid DNA: 

 

Components 1x 

Bacmid-DNA 1 µL 

5x PCR Buffer 10 µL 

Deoxynucleotide triphosphate 

(dNTP) mixture (10 mM each) 
1 µL 

Taq Polymerase (5 U/µL) 0.5 µL 

MgCl2 (25 mM) 3 µL 

H2O 32.5 µL 

M13 forward primer (20 µM) 1 µL 

M13 reverse primer (20 µM) 1 µL 

Total 50 µL 

 

M13 forward primer sequence: 5´-CCCAGTCACGACGTTGTAAAACG-3  ́

M13 reverse primer sequence: 5´-AGCGGATAACAATTTCACACAGG-3  ́
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PCR Setup 

Steps Time and Temperature Cycles 

Initial denaturation 5 min at 94°C 1x 

Denaturation 45 s at 94°C 

35x Annealing 45 s at 55°C 

Extension 5 min at 72°C 

Final extension 7 min at 72°C 1x 

Hold at 4°C - 

After the PCR, the samples were confirmed for successful recombination using agarose gel 

electrophoresis using the E-gel system from Invitrogen. The PCR mixture (50 µL) was 

mixed with 5 µL of 10x loading buffer (50% glycerol, 10 mM EDTA, bromophenol blue). 

15 µL of the sample mixture was loaded in per well on the gel (E-gel 1.2% agarose - 

Invitrogen), together with the 100 bp DNA Molecular Weight Marker XIV (Roche) which 

was used as a standard. The gel was run for 30 min. The non-recombinant DNA was 

identified by the presence of a band at 300 bp which is the size of the bacmid. The bacmid 

which is transposed with the target of interest in the pFastBac1 vector has a size of ~2300 

bp + size of target of interest. 

3.2.2 Protein expression and production 

Cell maintenance and counting 

The cell maintenance was performed twice a week by laboratory scientists for Sf9 cells, 

High FiveTM cells, and HEK293F cells. The Sf9 cells were cultured in ESF-900 III SFM 

medium (Gibco), High FiveTM cells (Hi5) in Insect-XPRESSÊ medium (Lonza), and 

HEK293F cells in Expi293Ê, GlutaMAXÊ (Gibco). The insect and mammalian cells 

were always examined for contamination, shape and size under a microscope and 

subsequently counted using a CASY cell counter (Innovatis). All the cell culture work was 

performed in laminar air flow under sterile conditions. The cell culture medium was always 

pre-warmed at 27°C either in the incubator or water bath at 27°C. 

 

 

 



 

 

   47 

Insect cells 

Transfection 

Sf9 cells were seeded at 0.8 ³ 106 cells/well in a 6-well plate. The 6-well plate was 

incubated at 27°C for 30-45 min to allow the cells to adhere to the bottom of the well. The 

following solutions were prepared for 2 wells: 

The Solution A comprised of 2 µg of GPR68 bacmid DNA (10 µl) in 200 µl of ESF-900 

III SFM medium (Gibco), and the Solution B comprised of 16 µl of Cellfectin II reagent 

(Gibco) in 200 µl ESF-900 III SFM medium (Gibco). Solution B was added to the Solution 

A and this mixture was incubated for 30 min at room temperature. 213 µl of this DNA-

Cellfectin mixture was added to each well and the 6-well plate was incubated for 4 h at 

27°C.  Then the medium was removed carefully from the surface of the cells, ensuring that 

the cells remain attached. 2 mL of fresh ESF-900 III SFM medium was added gently to 

each well and the 6-well plate was incubated for 72 h at 27°C. Then, the media was removed 

from the surface of the cells and centrifuged for 5 min at 200 ³ g at room temperature. The 

supernatant (P0 virus) was stored at +4°C until further use. 

Baculovirus amplification 

The first amplification (P1 virus) was prepared by seeding 6 × 106 Sf9 cells in a petri dish 

(150 mm × 25 mm). The cells were incubated for 30 min at 27°C to allow the cells to 

adhere. The media was removed from the surface of the cells and replaced with 2 mL of 

fresh medium along with 1 mL of P0 virus. The petri dish was then incubated for 1 h. After 

the incubation, 7 mL of fresh medium was added gently from the walls of the petri dish and 

the petri dish was incubated for 48 or 72 h at 27°C. After incubation, the media was 

removed and centrifuged for 5 min at 500 ³ g at room temperature. The supernatant (P1 

virus) was stored at +4°C until further use. 

The second amplification (P2 virus) was prepared by mixing 42.7 mL of Sf9 cells at a 

concentration of 1 ³ 106 cells/mL cells in a 250 mL Erlenmeyer flask along with 8.3 mL of 

P1 virus. The flask was incubated for 48 h at 27°C and 85 rpm. After the incubation, the 

suspension culture was centrifuged for 10 min at 1200 ³ g at room temperature. The 

supernatant (P2 virus) was stored at +4°C until further use. 
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The third amplification (P3 virus) was prepared exactly as for the second amplification. 

The P1 or P3 virus preparation incubation times varied between 48 to 72 h depending on 

the day of the week when the virus amplification was started. 

Test expression of GPR68 constructs was performed using the following virus titer: 100 

µL/ 500 mL, 300 µL/ 500 mL, 1 mL/ 500 mL, 3 mL/ 500 mL and 10 mL/ 500 mL in High 

FiveTM cells. The experimental procedures involved doing the test expressions for freshly 

prepared virus in a volume of 20 mL, with the viral quantities being changed accordingly. 

The test expressions were done in 50 mL falcons at 27°C and 140 rpm for 72 h. After the 

incubation of 72 h in a shaker, the cells were counted and 1 mL aliquots were taken from 

all virus titer expressions, which were centrifuged at 16000 ³ g for 5 min at room 

temperature. The cell pellets were resuspended in 350 µL distilled water based on for every 

1 ³ 106 cell count. 

After resuspension of the pellet, 20 µL of the sample were mixed with 20 µL of 2³ Laemmli 

buffer and loaded onto NuPAGETM Novex bis-tris gels in NuPAGTM MES SDS running 

buffer for 35 min at 200 V. Proteins were transferred to the nitrocellulose membrane using 

the iBlot2 system for Western blot analysis. As primary antibody the penta-His antibody 

produced in mouse (Sigma Aldrich) was used, and as a secondary antibody Anti-mouse 

IgG (whole molecule) ī alkaline phosphatase conjugated antibody produced in rabbit 

(Sigma Aldrich) was used. The expression titer showing the highest expression judged from 

band intensity was used as optimal virus amount for GPR68 protein expression. This varied 

typically from construct to construct. However, the final optimal titers were usually in the 

range of 100 µL - 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 baculovirus of was performed by Adelheid Loehle, Heike Rapp, Jessi Bretzel 

and Julian Friedl of the PEP-2 lab, Structural Research Department (Boehringer Ingelheim, 

Biberach, Germany). 

GPR68 protein expression in the insect cells was always performed using P3 virus. The 

protein expression was performed in a 1.8 L Fernbach flask filled with a volume of 500 mL 

culture medium per flask at 27°C at 60 rpm for 72 h. The cells were harvested by 

centrifugation at 2500 ³ g for 30 min at 4°C. The cell pellets were stored at ï80°C until 

further use. 
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Mammalian cells 

HEK293F cells were transiently transfected as suspension cultures for the expression of the 

target receptor. The cells were split at a density of 1 ³ 106 cells/mL in a volume of 1 L and 

allowed to grow for 24 h at 37°C, 8% CO2, and 120 rpm in 850 cm3 roller bottles with a 

maximum capacity of 2 L. 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 Opti-MemTM + 1 mg of GPR68 construct DNA. 

Solution 2: 47 mL of Opti-MemTM + 3 mL of 1 mg/mL of linear polyethyleneimine (PEI), 

(molecular weight - 40,000). The stock of PEI was prepared in sterile water. 

First, the two solutions were individually mixed and incubate for 5 min each at room 

temperature. Then, Solution 2 was mixed with Solution 1, and subsequently incubated for 

a duration of 30 minutes at room temperature. After the incubation, 100 mL of this mixture 

was added to 1 L of HEK293F cells, followed by addition of 10 mM sodium butyrate to 

the cells. The expression was done for 72 h at 37°C, 8% CO2, and 120 rpm. The cells were 

harvested by centrifugation at 900 ³ g for 30 min at 4°C. The cell pellets were stored at ï

80°C until further use. 

3.2.3 Protein purification  

Cell Lysis and Solubilization 

The frozen cell pellet from a 500 mL expression was resuspended in 100 mL of hypertonic 

buffer ï 50 mM HEPES pH 7.4, 800 mM NaCl, 10 mM MgCl2, 10% glycerol and 1% 

LMNG (or DDM), 0.2% cholesteryl hemisuccinate (CHS) and EDTA-free cOmpleteTM 

protease inhibitor cocktail (1 tablet / 100mL buffer). The solubilization in the hypertonic 

buffer with detergents was carried out for 1.5 h. The solubilized membranes were then 

centrifuged at 50,000 ³ g for 40 min at 4°C. 
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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 was supplemented with 15 mM buffered imidazole, 

pH 7.5, and incubated with TALON Superflow Metal Affinity Resin (Clontech) (1.5 ml 

bed volume per 500 mL of original culture volume), for 2 h or overnight at 4°C. After 

incubation, the solubilized protein mixture in the presence of the resin was allowed to flow 

through a glass column for packing or was centrifuged at 100 ³ g for 5 min at 4°C and the 

supernatant was removed using a pipet carefully. Washing was performed with 20 column 

volumes (CV) of wash buffer ï 50 mM HEPES pH 7.4, 500 mM NaCl, 10 mM MgCl2, 5% 

glycerol, 40 mM imidazole and 0.01% LMNG/0.002% CHS or 0.1% DDM/ 0.02% CHS. 

Elutions were carried with 5 CV in steps of 4, where volume was equal to 1.25 CV and 

incubation time with the elution buffer was 5-10 min for every step. The elution buffer 

comprised of 50 mM HEPES pH 7.4, 500 mM NaCl, 250 mM imidazole and 0.003% 

LMNG/0.0006% CHS or 0.02% DDM/ 0.004% CHS. The eluates were pooled and 

concentrated using a 50 kDa molecular weight cut-off concentrator (Merck) to approximate 

volumes of 500-700 µL in preparation for the second purification step. 

2. Antibody affinity 

The supernatant after centrifugation was incubated with FLAG M2 resin (Sigma Aldrich) 

(2 mL bed volume per 500 mL of original culture volume), for 2 h or overnight at 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 100 ³ g for 5 min at 4°C and 

the flowthrough was removed carefully using a pipet. Washing was performed with 20 CV 

of wash buffer ï 50 mM HEPES pH 7.4, 500 mM NaCl, 10 mM MgCl2, 5% glycerol, and 

0.01% LMNG/0.002% 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 the elution 

buffer was 25-30 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/0.0006% CHS or 0.02% DDM/ 0.004% CHS. The eluates were pooled and 
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concentrated using a 50 kDa molecular weight cut-off concentrator (Merck) to approximate 

volumes of 500-700 µL in preparation for the second purification step. 

3. Recombinant protein affinity 

The supernatant after centrifugation was incubated with Step-tactin XT 4Flow (IBA 

Lifesciences) (1.5 mL bed volume per 500 mL of original culture volume), for 2 h at 4°C. 

After incubation, the solubilized protein mixture in presence of the resin was centrifuged 

at 100 ³ g for 5 min at 4°C and the flowthrough was removed using a pipet carefully. 

Washing was performed with 10 CV of wash buffer 1 ï 50 mM HEPES pH 7.4, 500 mM 

NaCl, 10 mM ATP, 20 mM MgCl2, 5% glycerol, and 0.1% LMNG/0.02% CHS or 0.1% 

DDM/ 0.02% CHS and EDTA-free cOmpleteTM protease inhibitor cocktail (1 tablet / 

100mL buffer), followed by washing with 10 CV of wash buffer 2 ï 50 mM HEPES pH 

7.4, 500 mM NaCl, 5% glycerol, and 0.01% LMNG/0.002% CHS or 0.1% DDM/ 0.02% 

CHS and EDTA-free cOmpleteTM protease inhibitor cocktail (1 tablet / 100 mL buffer). 

Elutions were carried with 5 CV of elution buffer in steps of 5, where volume was equal to 

1 CV and incubation time with the elution buffer was 5 min for every step. The elution 

buffer comprised of 50 mM HEPES pH 7.4, 150 mM NaCl, freshly added 50 mM biotin 

(Sigma Aldrich), 50 µg/mL Pefabloc SC (Sigma Aldrich), 5 µg/mL leupeptin (Roche) and 

0.003% LMNG/0.0006% CHS or 0.02% DDM/ 0.004% CHS. The eluates were pooled and 

concentrated using a 50 kDa molecular weight cut-off concentrator (Merck) to approximate 

volumes of 500-700 µL in preparation for size exclusion chromatography. 

Size-exclusion chromatography 

Size exclusion chromatography (SEC) was used as a second and final step for the protein 

purification process. It was performed using Superdex 200 Increase 10/300 GL or Superose 

6 Increase 10/300 GL. The SEC buffer comprised of ï 50 mM HEPES pH 7.4, 150 mM or 

500 mM NaCl, 50 µg/mL Pefabloc SC (Sigma Aldrich), 5 µg/mL leupeptin (Roche) and 

0.003% LMNG/0.0006% CHS or 0.02% DDM/ 0.004% CHS. The SEC eluates from the 

peak were pooled together and concentrated using a 50 kDa molecular weight cut-off 

concentrator (Merck) or if Anti-BRIL FAB complexation was performed, the 100 kDa 

molecular weight cut-off concentrator (Merck) was used. 
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Anti-BRIL FAB complexation 

The Anti-BRIL FAB (FAB) and Anti-BRIL FAB nanobody (NB) were added to GPR68 

(ICL3 BRIL constructs) in the ratio of 1:1.2:1.2 or 1:1.5:2. The complexation components 

were purified by Julian Friedel and Adelheid Loehle according to the protocols previously 

published: Anti-BRIL FAB [276, 308] and Anti-BRIL FAB nanobody [309]. 

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 at a final concentration of 10 µM of 

small molecules or 100 µM of metal ions. 

Miscellaneous 

In case a purification was performed at pH 7.8, the buffering component used was HEPES 

and for purifications performed at pH 6.0 the buffering component used was MES. The 

ÄKTA Explorer or Pure 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 cell. All the 

purification steps were carried out at 4°C. Stocks were prepared for a maximum storage for 

up to 3 months. Buffer pH was adjusted at room temperature using NaOH or HCl. 

Membrane preparation (optional): 

The frozen cells pellet from a 500 mL expression was resuspended in 100 mL of hypotonic 

buffer (20 mM HEPES pH of 7.4, 10 mM MgCl2, 20 mM KCl, DNase, and a tablet of 

EDTA-free cOmpleteTM protease inhibitor cocktail (1 tablet / 100 mL buffer). Membrane 

preparation was performed using the cell disruption vessel or the nitrogen bomb (Parr 

Instrument Company) at 50 bar for 30 min. The cell lysate was then centrifuged at 50,000 

³ g for 40 min at 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 steps starting from solubilization were carried out, as described above. 
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3.2.4 Protein analysis 

Protein concentration measurement 

Estimations of concentrations for the purified protein samples or extracted plasmid DNA 

was obtained using NanoDropTM One (ThermoFisher Scientific) at 280 nm and 260 nm 

respectively. The concentrations were calculated based on the Beer-Lamberts law. 

According to the Beer-Lambert law, the absorbance, A, is directly proportional to the molar 

concentration (c). The equation A = ὑ × l × c, represents the relationship between the molar 

absorption coefficient (ὑ) and the cell path length (l). The molar extinction coefficient (Ů) 

quantifies the intensity of light absorption by a chemical substance at a specific wavelength. 

For proteins this is mainly derived by the number of specific amino acids in a protein which 

act as chromophores like tryptophan, tyrosine, and cysteine [310]. 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 compared to pyrimidine bases, namely cytosine, 

thymine, and uracil. This disparity can be attributed to the presence of an additional double 

bond inside their ring structure [311]. 

SDS-PAGE 

Sodium dodecyl sulfate ï polyacrylamide gel electrophoresis (SDS-PAGE) was first 

described in 1970 when the head of bacteriophage T4 was being investigated [312]. SDS-

PAGE is often used to analyze the purity of the protein sample based on separation 

dependent on the molecular weight of the protein. PAGE is a biochemical method that 

enables the separation of proteins based on their electrophoretic mobility, which refers to 

their ability to move rapidly in an electric field. Briefly, SDS is a harsh anionic detergent 

that denatures the protein making it lose its higher order structure and forcing them to 

become linear and effectively coating the denatured protein in a net negative charge. Thus, 

after the exposure to SDS, all the proteins in a sample have a net negative charge and a 

similar net charge-to-mass ratio. Therefore, in the context of SDS-PAGE, the separation of 

molecules is based on their mass, rather than their charge [313]. 

Increased aggregation of membrane proteins has been observed after heating or boiling of 

samples. Thus, SDS-PAGE samples prepared in this study were not subjected to any prior 
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heating or boiling before loading them on the gel [314]. Also, it has been reported previously 

that membrane proteins when analyzed via SDS-PAGE show differences between the 

theoretical molecular weights and observed molecular weights on the SDS-PAGE gel [315]. 

The samples prepared from pellets, supernatant and flowthroughs from the first step of 

purification (affinity-based) were mixed with 2³ Laemmli sample buffer (Serva 

Electrophoresis GmbH), whereas any other sample was mixed with 4³ Laemmli sample 

buffer. The sample buffers were additionally mixed with dithiothreitol (DTT) to obtain a 

final concentration of 50 mM. DTT was added to reduce the disulfide bonds in the protein 

sample. The protein ladder used for the gels was Precision plus proteinÊ all blue prestained 

protein standards #1610373 (BioRad). 

The NuPAGE® 4-12% Bis-Tris precast Mini Gels (ThermoFisher Scientific), were used to 

perform SDS-PAGE of protein samples where the running buffer used was NuPAGE® 

MES SDS running buffer (ThermoFisher Scientific. The electrophoresis was carried out in 

a Xcell SurelockÊ Mini -Cell chamber (ThermoFisher Scientific). The SDS-PAGE gels 

were run at 200 V for a duration of 35 min. The gels were stained overnight by Quick 

Coomassie Stain (Serva Electrophoresis GmbH) for visualization of the proteins, while the 

background was de-stained using distilled water overnight. 

Western Blot 

For Western blotting or immunoblotting, the gels after SDS-PAGE were not stained and 

subsequently transferred onto a nitrocellulose membrane using the iBlot2 system and the 

nitrocellulose transfer stacks (Invitrogen). To facilitate the transfer, a voltage of 20 V was 

applied for a duration of 7 min. Then, Ponceau S (Sigma Aldrich) solution was used to stain 

the nitrocellulose membrane. The membrane was blocked with a 3% BSA solution in Tris-

buffered saline (TBS) with the composition: 50 mM Tris, 150 mM NaCl, pH 7.5 for a 

duration of 1 h. Subsequently the membrane was washed with TBS-T (50 mM Tris, 150 

mM NaCl, pH 7.5, 0.05% Tween 20) three times for 5 min. After the washing, the 

membrane was incubated with the primary antibody (diluted in TBS ï 1:1000) for 1 h. 

After the incubation, the membrane was washed again with TBS-T three times for 5 min. 

An alkaline phosphatase conjugated secondary antibody (diluted in TBS ï 1:30,000) was 

incubated with the membrane for 40 min. The last cycle of washing was performed after 
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the incubation with TBS-T three times for 5 min. The protein bands were stained using 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 were analyzed by cutting out gel pieces of the protein bands of 

interest from Coomassie stained gels and were handed over to Karen Köhler (Boehringer 

Ingelheim, Biberach, Germany) for analysis. An endopeptidase, trypsin, was used for 

protein digestion to yield peptides. Matrix-assisted laser desorption ionization ï time of 

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

results were analyzed using Mascot search engine software (Matrix Science). 

Differential Scanning Fluorimetry (DSF) 

DSF also known as thermal shift assay is a method which utilizes a fluorescent dye which 

binds to the hydrophobic regions as the protein is subjected to a temperature gradient. The 

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 (Tm), at which 50% of the protein is unfolded. Typically used fluorescent dyes 

that bind to hydrophobic regions do not work well with detergent solubilized membrane 

proteins. Thus, the thiol-specific dye like 7-diethylamino-3-(4'-maleimidylphenyl)-4-

methylcoumarin (CPM) is a commonly used dye. However, more recent label-free 

techniques like NanoDSF are also effective in determining the melting temperatures of 

GPCRs. 

NanoDSF 

NanoDSF is a highly sensitive and label-free technique that monitors the changes in 

intrinsic fluorescence originating from the inherent tryptophan in proteins, as a function of 

temperature. The fluorescence of tryptophan was quantified at two specific wavelengths, 

330 nm, 350 nm, and the ratio of 350 nm/330 nm [316].  A common finding pertaining to the 

protein unfolding phenomenon is the occurrence of a red shift or a blue shift in the 

fluorescence emission maxima, which is towards a longer emission wavelength or a short 
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emission wavelength depending on the local environment changes of the tryptophans as the 

protein unfolds [317, 318].  

The melting points in this study were determined with the Prometheus NT.48 

(NanoTemper). The purified protein sample (10 µL) was loaded in a high sensitivity glass 

capillary (NanoTemper). The discovery scan function was used to estimate the optimal 

excitation level (usually in the range of 50-100%). The melting curve was generated over 

a temperature range of 20-95°C, in incremental steps of 1°C per minute. Data analysis was 

done using the PR.ThermControl V2.1.1 software. The experiments were performed with 

a minimum of two replicates. 

3.2.5 X-ray crystallography 

 

Figure 14: Phase diagram of the monoolein/water system determined at 20 °C. Ia3d and Pn3m represent cubic 

phases. The figure has been reused [319]. 

The phenomenon of X-ray diffraction by crystals was initially observed by Max Laue and 

colleagues in 1912 [320, 321]. The first protein structure elucidated using X-ray 

crystallography was myoglobin [263]. The process of a protein crystal structure elucidation 

involves crystallizing a concentrated protein sample and subjecting the resulting crystals to 

an X-ray beam. A few methods to obtain protein crystals are vapor drop diffusion method 
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(sitting drop or hanging drop) [322], counter-diffusion method [323], dialysis method [324], 

batch method [325, 326] and lipidic cubic phase crystallization [267, 319]. 

The obtained diffraction patterns are analyzed to determine the crystal packing symmetry 

and the dimensions of the repeating unit that constitutes the crystal. This information is 

essentially derived from the arrangement of the diffraction spots [327, 328]. There are 230 

space groups categorized within 7 lattice types, however not all of them are suitable for 

proteins due to the chirality of amino acids. Thus, only 65 space groups are applicable for 

proteins [329]. The magnitude of each diffracted spot is determined by the diffracted waves 

that reach the detector. The intensity of the waves will be dictated by the amplitude and 

phase difference, which is given as an angle. The 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 replacement [330], isomorphous replacement [331], multiple 

wavelength anomalous diffraction [332], and single wavelength anomalous diffraction [333]. 

Now, structure factors can be calculated using the Fast Fourier Transform method [334] 

resulting in a three-dimensional electron density map, which is then used for refinement 

and model building to finally obtain the coordinates of the protein structure [327]. 

The most widely used methods to crystallize membrane proteins are in surfo (in detergent) 

crystallization and lipidic cubic phase (LCP) crystallization or in meso crystallization. LCP 

crystallization occurs in a bicontinuous lipidic mesophase. These mesophases are very 

sensitive to changes in the environment (e.g., salt, pH, temperature, other additives) and 

composition (e.g., type of lipid used and the ratio of lipid to water content). The cubic phase 

is essential formed for the monoolein/water system at room temperature (~20°C) with an 

overall composition of approximately 40% (wt/wt) water (Figure 14). Excess amount of 

water would result in formation of a second phase and a two-phase system [319]. This 

behavior of formation of a good cubic phase is for monoolein/water system is better 

represented by the phase diagram (Figure 14). So far, LCP crystallization has been very 

successful in structure determination of GPCRs [335]. 
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LCP setup 

In my thesis, freshly purified GPR68 was used to perform LCP crystallization. The 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 (w/w). The protein to lipid 

ratio used was 2:3.4. The LCP setup using the mosquito LCP (SPT Labtech) with a solution 

ratio of 40:800 nL (bolus: precipitant). The crystals were collected using MicroLoops 

(mitogen) and rapidly frozen using liquid nitrogen. The crystals were sent for data 

collection at PXI beamline of the Swiss Light Source (SLS). 

Please note that the harvesting of crystals was performed by Dr. Dietmar Weichert 

(Boehringer Ingelheim, Biberach, Germany) and the data collection was setup by Dr Dirk 

Reinert (Boehringer Ingelheim, Biberach, Germany). 

3.2.6 Single particle cryogenic electron microscopy 

Single particle cryogenic electron microscopy utilizes electrons as radiation, in a high 

vacuum environment to examine samples. These electrons are then accelerated along the 

microscope column typically using voltages ranging from 100 to 300 kV. Scattered 

electrons, after passing through the object, are concentrated by the electromagnetic lenses 

of the microscope. A higher resolution can be achieved with shorter wavelengths [336]. 

Vitrified protein samples are obtained after being plunge frozen into liquid ethane which 

are later stored in liquid nitrogen and then used for imaging. The thickness of the ice layer 

obtained can be quite variable. Preferably, one would observe identical copies of the protein 

in different orientations within the vitreous ice (Figure 15). Many select 2D images with 

various orientations can be combined to obtain a 3D reconstruction of the structure [336]. 

Unlike X-ray crystallography, this method works in the real space thus there are problems 

associated to the phase problem. Cryogenic temperatures help reduce radiation damage [337]. 

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 to Anti-BRIL-

FAB and Anti-FAB nanobody in the ratio of 1:1.5:2. These samples were either purified 

via Superose 6 Increase 10/300 GL column (Cytiva). The samples were always freshly 



 

 

   59 

prepared and immediately subjected to plunge freezing. A volume of 3 µL of protein sample 

was applied onto glow discharged QF-1.2/1.3-300-Au and QF-0.6/1.0-300-Cu grids. The 

grids were then rapidly frozen in liquid ethane using a plunge freezer, Vitrobot Mark IV 

(ThermoFisher). Then the grids were transferred to grid boxes and stored in liquid nitrogen. 

 

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 inclined in relation 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 three-dimensional volume by using a collection of projection images that can be used to 

create back-projection profiles. The figure has been reused with permission from [336]. 

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 130,000³, which corresponds to a calibrated pixel size of 1.077 Å. A 

series of 8-second videos consisting of 40 frames each were captured at an electron dose of 
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55 e/Å2, and the defocus values ranged from 0.5 ɛm to 3.0 Õm. The data acquisition was 

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. 

Duplicate particles were eliminated, and several iterations of 2D classification were 

performed to generate 2D classes that clearly displayed the fiducial marker protruding. All 

the data processing steps were performed in CryoSPARC v4.4.1 [338]. 

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 publication [339]. 

Structural modeling of GPR68 

The structural models for GPR68 were generated using two distinct structural modeling 

methodologies. The initial approach entailed utilizing the webserver GPCR Online 

Modeling and Docking (GOMoDo) [286], along with its recently launched iteration 

pyGOMoDo [212]. We used these tools to choose templates for GPR68 homology modeling, 

perform multiple sequence alignments (MSAs) using the search-and-align technique 

HHblits (profile hidden Markov Models (HMM), and do lightning-fast iterative sequence 

search based on HMM-HMM). A further comparison was made using GPCRdb [6]. 

The N-terminus and the disulfide bonds were refined using MODELLER v10.1 [340]. Class 

A GPCRs typically have a conserved disulfide bridge between C3.25 and C45.50 [341]. In 

the case of GPR68, an additional disulfide bond might connect C131.24 to C258ECL3 [171]. 

Two separate MODELLER calculations were performed, one calculation with a restraint 

imposed on C943.25-C17245.50 bridge and, another with restraints imposed on C943.25-

C17245.50 and C131.24-C258ECL3 disulfide bridges. For each of the described set, 1000 

GPR68 models were generated, for a total of 6000 models, which were then ranked 

according to their calculated DOPE score (Shen and Sali, 2006). After visual inspection of 

the ten highest-scoring models, models with unstructured regions or other structure artifacts 

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

artifacts was kept. The N-terminal 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 MODELLER. The 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 (AI) based structural modeling 

software AlphaFold [213] 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 as the predicted local distance difference test (pLDDT) on a per-residue 

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 overall quality. The confidence scores of termini and loop regions were lower as 

these regions are generally flexible. Additionally, I prepared a bovine rhodopsin-based 

model of GPR68 for comparison with other models generated in the study and with Ludwig 

and colleagues [112]. This model was not used for simulations. The in-detail protocol for 

model preparation can be found here [339]. 

Model# 
Proteins used as 

template (s) 

Sequence 

Identity (%)  

Disulfide 

bridges 

Sequence 

range 

Structural models prepared with GOMoDo 

1 Protease Activated 

Receptor 2 

(5NJ6 - Inactive) 

17 

C94-C172 

1-299 
2 

C94-C172, 

C13-C258 

3 Angiotensin II Type 1 

Receptor 

(4ZUD - Inactive) 

20 

C94-C172 12-299 

4 C94-C172, 

C13-C258 
1-299 

5 

 
Angiotensin II Type 1 

Receptor 

(6DO1- Active) 

C94-C172 12-290 

6 C94-C172, 

C13-C258 
1-290 

AlphaFold AI-based model 

7 

Multiple templates 

- 
C94-C172, 

C13-C258 
1-317 

8 - 
C94-C172, 

C13-C258 

1-317 

C304, C310 -

palmitoylated 
Table 1: Structural models of GPR68 used in this study. 
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A longer amphipathic helix 8 was observed in the AlphaFold model GPR68. The 

palmitoylation of the C-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 sites ï C304 and C310 and the other model was not palmitoylated. 

Simulation Setup 

Using the website Orientations of Proteins in Membranes (OPM) [342] each GPR68 model 

was oriented in the membrane. The GPR68 protein was incorporated into hydrated bilayers 

of POPC (1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine) lipids using the CHARMM-

GUI [343], 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 the range typically observed in plasma membranes [344]. Although, the Sim #9 has 

not been described in my thesis but has been discussed in my previously published work 

[339]. The force-field parameters of CHARMM36m [345] were used in conjunction with the 

TIP3P model for water molecules [346], and NAMD v2.14 [305, 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 particles N, constant pressure 

P = 1 bar, and temperature T = 303.15 K) using a Langevin dynamics scheme with a 

collision frequency of 5 ps-1 and a Nosé-Hoover Langevin piston [349ï351]. Coulomb 

interactions were calculated using the smooth-particle mesh Ewald method and for real-

space interactions we used a switching function between 10 and 12 Å. Lengths of bonds 

involving hydrogen atoms were fixed. Heating, equilibration and the first 1 ns of 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, and negatively charged 

aspartate and glutamate, and histidine singly protonated on NŮ2. We used the best-ranked 

GPR68 model (Model #5) (according to the compatibility of MD-equilibrated 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. I performed 

independent simulations (Sim #10 - Sim #18 in Table 2) with different protonation states 

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

Each simulation was prolonged to 0.6-1 µs, and coordinates were saved each 10 ps. We 

computed H-bond graphs and average values from the last 600 ns of Simulation #5, and the 

last 300 ns of Simulations #9-18 (Table 2). 

Protocol to rank structural models of GPR68 

As summarized above, six GOMoDo-generated and two AlphaFold-generated 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 alpha-helical content (Figure S1), the 

structural stability of the TM helical region according to root-mean-squared distance (rmsd) 

values relative to the starting coordinates (Figure S2). Separately, each of the eight 

equilibrated structural models were closely inspected for its compatibility with generally 

accepted class A GPCRs. 

Sim# Model# Protonation Length (ɛs) Lipid Bilayer Composition 

1 1 

Standard 

1 

POPC 

2 2 1 

3 3 1 

4 4 1 

5 5 1 

6 6 1 

7 7 1 

8 8 1 

9 5 0.6 POPC:cholesterol 

10 

5 

E149-OŮ1 0.6 

POPC 11 E149-OŮ2 0.6 

12 H269 0.6 
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13 E103-OŮ1 0.6 

14 E103-OŮ2 0.6 

15 D282-Oŭ1 0.6 

16 
D67-Oŭ2, 

E149-OŮ1, D282-Oŭ2 
0.6 

17 
D67-Oŭ2, 

E149-OŮ2, D282-Oŭ2 
0.6 

18 
D67-Oŭ2, E103-OŮ1, 

E149-OŮ1, D282-Oŭ2 
0.6 

Table 2: Summary of all MD simulations performed in this thesis. The designation 'Standard' denotes that all 

titratable sidechains possess standard protonation, as previously described. Simulations 10-18 involved the 

inclusion of titratable sidechains that exhibited non-standard protonation. Specifically, the protonated oxygen 

atom of the neutral Asp/Glu in the simulations 10, 11, 13-18, while simulation 12 had a positively charged 

His sidechain (H269). Lipid bilayers were comprised of POPC, except for Sim #9, where GPR68 with 

standard protonation was embedded within a POPC membrane supplemented with 10% cholesterol. 

Graph computations of dynamic H-bond networks of GPR68 

Dynamic H-Bond Networks and water wires were calculated using Bridge2 [300, 301]. 

Briefly, Bridge2 is a set of graph-based algorithms with graphical user interface for highly 

efficient computations of protein-water H-bond networks. A graph of H-bonds consists of 

nodes, which in our case are the H-bonding sidechains of GPR68, and edges, which are 

direct or water-mediated H-bonds between sidechains (on average, may contain up to 3 

water molecules in one bridge). H-bonds are computed using geometric criteria; here, H-

bond computations for the protein-water H-bond were performed with a distance criterion 

of Ò 3.5 ¡ between the H-bond donor and acceptor hetero-atoms, and an H-bond angle of 

Ò 60Á. An H-bond cluster consists of nodes and edges that are all inter-connected to each 

other. An H-bond path between two nodes i and j of the graph consists of the nodes and 

edges that interconnect i and j. The joint occupancy (JO) of an H-bond path reports the 

percentage of coordinate sets from the trajectory segment used for analyses in which all 

intermediate path segments are sampled simultaneously. For clarity, unless otherwise 

specified, we show H-bond graphs with H-bond 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 simulations (Figure 

S3) were monitored by the membrane region according to the average location of the 

phosphate atoms of the lipid bilayer within 10 Å of the protein and monitored the number 

of water oxygen atoms within ±5 Å of these membrane boundaries. The calculations were 

performed based on the scripts from a previous study on opioid receptor [163]. 

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

A geometrical evaluation was introduced in Dalton et al., 2015 to compare inactive vs. 

active structures of GPCRs. This geometrical evaluation included a set of inter-helical 

distances measured between the CŬ atoms of G351.46, D672.50, V1093.40, W1464.50, P1975.50, 

F2376.44 and C2797.46; They used a dataset of 25 static GPCR structures, of which 7 were 

presented for active conformations, and 18, for inactive conformations [352].We monitored 

the averages of the time series of the distances along simulations #1-#8 (Figure S4) and 

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

[104]. Molecular graphics were prepared with Visual Molecular Dynamics, VMD [307]. 

3.2.8 Functional assay 

Principle 

I used the previously described homogenous time-resolved fluorescence (HTRF) IP-One 

assay to track GPCR activation via GŬq/11 pathway [302]. This assay is typically performed 

at physiological pH to gain insights into small molecule ligands in a high throughput 

manner [353], 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 

couple to GŬq/11, which would then activate the enzyme phospholipase C to produce the 

secondary messengers IP3 and diacyl glycerol (DAG). However, IP3 is not stable and gets 

converted to inositol diphosphate (IP2), inositol monophosphate (IP1) and lastly to d-myo-

inositol due to the presence of inositol phosphatases that degrades IP3 into the previously 

described products [354]. It is possible to block the activity of inositol monophosphates by 

addition of LiCl to prevent further degradation of IP1 to d-myo-inositol [355]. This leads to 

the accumulation of IP1 in the cells upon receptor activation in presence of LiCl.  
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Figure 16: 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 figure are ï PLC 

(phospholipase C), IP3 (inositol, triphosphate), IP1 (inositol monophosphate), LiCl (lithium chloride), and 

FRET (Förster resonance energy transfer). The figure has been reused [353] under 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) labelled IP1 and Terbium cryptate (donor) 

labeled IP1 specific antibody are added. These components are prepared in lysis buffer to 

lyse the cells and stop further accumulation of IP1 produced due to receptor activation. This 

endogenously produced IP1 competes with the labelled IP1 to stop the FRET reaction 

(Figure 16). The excitation wavelength is 337 nm and the emission wavelength 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 result [302, 353]. As the amount of 

endogenous IP1 is increased due to receptor activation the HTRF ratio decreases. 

The time-resolved 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 time-resolution. This would require a fluorophore that emits 

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

donor as it can emit for a longer duration. The photobleaching would occur in the timescale 



 

 

   67 

of a few minutes and therefore it does not affect the HTRF measurement as it is done within 

half a millisecond (Figure 17) [302, 353]. 

 

 

Figure 17: Principle for time-resolved fluorescence. The figure has been reused [353] under Creative Commons 

Attribution license. 

Cell culture 

HEK293H (Gibco), human embryonic kidney 293 cells were cultured in Dulbeccoôs 

modified eagle medium (DMEM) growth media supplemented with GlutaMaxTM 

(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 culture maintenance 

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

CO2. 

Transfection and preparation for cellular assay 

The HEK293H cells were seeded in a 6-well plate (Corning, Falcon) with a cell density of 

0.5 ³ 106 cells/well (2 mL volume/well) overnight to achieve 80-90% confluency. Transient 

transfections were performed for cells in each well by addition of an appropriate GPR68 
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construct-DNA (2500 ng DNA) with 6 µL of Lipofectamine reagent (Invitrogen) mixed in 

Opti-MEMÊ I reduced serum medium (Gibco). After 24 h of transfection, cells were 

detached with TrypLETM express enyzme (Gibco), counted and resuspended in fresh 

growth medium. Subsequently, the cells were plated into Poly-D-Lysine 384-well solid 

white opaque flat-bottom plates (Corning) at a cell density of 15,000 cells/well in a volume 

of 50 µL/well. The cells were then allowed to adhere and recover for 20-24 h before further 

experimentation. 

Buffers and pH 

Experiments were carried out using Hankôs balanced salt solution (HBSS) buffer without 

calcium or magnesium salts and without phenol red. HBSS was further modified by 

addition of 8mM each of MES (2-(N-morpholino) ethanesulfonic acid), HEPES 4-(2-

hydroxyethyl)-1-piperazineethanesulfonic acid and Bicine for ideal buffering capacity to 

cover the entire pH range used during the cellular assay. The pH adjusted buffers were 

prepared at room temperature (~20-22°C) and the pH was adjusted using KOH or HCl. The 

modified HBSS buffer used for washing the cells was adjusted to pH 7.4 and is henceforth 

termed as ówash bufferô. The cellular assay involved screening of the receptor behavior at 

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 inositol-monophosphatases which 

prevents degradation of inositol-1-phosphate (IP1) to myo-inositol. 

IP1 formation assay 

The IP-One Homogenous Time Resolved Fluorescence (HTRF) assay kit (Revvity) was 

used to assess GPR68 coupling to GŬq/11 indirectly by tracking the accumulation of the 

secondary messenger, IP1. The cellular assay involved washing the cells three times with 

80 µL of the wash buffer using an automated washer (Bio-Tek 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 dispense 20 µL of different 

pH buffers in the 384-well plate and the plate was incubated at 37°C for 30 min. After the 

incubation was completed, the detection reagents (5 µL each of the IP1-d2 and Anti-IP1-
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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 for 60 min before 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 337 nm/665 nm and 337 

nm/620 nm. The data was collected using 5 flashes/well with an integration time of 400 µs 

and an integration delay of 60 µs at a focal height of 11.8 mm. The final raw data illustrates 

the ratio of the emission wavelengths 665 nm/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 from wild-type GPR68 

(WT) and mutants acquired in terms of the HTRF ratio was interpolated or normalized 

against the standard curves obtained for the eight different pH points at which the assay 

was performed to get the accumulated IP1 values. This interpolated data was baseline 

corrected by the interpolated data obtained from non-transfected cells. Afterwards, a non-

linear fit was performed followed by normalization against wild type (WT) efficacy 

maximum averaged over the three independent datasets. The negative logarithm of half-

maximum effective proton concentration has been reported as pH50 values and the efficacy 

maximum is denoted as Emax. 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. 

I have used the following frequently used terms to describe the results of my functional 

assay. ñThe basal activity of the receptor, and its ability to activate intracellular signaling 

pathways, is defined by the probability that a fraction of the receptor adopts the active state 

in the absence of ligandò [356]. Efficacy maximum is defined as the maximal effect of the 

agonist (in this case, protons) or maximum signaling response [24]. It has been denoted as 

Emax. Generally, potency is defined as the ligand concentration required to produce a given 

effect [357]. In our case as the agonist are protons, pH50 can be described as the negative 

logarithm of the half-maximum effective concentration [134]. 
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4. Results 

4.1 Expression, Purification  and Structure Determination Trials  of 

GPR68 

 

Figure 18: A generic representative construct design strategy for human GPR68 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 involved in disulfide bond formation are 

highlighted in yellow. The commonly used truncations throughout the thesis at N-terminus or C-terminus are 

marked with a black solid line along with deletion of amino acids represented with Greek letter óȹô followed 

by number of amino acids. The mutated amino acids described in this section have been highlighted in blue. 

Certain representative modifications in the constructs were insertion of fusion proteins (either at N-terminus 

or ICL3), tobacco etch virus (TEV) protease cleavage site or PreScission (PreC) protease cleavage site, 

purification tags like deca-Histidine tag (10× His) or FLAG tag, and haemagglutinin signal peptide (HA). 
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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 via X-ray 

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 I started my thesis. This chapter of my 

thesis focuses on the different strategies undertaken for the optimization of the GPR68 

constructs for structure determination. Briefly, the strategies undertaken encompass usage 

of protease cleavage sites (TEV or PreScission), purification of tags at both terminus (10× 

His, FLAG, or Twin-Strep tag), hemagglutinin signal peptide (HA) for targeted expression 

of GPR68 to the plasma membrane, N and C terminal truncations, mutations, screening and 

insertion of various fusion proteins in ICLs or N-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 of these strategies and their effectiveness in different structure 

determination techniques, please refer to the sections 1.4.1 and 1.4.2. The GPR68 

constructs details, 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.  

GPR68 purified in presence of detergents on the size exclusion chromatography (SEC) 

columns will run at a higher molecular weight as it is 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 thesis are ï DDM 

(~70 kDa) [358], 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 areas) [359], and GDN (~80-85 kDa, as estimated 

based on the fact that the hydrodynamic radius of the GDN micelle is 15-20 % more than 

DDM [360, 361]). 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 ~13.2-13.5 mL (Superdex 200 

increase 10/300 GL column), or ~16.8-17.1 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 (UNIX-C SEC-
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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 thesis. The 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 peak size, monomer to aggregate peak size ratio and other 

characteristics of the peak itself (shape, separation from other peaks, tailing, or 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 of constructs 

The bacmid preparation for all GPR68 constructs was confirmed using agarose gel 

electrophoresis after DNA extraction and PCR (section 3.2.1). A representative agarose gel 

electrophoresis of GPR68 C21 recombinant bacmids PCR products highlights two 

important scenarios. The first sample, C21-Bacmid 1, where the 300 bp band for the bacmid 

was not observed (Figure 19A) explains that 100% transposition had occurred for the 

bacmid with the pFastbac1 (2300 bp) containing the GPR68 insert. The total size of this 

would be the ósize of the pFastbac1ô + ósize of the GPR68 C21 insertô i.e., (2300 bp + 1617 

bp). The second scenario where recombinant DNA of GPR68 C21 PCR product band along 

with the 300 bp bacmid PCR product band are visible (Figure 19A) would represent the 

case, where I had incomplete transposition of the bacmid DNA. In certain scenarios, when 

I only had the 300 bp bacmid PCR product band would mean that either the transposition 

failed, or incorrect colony was picked after blue-white screening.  All the GPR68 bacmid 

DNAs were screened as described above and only the samples containing pure recombinant 

bacmid DNA were used for transfection. After 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 using Anti-His primary antibody in Western blots using the 

expressed pellet samples (section 3.2.2). A representative Western blot has been shown in 

this section for the constructs C1-C9 (Figure 19B), 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 signal due to varying molecular weight of the GPR68 constructs 

(Figure 19B). The overexpressed 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 denature the proteins 

samples thus resulting in non-optimal charge distribution along with compact protein 

structures leading to differences in migration. The same result may lead to presence of a 

band for each construct at twice the size (Figure 19B), such oligomeric bands are often 

observed for GPCRs in SDS-PAGE gels and Western blots. Moreover, post-translational 

modifications such as N-glycosylation 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 SDS-PAGE gels. Of all the 

GPR68 constructs (C1-C75, and C99), the overall expression levels were very low for C1 

(WT-like) and C5 (mT4L) (Figure 19B), and no expression was observed for C11. 

 

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 tag Western blot from the SDS-PAGE of the overexpressed proteins from the cell pellet 

samples of GPR68 C1-C9, here M represents the protein marker. 
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Construct 

ID 
N-terminus 

N-terminal 

Fusion 
GPR68 C-terminus 

WT-like construct 

C1 FLAG - 1-365 10× His 

Initial fusion  (ICL3)  constructs 

C2 FLAG - 216--T4L--217 10× His 

C3 FLAG - 216--BRIL--217 10× His 

C4 FLAG - 216--PGS--217 10× His 

C5 FLAG - 216--mT4L--217 10× His 

C6 FLAG - 214--RDX--220 10× His 

N-terminal truncation testing constructs 

C9 FLAG, ȹ8 - 216--T4L--217 10× His 

C10 FLAG, ȹ14 - 216--T4L--217 10× His 

C11 FLAG, ȹ20 - 216--T4L--217 10× His 

C-terminal truncation testing constructs 

C12 FLAG - 216--T4L--217 ȹ18, 10× His 

C13 FLAG - 216--T4L--217 ȹ52, 10× His 

C14 FLAG - 216--T4L--217 ȹ55, 10× His 

C15 FLAG - 216--T4L--217 ȹ60, 10× His 

N-terminal BRIL Fusion and truncation combination constructs 

C8 FLAG, ȹ8 BRIL - 10× His 

C27 FLAG, ȹ14 BRIL - ȹ18, 10× His 

C28 FLAG, ȹ14 BRIL - ȹ52, 10× His 

C29 FLAG, ȹ14 BRIL - ȹ60, 10× His 

C32 FLAG BRIL - 10× His 

C33 FLAG BRIL - ȹ18, 10× His 

C34 FLAG BRIL - ȹ52, 10× His 

C35 FLAG BRIL - ȹ60, 10× His 

ICL3  Fusion and truncation combination constructs 

C7 FLAG, ȹ8 BRIL 216--T4L--217 10× His 

C18 FLAG, ȹ8 - 216--PGS--217 10× His 

C19 FLAG, ȹ8 - 216--PGS--217, N86Q 10× His 

C20 FLAG, ȹ14 - 216--T4L--217 Twin-Strep 

C21 FLAG, ȹ14 - 216--T4L--217 ȹ18, 10× His 

C24 FLAG, ȹ14 - 216--PGS--217 ȹ18, 10× His 

C66 FLAG, ȹ8 BRIL 214--BLEK--221 ȹ18, 10× His 

C67 FLAG, ȹ14 - 214--CalB--219 ȹ46, CalA, 10× His 

ICL3 BRIL Fusion and truncation combination constructs 

C16 FLAG - 214--BRIL--219 10× His 

C17 FLAG - 211--BRILɢ--221 10× His 

C30 FLAG, ȹ14 - 211--BRILɢ--221 10× His 

C31 FLAG - 214--BRIL--219 ȹ18, 10× His 

C43 FLAG, ȹ14 - 214--BRIL--219 ȹ18, 10× His 

C61 FLAG, ȹ14 - 214--BRILɢ--221 ȹ18, 10× His 

C75 

(HEK293) 
FLAG - 214--BRILɢ--221 ȹ18, 10× His 

ICL1 or ICL2 BRIL Fusion and truncation combination constructs 

C73 FLAG, ȹ8 - 50--BRIL(ICL1)--55 ȹ46, 10× His 

C74 FLAG, ȹ8 - 122--BRIL(ICL2)--135 ȹ46, 10× His 

Zebrafish construct 

C99 FLAG, ȹ8 GFP 209--BRIL--219, N9Q ȹ36, Twin-Strep 

Table 3: A summary of construct for which chromatograms are shown and described in this section. The 

truncation of amino acids represented with Greek letter óȹô followed by number of amino acids. The fusion 

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 hyphen (--). The fusions are inserted in ICL3 unless mentioned 

otherwise e.g., C73. Note that other redundant details like cleavage tags, linkers and signal peptide are not 
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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 of different protein fusions to GPR68 

Low expression levels of C1 (wild type-like construct) necessitates the use of protein 

engineering to increase expression levels and stability of the receptor using fusion protein-

based modifications which are often used for class A GPCRs (section 1.4.1). 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 for activation. Thus, introducing a fusion protein in this loop 

increases the likelihood of locking the receptor in an inactive conformation and can likely 

provide crystals contacts for LCP. 

 

Figure 20: Screening of different fusion proteins inserted in the ICL3 of GPR68. (A) Size exclusion 

chromatograms from the pooled eluates after affinity purification (TALON) for C2-C4 and C6. The SEC was 

performed on Superdex 200 increase 10/300 GL from 500 mL cell pellet and all the purification steps were 

performed using DDM/CHS at pH 7.8. (B-E) SDS PAGE of the first three TALON eluates for C2 (panel B), 

C3 (panel C), C4 (panel D) and C6 (panel E). The óMô represents the protein marker, also note that the marker 

used in panel E is different from panel B-D. Note that the numbers on the marker bands represent the 

corresponding molecular weight in kDa for the band. 
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The fusion proteins that showed improved expression of the modified GPR68 constructs 

were rubredoxin (RDX), Pyrococcus abyssi glycogen synthase (PGS), apocytochrome 

b562 (with M7W/H102I/R106L mutations) (BRIL) and T4 lysozyme (T4L) (Figure 19B, 

20A). The expression levels between constructs are compared based on Western blot results 

and chromatograms (ratio 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 (C4) fusions. Although, based on the monomer peak characteristics and monomer to 

aggregate peak maximum ratio for C2 and C4 was better than C3 and C6 (Figure 20A). 

The affinity purified proteins could also be observed on the Coomassie-stained SDS-PAGE 

gels at the expected molecular weights (Figures 18 B-E). The yields were not enough for 

the protein to be stained after SEC. Based on the parameters described above, all fusions, 

except for RDX, were selected for further testing. The above tested fusion protein 

combinations for GPR68 did not yield enough protein to pursue structural studies, therefore 

it was clear that more protein engineering was required to further improve overall protein 

yield and stability. 

4.1.3 Effect of termini truncations 

 

Figure 21: Screening of the T4L fusion protein inserted in the ICL3 of GPR68 with truncation at either 

terminus. (A) Size exclusion chromatograms from the pooled eluates after affinity purification (TALON) for 

the N-terminal truncation constructs (C9 and C10). (B) Size exclusion chromatograms from the pooled eluates 

after affinity purification (TALON) for the C-terminal truncation constructs (C12-C15). The SEC was 

performed on Superdex 200 increase 10/300 GL from 500 mL cell pellet and all the purification steps were 

performed using DDM/CHS at pH 7.8. Note that the Greek letter ȹ represents truncation, if the ȹ is before 

the fusion protein, it is an N-terminal truncation e.g., C9 (ȹ8-T4L) means that the 8 amino acids from the N-

terminus are truncated, whereas if ȹ is after the fusion it represents C-terminal truncation e.g., C12 (T4L- 

ȹ18) means that the 18 amino acids from the C-terminus are truncated. 

Another often used approach involves truncating either terminus of GPCRs to enhance 

protein production and stability (section 1.4.1). Furthermore, removal of disordered termini 

may improve crystal contacts during crystallization. I used the T4L fusion in the ICL3 of 
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GPR68 and tested 3 N-terminal truncations and 4 C-terminal truncations. Out of the three 

N-terminal truncation constructs (C9, C10 and C11), C11 did not express, which is likely 

because of excessive truncation (ɲ20 amino acids) into the TM1 of GPR68, as observed 

from snake diagram of GPR68 in GPCRdb (Figure 18). Amongst all N-terminal truncation 

constructs a deletion of 14 amino acids (C10) was clearly better than deletion 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 reproducible and the 

behavior was later found to be like C9, except with more overall yields. The explanation 

for the lack of reproducibility of C10 chromatogram has been described later in my thesis 

under the section 4.1.5. Finally, amongst the C-terminal truncation-based constructs 

(deletion of 18, 52, 55, and 61 amino acids in the constructs C12, C13, C14 and C15 

respectively), the monomer peak size and overall SEC profile was similar amongst all C-

terminal truncation-based constructs. On comparing the T4L based GPR68 construct 

without any truncations (C2) to the overall truncation results showed that all the truncation 

constructs showed significant overall yield improvements (Figure 20A, 21A,B), of which 

the C-terminal truncations seem to be more effective. This is likely because the C-terminus 

is longer than the N-terminus in GPR68 and truncation of longer likely disordered regions 

would show more improvements in protein behavior. 

4.1.4 Combination of fusions, truncations, and variations of fusion insertion site 

 

Figure 22: Screening of constructs containing a combination of a fusion protein inserted in the ICL3 of GPR68 

along with a truncation at either termini or both termini. (A) Size exclusion chromatograms from the pooled 

eluates after affinity purification (TALON) for the GPR68 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 insertion. These BRIL constructs vary in insertion 

points in the ICL3, addition of chimeric BRIL (BRILɢ), or a combination with truncation.  The SEC was 

performed on Superdex 200 increase 10/300 GL 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 

in Figure 21. 
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The next set of GPR68 constructs involved a combination of N-terminal truncation like 

C10 (ȹ14) and C-terminal truncation like C12 (ȹ18) along with an ICL3 fusion ï T4L 

(C21) and PGS (C24). This strategy seemed ineffective as the overall yields decreased and 

monomeric peak characteristics were worse (Figure 22A) in comparison to when the above-

described strategies were implemented separately (Figure 20, 21). Additional constructs 

including T4L (C22 and C23) or PGS (C25 and C26) ICL3 fusions were created, differing 

only in their C-terminal truncation (Appendix 1). These constructs had comparable C-

terminal truncations like C13 and C15 for each ICL3 fusion protein and exhibited similar 

behavior to C21 and C24 i.e., resulting in a reduced overall yield and poor monomer peak 

characteristics (Figure 22A).  

I also investigated a distinct set of constructs that aimed to optimize the insertion of BRIL 

in ICL3 of GPR68. These constructs were designed using alternative insertion locations 

compared to the previously tested BRIL construct (C3). These BRIL constructs did not 

show any monomeric peak and were not any better than strategies previously accomplished 

(Figure 22B). The overall yields were also poor except for C31 (Figure 22B) which 

included a truncation like construct C12. 

 

Figure 23: Screening of the combination constructs that include a BRIL fusion protein inserted at the N-

terminus of the GPR68 constructs and it is denoted by óBRIL(N)ô. (A) Size exclusion chromatograms from 
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the pooled eluates after affinity purification (TALON) for the GPR68 constructs which have variations in the 

C-terminal truncation and a BRIL(N). (B) Size exclusion chromatograms from the pooled eluates after affinity 

purification (TALON) for the GPR68 constructs having BRIL(N) and a combination of termini truncations. 

(C) Size exclusion chromatograms from the pooled eluates after affinity purification (TALON) for the GPR68 

constructs having BRIL(N) and a combination of termini truncations. The SEC was performed on Superdex 

200 increase 10/300 GL 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 Figure 21. 

A similar strategy of adding N-terminal BRIL was implemented, but with an additional 

removal of the first 14 amino acids at the N-terminus (C27-C29), where it was observed 

that lesser truncation of C-terminus was more effective to obtain more overall yields 

(Figure 23B). The yields of the constructs C27-C29 (~150-400 mAU) was less than C32-

C35 (~500-100 mAU). Lastly, the constructs C7 and C8 had very poor yields (Figure 23C) 

and form the worst set of N-terminal BRIL constructs. 

4.1.5 Effect of cobalt ions on GPR68 stability 

In the section 4.1.3, I described that C10 had an ideal SEC profile (Figure 21A), but the 

result was not reproducible. Upon further investigation, I found out that the TALON resin 

was likely leaking cobalt ions as it was an older batch stored for a long time. The cobalt 

ions leaking from the resin were then contributing to the stability of C10. This hypothesis 

was confirmed by repeating the C10 purification using a new batch of TALON resin. A 

distinct SEC profile was found, showing a reduced amount of stable protein (Figure 24A) 

compared to the previous purification performed with the old batch of TALON resin that 

was previously described (Figure 21A). To further confirm the theory, the same purification 

was repeated with a fresh batch of TALON resin in presence of 1 mM EDTA in the SEC 

buffer, and interestingly the overall amount of protein on the SEC column was reduced 

drastically with barely any protein in the typical monomeric protein retention volume 

(Figure 24A). Additionally, a FLAG based affinity purification was performed in presence 

of 100 µM cobalt chloride and a monomeric peak was observed (Figure 24A). Thus, 

validating my theory about the leaking metal ions. To investigate the role of the C-terminal 

10³ His-tag in stabilizing C10 via forming a possible structured region with C-terminus, a 

new construct C20 like C10 was designed with a Twin-Strep tag substituting the 10³ His-

tag (Table 3). C20 was subjected to FLAG based affinity purification in presence of 100 

µM cobalt chloride and still showed stabilization via cobalt ions (Figure 24B). Although, 

the yields had reduced to about 50% of C10. 
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The C12 was also purified via FLAG tag in presence of 100 µM cobalt chloride and this 

construct was also found to be stabilized via cobalt ions. However, when the concentration 

of cobalt chloride was reduced to 25 µM, no stability was seen. This suggests that the 

receptor's affinity for cobalt ions is likely low. 

 

Figure 24: Screening of the combination constructs (C10, C12 and C20) in presence of cobalt chloride. Size 

exclusion chromatograms from the pooled eluates after affinity purification (TALON, if not mentioned 

otherwise) for GPR68 C10 (panel A), GPR68 C20 (panel B), and GPR68 C12 (panel C). The SEC was 

performed on Superdex 200 increase 10/300 GL 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 Figure 21. 

Minimal quantities of monomeric protein were detected for C7, C21, and C24 (Figure 

25A), however the overall yield improved compared to the purification without cobalt ions 

(Figure 22A, 23C). Similar trend was observed for constructs that had a ICL3 BRIL fusion 

(Figure 22B, 24B), but C17 containing the chimeric BRIL (BRILɢ) showed a distinct 

monomeric peak (Figure 25B). 
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Figure 25: Screening of the various combination constructs in presence of cobalt chloride. Size exclusion 

chromatograms from the pooled eluates after affinity purification (FLAG) for GPR68 C7, C21 and C24 (panel 

A), GPR68 C17, C31 and C43 (panel B), and GPR68 C1, C32, C33, C34 and C35 (panel C). The SEC was 

performed on Superdex 200 increase 10/300 GL (panel A,B) and on Superose 6 increase 10/300GL (panel 

C) from 500 mL cell pellet and all the purification steps were performed using DDM/CHS at pH 7.8 (panel 

A,B) or at pH 6.8 (panel C). The truncation denotation used in this figure is as formerly described for Figure 

21. 

I investigated the potential of cobalt ions to enhance the stability of GPR68 constructs with 

a BRIL fusion at the N-terminus (BRIL(N)) and a native ICL3, thereby facilitating the 

required conformational change in GPR68 for the active state structure. Upon testing the 

idea, extremely small amounts of yield were observed for all constructs, although 

interestingly no aggregate peak was observed for these constructs except for C32 (Figure 

24C). 
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4.1.6 Addition of small molecules enhanced protein stability 

 

Figure 26: Screening of the GPR68 constructs in presence of proprietary ligands (Ligand 1, Ligand 2 and 

Ligand 3). Size exclusion chromatograms from the pooled eluates after affinity purification TALON (panel 

A-D) and FLAG (panel E-F) for purification of different GPR68 constructs in Ligand 1 (panel A-D), Ligand 

2 (panel E) and Ligand 3 (panel F). The SEC was performed on Superdex 200 increase 10/300 GL 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 Figure 21. 

On average, the protein yields have consistently been very low for different GPR68 

constructs when purified without ligands or in the presence of cobalt ions. I was provided 

with over a dozen proprietary ligands which were identified as antagonists against human 

GPR68. To identify the most effective ligands for stabilizing the human GPR68 in a non-

native environment, a range of representative constructs were purified using different 

ligands. I only report the ligands that stabilized the human GPR68. 
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The initial testing of various GPR68 constructs was performed using Ligand 1, which 

stabilized all the different types of GPR68 constructs (Figure 26A-D) compared to 

apoprotein (section 4.1.2-4.1.4) based on overall yields and monomeric protein yields. 

A distinct monomeric peak, with improved protein stability and overall yields were 

observed using Ligand 2 and Ligand 3 when various types of combination constructs 

containing truncations, different fusion proteins in ICL3 or N-terminal BRIL (Figure 26E-

F) in comparison to apoprotein, or in presence of Ligand 1 or cobalt ions. Ligand 3 

contributed to higher stabilization of the receptor constructs and thus was used to produce 

protein for structure determination. 

4.1.7 Effect of potential thermostabilizing mutations 

Construct Mutat ion Rationale 
Mutations introduced into C19 ((ȹ8-BRIL( N)-PGS) N8623.49Q) as base construct 

C36 F2416.48W Restoring CWxP motif 

C37 I2266.33W Predicted by CompoMug [246] 

C38 G1103.41W 
Predicted by CompoMug [246]  

/ GPCRdb [362] 

C39 Y2055.58A 
Destabilize active state conformation stabilized via Y5.58-Y7.53 of 

DPxxY7.53 motif [363] 

C40 D672.50N Neutralizing Sodium pocket 

C42 T2938.50F High conservation in Helix 8 [364] 

Muta tions introduced into C17 (BRILɢ) as base construct 

C62 S1083.39R Sodium pocket ionic lock (D672.50-S1083.39R) [365] 

Muta tions introduced into C33 (BRIL(N)-ȹ18) as base construct 

C46 C304A, C310A Potential palmitoylation sites 

C47 G461.57A Predicted by CompoMug [246] 

C48 L602.43I Decrease the size of hydrophobic pocket [366] 

C49 L1123.43A Increase the size of hydrophobic pocket [366] 

C50 I1153.46A Increase the size of hydrophobic pocket [366] 

C51 K2236.30E Restore DR3.50Y motif potential interaction partner R1193.50-K2236.30E 

C52 T642.47A Predicted by CompoMug [246] 

C53 V1093.40A Disrupting PV3.40F motif 

C54 E1033.34A Potential role in proton sensing (section 4.2.4 and 4.3.3 of my thesis) 

C55 E1494.53A Role in proton sensing [134] 

C57 T2336.40V Restore hydrophobicity of the pocket [366] 

C68 F762.59C Introducing artificial disulfide bond 

C70 
C1133.44L, 

C1143.45L 
Class conservation based on GPCRdb sequence alignment 

C71 S1083.39K Sodium pocket ionic lock (D672.50-S1083.39K) [367] 

C72 L742.57P Amelogenesis imperfecta mutant [189] 

Table 4:Compilation of potential thermostabilizing mutations for human GPR68. 
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Figure 27: Screening of the GPR68 point mutations. Size exclusion chromatograms from the pooled eluates 

after affinity purification TALON (panel A,B) and FLAG (panel C,D) for purification of different GPR68 

mutation constructs. The SEC was performed on Superdex 200 increase 10/300 GL from 500 mL cell pellet 

(panel A,B and D) or on Superose 6 increase 5/150 GL column (panel C) using 50 mL cell pellet and all the 

purification steps were performed using DDM/CHS at pH 7.8 without ligand (panel A) in presence of Ligand 

3 (panel B-D). The truncation denotation used in this figure is as formerly described for Figure 21. 

GPR68 mutations were tested in different groups throughout the thesis using three different 

constructs (C17, C19 and C33) in which mutations were designed, referred to as óbase 

constructô. The mutations that were tested and the rationale for their design have been 

presented in Table 4. The mutations predicted by ComoMug [246] 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 (Figure 27A). 

C62 was also an ineffective mutant as it had a similar chromatogram to its base construct, 

C17 (Figure 27B). The mutations that were inserted in C33 when tested in small scale 

showed extremely similar SEC profile for all the constructs tested, but a higher monomeric 

peak was observed for C50, C53, C54 and C55 in comparison to C33 (Figure 27C). A few 

mutation constructs from the previously described set (C46, C47, C48, C51) and the mutant 

construct that had improved peak characteristics (C55, E149A4.53) in comparison to the 
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base construct (C33) were purified again on a large scale (500 mL) and were observed to 

behave worse than the base construct (C33) in terms of monomeric peak yield and 

characteristics (Figure 27D). Thus, the next set of constructs were directly tested in a 500 

mL scale and were also found to be worse than the base construct, C33 (Figure 27D). 

Ultimately, all efforts to stabilize GPR68 by mutations were unsuccessful. 

4.1.8 Anti -BRIL FAB c omplexation trials 

 

Figure 28: Construct design strategy for GPCRs using artificial intelligence based structural modeling tool, 

AlphaFold [213]. The acronyms used in this figure are described as follows for the fragment antigen-binding 

region (FAB), single monomeric variable antibody domain designed to bind Anti-BRIL FAB (NB), beta-

lactamase from Escherichia coli K12 (BLEK), calcineurin sub-unit A (CalA), calcineurin sub-unit A (CalB) 

and per-residue local distance difference test (pLDDT), a global model scoring system. (A) Representative 

BRIL-FAB-NB complex.  This panel was adapted and reused with permission under Creative Commons 

Attribution license [368]. Structural models generated for different GPR68 constructs containing the following 

fusion proteins ï beta lactamase (panel B), calcineurin (panel C), BRIL fusions based (panel D-F). 
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Cryo-EM of class A GPCRs have been successful earlier using the BRIL-FAB strategy, 

where a GPCR construct with a BRIL fusion in ICL3 is purified and complexed with Anti-

BRIL FAB and Anti-BRIL-FAB nanobody (NB) (Figure 28A). AlphaFold was publicly 

released while I pursued my thesis work, I used it to design rigid BRIL fusion based GPR68 

constructs. Here, the term órigidô represents a continuous helix formation of the region 

where the BRIL fusion is added e.g., if BRIL is added in ICL3, then TM5 and TM6 of the 

GPCR would ideally form continuous helices extending into the BRIL fusion. The strategy 

used to design such GPR68 constructs involved usage of sequence manipulation (addition 

or deletion of residues) of the GPR68 sequence in the ICL3 region followed by addition of 

BRIL or BRILɢ sequence to this manipulated region. Many such sequences with different 

combinations were prepared and used as input files for the AlphaFold algorithm. This cycle 

was continued until a construct with a potential rigid BRIL fusion was observed from the 

structural models generated by AlphaFold with a consensus which can be further used for 

experimentation. An example of such a construct generated with high confidence score was 

C61 (Figure 28F). Then, I back tested some of the BRIL constructs which were design 

before AlphaFold was released and found that C17 (Figure 28D) was more rigid than C43 

(Figure 28E). 

Complex formation was tested using purified GPR68 constructs containing the ICL3 BRIL 

fusion constructs (C17, C43, and C61), as well as an N-terminal BRIL fusion (BRIL(N)) 

construct (C33), using the Anti-BRIL FAB (FAB) and/or Anti-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, 

because the size of the complex (GPR68 construct + FAB) is larger than that of the 

monomeric protein. However, the results indicated that complexation of FAB with both 

types of constructs ï the ICL3 BRIL fusion constructs and the N-terminal BRIL fusion 

construct did not cause any change in retention volume due to changes in size or molecular 

weight (Figure 29A-D). Consequently, the experiment was conducted again with C61 

quantitatively at two distinct pH values (pH 6.0 and pH 7.8), resulting in identical 

outcomes, i.e., no observable shift in retention volumes (Figure 29E,F). Another key 

observation from these set of experiments was that upon complex formation the size of the 

ñcomplex peakò would reduce instead of increasing when compared to the size of 

monomeric peak (Figure 29E,F). 
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Figure 29: Screening of the GPR68 BRIL fusion constructs for complexation with Anti-BRIL FAB. Size 

exclusion chromatograms from the pooled eluates after affinity purification FLAG and SEC for complexation 

with Anti-BRIL FAB. The SEC was performed on Unix-C SEC-300 4.6/300 column for C17 (panel A), C43 

(panel B), C61 (panel C) and C33 (panel D) or on Superose 6 increase 5/150 GL column for C61 (panel E,F)  

All the purification steps were performed using DDM/CHS at different pH values indicated in the respective 

figure legend. All purification were performed in presence of Ligand 3. The truncation denotation used in 

this figure is as formerly described for Figure 21. 

In consideration of the puzzling outcomes, I decided to proceed with an alternative 

approach. Specifically, I designed two constructs, C73 and C74, in which a BRIL was fused 

to the ICL1 and ICL2 regions respectively, utilizing AlphaFold predictions. Similarly, these 

two constructs also exhibited findings comparable to C61 (Figure 30 A,B). As a succession, 

I considered changing the expression system to mammalian cells (HEK293) for testing 
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FAB complexation by utilizing an ICL3 BRIL construct, C75. However, this approach 

yielded comparable outcomes as previously described (Figure 30C). 

 

Figure 30: Screening of the GPR68 BRIL fusion constructs for complexation with Anti-BRIL FAB based on 

new strategies. Size exclusion chromatograms from the pooled eluates after affinity purification, FLAG and 

SEC for complexation with Anti-BRIL FAB (BRIL-FAB) and or nanobody (NB). The SEC was performed 

on Superose 6 increase 5/150 GL column for testing complexation with ICL1 BRIL fusion construct C73 

(panel A), ICL2 BRIL fusion construct C74 (panel B) and ICL3 BRIL fusion construct C75, expressed in 

HEK293 cells (panel C). All the purification steps were performed using DDM/CHS at different pH 6.0. All 

purification were performed in presence of Ligand 3. The truncation denotation used in this figure is as 

formerly described for Figure 21. 

Alternatively, a completely different construct design approach was followed after the 

initial failure with ICL3 BRIL based constructs, where the first strategy involved fusion of 

beta-lactamase from Escherichia coli K12 (BLEK) to the ICL3 in GPR68 and the second 

strategy involved using calcineurin (CalA and CalB) as a fusion protein (Figure 28C) as 

described before [238]. These constructs were mainly designed for the use in cryo-EM as the 

BLEK fusion and the calcineurin fusion would increase the size of the constructs to ~83 

kDa and ~98 kDa respectively and could act as a fiducial marker. 
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4.1.9 X-ray crystallography trials  with GPR68 

 

Figure 31: Summary of the main X-ray crystallography trials undertaken using human GPR68 constructs. 

Size exclusion chromatograms from the pooled eluates after affinity purification (FLAG) from a 2L 

expression of C33 purified using a Superdex 200 increase 10/300 GL column in the presence of DDM/CHS 

at pH 7.8 (panel A) and its respective SDS-PAGE gel (panel B). Size exclusion chromatograms from the 

pooled eluates after affinity purification (FLAG) from a 2L expression of C61 purified using a Superdex 200 

increase 10/300 GL column in the presence of DDM/CHS at pH 6.0 (panel C) and its respective SDS-PAGE 

gel (panel D). The crystals from the crystallization of C61 has been shown after maximum growth under 

visible and cross-polarized light (panel E). All purifications were performed in the presence of Ligand 3. The 




























































































































































































































































