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Abstract 

G-protein-coupled receptors (GPCRs) have tremendous potential as therapeutic 

targets for a wide range of disorders since they mediate most of our physiological 

responses to hormones, neurotransmitters, and environmental stimuli. GPR35 is a 

rhodopsin-like class A GPCR first identified over two decades ago. Even though 

GPR35 is currently a poorly characterised orphan receptor, it has significant 

therapeutic utilities for various ailments, including fatty liver disease, 

inflammatory bowel problem and different malignancies.  

The pharmacology of the GPR35 orthologues in humans and rodents varies 

significantly and in human orthologue, there are 2 isoforms that are transcribed 

and translated from 3 variants of the human GPR35 gene. Although the 

pharmacology of the two human GPR35 isoforms is similar, agonist response 

efficacy is significantly lower in the longer isoform compared to the shorter one. 

From experimental studies, it was found that amino acid cysteine at position 27 

of long isoform of GPR35 (hGPR35b) acted as a dampener of hGPR35b efficacy. 

Mutation of this cysteine to serine resulted in the efficacy of hGPR35b being 

equivalent to hGPR35a. In order to gain a deeper comprehension of the function 

of the N-terminal extension of hGPR35b, 10 further mutants containing cysteine 

in place of different residues were produced in the Cys27Ser hGPR35b backbone. 

Based on the findings, it was clear that almost all of the mutants showed G protein 

activation and arrestin-3 recruitment activity almost identical to hGPR35b after 

cysteine was added. 

For investigating the post-translational states of GPR35, novel phospho-site-

specific antibodies were developed and employed. After conducting 

immunoblotting and immunocytochemical experiments with these 

phosphorylation specific antisera, it was clearly visible that these antisera acted 

as useful biosensors for assessing the activation status of the human and mouse 

orthologues of GPR35. Furthermore, these antibodies only recognised fully 

matured versions of GPR35 and might serve as helpful instruments for assessing 

target involvement in drug discovery and target validation operations. 

To pinpoint the specific contribution of individual GRK in GPR35 phosphorylation, 

a variety of complementary techniques, such as the production of genome-edited 
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cell lines lacking the GRK isoforms GRK2, GRK3, GRK5, and GRK6, which are widely 

expressed, restoration of function using certain GRKs as well as the development 

and use of both selective small molecule GRK inhibitors were employed. The 

availability of cell lines generated from 293 lacking expression of several GRKs 

revealed that, whereas agonist-induced receptor-arrestin interactions were 

unaffected by the absence of either GRK2 or GRK3, they were nearly completely 

prevented by the absence of both GRK5 and GRK6. Furthermore, reconstitution 

investigations using individual GRK isoforms were made possible by the 

GRK2/3/5/6 HEK293 cells, which demonstrated that GRK5 and GRK6 functioned 

nearly equally well. My experimental results were supported by a molecular level 

and mechanistic investigation that used the ‘Alphafold’ deep learning algorithm 

and revealed that GRK5 and GRK6 interacted with hGPR35a more strongly and 

effectively than GRK2 and GRK3. Upon comparing the efficacies of GRK2/3 

blockers and GRK5/6 inhibitors, it was clearly evident that agonist-induced 

interactions between human GPR35a and arrestin-2 or arrestin-3, as well as the 

identification of agonist-mediated phosphorylation of the human and mouse 

orthologue in immunoblotting and immunocytochemistry investigations, were 

effectively inhibited by GRK5/6 blockers. For further ensuring the predominant 

contribution of GRK5/6, hGPR35a phosphorylation was conducted in GRK2/3/5/6 

293 cells with transient introduction of GRK2/3/5/6. Immunoblotting using anti-

hGPR35a pSer300-pSer303 revealed that the presence of GRK5 and, in particular, 

GRK6 increased the phosphorylation of these sites, but GRK2 and GRK3 had no 

appreciable impact. 

Finally, the luciferase-based complementation assay also demonstrated that GRK5 

and GRK6 could interact with GPR35 in a significant way, thereby supporting my 

recent findings. 

In conclusion, the outcome of this thesis provides a clear insight into the isoform 

variation in human orthologues of GPR35. Moreover, this research project gives a 

clear idea about the phosphorylation and indeed, regulation of GPR35, a receptor 

that is currently gaining a lot of attention as a potential new therapeutic target 

for conditions like ulcerative colitis, inflammatory bowel diseases, fatty liver 

diseases, and different cancers. The outcomes of this research project will 
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certainly aid in the discovery of novel therapeutics targeting the orphan receptor 

GPR35. 
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1.1 G protein-coupled receptors 

The G protein-coupled receptor (GPCR) superfamily of cell surface proteins 

represent the largest family of transmembrane receptors and currently serve as 

the target for nearly 30% of all Food and Drug Administration approved small 

molecule drugs (Sriram and Insel, 2018) (Santos et al., 2017). GPCRs are 

membrane bound receptors that respond to a variety of stimuli including 

hormones, odorants, pheromones, peptides, chemokines, metabolites, 

neurotransmitters, ions (Lefkowitz, 2007) and transduce these extracellular 

signals into cellular response through effector proteins. GPCRs have thus been the 

subject of significant research for many years and play crucial roles in a wide 

variety of physiological functions. The seven-transmembrane α-helical fold shared 

by members of the GPCR family gives it its distinctive appearance, and the 

transmembrane bundles of family members are quite similar. Other structural 

characteristics include an extracellular domain consisting of the N-terminal region 

and three flexible extracellular loops (ECLs) and an intracellular domain consisting of 

three intracellular loops (ICLs) and a C-terminal tail. These highly fluctuating areas 

contribute significantly to the ligand-binding and signalling selectivity of each 

receptor (Katritch et al., 2012). 

According to research, the gene families that code for GPCRs were present in the 

last common eukaryotic ancestor around 1.2 billion years ago, providing evidence 

of the ancient roots of GPCR superfamily (Gurevich and Gurevich, 2008, De 

Mendoza et al., 2014). About 800 receptors have been identified in the human 

genome as a result of the evolution of GPCRs from a common ancestor, making 

GPCRs the largest family of cell membrane receptors (Fredriksson et al., 2003, 

Venter et al., 2001). 

The binding complex between GPCR and ligands experiences significant 

alterations in conformation during activation to enable a heterotrimeric G-protein 

coupling, that in turn influences a variety of intracellular signalling pathways, 

having an impact on physiology. Since pharmacological modification of GPCRs can 

be used to modify GPCR regulation, activation, and downstream signalling in both 

health and illness, these receptors are often considered effective therapeutic 

targets in a range of clinical illnesses. So, it should come as no surprise that GPCR 

research remains a key component in translational medicine initiatives. In order 
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to achieve this, many 'druggable' GPCRs exist, and clinical medicine frequently 

makes use of ligands that either block or activate the receptor. 

1.1.1 GPCRs in drug discovery 

GPCRs and their ligands are frequently associated with pathophysiology and 

disease as a result of their widespread use in physiological processes. This makes 

the family a valuable source of therapeutic targets, together with their 

accessibility to the cell membrane (Rask-Andersen et al., 2011). The 

transmembrane characteristics of GPCRs also make them appropriate 

pharmacological targets since drugs do not need to cross the plasma membrane 

to reach their receptors (Sriram and Insel, 2018). It should therefore not be 

astonishing that many drug research programmes continue to focus on GPCRs. 

Though GPCRs are the most useful targets for therapeutic molecules, the majority 

of approved drugs only target a small subset of the GPCR family, which includes 

the histamine H1 receptor, the 5-HT2A serotonin receptor, the M1, M2, and M3 

muscarinic receptors, the α1A and α2A adrenergic receptors, and the dopamine D2 

receptor (Garland, 2013). Less than one third of the 365 non-olfactory GPCRs are 

now used as pharmacological targets. More than 120 of these GPCRs are orphans, 

meaning they do not yet have a corresponding endogenous ligand associated with 

them (Alexander et al., 2015). These orphan receptors frequently have unclear 

physiological roles and are poorly characterised. However, many orphan GPCRs 

are assumed to have important therapeutic roles due to the significance of GPCR 

signal transduction in various physiological processes. Therefore, these receptors 

constitute a reservoir of previously untapped prospective therapeutic targets, and 

continuous research efforts are being made to deorphanise these receptors and 

define their roles in various diseases. 

A ‘classical pharmacology’ ligand-based strategy was historically used to identify 

GPCR drug targets. In this technique, lead compounds were made by extracting 

physiologically active molecules, such as from tissue extracts, and using them to 

assist in discovering targets. This tactic was used on some of the most successful 

therapeutic GPCR targets, like the β-adrenergic receptors, which β blockers later 

targeted once it was established in 1948 that they were adrenaline receptors 

(Wachter and Gilbert, 2012). However, due to improvements in homology 
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screening methods and the subsequent publishing of the human genome database,  

substantial pool of orphan receptor targets came into existence, and a new 

approach to drug development was evolved (Lander, 2011). The goal of ‘reverse 

pharmacology’ is to identify the receptor target initially and then test for 

endogenous and artificial ligands using the cloned receptor (Lecca and 

Abbracchio, 2008). The pharmacological characteristics and biological role of the 

receptor can then be studied using these tool molecules (Kolar et al., 2017). The 

reverse pharmacology approach has also aided in discovering new endogenous 

ligands and yet-to-be-identified transmitter systems, such as identifying orexins 

and their receptors as regulators of wakefulness and appetite (Sakurai et al., 

1998). Following on from these early successes, the technique continues to yield 

potential new pharmacological targets, such as the free fatty acid receptor 1 

(FFA1), previously the orphan GPR40, which is now a sought-after therapeutic 

target in type 2 diabetes (Li et al., 2016). 

Understanding an orphan GPCR's coupling and signalling patterns is helpful when 

creating screening assays for deorphanisation. Successful deorphanisation and 

surrogate ligand screenings have been achieved using G protein and second 

messenger activity tests such as guanosine triphosphate (GTP)-γS, cyclic 

adenosine monophosphate (cAMP), and intracellular calcium ([Ca2+] i) assays 

(Jenkins et al., 2010). Elements of the cycle of desensitisation and internalisation 

have also been utilised in screening attempts, specifically the translocation of the 

adaptor protein arrestin (Neetoo-Isseljee et al., 2013). In order to appropriately 

interpret screens for orphan receptors, it is crucial to comprehend how these 

mechanisms differ among GPCRs. 

Now a days, modern technology is being used to deorphanise poorly characterised 

receptors by using the reverse pharmacology concept. A recent increase in high-

quality crystal structures has made it possible to perform in silico homology 

modelling, which, when combined with virtual screening is an effective way to 

find artificial ligands for orphan receptors that have little or no molecules 

available to study their function (Ngo et al., 2016). Using this technique, very 

effective synthetic ‘surrogate’ ligands for orphan receptors like GPR17 have been 

discovered., which is thought to be a potential target for neurodegenerative 

illness (Eberini et al., 2011). 
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1.1.2 GPCR structure 

GPCRs typically span the surface of almost all eukaryotic cells and are located 

within the lipid-rich plasma membrane in their inactive state. The relatively 

hydrophobic transmembrane domains (TMDs) of GPCRs are structurally stabilised 

by these conditions. Both extracellular domains and the transmembrane helices' 

structural design offer adaptable spaces for GPCR ligand attachment. Extracellular 

and intracellular loops (E/ICL) that cross the cell membrane link the seven helices 

(Kobilka, 2007). Within the seven transmembrane helices and connecting loops, 

the core area is bounded by an intracellular carboxyl (C)-terminus and an exterior 

amino (N)-terminus (Figure 1.1). Sequence alignments show that the C and N-

termini, together with the third intracellular loop between the fifth and sixth 

TMDs, are the most variable areas (Kobilka, 2007). The length and function of 

GPCR termini can vary, and they are frequently an indication of the classification 

of GPCR. 

Several highly conserved sections within the TMDs have also been identified by 

analysis of the GPCR protein structure, and as anticipated from such conservation, 

these regions are crucial for receptor shape and function (Teller et al., 2001). The 

key "DRY" motif is perhaps the most well-known of these. This amino acid 

sequence, also known as glutamic acid/aspartic acid-arginine-tyrosine (i.e., 

E/DRY), is found at the intersection of the bottom of the third TMD and second 

ICL of the "rhodopsin-like" family of GPCRs (Ballesteros et al., 1998). Due to its 

remarkable conservation, scientists have looked into its structural and functional 

characteristics inside GPCRs, and the data clearly suggests that it plays a crucial 

role in the regulation of G-protein coupling, constitutive activity, and 

conformational stability (Rovati et al., 2007). An unprecedented improvement in 

knowledge of the organisational structure of GPCR family members has been made 

possible by recent rapid advancements in the capacity to acquire the atomic-level 

X-ray structures of individual GPCRs and stabilise them. 

 

 



                                                  Chapter 1 

6 
 

 

Figure 1.1 A distinctive membrane-spanning structural motif of a G protein-coupled receptor 

GPCRs are membrane-integral proteins that share a seven-alpha-helical structural domain motif. 

Along with having seven α-helical, hydrophobic transmembrane (TM) domains, the GPCR structure 

is connected by a series of three extracellular loops (ECl 1-3) and three intracellular loops (ICL 1-3), 

which are bordered by an extracellular amino (N) terminus and an intracellular carboxyl (C) terminus. 
Helix 8 lies parallel to the cytoplasmic membrane surface and connects the membrane domain of 

the receptor with its C-terminal tail. This figure was created with BioRender.com. 

1.1.3 GPCR subfamily classification 

Even though numerous acknowledged techniques for categorising GPCRs based on 

evolutionary and sequence preservation are employed here, the two most 

accepted techniques are employed here. Initially, functional characteristics and 

sequence are used to categorise six classes of GPCR, designated as class A through 

class F (Attwood and Findlay, 1994). Class A refers to the ‘rhodopsin-like’ family 

of receptors and it is the most prevalent subgroup. Class B includes the adhesion 

and secretin receptors, and class C accommodates the metabotropic glutamate 

receptors, γ-aminobutyric (GABA) receptors, calcium sensing receptors and a 

family of taste receptors. Class C receptors in rodents also include pheromone 

receptors for taste type 1 and vasopressin (V2) which are absent in humans 

(Alexander et al., 2019). The final class of receptors to exist in humans is class F, 

the frizzled/smoothened family of GPCRs. Class D and class E consist of the fungal 

pheromone and cyclic adenosine monophosphate (cAMP) receptors, respectively, 

possessing a sequence sufficiently different to be considered separate classes of 

receptor family than the class A (Attwood and Findlay, 1994). 

Another approach to GPCR classification, known as the GRAFS system, has evolved 

over time. After phylogenetic sequencing of the human genome, this method 

separates receptors into five classes based on a phylogenetic tree: glutamate (G), 

rhodopsin (R), adhesion (A), frizzled/taste2 (F), and secretin (S) (Figure 1.2). 
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There is very little to no sequence homology among these five groupings 

(Fredriksson et al., 2003). Recently, this technique proved successful in separating 

secretin from adhesion GPCRs, which were both classified as class B in the previous 

classification scheme. The GRAFS system, which is now the most widely used 

system, will be utilised throughout my thesis. 

 

Figure 1.2 Classification of G protein coupled receptors based on structural similarities 

GPCRs have a common structure consisting of seven α-helical transmembrane domains, 

intracellular C-terminus that is relatively conserved, and an extracellular N-terminus which is highly 

diverse. Glutamate receptors exist as constitutive dimers and possess a large Venus flytrap domain 

(VFD) in the N-terminus to facilitate ligand binding. Conversely, Rhodopsin-like receptors have a 

small N-terminus as the ligand binding pocket lies deep within the seven transmembrane domains. 

Adhesion GPCRs feature a GPCR autoproteolysis-inducing (GAIN) domain which acts to catalyse 

the N-terminus permitting non-covalent association of the adhesion domain, to which ligands bind. 

Frizzled receptors contain cysteine-rich  domains (CRD) to enable ligand binding, whereas ligands 

bind to secretin receptors via hormone peptide binding domains within long N-terminus. Green 

shapes represent the modes of ligand interaction with each receptor subtype. This figure was created 

with BioRender.com. 

At least 140 of the 800 GPCRs found in mammalian systems are orphan receptors 

(Levoye et al., 2006). These receptors are a subset of GPCRs that lack 

classification because their activating ligands are unknown. When endogenous 

ligands are found, generally through cell signalling assays, orphan receptors are 

deorphanised. This is accomplished either by comparing the function and 

sequence to receptors that have already undergone this process or by looking at 

the expression correlations between the receptor and ligand (Tang et al., 2012). 
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Characterising orphan GPCRs is crucial because they might serve as therapeutic 

and pharmacological targets. 

1.1.4 Structural characteristics of GPCR subfamily 

According to structural research, the N-terminal domains and various ligand 

binding compartments are the most significant points of differences within 

receptor subfamilies. To enable various ligand binding modalities, the seven 

transmembrane domains also take on distinct conformations in various receptors 

(Basith et al., 2018, Zhang et al., 2015). 

The Venus flytrap domain (VFD) is a large extracellular domain found on glutamate 

receptors that houses the orthosteric ligand binding pocket to the TMDs 

(Kunishima et al., 2000). In all receptors in this family except for the GABAB 

receptor, a cysteine rich domain (CRD) connects the VFDs to the TMDs. The 

rhodopsin-like receptor family consists of 719 members, making up 80% of all 

GPCRs; structurally, this family possesses the typical seven TMDs forming a ligand 

binding pocket in addition to an eighth helix with an apalmitoylated cysteine at 

the C terminal tail (Hu et al., 2017, Yang et al., 2021). Adhesion receptor family 

members own a long extracellular N terminus with a conserved region close to 

TMD1 playing a permissive role in ligand binding; this region constitutes two 

components: a region rich in serine and threonine residues, and an integrated 

GPCR autoproteolysis-inducing (GAIN) domain contains a GPCR proteolysis site 

(GPS) (Harmar, 2001, Prömel et al., 2013). The frizzled/taste2 receptor family 

controls cell proliferation and fate during development through the mediation of 

signals from secreted glycoproteins called Wnt, binding to conserved cysteine 

residues on the N-terminus (Fredriksson et al., 2003). The secretin family of 

receptors encompass 15 receptor subtypes in humans, with the ligands being 

polypeptide hormones such as glucagon, secretin and glucagon-like peptides 

(Harmar, 2001). The N-terminus contains conserved residues key for ligand binding 

to the receptor (Fredriksson et al., 2003). 

1.1.5 GPCR crystallisation 

Massive efforts have been made to obtain the atomic structures of GPCRs in both 

their active (R*) and inactive (R) states in order to better understand the links 



                                                  Chapter 1 

9 
 

between GPCR structure and function. These structures offer a lot of information 

regarding the crucial residues that regulate GPCR flexibility, facilitating the 

conformational changes that take place when the ligand is bound, the receptor is 

activated, and then G-protein coupling occurs (Nakamura et al., 2013). Since the 

discovery of the crystal structure of the first GPCR, bovine Rhodopsin, (Palczewski 

et al., 2000) more than 20 years ago, a growing body of structural data regarding 

class A receptors has become accessible (Stevens et al., 2013). Included in this 

are the high-resolution structural identities of the β2AR in 2007 and the CXCR4 

chemokine receptor in 2010 (Rasmussen et al., 2007, Wu et al., 2010). Despite 

this progress, early attempts to trap the GPCR in an active state were frequently 

unsuccessful due to the activated GPCR's conformational instability within a lipid-

rich, hydrophobic membrane (Kobilka, 2007, Kobilka and Schertler, 2008). 

However, with the creation of highly specific antibodies and GPCR stabilising 

ligands, this has been improved remarkably (Maeda and Schertler, 2013). In 2011, 

the first descriptions of the agonist-bound, active states of the β2AR, A2A-

adenosine, and rhodopsin receptors were published (Rasmussen et al., 2011, 

Standfuss et al., 2011). These findings offered highly desired comparative 

structural information about the basic conformational status, ligand selectivity, 

and conserved domains that are crucial for amplifying the R* state of rhodopsin-

like/class A GPCRs (Maeda and Schertler, 2013). The two leading experts in this 

subject, Professors Brian Kobilka and Robert Lefkowitz, won the 2012 Nobel Prize 

in Chemistry for their outstanding contributions to GPCR research, which is the 

most significant achievement. 

1.2 GPCR signalling 

1.2.1 GPCR activation 

GPCRs are vital for maintaining homeostasis by controlling a variety of 

physiological signalling activities. They are also crucial for triggering responses to 

pathogenic stimuli in the extracellular environment. In the case of Class, A GPCRs, 

the signal is started when a ligand binds to the orthosteric binding site, which is a 

binding pocket inside the helix bundle. Significant conformational changes are 

brought about by the ligand binding in both the intracellular domain and the 

transmembrane helix bundle. Crystal structures of the ligand-bound rhodopsin, β2  

adrenergic receptor have demonstrated that these modifications are shared by all 
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Class A GPCRs (Rasmussen et al., 2011). The intracellular domain of the receptor 

can be translocated to and bound to by cytoplasmic effector proteins, which then 

controls the signalling cascades within cells. 

1.2.2 G protein-mediated signalling 

It is currently understood that GPCR signalling is a complex network regulated by 

a variety of variables and feeding into a vast array of effector pathways. The 

heterotrimeric G proteins, the first of these effectors to be characterised, are, 

however, where the superfamily derives its name. The majority of GPCRs primarily 

use this family of guanine nucleotide-binding proteins as signalling effectors in the 

cytoplasm. When they are inactive and bound to GDP, their α, β, and γ subunits 

combine to form a heterotrimeric complex. Lipid modifications on the α and γ  

subunits serve as the complex's anchors to the plasma membrane (Vögler et al., 

2008). After the ligand binds to the GPCR and stabilises its active state, the Gα 

subunit connects to the intracellular domain of the receptor. Gα binds to the 

cytoplasmic ends of transmembrane helices 5 and 6 in the case of Class A GPCRs 

(Rasmussen et al., 2011). As a result, the Gα subunit undergoes a conformational 

shift that enhances GDP/GTP exchange, activating the G protein and enabling the 

Gα subunit to separate from the receptor and the βγ dimer (Chung et al., 2011). 

When both the Gα and Gβγ subunits are active, they can control their own signalling 

pathways via a variety of second messengers until the Gα subunit's intrinsic GTPase 

activity hydrolyses GTP into GDP (Sprang et al., 2007). This ends the signal and 

permits the inactive heterotrimer to reassociate. A family of GTPase activating 

proteins known as regulators of G protein signalling (RGS), which mediates early 

termination of the signal, can quicken the GTPase activity of Gα (Woodard et al., 

2015). This GDP/GTP cycle can be used to repeatedly activate and deactivate G 

proteins until either desensitisation mechanisms prevent additional Gα protein 

binding or ligand dissociation puts the GPCR back in its inactive state. Each of the α, 

β, and γ isoforms of the G protein family has a distinct downstream signalling 

profile and tissue distribution (Wettschureck and Offermanns, 2005). G proteins 

can interact with a variety of GPCRs, while GPCRs can engage in interactions with 

a variety of G family members thereby making the GPCR biology more complex. 

Therefore, the signalling response to a stimulus in each individual cell is 

dependent on the availability of the GPCR, its interacting G protein subunits, and 
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their cytoplasmic effector proteins. The Gα protein family can be divided into 

several subfamilies, each of which has a distinctive signalling profile (Figure 1.3). 

 

Figure 1.3 G protein-mediated signalling pathways of GPCR 
Heterotrimeric G proteins form a coupling with G protein-coupled receptors. Following agonist 
stimulation, the Gα subunit is made more capable of switching from GDP to GTP, which enables the 
Gα and Gβγ subunits to separate and activate downstream effectors. The four families of Gα subunits 
are Gαs, Gαi/o, Gαq, and Gα12/13. The Gαs and Gαi/o families control the activity of adenylate cyclase, 
whereas the Gα12/13 family stimulates Rho GTPases. The Gαq subunit activates phospholipase-C 
signalling, increases intracellular Ca2+ through IP3, which is quickly broken down to IP2, IP1, and 
then inositol via the inositol phosphate route. The MAPK signalling pathway receives input from the 
PLC pathway as well. Furthermore, adenylyl cyclase and Rho GTPases are just a few of the effectors 
that Gβγ subunits can activate. This figure was created with BioRender.com. 

 

1.2.2.1 The Gαs sub-family 

The ubiquitously produced Gα ‘stimulatory’ (Gαs) subunits transmit messages by 

raising intracellular levels of the second messenger cAMP. The transmembrane 

enzyme adenylate cyclase, which changes adenosine triphosphate (ATP) into 

cAMP, is activated and bound by active Gαs as it diffuses within the plasma 

membrane. cAMP has a variety of biological actions depending on the cell type in 

question, including hormone release, smooth muscle relaxation, activation of 

neurons, and stimulation of glycogenolysis and lipolysis (Wettschureck and 
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Offermanns, 2005). cAMP-dependent protein kinase (PKA) is the mediator of these 

actions. 

1.2.2.2 The Gαi/o sub-family 

There are eight members of the Gα ‘inhibitory’ (Gαi/o) subfamily, which exerts its 

actions by reducing intracellular cAMP and by regulating several ion channels. The 

most prevalent and widely dispersed Gαi/o proteins in most tissues are Gαi/1, Gαi/2, 

and Gαi/3. By blocking different isoforms of adenylate cyclase, they reduce cAMP. 

Restricted expression is present in other Gαi/o family members, such as Gαo in 

neurons and Gαz in platelets. It is believed that they mainly exert their actions 

indirectly by releasing their βγ subunits (Wettschureck and Offermanns, 2005). 

The cellular actions of Gαi/o proteins are mostly antagonistic to those of Gαs 

because they function by lowering cAMP. 

1.2.2.3 The Gαq/11 sub-family 

Similar to the Gαi/o subfamily, the Gαq/11 subfamily has members that are both 

widespread and tissue specific. Gαq and Gα11 are both widely expressed, whereas 

Gα14 is only found in certain organs, such as the kidney, lung, and spleen, and Gα16 

is only present in hematopoietic cells (Wettschureck and Offermanns, 2005). As 

this protein family is not PTX sensitive like the Gαi/o family, it is possible to 

characterise this pathway using assays that target downstream signalling proteins. 

All of these do so by enlisting and activating phospholipase C-β, which catalyses 

the conversion of phosphatidylinositol 4,5-bisphosphate into inositol 1,4,5-

trisphosphate (IP3) and diacylglycerol, to transmit their signals (DAG) 

(Wettschureck and Offermanns, 2005, Litosch, 2016). IP3 facilitates the release 

of intracellular calcium, whereas DAG triggers protein kinase C (PKC). RhoA can 

also be activated by Gαq/11 via p63RhoGEF (Litosch, 2016). These numerous 

effectors carry out a variety of signalling tasks that lead to activities such as 

synaptic transmission, cellular hypertrophy, and smooth muscle contraction 

(Wettschureck and Offermanns, 2005). 

1.2.2.4 The Gα12/13 sub-family 

The Gα12/ Gα13 family of proteins, the last G-protein family discovered in 1991, is 

still poorly understood for a number of reasons (Strathmann and Simon, 1991). 
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Although being widely expressed, Gα12 and Gα13 commonly couple to GPCRs that 

also activate other Gα subunits. As there are no specific inhibitors of Gα12/ Gα13, 

it has been challenging to pinpoint their precise signalling functions. The RhoA-

mediated effects on the actin cytoskeleton are the functions of Gα12 and Gα13 that 

are most understood. Four Rho guanine nucleotide exchange factors (RhoGEFs) 

are bound and activated by Gα12/ Gα13, thereby promoting the exchange of RhoA 

GDP/GTP (Siehler, 2009). Numerous downstream pathways are set off by RhoA, 

and these pathways alter cell polarity, shape, adhesion, migration, and 

hypertrophy (Siehler, 2009, Worzfeld et al., 2008). 

1.2.2.5 Gβγ signalling 

GPCRs can signal through the Gβγ complex in addition to the four Gα sub-families, 

which frequently supports the Gα-mediated response. After being dissociated by 

GPCR, the Gβγ subunit has complete control over a variety of its own targets 

including the G protein-regulated inward rectifier K+ channel, phospholipase C-β, 

and adenylate cyclase (Clapham and Neer, 1997). Most tissues express Gαi/0 

subunits more than any other Gα subunit, hence Gβγ complexes generated from 

heterotrimers containing Gαi/0 subunits are assumed to be the main source of Gβγ 

mediated signalling (Wettschureck and Offermanns, 2005). 

1.2.3 GPCR desensitisation 

GPCRs have a variety of mechanisms for desensitisation, which is a reduction in 

response intensity brought on by ongoing or recurrent stimulation. These 

mechanisms allow for the highly controlled termination of the agonist-induced 

response, and they are carried out by cytoplasmic proteins that interact with ICLs 

and C-terminal tail of the receptor (Tobin, 2008). Desensitisation mechanisms 

therefore rely on the expression of different cytoplasmic mediators as well as the 

amino acid sequence of GPCRs. 

1.2.3.1 Heterologous desensitisation by effector kinases 

The term "heterologous desensitisation" describes how effector kinases desensitise 

receptors. This can happen as a result of ligand binding to a receptor other than 

the one that will ultimately become desensitised since it is not dependent on 

agonist occupancy and is not receptor specific. Some receptors can be 
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phosphorylated on serine and threonine residues at consensus locations in the ICLs 

and C-terminal tail by PKA and PKC. Due to this, the G protein binding site is 

disrupted, and the receptor is cut off from the G protein-mediated response 

(Tobin, 2008). 

1.2.3.2 Homologous desensitisation by arrestins 

Agonist-occupied, activated GPCRs undergo homologous desensitisation, which 

happens more quickly than heterologous desensitisation (Lohse, 1993). The ICLs 

and C-terminal tails of agonist-bound GPCRs are phosphorylated by G protein-

coupled receptor kinases (GRKs) at serine and threonine residues that are 

different from those phosphorylated by effector kinases (Seibold et al., 2000). 

Contrary to heterologous desensitisation, the receptor cannot be released from 

the G protein by GRKs alone (Benovic et al., 1987). Instead, GRK-mediated 

phosphorylation causes the adaptor protein arrestin to be drawn to and bind to 

the GPCR, where it facilitates desensitisation by sterically impeding the Gα 

subunit's ability to connect (Gimenez et al., 2012). The arrestins are a family of 

four proteins of which arrestin-2 and arrestin-3 are expressed universally and are 

responsible for homologous desensitisation of the majority of non-visual GPCRs. 

Arrestin-1 (visual arrestin) and arrestin-4 (cone arrestin) are only expressed in the 

retina (Luttrell and Lefkowitz, 2002). The immediate result of arrestin-2/arrestin-

3 binding to the GPCR is steric inhibition of additional Gα-GDP binding to the 

agonist-occupied receptor because the arrestin-2/arrestin-3 and Gα binding 

surfaces overlap (Figure 1.4) (Szczepek et al., 2014). This quickly turns off G 

protein-dependent signalling that has been activated (Benovic et al., 1987, Lohse, 

1993). 

Arrestin-2/arrestin-3's secondary desensitising role is to trigger clathrin's 

internalisation of an agonist-occupied receptor. Clathrin and the adaptor protein 

2 complex (AP2) are brought to the plasma membrane by receptor-bound arrestin-

2/arrestin-3 to begin the development of clathrin-coated pits (Figure 1.4) 

(Goodman Jr et al., 1996, Laporte et al., 1999). As a result, the agonist-occupied 

receptor is internalised. There are two possible arrestin-2/arrestin-3-mediated 

internalisation mechanisms. The arrestin-2/arrestin-3 either dissociates before 

endocytosis or remains in complex with the receptor and colocalises to the 

endosome, depending on the GPCR implicated (Zhang et al., 1999). The GRK-
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mediated phosphorylation of serine and threonine residues in the C-terminal tail 

determines this, at least in part (Gimenez et al., 2012). The destiny of the 

endocytosed receptor is determined by both sorting signals in the receptor 

intracellular domain and the stability of the association with arrestin-2/arrestin-

3; It might either be targeted for destruction by ubiquitination or recycled back 

to the plasma membrane (Marchese and Trejo, 2013). Prior to endocytosis, 

receptors that separate from arrestin-2/arrestin-3, can resume spatially 

compartmentalised G protein-dependent signalling (Tsvetanova and Von Zastrow, 

2014, Calebiro et al., 2009). However, relatively recent studies suggest that this 

might also be possible for GPCRs that have been internalised and bound to 

arrestin-2/arrestin-3, leading to endosomal compartment-mediated G protein 

signalling (Thomsen et al., 2016). The G protein-dependent response is further 

spatiotemporally regulated by these characteristics of the internalisation cycle. 

1.2.3.3 G protein-independent signalling  

Arrestin has recently gained recognition as a critical mediator of signalling in its 

own right, in addition to its role in desensitisation and internalisation of the 

receptor. Without triggering G protein activation, arrestin can be attracted to 

agonist occupied GPCRs at the plasma membrane, where it can serve as a scaffold 

for cytoplasmic signalling proteins (Figure 1.4) (Wei et al., 2003, Shenoy et al., 

2006). Essentially, this function is non-canonical and a number of significant 

pathways, including the Src-family kinases, extracellular signal-regulated kinase 

(ERK), c-jun N-terminal kinase (JNK), mitogen-activated protein kinases (MAPK), 

and phosphodiesterases, have been demonstrated to bind to and be activated by 

arrestin when it is coupled to GPCRs (Shenoy et al., 2006, Houslay and Baillie, 

2005, DeWire et al., 2007). Compared to G protein-dependent responses, this 

arrestin-mediated signalling has a slower onset and a longer duration, increasing 

the temporal regulation and variability of GPCR signalling (Shenoy et al., 2006). It 

has been demonstrated that arrestin-mediated signalling has physiological 

significance in vivo in a variety of situations, including growth, the central nervous 

system, and the cardiovascular system (Luttrell and Gesty-Palmer, 2010). As a 

result, it is crucial to take into account the arrestin signalling pathway while 

developing new drugs, both as a target of interest and as a conduit for harmful 

off-target effects. 
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Figure 1.4 Desensitisation, internalisation, and signalling of receptors by arrestin 
GRKs phosphorylate intracellular residues of the active GPCR after agonist binding and G protein 

signalling. Arrestin is attracted to the receptor, which sterically prevents G protein activation and 

binding. In order to start the internalisation of the receptor into clathrin coated pits, arrestin is also 

recruited by adaptor proteins like AP-2 and clathrin. Moreover, arrestin functions in G protein 

independent signalling as a scaffold protein. This figure was created with BioRender.com. 

 

1.2.4 Interaction of GRKs with GPCR  

The majority of transmembrane receptors belong to the G protein-coupled 

receptor (GPCR) family, and GPCR kinases (GRKs) and β-arrestins carefully control 

the signal transduction of these receptors. As GRKs are soluble proteins, so they 

need specific mechanisms to move them close to membrane embedded GPCRs. It 

has been demonstrated that binding to active GPCRs causes GRKs to become 

allosterically active (Palczewski et al., 1991). The precise mechanism of this 

interaction between GPCRs and GRKs has not yet been identified for each 

receptor, but it is clear from x-ray crystallography and cryo-EM structure of 

GPCRs-GRKs that this interaction primarily occurs through the insertion of an N-

terminal α-helix of GRKs into the cytoplasmic cavity of the GPCR. Although 

structural data is not always conclusive, this manner of GRK-binding is very 

appealing because G proteins and arrestins both probe for active GPCR 

conformations in a similar way (Cato et al., 2021). GRK-binding causes the 

intracellular phosphorylation of activated GPCRs in a cellular setting. GRK 

mediated GPCR phosphorylation decreased but did not completely cease G 

protein-based signalling. Another group of players was therefore suspected. These 

athletes were actually arrestins (Gurevich and Gurevich, 2019). 
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Figure 1.5 GPCR signalling and regulation 

GPCRs are cell surface proteins that are primarily localised in plasma membrane. Agonist binding 

activates GPCRs. Active receptor binds inactive (GDP-liganded) heterotrimeric G protein consisting 

of α-, β-, and γ-subunits. The nucleotide pocket of the G protein α subunit is opened by receptor 

engagement allowing bound GDP to be released and more plentiful cytoplasmic GTP to bind. GTP 

bound G protein detaches from GPCR as a distinct α-subunit-GTP and a dimer of β and γ. They can 

both initiate signalling by interaction with various effectors. Specialised GPCR kinases that 

phosphorylate many GPCRs at the C-terminus recognise active GPCRs. Arrestins bind to active, 

phosphorylated GPCRs and, through direct contacts, activate the coated pit, clathrin, and clathrin 

adaptor AP-2, which facilitates the internalisation of the receptor. In the acidic environment of the 

endosome, the loss of agonist causes the internalised receptor to become inactive. This promotes 

arrestin dissociation, which allows the phosphatases to access receptor-attached phosphates 

(possibly PP2A). The dephosphorylated receptor can be recycled back to the plasma membrane and 

reused. The idea of the figure was adopted from (Karnam et al., 2021).This figure was created with 

BioRender.com. 

1.2.5 Tissue specific GPCR signalling and phosphorylation 
barcode 

GPCRs are usually phosphorylated by several kinases, predominantly by GRK family 

of kinases. Usually, ligand binding to a GPCR results in multiple possible signalling 

fates and therefore choosing the most specific outcome is crucial. According to a 

novel paradigm, the phosphorylation pattern, or ‘barcode’ may affect how cells 

react to receptor activation. Different kinases can encourage the internalisation 

of the receptor, desensitisation of the receptor, or G protein- or arrestin-

mediated signalling in different ways (Ren et al., 2005, Nobles et al., 2011). The 

presence of phospho-acceptor residues in the GPCR sequence determines the 

potential phosphorylation pattern of the intracellular domain of the GPCR, 

although other kinases or the expression of the relevant GRKs may also play a role. 

Based on this logic, the cell type-specific signalling hypothesis was developed, 



                                                  Chapter 1 

18 
 

which postulates that the specificity of the GPCR signalling profile is regulated by 

the kinases produced in a certain cell type (Tobin, 2008, Liggett, 2011). For 

therapeutically important GPCRs including the dopamine and muscarinic 

receptors, cell type specific GRK activity has been shown in vivo (Gurevich et al., 

2016, Walker et al., 2004). This demonstrates that GPCRs can potentially carry 

out various tasks in various tissues, cell types, or physiological and pathological 

contexts. Therefore, it will be advantageous to use GPCRs as pharmacological 

targets if we can comprehend how this phosphorylation barcode relates to specific 

GPCRs. 

1.2.6 Ligand-specific GPCR signalling 

A ligand's pharmacological characteristics determine how it will interact with a 

receptor. Affinity, efficacy, and drug potencies are among the characteristics of 

drugs that can be measured. Biased ligands are those ligands that bind to a 

receptor in a way that stabilises a conformation that selectively activates a certain 

signalling pathway. Certain G protein coupling specificities may be favoured by 

ligand-specific receptor conformations, which may also promote arrestin-

mediated signalling or regulate the pace of receptor internalisation or recycling 

(Maudsley et al., 2005). In drug discovery, biased GPCR ligands hold significant 

promise for improving response specificity and minimising off-target side effects 

brought on by erroneous activation of harmful pathways (Whalen et al., 2011). In 

order to achieve this, biased ligands are being investigated as therapeutics for a 

variety of applications, with G protein-biased agonists of the μ-opioid receptor 

serving as analgesics and β-arrestin-biased agonists of the angiotensin II receptor 

serving as treatments for heart failure showing the greatest promise (DeWire et 

al., 2013, Luttrell et al., 2015). It is known that ligand-specific signalling, namely 

G protein versus arrestin bias, is linked to receptor phosphorylation. As a result, 

different ligand-receptor conformations encourage phosphorylation by various 

GRKs to determine the signalling response (Nobles et al., 2011). To fully utilise 

the potential of this ‘functional selectivity’ for drug development applications, 

understanding the phosphorylation of therapeutically relevant GPCRs and how 

these influences downstream signalling is crucial. 
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1.3 G protein-coupled receptor 35 

A class A G protein-coupled receptor (GPCR) called GPR35 was first discovered 

more than 20 years ago (O'Dowd et al., 1998)  and formally recognised as a 

receptor for the tryptophan metabolite kynurenic acid in 2006 (Wang et al., 2006). 

GPR35 still officially remains as a poorly characterised ‘orphan receptor’ and 

research on the type of endogenous ligand(s) that activate GPR35 is still quite 

active today (Milligan, 2023). However, understanding the functions and 

regulation of this receptor has been significantly hampered by the marked 

differences in the potency of many synthetic agonists between human GPR35 and 

both the rat and mouse orthologues, as well as the unusually small number of 

antagonist ligands that are currently on the market (Milligan, 2023). In addition, 

the antagonists that have been described so far have little affinity for rat and 

mouse, thereby making them suitable only for ‘human-specific’ form of the 

receptor (Quon et al., 2020). Recently, the first atomic-level structure of a human 

GPR35-G protein complex determined by cryoelectron microscopy (cryoEM) was 

published, with a global resolution of 3.2 Å (Duan et al., 2022). Although GPR35 is 

poorly characterised and the use of preclinical disease models has historically 

been constrained due to significant pharmacological variations between human 

and rodent orthologues of the receptor and a lack of antagonists with affinity for 

mouse and rat GPR35, some remarkable advancements and tool compounds have 

already come into the spotlight to tackle these issues. Improved ligands, new 

transgenic knock-in mouse lines, and thorough analyses of the disease relevance 

of single-nucleotide polymorphisms (SNPs) have all contributed to a greater 

understanding of the central functions of GPR35 and sparked efforts towards 

proof-of-concept studies that specifically target disease (Milligan, 2023). 

1.3.1 GPR35 discovery and fundamental characteristics 

When human genomic DNA was amplified using GPR1 degenerate primers, a 

genomic DNA homology screen was conducted to find GPR35 for the first time 

(O'Dowd et al., 1998). A single open reading frame was discovered to encode a 

309 amino acid protein in this preliminary research. This protein most closely 

resembled the hydroxycarboxylic acid receptor HM74 (30%) and the 

lysophosphatidic acid (LPA) receptor 4 (32%), often referred to as P2Y9/GPR23. 

The novel GPR35 gene was located on human chromosome 2q37.3 by this 
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investigation. In a later investigation, GPR35 was found to have two splice 

variants: the previously known short isoform, GPR35a, and a multi-exon version, 

GPR35b, with a 31 amino acid N-terminal extension (Okumura et al., 2004). Even 

though this study discovered GPR35b enrichment in gastric cancer samples, it is 

yet unknown what function this long variation serves. Humans are the only species 

known to harbour GPR35b. Rat GPR35 is 306 amino acids long, while mouse GPR35 

has 307 amino acids. Both proteins share 85% similarity with each other and 72% 

with that of humans GPR35a (Taniguchi et al., 2006). GPR35a and GPR35b have 

similar pharmacological properties, as evidenced by the equal potency of agonists 

on both isoforms in G protein and arrestin-based experiments (Guo et al., 2008, 

MacKenzie et al., 2014, Marti-Solano et al., 2020). Given that all isoforms share 

the same subcellular location, the N-terminal extension on GPR35b does not seem 

to influence expression or trafficking (Guo et al., 2008). 

GPR35 shares the same basic structure as the majority of Class A GPCRs, consisting 

of seven transmembrane helices, a brief N-terminal domain, and a cytosolic helix 

8 that comes before a brief C-terminal tail. The amino acid sequence of 

transmembrane helices is highly conserved, despite differences in the ECLs, ICLs, 

and C-terminal tail between the human and rodent orthologues. There are seven 

naturally occurring variants of the GPR35 protein in humans due to non-

synonymous, coding region single nucleotide polymorphisms (SNPs) in the gene. 

Only one of these, V76M (minor allele frequency 0.02), significantly affects ligand 

binding (MacKenzie et al., 2014). Interestingly, although the molecular relevance 

of these correlations is uncertain, the T108M and S294R polymorphisms have been 

linked to disease (Quon et al., 2020, Sun et al., 2008, Ellinghaus et al., 2013). 

1.3.2 Suggested endogenous ligands of GPR35 

Determining the upstream and downstream signalling events of GPR35 activation 

is essential for understanding the receptor's function. For this, several endogenous 

molecules have been discovered to have GPR35 agonist activity over time. Although 

some papers have asserted that they are endogenous ligands, each of these claims 

has been refuted for a variety of reasons. So that the International Union of Basic and 

Clinical Pharmacology continues to formally designate GPR35 as an orphan receptor 

(Davenport et al., 2013). 
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1.3.2.1 Kynurenic acid 

The first naturally occurring substance to be identified as having GPR35 agonist 

action (Wang et al., 2006, Quon et al., 2020) was kynurenic acid (Mackenzie and 

Milligan, 2017), a by-product of tryptophan metabolism with primarily central and 

peripheral nervous system-based signalling effects. With potency in the high 

micromolar range, it is commonly recognised that kynurenic acid competitively 

inhibits all three ionotropic glutamate receptors (Schwarcz et al., 2012). Many in 

vitro and ex vivo tests have supported the fundamental findings, but as with other 

GPR35 activators, the efficacy of kynurenic acid varies among human, mouse, and 

rat orthologues (Wang et al., 2006, Jenkins et al., 2011). In fact, it has been 

questioned if kynurenic acid is the primary endogenous agonist due to the very 

modest potency of the compound reported by several researchers at (especially 

human) GPR35 (De Giovanni et al., 2022, Jenkins et al., 2011). There are numerous 

other known molecular targets for kynurenic acid (Joisten et al., 2021, Roth et 

al., 2021), and recent research has shown that it is around 20-fold more potent at 

activating the GPCR hydroxycarboxylic acid receptor (HCAR) 3 than GPR35 

(Kapolka et al., 2020). Moreover, it can inhibit the adenosine A2B receptor by 

functioning as a negative allosteric modulator (NAM) or blocker  (Kapolka et al., 

2020). Kynurenic acid has been used extensively in both ex vivo and in vivo studies, 

with the expectation that effects will reflect activation of GPR35, despite these 

examples showing that simple small molecules derived from intermediary 

metabolism (and many such molecules are in fact carboxylic acids) can have 

multiple targets (Milligan, 2023). These include early studies showing that 

kynurenic acid was able to induce interactions between monocytes and human 

umbilical vein endothelial cells by occupying GPR35 to a significant proportion 

(Barth et al., 2009, Milligan, 2023). One of the most recent studies found that 

phagocytosis, inflammatory responses, and macrophage cytokine production are 

all influenced by kynurenic acid-GPR35 signalling (Miyamoto et al., 2023). This 

group was also inspired to look into the possible function of this axis in the 

complex communication between the gut and the brain, particularly in the setting 

of multiple sclerosis, as there is a significant abundance of kynurenic acid and 

remarkable expression of GPR35 in the gastrointestinal tract (Miyamoto et al., 

2023). 
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1.3.2.2 Lysophosphatidic acid 

Due to its resemblance to other LPA receptors, GPR35 has also been investigated 

as an LPA receptor. Oka et al. have demonstrated that LPA caused Ca2+ response, 

activation of RhoA and ERK, as well as internalisation of GPR35 in GPR35-

transfected cells (Oka et al., 2010). In vector-transfected control cells, LPA also 

caused a brief activation of RhoA, which was ascribed to the other LPA receptors. 

LPA is a bioactive phospholipid derivate that can be generated both intracellularly 

and extracellularly. It can activate six known GPCRs, LPAR1-6 (Ye and Chun, 2010). 

GPR35 deletion blocked the LPA-induced Ca2+ signalling in bone marrow-derived 

macrophages (BMDMs) in a more recent investigation by Schneditz and colleagues. 

Yet the authors speculated that the absence of GPR35 would affect LPA signalling 

via the other LPA receptors (Schneditz et al., 2019). Although there is no definitive 

evidence and direct link between GPR35 and LPA, the LPA/GPR35 axis has been 

demonstrated in both mouse and zebrafish, where LPA caused macrophage 

movement that was dependent on GPR35 as well as the induction of the cytokine 

TNF, which was accompanied by activation of the NF-kB and ERK pathways. 

However, it is currently unclear whether GPR35 modulates LPA signalling via 

interacting with and altering the activity of its receptors or by directly binding to 

LPA. 

1.3.2.3 CXCL17 

It has also been suggested that CXCL17, whose expression is linked to mucosal 

regions, is an endogenous agonist of GPR35 (Maravillas-Montero et al., 2015, Lee 

et al., 2013). According to Maravillas-Montero et al., GPR35-transfected cells 

move towards CXCL17 (Maravillas-Montero et al., 2015, Burkhardt et al., 2012). In 

contrast to kynurenic acid, CXCL17 functioned on GPR35 at nanomolar 

concentrations that are within a physiological range, hence the scientists advised 

changing GPR35's name to CXCR8. However, later research revealed that in GPR35-

expressing cells, CXCL17 failed to elicit migratory or signalling responses (Binti 

Mohd Amir et al., 2018, Park et al., 2018). Furthermore, kynurenic acid and 

zaprinast lessened the effects of CXCL17 in a mouse model of neuropathic pain, 

providing more evidence that CXCL17 receptors are of separate entity other than 

GPR35 (Rojewska et al., 2019). Moreover, a contradicting element of CXCL17 

biology for GPR35 was discovered in a recent work (Giblin and Pease, 2023) and 



                                                  Chapter 1 

23 
 

this group ultimately questioned the notion of chemokine as modelling of CXCL17 

using a variety of platforms failed to establish a chemokine-like fold. 

1.3.2.4 5-Hydroxyindoleacetic acid (5-HIAA) 

The serotonin metabolite 5-hydroxyindoleacetic acid (5-HIAA) has recently been 

proposed as a high-potency endogenous activator of GPR35 (De Giovanni et al., 

2022, De Giovanni et al., 2023a) and has later been noted by another scientist 

(Im, 2023). This is an intriguing option because serotonin is found in high 

concentrations in the intestine and colon, 5-HIAA is a significant metabolite, and 

GPR35 expression is highest in the lower gut. De Giovanni et al. provided 

convincing evidence that kynurenic acid and the potent synthetic GPR35 agonist 

lodoxamide could both stimulate chemotaxis in murine WEHI-231 B lymphoma 

cells that had been genetically modified to express a version of GPR35 that was 

fused to a green fluorescent protein (GFP) (De Giovanni et al., 2022). 

Nevertheless, lysophosphatidic acid (LPA) administration did not have this impact, 

despite a small number of research suggesting that at least some species of LPA 

can activate GPR35 in the past (Kaya et al., 2020). Serotonin was unable to 

encourage migration of GPR35-GFP-transduced WEHI-231 cells, while 5-HIAA was 

able to do so in a concentration-dependent manner with a clear peak between 10 

and 100 nM, supporting the idea that 5-HIAA may directly activate GPR35. This 

idea was also strengthened by the findings of neutrophil attachment assays, where 

5-HIAA promoted this for cells from wild-type mice but not GPR35 knock-out mice. 

Using the WEHI-231 cell model once more, it was discovered that 1 μM 5-HIAA was 

just as effective as 10 μM lodoxamide, indicating that it functions as a highly 

effective and potent agonist (De Giovanni et al., 2022). For both mouse and human 

GPR35, such effects were seen. This study provides significant support for the 

importance of 5-HIAA and may be the most thorough exploration of the potential 

coupling of a new endogenous ligand with GPR35 (De Giovanni et al., 2022, De 

Giovanni et al., 2023a). The same group of researchers in a separate study claimed 

that the 5-HIAA-GPR35 axis is an eosinophil chemoattractant receptor system that 

regulates the clearance of a deadly fungal pathogen, with implications for the use 

of serotonin metabolism inhibitors in the treatment of fungal infections (De 

Giovanni et al., 2023b). Direct measurements of activation of each human and 

rodent orthologue of GPR35 following their transfection into and confirmation of 

expression in more conventional cell lines that are extensively employed for 
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pharmacological and functional characterisation of GPCRs were, however, absent 

from the study. As a result, even if the findings of De Giovanni et al. (De Giovanni 

et al., 2022) are intriguing and seem convincing, outside verification is still 

needed. 

 

Figure 1.6 Structures of potential GPR35 endogenous ligands 
Structures were drawn by ChemDraw software. 

 

1.3.3 Synthetic ligands of GPR35 

Although substantial progress has been made in identifying the suspected 

endogenous GPR35 activators, the introduction of synthetic agonists has helped to 

shed light on the molecular mechanisms behind GPR35 activation. They have 

proven effective as tool compounds and assisted research into the pharmacology 

and operation of the GPR35 (Divorty et al., 2015). 

1.3.3.1 Synthetic agonists of GPR35 

Among all the surrogate ligands of GPR35, the first substantially characterised 

synthetic agonist was zaprinast which is a cyclic guanosine monophosphate-

specific phosphodiesterase inhibitor (Taniguchi et al., 2006). Similar to its potency 

as an inhibitor of cGMP-phosphodiesterase subtypes, it has modest potency against 

GPR35. Zaprinast, however, continues to be a commonly used tool chemical for in 

vitro and even ex vivo research (Quon et al., 2020), while being of little use in 

explicitly characterising GPR35-mediated effects in vivo. This demonstrates that 

it exhibits comparatively similar potency at the rat, mouse, and human 

orthologues of GPR35, with rank order rat > mouse > human. Another synthetic 

GPR35 agonist is lodoxamide which is a mast cell stabiliser with anti-inflammatory 

properties. It is normally used in the treatment of allergic conjunctivitis. While 
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lodoxamide has a high potency for the human and rat GPR35, it has a 100-fold 

lower potency for the mouse orthologue (MacKenzie et al., 2014, Kim et al., 2019). 

Lodoxamide, however, has demonstrated protective effects in a mouse model of 

hepatic fibrosis that were prevented by a GPR35 antagonist (Kim et al., 2019). As 

there remains concern about the low potency of lodoxamide for mouse GPR35, 

this condition makes this agonist a poor choice to assess the function of GPR35 in 

wild-type mice. Another mast cell stabiliser and anti-allergy drug, pemirolast is a 

relatively potent agonist of rat and mouse orthologues of GPR35. However, this 

ligand is not particularly potent at the human GPR35. So lodoxamide may, 

therefore, be used as a ‘repurposed’ GPR35-targeting drug, however, pemirolast 

will not. Other important synthetic agonists of GPR35 include cromolyn disodium 

and pamoic acid which display modest potency as agonists for GPR35. The first 

clue that several clinically used medications can mediate at least some of their 

effects via GPR35 was the discovery that cromolyn disodium can activate GPR35 

with a lot more efficacy in human than in rodent forms (Yang et al., 2010). The 

discovery that pamoate salts of numerous drugs activated (at least in humans) 

GPR35 and that this congener was the defining characteristic of a diverse set of 

medications that appeared to activate the receptor was a huge surprise (Neubig, 

2010). Pamoate also has strong human GPR35 selectivity and frequently functions 

as a partial agonist. In a recent investigation, (Kim et al., 2023) reported that 

pamoic acid induced peripheral GPR35 activation may help relieve pruritus and its 

related conditions. Therefore, careful consideration must be made to the 

selection of ligands used to evaluate GPR35 function in other species because most 

of these drugs either have not been evaluated on rodent orthologues or have only 

been examined on human GPR35-expressing cells, which limits their use in rodent 

investigations. Doxantrazole, amlexanox, bufrolin and PSB-13253 are some other 

important synthetic agonists of GPR35. 



                                                  Chapter 1 

26 
 

 

Figure 1.7 GPR35 synthetic agonists with specific chemical structures 
Structures were drawn by ChemDraw software. 

 

1.3.3.2 Synthetic antagonists of GPR35 

Although antagonist compounds are important for characterising GPCRs, finding 

and using such tools has been difficult for GPR35. So far, only a few GPR35 

antagonists have been characterised; the only two that have been extensively 

studied in human-derived cells and tissues (McCallum et al., 2015, Boleij et al., 

2021) are CID-2745687 (Zhao et al., 2010) and ML145 (CID-2286812) (Heynen-Genel 

et al., 2010). They cannot, however, be used to describe the functions of GPR35 

in either wild-type mice or rats (Jenkins et al., 2012) because they both have no 

discernible affinity at either rat or mouse GPR35. Although there are some reports 

on the antagonism of the compounds in mouse model, it is evident that there is 

still a divergence between the underlying pharmacological research in transfected 

cells and the application of this substance in various physiological preparations 

(Quon et al., 2020). To address this problem, Lin et al. (Lin et al., 2021) recently 

produced and used tissue from a transgenic knock-in mouse strain in which mouse 

GPR35 was substituted with the comparable human isoform. It was evident that 

ML145 was able to reverse the capacity of lodoxamide to prevent triglyceride 

accumulation in these animals' hepatocytes in a concentration-dependent manner 

and with an IC50 commensurate with its reported binding affinity at human GPR35. 

These transgenic mice may be useful in a variety of disease models where 

contributions of GPR35 are being evaluated because existing antagonists can 

inhibit human GPR35 (Quon et al., 2020). 
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Figure 1.8 Chemical structures of synthetic GPR35 antagonists 
Structures were drawn by ChemDraw software. 

 

1.3.4 GPR35 signalling 

Studies of downstream signalling and reactions to GPR35 activation have been 

carried out to characterise the pathways in which the receptor is engaged and, 

consequently, to understand the physiology and function of the receptor. Some 

signalling mediators that directly interact with GPR35 have been found, and they 

shed light on the possible pathways and reactions that could be influenced by 

pharmacological manipulation. 

1.3.4.1 Gαi/o mediated signalling of GPR35 

In terms of classical GPCR signalling, depending on the cell type and/or 

background species, GPR35 appears to bind to different Gα subunits. Bordetella 

pertussis toxin, which is known to particularly impair coupling to Gαi/o family G 

proteins, reduced kynurenic acid-induced binding of [35S]-GTPγS generated by 

human GPR35 heterologously expressed in Chinese hamster ovary cells (Wang et 

al., 2006). In addition, Ohshiro et al. (Ohshiro et al., 2008) demonstrated that 

kynurenic acid and zaprinast both inhibited forskolin-induced cyclic adenosine 3′ 

5′ monophosphate (cAMP) generation in Chinese hamster ovary cells transfected 

with rat GPR35, indicating that one or more G proteins from the adenylate cyclase-

inhibiting Gαi/o family were involved. Rat neurons heterologously expressing 

human GPR35 have also been found to be sensitive to pertussis toxin, with GPR35-

dependent effects on N-type calcium channels (Guo et al., 2008). It is also 

noteworthy that pre-treatment of the cells with pertussis toxin prevented both 
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the chemotaxis of THP-1 cells and the elevation of [Ca2+]i levels in HEK293 cells 

transfected with the human ortholog of GPR35, according to a recent study 

demonstrating CXCL17 as a possible GPR35 agonist (Maravillas-Montero et al., 

2015). 

1.3.4.2 Gα12/13 mediated signalling of GPR35 

More recent investigations have shown Gα13 connection to GPR35 in addition to 

Gαi/o signalling in GPR35-mediated responses. An activation state-sensing GTP- 

Gα13 antibody was used to establish zaprinast-induced activation of Gα13 in 

transfected HEK293 cells (Jenkins et al., 2011). The same study also showed that 

zaprinast can cause increases in [Ca2+]i in HEK293 cells that have been co-

transfected with a chimeric Gαq/Gα13 G protein subunit in either human or rat 

GPR35. This effect was unique to the Gα13 chimaera as opposed to the similar Gα12 

subunit.  

Hence, the Gαi/o or Gα13 pathways appear to be predominantly responsible for the 

conventional G protein-mediated cellular and biological actions of GPR35 (Figure 

1.9). The efficiency of G protein coupling may potentially be influenced by 

additional variables that have not yet been thoroughly investigated, such as ligand 

bias or Gα subunit expression. In the context of GPR35 as a therapeutic target, 

the notion of ligand bias is particularly intriguing since once understood, this 

property could be used to improve the specificity of drug-induced responses 

(Divorty et al., 2015). 

1.3.4.3 Arrestin mediated signalling of GPR35 

Upon activation with several agonists, such as kynurenic acid and zaprinast, GPR35 

has been shown to directly recruit arrestin-3 in addition to activating G protein-

dependent responses (Jenkins et al., 2010). Following this, the receptor is 

internalised in an agonist-dependent manner, which is likely regulated by arrestin-

3 in accordance with the conventional hypothesis for GPCR desensitisation and 

phosphorylation (Goodman Jr et al., 1996, MacKenzie et al., 2014). Arrestins have 

now been demonstrated to serve as signalling scaffolds for several GPCRs, 

engaging with a variety of pathways, most notably the extracellular signal-

regulated kinase (ERK1/2) pathway that is independent of G proteins. The other 
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important routes include the c-Jun N-terminal kinase, protein kinase B, and cAMP 

pathways (Luttrell and Gesty-Palmer, 2010). 

 

Figure 1.9 GPR35 signalling model 
The coupling of GPR35 to Gα13, Gαi/o, and arrestin 2/3 has been demonstrated. The signalling 

mechanisms and physiological effects linked to GPR35 activation are outlined. RhoGEF, Ras 

homologue guanine nucleotide exchange factor; RhoA, Ras homologue gene family member 

A; cAMP, 3′-5′-cyclic adenosine monophosphate; IL-4, interleukin-4; ERK, extracellular-signal 

regulated kinase; Ca2+, calcium. This figure was created with BioRender.com. 

1.4 GPR35 as a novel therapeutic target 

The physiological function and importance of the orphan receptor GPR35 remain 

unclear despite the availability of functional ligands and insights into its cellular 

signalling profile. However, in recent years, GPR35 has been implicated in a range 

of physiological and pathophysiological conditions. It may have broad therapeutic 

usefulness given its associations with numerous different disease states. In order 

to determine whether this receptor has the potential to be a novel therapeutic 

target, it is crucial to look into the physiological roles of this receptor in both 

health and disease. 

https://www.sciencedirect.com/topics/neuroscience/rho-guanine-nucleotide-exchange-factor
https://www.sciencedirect.com/topics/neuroscience/guanine-nucleotide-exchange-factor
https://www.sciencedirect.com/topics/neuroscience/multigene-family
https://www.sciencedirect.com/topics/neuroscience/cyclic-adenosine-monophosphate
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1.4.1 GPR35 expression pattern 

The existence of GPR35 transcripts in endogenous tissue was also found by O'Dowd 

et al., with the rat small intestine displaying the highest levels of expression 

(O'Dowd et al., 1998). In later research, it was discovered that human GPR35 is 

expressed at high levels in the pancreas and small intestine (Wang et al., 2006, 

Leonard and Chu, 2007), as well as in the colon, spleen, and immune cells 

(monocytes, neutrophils, T cells, and dendritic cells), and at lower levels in the 

stomach, skeletal muscle, adipose tissue, kidney, liver, and thymus (Taniguchi et 

al., 2006). Very high GPR35 levels were found in the mouse spleen, while the small 

intestine, colon, stomach, thymus, and adipose tissue also expressed GPR35 at 

levels comparable to those found in humans (Wang et al., 2006). High levels of 

GPR35 expression have been found in the spleen, colon, dorsal root ganglion, and 

uterus in rats (Taniguchi et al., 2006), while moderate levels have been found in 

the cerebrum, heart, liver, bladder, and spinal cord (Figure 1.10) (Ohshiro et al., 

2008, Mackenzie et al., 2011). 

 

Figure 1.10 Expression pattern of GPR35 
GPR35 is expressed in brain, heart, liver, immune cells, adipocytes, intestines, sensory neurones 
and GPR35 is also associated with cancer. This figure was created with BioRender.com. 
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1.4.2 GPR35 in metabolic and gastrointestinal disease 

Given that GPR35 is highly expressed in the gastrointestinal tract, it is anticipated 

that the receptor would play a role in maintaining gut homeostasis. From a recent 

investigation (Wang et al., 2023), it is reported that GPR35-mediated Kynurenic 

acid sensing is essential for preserving the integrity of the gut barrier against DSS-

induced damage in rat colitis model. In fact, GPR35 has been identified as a 

potential risk factor for chronic inflammatory bowel diseases like IBD and 

ulcerative colitis. In the first of these reports, a GWAS for early onset IBD 

(including Crohn's disease and ulcerative colitis) found a GPR35 SNP linked to 

ulcerative colitis (Imielinski et al., 2009). Although there was no difference in 

GPR35 expression between tissue from people with IBD and tissue from genetically 

unrelated controls, the SNP at rs4676410 is an upstream intron variation of GPR35 

that encodes a cytosine to thymine substitution. The nearby genes CAPN10 and 

GPR35 had both previously been associated with disease in a GWAS for type 2 

diabetes mellitus prior to the IBD GWAS (Horikawa et al., 2000). In the coding area 

of GPR35, this investigation found four non-synonymous SNPs; only one, 

designated ‘UCSNP-38’, encoding a serine to arginine substitution at amino acid 

position 294, revealed a connection with type 2 diabetes (Divorty et al., 2015). 

However, further in-depth investigation found no association of type 2 diabetes 

with GPR35. GPR35 may also play a role in IBD, according to a more recent study 

on ulcerative colitis and primary sclerosing cholangitis, a chronic cholestatic liver 

disease (Ellinghaus et al., 2013). Although ulcerative colitis is commonly present 

in primary sclerosing cholangitis patients, an integrated analysis of GWAS data for 

both conditions found two GPR35 SNPs to be significantly associated with primary 

sclerosing cholangitis (Ellinghaus et al., 2013). The first of these was the upstream 

intron variant rs4676410 that was previously discovered in the IBD GWAS 

(Imielinski et al., 2009), while the second, rs3749171, encodes a methionine to 

threonine alteration in the receptor's third transmembrane domain. Due to the 

high expression of GPR35 and the presence of kynurenic acid in bile and the 

gastrointestinal tract (Paluszkiewicz et al., 2009), it can be speculated that GPR35 

might play significant roles in the regulation of inflammation in these regions, 

although experimental data is not still evident. Despite being a potential target 

in the treatment of IBD, there remains a dearth of high and equipotent agonists 

on both human and mouse GPR35, which limits the in vivo study of GPR35 agonists 

in mouse model of IBD. Recently, structural modifications to lodoxamide provides 



                                                  Chapter 1 

32 
 

a series of useful ligands that eliminate the species selectivity issues and one 

compound was proven more effective than the reference drug in alleviating 

clinical symptoms of DSS-induced IBD in mice (Song et al., 2023). 

1.4.3 GPR35 in inflammation and immune health 

Several studies have found a connection between GPR35 and the control of 

inflammation, either through the presence of the receptor on the surface of 

immune-specific cells or by agonist activation changing the immune response. In 

one of the earliest investigations on GPR35 agonists, it was discovered that 

kynurenic acid treatment led to a dose-dependent reduction in tumour necrosis 

factor (TNF) secretion from GPR35-expressing human peripheral blood 

mononuclear cells (Wang et al., 2006). Treatment of human invariant natural 

killer-like T (iNKT) cells with kynurenic acid or zaprinast has revealed further 

connections between GPR35 and pro-inflammatory effects (Fallarini et al., 2010). 

By secreting the anti-inflammatory cytokines IL-4, IL-5, and TGFβ or the pro-

inflammatory cytokine, INFγ, activated iNKT cells, which are involved in the 

development of dendritic cells, GPR35 can either counteract autoimmunity or 

worsen it. In a later period, one of the most well-known studies to link GPR35 with 

immune regulation demonstrates that kynurenic acid treatment of monocytes and 

neutrophils can result in β2 integrin-mediated firm arrest to monolayers of human 

umbilical vein endothelial cells that express intracellular adhesion molecule 1. 

Treatment with pertussis toxin and administration of short hairpin-RNA targeting 

GPR35 both inhibited the kynurenic acid-induced adherence of monocytic cells, 

demonstrating that GPR35 is a direct modulator of leukocyte adhesion (Barth et 

al., 2009). A recent study (Wu et al., 2023b) also claimed that GPR35 is a versatile 

receptor that can adopt either pro-inflammatory or anti-inflammatory roles within 

distinct immune cells and tissues. 

As previous research has linked GPR35 to the regulation of inflammation 

(Mackenzie et al., 2011) and zaprinast, a well-known GPR35 agonist, has been 

shown to actively relieve inflammatory pain, it is now also having positive effects 

on the production of new bone via the Wnt/GSK3β/β-catenin signalling pathway 

(Zhang et al., 2021). In another study, gallic acid inhibited the inflammasome 

process and promoted osteogenic differentiation via regulation of 

GPR35/GSK3β/β-catenin pathway signaling. Pham et al. also  hypothesised that 
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GPR35 might be a novel target in the treatment of periodontitis and their results 

supported the potential for gallic acid for the prevention and treatment of 

periodontal disease via GPR35 (Pham et al., 2023). In a separate investigation, the 

promising effects of kynurenic acid on age-related osteoporosis and osteoblastic 

differentiation were revealed (Ma et al., 2023) and this effect was dependent on 

Wnt/β-catenin signaling. As kynurenic acid is claimed to be the endogenous 

activator of GPR35, the contribution of kynurenic acid to the treatment of age-

related osteoporosis might be mediated by GPR35. A different group of 

researchers demonstrated that downregulation of kynurenic acid formation may 

contribute to life span extension, and a role of GPR35 is noted (Oxenkrug and 

Navrotska, 2023). 

GPR35 has been connected to immunological health through dietary consumption 

and digestion of foods containing tryptophan, such as red meat, fish, eggs, and 

vegetables, which are broken down to produce serotonin, melanin, kynurenic acid, 

and nicotinamide, among other things (Thorburn et al., 2014). Via the action of 

Escherichia coli in the gut, kynurenic acid can be released from dietary protein 

and transferred to the extracellular milieu and circulation where it has wide anti-

inflammatory effects (Kuc et al., 2008). In addition to research on the effects of 

kynurenic acid, Yang et al. showed that GPR35 overexpression occurs in response 

to IgE antibody exposure (Yang et al., 2010). Cromolyn disodium and nedocromil 

sodium, two anti-allergic and anti-asthma medications, were found to be effective 

at GPR35 in the same investigation, and numerous related mast cell stabilisers 

were also found to be effective (MacKenzie et al., 2014). These results indicate 

that GPR35 might be implicated in inflammation caused by the innate immune 

response and that it might be targeted for the treatment of inflammatory diseases 

or autoimmunity. However, the role of the receptor still needs to be fully 

understood. 

1.4.4 GPR35 in central nervous system and nociception 

Following observations of its expression in the rat spinal cord and dorsal root 

ganglion neurons, GPR35 has also been speculated to have effects on the central 

nervous system (Moroni et al., 2012). Once more, it was discovered that kynurenic 

acid and zaprinast reduced forskolin-induced cAMP generation in these neurons in 

a pertussis toxin-sensitive way, suggesting that the GPR35/Gαi/o axis may be a 
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possible target for the treatment of pain. Pre-treatment with the kynurenic acid 

precursor L-kynurenine or zaprinast dramatically decreased the number of writhes 

by 58% and 54%, respectively, in a rat ‘writhing test’ pain model (Cosi et al., 

2011). As a result, GPR35 might be a beneficial anti-nociceptive target, albeit it 

is unclear whether this will apply to people, especially as there is currently no 

information available about GPR35 expression in human sensory neurons. 

Another example of a connection to the central nervous system can be seen in 

mouse cortical astrocytes, where GPR35 mRNA was found. Forskolin-induced cAMP 

generation in these cells was once more decreased by kynurenic acid; however, 

this effect was reversed by either pre-treatment with the GPR35 antagonist CID-

2745687 or GPR35 mRNA suppression by siRNA (Berlinguer-Palmini et al., 2013). It 

is imperative to reiterate, meanwhile, that CID-2745687 has purportedly been 

demonstrated to be incredibly selective for the human ortholog of GPR35 (Jenkins 

et al., 2012), casting doubt on the antagonist’s mode of action in a mouse model. 

Overall, the preliminary research suggests that GPR35, a critical part of the 

central nervous system and nociception, is still a potential therapeutic target for 

the management of pain or the prevention of excitotoxic damage, even though 

these findings are not yet completely confirmed. Very recently, Cheng et al. 

highlighted the vital role of intestinal GPR35 in depression-like behaviour through 

microbial metabolic signals to the brain (Cheng et al., 2024). 

1.4.5 GPR35 in cardiovascular disease 

Although its expression profile does not immediately suggest a role for GPR35 in 

cardiovascular illness, the receptor has been connected, both directly and 

indirectly, to a number of cardiovascular dysfunctional processes. An astounding 

37.5 mmHg increase in blood pressure was observed in early investigations (Min et 

al., 2010) on a GPR35 deletion mouse strain when compared to wild-type 

littermates, suggesting a strong likelihood that GPR35 agonists could lower blood 

pressure. Unfortunately, this was not confirmed by a later independent 

investigation employing a different knockout line (Divorty et al., 2018). Despite 

this, numerous studies have indicated that GPR35 contributes to certain 

cardiovascular abnormalities (Divorty et al., 2015). In fact, an early result showed 

a connection between coronary artery calcification and a nonsynonymous GPR35 

SNP in the intracellular C-terminal tail (rs3749172, S294R) (Sun et al., 2008). 
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Although this serine residue is a potential site of agonist-induced phosphorylation, 

replacing it has not been shown to affect the receptor's function or regulation. By 

observing increases in cardiac GPR35 expression brought on by hypoxia in mice 

models of cardiac failure, Ronkainen et al. hypothesised that GPR35 mRNA levels 

would serve as an early indicator of developing cardiac failure (Ronkainen et al., 

2014). In order to determine whether GPR35 ligands may be useful for treating 

neointima formation in vein graft failure after coronary artery bypass surgery, 

MacCallum et al. examined the effects of GPR35 activation on cell migration and 

proliferation. This was done because human vascular smooth muscle and 

endothelial cells express GPR35 robustly (McCallum et al., 2015). In a scratch-

wound test, GPR35 activation had an impact on the migration of vascular smooth 

muscle that was mediated via the RhoA/Rho kinase signalling axis. The Gα12/Gα13 

group of G proteins, which GPR35 actively chooses, are responsible for actively 

controlling this. Recently, (Li et al., 2021) shaded new light on the functions that 

GPR35 plays in modulating vascular tone and endothelial function, two processes 

that are crucial to the pathophysiology of elevated blood pressure. Inhibiting the 

action of GPR35 may be a useful therapeutic strategy for regaining hemodynamic 

equilibrium and endothelial cell function. Altogether, a clear road to functional 

translation, despite several studies addressing the cardiovascular effects of GPR35 

activity, appears elusive. 

1.4.6 GPR35 in energy homeostasis and fatty liver disease 

Energy homeostasis includes biological processes that control metabolism, energy 

intake, and energy expenditure. Although little is known about it, some data 

suggests that GPR35 and its ligands may be able to control this process. As 

previously mentioned, the expression of GPR35 is mostly found in the stomach, 

small intestine, and colon of the gastrointestinal (GI) tract along with immune 

cells (Milligan, 2011). Kynurenic acid concentrations in the GI tract, particularly 

in the small intestine, are also substantial (Turski et al., 2013). With the secretion 

of peptide hormones like cholecystokinin (CCK), which promotes pancreatic 

enzyme synthesis by sending signals to the central nervous system, the GI tract 

actively regulates energy balance (Boguszewski and van der Lely, 2015). In GI 

vagal afferents, GPR35 is expressed with the CCK1 receptor and GPR65, a possible 

proton sensing receptor. As a result, GPR35 may function as a component of the 

gut-brain signalling pathway that controls energy balance (Egerod et al., 2018). 
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Energy homeostasis also depends on lipid metabolism. Adipose tissue, the liver, 

and skeletal muscle are the primary organs involved in lipid metabolism. Obesity 

is ultimately caused by an imbalance between the oxidation of free fatty acids by 

the liver and skeletal muscle and fat accumulation by adipose tissue. The serum 

levels of kynurenine are said to be higher in obese persons (Mangge et al., 2014). 

While not being a direct activator of GPR35 (Wang et al., 2006), kynurenine is a 

precursor of kynurenic acid, the blood concentrations of which are elevated in 

Zucker fatty rats, a popular rat model of obesity that also lacks leptin receptors 

(Oxenkrug et al., 2016). Hence, it is plausible that metabolites of the kynurenine 

pathway, such as kynurenic acid, may contribute to the burden of obesity. 

Cirrhosis and hepatocellular carcinoma are two prominent chronic liver diseases 

that can develop from hepatic steatosis. It is characterised by a build-up of lipid 

in the liver that is aided by an imbalance in energy homeostasis. GPR35 agonist 

lodoxamide (potent for rat and human but not for mouse) has been demonstrated 

to decrease lipid formation in the human HepG2 cell model and, more 

interestingly, considering the pharmacological characteristics of this ligand, in 

mouse primary hepatocytes (Nam et al., 2019). It has been demonstrated that 

lodoxamide reduces the amount of key lipogenic transcription factor, sterol 

regulatory element-binding protein-1c, hence inhibiting SREBP-1c-induced lipid 

synthesis. As a result, it was postulated that activating GPR35 may have 

therapeutic value in managing hepatic steatosis. Before publicly promoting this, 

however, there is still much that has to be evaluated. Although intriguing, as 

previously mentioned, lodoxamide is at least 100 times less active at the mouse 

GPR35 than at the orthologues in either humans or rats, and little is known 

regarding the ligand's absorption, pharmacokinetics, and pharmacodynamic 

properties. Hence, it is uncertain if this dose would be adequate to occupy mouse 

GPR35 significantly. However, based on these investigations, Lin et al. verified 

that lodoxamide can inhibit liver X-receptor-mediated lipid accumulation in the 

more commonly used human HepG2 hepatoma cell line (Lin et al., 2021). This 

gave them the confidence to utilise genome editing technique to create HepG2 

clones deficient in GPR35 expression. They observed greater baseline lipid levels 

in these mutants and a lack of response to lodoxamide until human GPR35a was 

briefly restored. Although the moderately potent GPR35 agonist bufrolin was able 

to reduce liver X-receptor-induced lipid accumulation in primary hepatocytes from 
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wild-type mice (Lin et al., 2021), the lack of suitable antagonists with affinity for 

mouse GPR35 led this group to create a transgenic mouse line in which human 

GPR35a was used in place of endogenous mouse GPR35. Lodoxamide 

concentrations that were predicted to bind to human GPR35a were able to restrict 

the accumulation of lipids in primary hepatocytes from these animals, and one of 

the GPR35 antagonists that is specific to humans, ML145, inhibited this (Lin et al., 

2021). Moreover, the administration of lodoxamide after the start of fat storage 

could counteract this characteristic (Lin et al., 2021). Recently, in a separate 

study, GPR35 expression in hepatocytes and its regulatory role in cholesterol 

homeostasis in nonalcoholic steatohepatitis was clearly depicted (Wei et al., 

2023). 

As previously mentioned, GPR35 clearly demonstrates selection for Gα12 and Gα13 

activation over other G proteins (and in fact, for Gα13 over Gα12) (Mackenzie et 

al., 2019). Gα12 appears to be crucial for hepatic lipid metabolism, although the 

effect of GPR35 on hepatic steatosis is still unknown (Kim et al., 2018). It has been 

demonstrated that activation of Gα12 reduces hepatic steatosis by boosting liver 

mitochondrial respiration and fatty acid oxidation. Sets of genes associated with 

lipid catabolism, acyl-CoA metabolism, ketogenesis, and peroxisomal oxidation 

activities are suppressed by Gα12 gene knockout. Importantly, the central players 

in this gene network are PPAR and PGC-1. These data also offer a possible 

connection between GPR35's role in preserving energy balance and avoiding the 

onset of hepatic steatosis, however at this point, it is merely a hint. Hence, novel 

therapeutic approaches for obesity, glucose intolerance, and fatty liver disease 

may benefit from considering GPR35 ligands. 

Given the elevated expression of GPR35 in the gut and the crucial influence of gut 

microbial ecology in the development of metabolic disorders, (Wu et al., 2023a) 

investigated whether variations in GPR35 could impact the composition of gut 

microbes. Here, it is shown that a global or host intestinal epithelial cells (IEC) 

specific GPR35 deletion causes a dysbiotic gut microbiome in mice. Most 

importantly, this is shown to be causally related to the susceptibility to metabolic 

syndrome generated by a high-fat diet. 
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1.4.7 GPR35 in cancer 

Although GPR35 expression has been associated with a number of malignancies, 

including gastric, breast, and colon cancers, its function is still unclear (Okumura 

et al., 2004, Ali et al., 2019, Guo et al., 2017, Wang et al., 2018). Despite GPR35 

expression in breast cancer tissues has a high correlation with advanced 

histological grades (Guo et al., 2017), and ligands such as kynurenic acid can 

decrease cell proliferation in such malignancies (Walczak et al., 2011), the role 

of this receptor in cancer is not still directly manifested. Also, it has been noted 

that individuals with colon cancer whose lymph nodes exhibit high amounts of 

hGPR35b have brief disease-free survival periods (Ali et al., 2019). In another 

study (Mackiewicz et al., 2023), high GPR35 expression were found in surgery 

tissue samples of colorectal cancer (CRC) and pancreatic adenocarcinoma (PDAC). 

This strongly indicates the prognostic value of GPR35 testing in patients with an 

increased risk of CRC or PDAC development and warrants further clinical 

confirmation. In a separate study (Xiang et al., 2023), neuroglobin, an 

epigenetically silenced factor, has been claimed to block CRC metastasis via the 

GPR35. A different team of researchers (Bu et al., 2023) discovered that CXCL17 

and its receptor GPR35 were highly present in drug-resistant CRC cells and that 

CXCL17 deletion inhibited drug resistance, cell migration, invasion, and the 

growth of CRC. Overexpression of GPR35 in non-small cell lung cancer (NSCLC) is 

linked to a poor prognosis for patients, and GPR35 knockdown greatly reduces 

chemoresistance in NSCLC in vitro and in vivo (Wang et al., 2018). These findings 

suggest that GPR35 may aid in the growth and metastasis of cancer and may even 

function as a clinical tumour marker. Hence, more research into the role, 

signalling, and functionality of GPR35 in advanced malignancies is of great 

interest. 

One well-known element that raises the risk of several malignancies, including 

colon cancer, is Src signalling (Kim et al., 2009). It has been suggested that GPR35 

can elevate Na/K-ATPase-mediated ion transport, which in turn activates the 

epidermal growth factor receptor/Src/Ras/ERK signalling pathway in colon cancer 

cells (Schneditz et al., 2019). In fact, Schneditz et al. demonstrated that genetic 

GPR35 depletion could decrease intestinal tumorigenesis in both spontaneous and 

inflammation-driven colon cancer mouse models, and that a lipid-coupled peptide 

(pepducin) able to inhibit GPR35 activation specifically also decreased tumour 
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burden in a mouse model of colitis (Schneditz et al., 2019). Although this 

characteristic is unlikely to be directly relevant to carcinogenesis, hypoxia is a 

major characteristic of solid tumours that promotes metastasis and supports 

tumour recurrence via stimulating cancer stem cell differentiation (Hajizadeh et 

al., 2019, Zhang et al., 2019). Hypoxia-inducible factor-1 (HIF-1) is known to 

upregulate GPR35 in certain circumstances, including in cardiac myocytes during 

the progression of cardiac failure (Kim et al., 2009). The effectiveness of GPR35 

antagonists in such circumstances, though untested, may therefore be of interest. 

One of the GPR35 antagonists CID-2745687 has recently been proven as a promising 

anti-cancer agent by targeting hyperactivation and overexpression of YAP/TAZ in 

colorectal cancer (CRC) (Otkur et al., 2023a). In another study (Hashemi and 

Khorramdelazad, 2023), the chemokine CXCL17, along with its possible receptor 

GPR35 or CXCR8, were reported to be involved in recruiting myeloid cells, 

regulating angiogenesis, defending against pathogenic microorganisms, and 

numerous other mechanisms. Given the paucity of research on the dual function 

of CXCL17 in human cancers, this study (Hashemi and Khorramdelazad, 2023) has 

looked into the possible pro- and anti-tumour functions of this chemokine as well 

as potential future directions for cancer therapy. In another report (Yue et al., 

2023) GPR35 expression in group 2 innate lymphoid cells (ILC2s) and its impact on 

tumour immunity were investigated. The outcomes of this report suggested that 

GPR35 is essential for controlling the invasion of ILC2 as well as the expression of 

IL-13 and IL-5, which ultimately can modulate tumour immune responses. Hence 

ILC2s/GPR35 may be a promising therapeutic target for treating lung adeno 

carcinoma. 

Chronic inflammation and lipid metabolism are relevant to cancer even though 

they are risk factors rather than direct regulators. As GPR35 activation can control 

inflammation and improve lipid metabolism, it is possible that GPR35 agonists will 

suppress the growth and spread of cancer. Despite the concerns raised earlier 

regarding the probable lack of selectivity of many substances that have low 

intensity activity at GPR35, molecules like flavonoid glycosides can nevertheless 

bind to GPR35 and act as agonists (Wang et al., 2019). Very recently, 2 food-

derived flavonoids thymonin and eriodictyol were also identified as novel GPR35 

agonists (Nakashima et al., 2023). Often used in herbal remedies and shown to 

inhibit the growth of oral and colon cancer cells (Browning et al., 2005, Nasri et 
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al., 2017) any effects are more likely to resemble homeopathy than to be a result 

of direct GPR35 pharmacology. 

1.5 Thesis aims 

Despite being poorly characterised, the orphan G-protein-coupled receptor 35 

(GPR35) is receiving a lot of attention as a potential therapeutic target. The use 

of preclinical disease models has historically been constrained by significant 

pharmacological variations between human and rodent orthologues of the 

receptor and a lack of antagonists with affinity for mouse and rat GPR35 (Milligan, 

2023). In addition, in the human form of the receptor, there exist two isoforms 

that differ from each other in 31 additional amino acids in the N-terminal domain. 

Although having very comparable pharmacology, the longer isoform's agonist 

effectiveness is about 70% lower than the shorter one (Marti-Solano et al., 2020). 

In the case of GPCR regulation, although the contribution of agonist mediated 

phosphorylation of GPR35 in engaging GRKs and subsequent interaction with 

arrestin is common but to have a thorough map of the identity of individual 

posttranslational regulatory sites and the contribution of each modified amino 

acid to the overall effect is sparse. With the help of mass spectrometry, [32P] 

labelling, mutagenesis, and phospho-site– specific antisera, a clear insight into 

GPR35 phosphorylation was achieved (Divorty et al., 2022). In addition, it is also 

vital to pinpoint the specific contribution of individual GRK in phosphorylation and 

regulation of this receptor. For this, I used combinations of GRK subtype knock-

out cell lines (Drube et al., 2022), and reconstitution of function with individual 

GRKs, a pSer300-pSer303 human GPR35a directed antiserum and a group of selective 

small molecule GRK inhibitors (Uehling et al., 2021). Finally, I developed a 

complementation experiment based on split nanoluciferase to directly and 

methodically reveal the GPR35-GRK interaction pattern. 

The aims of this PhD thesis are 

In-depth investigation of the pharmacology and signalling of the two isoforms of 

human GPR35 by site-directed mutagenesis techniques and (Arrestin and G protein 

based) pharmacological experiments. 
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Identification of the location and specific sites of GPR35 phosphorylation and 

characterisation of phosphorylation site specific antisera. 

Investigation of the contribution of individual or a group of GRKs in GPR35 

phosphorylation. 

Measurement of the direct and systematic interaction between different GRKs and 

GPR35. 

The outcomes of this thesis will provide unique and wide-ranging insights into 

isoform functional distinction of human GPR35 and modes of regulation of the 

receptor that is currently garnering a lot of attention as a potential new 

therapeutic target for a variety of illnesses, including cancer, inflammatory bowel 

disorders, and non-alcoholic steatohepatitis. 
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2.1 Pharmacological test compounds 

 

Lodoxamide (2-[2-chloro-5-cyano-3-(oxaloamino) anilino]-2-oxoacetic acid): 

Cayman Chemical (Ann Arbor, MI). 

Zaprinast   5-(2-propoxyphenyl)-2,6-dihydrotriazolo[4,5-d] pyrimidin-7-one: 

Tocris Bioscience (Abingdon, U.K.). 

Pamoic acid 4-[(3-carboxy-2-hydroxynaphthalen-1-yl) methyl]-3-

hydroxynaphthalene-2-carboxylic acid: Sigma-Aldrich. 

Bufrolin 6-butyl-4,10-dioxo-1,7-dihydro-1,7-phenanthroline-2,8-dicarboxylic 

acid: synthesized in collaboration with Novartis, Horsham, U.K. 

Amlexanox 2-amino-5-oxo-7-propan-2-ylchromeno[2,3-b] pyridine-3-carboxylic 

acid: Tocris Bioscience (Abingdon, U.K.). 

Doxantrazole 10,10-dioxo-3-(2H-tetrazol-5-yl) thioxanthen-9-one: Sigma-Aldrich. 

Cromolyn 5-[3-(2-carboxy-4-oxochromen-5-yl) oxy-2-hydroxypropoxy]-4-

oxochromene-2-carboxylic acid: Sigma-Aldrich. 

PSB-13253 6-bromo-8-[(4-methoxybenzoyl) amino]-4-oxochromene-2-carboxylic 

acid: MedKoo Biosciences, Inc. 

CID-2745687 (1-(2,4-difluorophenyl)-5-[[2-[[(1,1-dimethylethyl) amino] 

thioxomethyl] hydrazinylidene] methyl]-1H-pyrazole-4-carboxylic acid, methyl 

ester): Tocris Bioscience (Abingdon, U.K.). 

Pemirolast 9-methyl-3-(2H-tetrazol-5-yl) pyrido[1,2-a] pyrimidin-4-one: Vistakon 

Pharmaceuticals. 

Compound 101 (3-[[[4-methyl-5-(4-pyridyl)-4H-1,2,4-triazole-3-yl] methyl] 

amino]-N-[2-(trifuoromethyl) benzyl] benzamidehydrochloride): Takeda 

Pharmaceutical Company, Tokyo, Japan 
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Compound 19 ((S)-N2-(1-(5-chloropyridin-2-yl) ethyl)-N4-(5-ethyl-1H-pyrazol-3-

yl)-5-methoxyquinazoline-2,4-diamine): synthesized in collaboration with David E. 

Uehling, Drug Discovery Program, Ontario Institute for Cancer Research, Toronto, 

Ontario, Canada. 

Compound 15 ((S)-N4-(3-Ethyl-1H-pyrazol-5-yl)-N2-(1-(5-fluoropyridin-2-yl) 

ethyl)-5-methoxyquinazoline-2,4-diamine): synthesized in collaboration with 

David E. Uehling, Drug Discovery Program, Ontario Institute for Cancer Research, 

Toronto, Ontario, Canada. 

Compound 16 (N4-(5-Ethyl-1H-pyrazol-3-yl)-N2-((5-fluoropyridin-2-yl) methyl)-5-

methoxyquinazoline-2,4-diamine) : synthesized in collaboration with David E. 

Uehling, Drug Discovery Program, Ontario Institute for Cancer Research, Toronto, 

Ontario, Canada. 

Compound 17 N2-(4-Chlorobenzyl)-N4-(5-ethyl-1H-pyrazol-3-yl)-5-

methoxyquinazoline-2,4-diamine: synthesized in collaboration with David E. 

Uehling, Drug Discovery Program, Ontario Institute for Cancer Research, Toronto, 

Ontario, Canada. 

Compound 18 N2-(4-Chloro-2-methoxybenzyl)-N4-(5-ethyl-1H-pyrazol-3-yl)-5-

methoxyquinazoline-2,4-diamine: synthesized in collaboration with David E. 

Uehling, Drug Discovery Program, Ontario Institute for Cancer Research, Toronto, 

Ontario, Canada. 

Dimethyl sulfoxide (DMSO), at stock concentrations ranging from 1 to 100 mM, was 

used to dissolve all pharmacological test substances. 
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Figure 2.1 Chemical structures of GRK inhibitor compounds 

Compounds 15, 16, 17, 18 and 19 are GRK5/6 inhibitors; compound 101 is a GRK2/3 blocker. 

Structures were drawn by ChemDraw software. 

2.2 Chemical reagents 

Coelentrazine-h: Thermo Fisher Scientific 

Hygromycin-B: Roche, West Sussex, UK 

Blasticidin: Life Technologies, Thermo Fischer Scientific, Renfrew, Scotland, UK 

Polyethylenimine (PEI) [linear poly (vinyl alcohol) (MW-25000)]: Polysciences, 

Warrington, PA, USA 

cOmplete EDTA-free Protease Inhibitor Cocktail: Roche Diagnostics. 

PhosSTOP Phosphatase Inhibitor Cocktail: Roche Diagnostics. 

High affinity anti-HA (rat) and anti-HA affinity matrix: Roche Diagnostics. 
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NuPAGE™ 4 to 12%, Bis-Tris, 1.0–1.5 mm, Mini Protein Gels: Catalog 

number: NP0321BOX, Thermo Fisher Scientific 

Ampicillin stock – 100 mg/ml (make up in distilled water then filter sterilise), 

working concentration 100 μg/μL 

Kanamycin stock 50 mg/ml (make up in distilled water then filter sterilise), 

working concentration 50 μg/μL 

Other cell culture reagents: Thermo Fisher Scientific 

2.3 Antibody and antisera 

A rabbit phospho-site–specific hGPR35 antiserum pSer300/ pSer303-hGPR35a: 

(catalogue number 7TM0102C), incorporated the sequence KAHKpSQDpSLCVTL, 

developed in collaboration with 7TM Antibodies GmbH (Jena, Germany). 

A pSer298/pSer301-mGPR35 antiserum (7TM0102B), raised against the sequence 

TPHKpSQDpSQILSLT, collaboratively created with 7TM Antibodies GmbH (Jena, 

Germany). 

A GPR35 (non-phospho) antibody (cat number 7TM0102N), directed against the 

distal part of the carboxyl-terminal tail of hGPR35, were created with the 

assistance of 7TM Antibodies GmbH. (Jena, Germany). 

IRDye 800CW donkey anti-rabbit IgG: LI-COR Biosciences 

IRDye 800CW donkey anti-goat IgG: LI-COR Biosciences 

IRDye 800CW goat anti-rat IgG: LI-COR Biosciences 

Horseradish peroxidase anti-mouse (sheep): GE Healthcare 

Anti-LgBiT monoclonal antibody (cat number N7100): Promega Corporation 

GRK isoform-directed antisera for GRK 2 sc-13143 (C-9): Santa Cruz Biotechnology 
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GRK isoform-directed antisera for GRK 5 sc-518005 (D-9): Santa Cruz Biotechnology 

GRK isoform-directed antisera for GRK 3 CS #80362 (D8G6V): Cell Signalling 

Technology 

GRK isoform-directed antisera for GRK 6 CS #5878 (D1A4): Cell Signalling 

Technology 

2.4 Buffers and solutions 

Competent bacteria solution 1: 30 mM CH3CO2K, 10 mM RbCl2, 10 mM CaCl2, 50 

mM MnCl2, 15% (v/v) glycerol were mixed, and pH was adjusted to 5.8 with acetic 

acid. 

Competent bacteria solution 2: 10 mM 3-morpholinopropane-1-sulfonic acid 

(MOPS), 10 mM RbCl2, 75 mM CaCl2, 15% (v/v) glycerol were mixed, and pH was 

fixed at 6.5 with HCl 

Hank’s balanced salt solution (HBSS): 137 mM NaCl, 5.3 mM KCl, 0.34 mM 

Na2HPO4, 0.44 mM KH2PO4, 4 mM NaHCO3, 1.26 mM CaCl2, 0.5 mM MgCl2, 0.4 mM 

MgSO4 were mixed, and pH was fixed at 7.3 

Laemmli buffer (2x): 60 mM Tris, 80 mM sodium dodecyl sulphate (SDS), 50 mM 

dithiothreitol, 10% (v/v) glycerol, 0.25% (w/v) bromophenol blue 

Luria-Broth (LB): 1% Tryptone, 0.5% yeast extract and 10g NaCl = 1L H2O (pH 7.0) 

Autoclaving was conducted at 126°C. 

Luria-agar (LA): 1% (w/v) Tryptone, 0.5% (w/v) yeast extract, 1% (w/v) NaCl and 

1.5% (w/v) Bacto-agar = 1L H2O (pH 7.0) and autoclaved at 126°C. Agar broth was 

cooled, 50 mg/mL ampicillin was added, and then 10 cm dishes were filled with 

solidified agar broth. These dishes were then stored at 4°C. 

Lysis buffer (phospholabelling): 20 mM Tris (pH 7.4), 150 mM NaCl, 3 mM 

ethylenediaminetetraacetic acid (EDTA), 1% (v/v) NP-40, 0.5% (w/v) sodium 

deoxycholate were mixed properly. 
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Phosphate-buffered saline (PBS): 137 mM NaCl, 2.7 mM KCl, 1.8 mM KH2PO4, 10 

mM Na2HPO4, pH was fixed at 7.4 

Transfer buffer (1L): 14.4 g glycine, 3.03 g Tris, 200 ml methanol, H20 up to 1000 

ml. 

Tris-acetate-EDTA (TAE) buffer: 40 mM Tris, 1 mM EDTA (pH 8), 20 mM acetic 

acid were mixed. 

Tris-buffered saline (TBS) 10X (1L): 24 g Tris and 88 g NaCl were dissolved in 900 

mL of water and made final volume to 1 L. 

This solution was diluted to 1X and then the pH was adjusted to 7.6. 

500μl of Tween-20 was added to 500 ml TBS (1X). This was used for washing blots. 

After adding 5% BSA to TBS 1X, the solution was used for blocking non-specific 

bands. 

Upon addition of 0.1% Tween-20 and 5% BSA to TBS 1X, this solution was used for 

antibody dilution. 

Tris-EDTA (TE) buffer: 10 mM Tris, 0.1 mM EDTA, pH 7.4 

MOPS SDS Running Buffer (20X): NuPAGE™, Catalog number: NP0001, Thermo 

Fisher Scientific. (1X Running Buffer was used for running gel in western blot) 
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2.5 Generation of DNA constructs and mutagenic 
plasmids 

Generation of the following mutants in each of hGPR35a-eYFP construct, 

hGPR35b-eYFP construct, hGPR35a- Gα13 SPASM sensor and hGPR35b- Gα13 SPASM 

sensor: 

hGPR35a: Cys8Ser, Cys248Ser 

hGPR35b: Cys27Ser, Cys39Ser and Cys279Ser 

After getting preliminary information from the above mutants, some additional 

mutants were generated in the Cys27Ser backbone of the long isoform of GPR35 

(hGPR35b). In order to use the mutants in the arrestin-3 interaction test, the 

enhanced yellow fluorescent protein (eYFP) tag was attached with the mutants. 

To measure G protein activation, the same mutants were also created in GPR35- 

Gα13 SPASM sensors. (Table 2.1)  shows the hGPR35b mutants for arrestin-3 

recruitment and Gα13 activation. 

Mutants for arrestin-3 
interaction in Cys27Ser 

backbone 

Mutants for Gα13 activation in 
Cys27Ser backbone 

S5C tagged with eYFP S5C in GPR35- Gα13 SPASM 

T10C tagged with eYFP T10C in GPR35- Gα13 SPASM 

G14C tagged with eYFP G14C in GPR35- Gα13 SPASM 

S15C tagged with eYFP S15C in GPR35- Gα13 SPASM 

M22C tagged with eYFP M22C in GPR35- Gα13 SPASM 

S25C tagged with eYFP S25C in GPR35- Gα13 SPASM 

S29C tagged with eYFP S29C in GPR35- Gα13 SPASM 

M32C tagged with eYFP M32C in GPR35- Gα13 SPASM 

G34C tagged with eYFP G34C in GPR35- Gα13 SPASM 

                        Table 2.1 Name of mutants in the Cys27Ser backbone of hGPR35b 

 

For creating these mutants, the following primers were designed, synthesised, and 

used. They are displayed in (Table 2.2).
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Primer sequence (5΄ to 3΄) Template Mutation For/Rev 

CAAGGATGACGACGATAAGCTGAGTGGTTGTCGGGCTGTC hGPR35b C27S S5C For 

TATCGTCGTCATCCTTGTAATCCATGGTGGCAAGCTTAAG hGPR35b C27S S5C Rev 

GCTGTCCCCTGTCCACACCGTGGCAGTGAAGAGCTGCTG hGPR35b C27S T10C For 

CGGTGTGGACAGGGGACAGCCCGGGAACCACTCAGC hGPR35b C27S T10C Rev 

CACACCGTTGCAGTGAAGAGCTGCTGAAGTACATGC hGPR35b C27S G14C For 

CTTCACTGCAACGGTGTGGAGTGGGGACAGCCCGGGAAC hGPR35b C27S G14C Rev 

CACCGTGGCTGTGAAGAGCTGCTGAAGTACATGCTTC hGPR35b C27S S15C For 

CAGCTCTTCACAGCCACGGTGTGGAGTGGGGACAGCCCG hGPR35b C27S S15C Rev 

GAAGTACTGCCTTCATAGTCCTAGCGTCTCTCTGACCATG hGPR35b C27S M22C For 

CTATGAAGGCAGTACTTCAGCAGCTCTTCACTGCCACGG hGPR35b C27S M22C Rev 

GCTTCATTGTCCTAGCGTCTCTCTGACCATGAATGG hGPR35b C27S S25C For 

GACGCTAGGACAATGAAGCATGTACTTCAGCAGCTCTTC hGPR35b C27S S25C Rev 

GTCCTAGCGTCTGTCTGACCATGAATGGCACCTACAAC hGPR35b C27S S29C For 

CATGGTCAGACAGACGCTAGGACTATGAAGCATGTAC hGPR35b C27S S29C Rev 

CTGACCTGCAATGGCACCTACAACACCTGTGGCTCCAGC hGPR35b C27S M32C For 

GTTGTAGGTGCCATTGCAGGTCAGAGAGACGCTAGGAC hGPR35b C27S M32C Rev 

CCATGAATTGCACCTACAACACCTGTGGCTCCAGCGAC hGPR35b C27S G34C For 

GGTGTTGTAGGTGCAATTCATGGTCAGAGAGACGCTAGG hGPR35b C27S G34C Rev 

                         Table 2.2 List of primers for creating mutants in various positions of Cys27Ser backbone of hGPR35b 
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Later, I generated some additional mutants in wild type (WT) and C27S backbone 

of the hGPR35b. I mutated arginine (R) at position 13 to proline (P), histidine (H) 

and cysteine (C) in both Wild type and C27S backbone hGPR35b and they are shown 

in (Table 2.3). 

R13 ‘SPASM’ Mutants for Gα13 activation 

 

R13 mutants for arrestin interaction 

 

R13P in WT GPR35b R13P in WT GPR35b 

R13P in C27S GPR35b R13P in C27S GPR35b 

  
R13H in WT GPR35b R13H in WT GPR35b 

R13H in C27S GPR35b R13H in C27S GPR35b 

  
R13C in WT GPR35b R13C in WT GPR35b 

R13C in C27S GPR35b R13C in C27S GPR35b 

Table 2.3 Name of arginine (at position 13) mutants in the wild type and Cys27Ser backbone 
of hGPR35b 

 

The following primers were created, produced, and utilised to make these 

mutants and are displayed in (Table 2.4). 

Primer sequence (5΄ to 3΄) For/Rev 

TGGCAGTGAAGAGCTGCTGAAGTACATGCTTCATAGTCC GPR35 forward primer 

TTCAGCAGCTCTTCACTGCCAGGGTGTGGAGTGGGGACAG R13P reverse primer 

TTCAGCAGCTCTTCACTGCCATGGTGTGGAGTGGGGACAG R13H reverse primer 

TTCAGCAGCTCTTCACTGCCACAGTGTGGAGTGGGGACAG R13C reverse primer 

Table 2.4 List of primers for arginine (at position 13) mutagenesis experiments 

 

 

In nanoluciferase based complementation assay, where interactions between 

GPR35 and different GRKs were investigated, I produced several GPR35 constructs 

with SmBiT tag so that they can recombine with GRKs that are tagged with LgBiT. 

The name of the SmBiT tagged constructs are mentioned here. 

1. hGPR35a, 2 hGPR35b, 3. hGPR35 PDM, 4. mGPR35, 5. mGPR35 PDM.  

The primers were designed, created, and successfully utilised for generating the 

receptor constructs with SmBiT and they are displayed in (Table 2.5). 
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Sequence  of primer (5΄ to 3΄) For/Rev 

TATAGGGCTAGCGCCACCATGAATGGCACCTACAACACC hGPR35a forward 

TATAGGGCTAGCGCCACCATGCTGAGTGGTTCCCGGGCTG hGPR35b forward 

CCACCGCTCGAGCCGGCGAGGGTCACGCACAGAG hGPR35 reverse 

TATAGGGCTAGCGCCACCATGAATAGTACAACCTG mGPR35 forward 

CCACCGCTCGAGCCGGTGAGGCTCAGGATCTGGG mGPR35 reverse 

CCACCGCTCGAGCCGGCGAGGGCCAGGATCTGGGC mGPR35 PDM reverse 

Table 2.5 List of primers for generating GPR35 (human and mouse orthologues) construct 
with SmBiT tag to utilise them in GPR35-GRK profiling 

 

 

In the GPR35-GRK5 interaction assay, I also used truncated and mutated versions 

of GRK5 along with the full-length form of GRK5 to properly investigate the reason 

for concentration dependent signal reduction. The necessary primers for 

truncation and mutation of GRK5 are displayed in (Table 2.6). 

Primer sequence (5΄ to 3΄) For/Rev 

ATATATAAGCTTGCCACCATGGTCTTCACACTCGAAG Forward 
primer 

for 
truncate
d GRK5 

GGGCCCTCTAGATCATCCGGAGGGTGGTTTC Reverse 
primer 

for 
truncate
d GRK5 

GAACCGCCCGCGGCAGGGCTGCTCCAGAGACTCTTCGCGGCGCAGCATCAGA
ACAATTCC 

Forward 
primer 

for 
mutated 
GRK5 

CTGATGCTGCGCCGCGAAGAGTCTCTGGAGCAGCCCTGCCGCGGGCGGTTCC
GGAG 

Reverse 
primer 

for 
mutated 
GRK5 

Table 2.6 List of primers for truncated and mutated forms of GRK5 
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2.6 Cloning and molecular biology 

2.6.1 LB (Luria-Bertani) medium and LB agar plates preparation 

800 ml of deionised, distilled water was added to the dry reagents, which 

contained 10 g of tryptone, 5 g of yeast extracts, and 10 g of NaCl. The pH of the 

solution was then adjusted to 7.0 using NaOH. The solution was then increased to 

a volume of 1 L. Following that, the solution was autoclaved on the liquid cycle 

for 20 min at 15 psi. After making LB medium as described above, 15 g of bacto-

agar was added per 1L of LB, and the mixture was autoclaved at 126°C to create 

LB agar plates. The bottles were autoclaved, allowed to cool to 55°C, and then 

the correct quantity of filter-sterilised ampicillin was added with a final 

concentration of 50–100 μg/ml. After properly blending the ampicillin and LB agar 

in the bottle with a swirl, about 20 ml of agar was placed into a 10 cm petri dish. 

After that, the plates were left at room temperature for 20 min so that the agar 

could solidify. The plates were inverted and kept at 4°C in the dark once they had 

dried and solidified. 

2.6.2 Competent bacteria preparation 

A supply of XL1-blue cells from Agilent Technologies was taken out, thawed on 

ice, streaked out on an LB agar plate without antibiotics, and cultivated overnight 

at 37ºC to create competent bacteria for chemical transformation. The next day, 

a single colony was selected and cultivated in 5 ml of LB media (without 

antibiotics) at 37°C and 220 rpm for the whole night. This 100 ml of LB media was 

then used to subculture the 5 ml culture, which was subsequently cultivated at 37 

ºC in a shaking incubator until the optical density at 600 nm reached 0.48. By 

freezing on ice for 5 min, the growth of bacteria was stopped and then centrifuging 

at 1811 x g for 10 min at 4ºC in 50 ml sterile falcon tubes was conducted. Bacterial 

cell pellets from each of the 50 ml falcon tubes were carefully pipetted into 20 

ml of solution 1 (30 mM CH3COOK, 10 mM RbCl, 10 mM CaCl2, 50 mM MnCl2, and 

15% (v/v) glycerol; pH 5.8; filter sterilised and refrigerated at 4ºC) and then cooled 

on ice for 5 min. Further centrifugation of the cold pellets took place at 1811 x g 

for 10 min at 4 ºC. The pellets from this second centrifugation were then carefully 

re-suspended in 2 ml of solution 2 (10 mM 3-morpholinopropane-1-sulfonic acid 

(MOPS), 10 mM RbCl, 75 mM CaCl2, 15% (v/v) glycerol, pH 6.5 with HCl; filter 
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sterilised and stored at 4ºC) by gentle pipetting and chilled on ice for an additional 

15 min. Bacterial cells were then divided into 220 μl quantities and placed in 

sterile, 1.5 ml microcentrifuge tubes that had already been cooled. 

2.6.3 Chemical transformation of plasmid cDNA with competent 
cells 

XL1-blue cells that were chemically competent were removed from -80°C and 

allowed to thaw on ice for 20 min. For each transformation, 50 μl of defrosted 

competent cells were aliquoted into a 1.5 ml microcentrifuge tube that had been 

precooled, along with 1 μl of DNA (10–100 ng), and the tube was gently mixed by 

flicking the bottom. After 15 min on ice, the competent cell/DNA mixture 

underwent a heat shock treatment at 42°C for 90 sec by being placed in tubes on 

a rack submerged in water. The tubes were then put on ice right away for 2 min. 

Each tube received 500 μl of LB media devoid of antibiotics, and bacteria were 

allowed to express antibiotic resistance genes by growing at 37°C for 45 min to 1 

h in a shaking incubator (220 rpm). A 10 cm LB agar plate that was pre-warmed 

and included 100 μg/ml ampicillin was then plated with 50 to 200 μl of 

transformation using a sterile spreader. Overnight, the plates were incubated at 

37°C while being held upside down. Colonies on the LB agar ampicillin plate can 

only be generated by cells with the transformed plasmid. The next day, a single 

colony was selected and cultivated overnight at 37°C in a shaking incubator in 5 

ml of LB media containing 100 μg/μl ampicillin. 

2.6.4 Plasmid DNA purification 

2.6.4.1 Miniprep purification 

Microgram quantities of plasmid DNA were purified using the QIAprep® Spin 

Miniprep Kit. Here,1-5 ml bacterial overnight culture was centrifuged at 13,000 

rpm for 3 min at room temperature. Pelleted bacterial cells were resuspended in 

250 μl buffer P1 and then transferred to a microcentrifuge tube. 250 μl buffer P2 

was added and mixed thoroughly by inverting the tube 4-6 times until the solution 

became clear. The lysis reaction was not allowed to proceed for more than 5 min. 

The solution turned blue because LyseBlue reagent was used. After that 300 μl 

buffer N3 was added and mixed immediately and thoroughly by inverting the tube 

4-6 times. The solution now turned colourless as LyseBlue was added previously. 
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It was then centrifuged for 10 min at 13,000 rpm in a table-top microcentrifuge. 

After spinning, 800 μl of supernatant was applied to QIAprep 2.0 spin column with 

the help of a pipette. This was centrifuged for 30-60 sec and the flow-through was 

discarded. Then the QIAprep 2.0 spin column was washed by adding 0.75 ml buffer 

PE. This was then centrifuged for 30-60 sec and the flow-through was discarded. 

The QIAprep 2.0 spin column was transferred to the collection tube. This was again 

centrifuged for 1 min to remove residual wash buffer. Finally, the QIAprep 2.0 

spin column was placed in a clean 1.5 ml microcentrifuge tube. For eluting DNA, 

100 μl water was added to the centre of the spin column. It was allowed to stand 

for at least 1 min and then centrifuged for 1 min. The resulting DNA was stored at 

-20°C. 

2.6.4.2 Maxiprep purification 

Following the manufacturer's instructions, plasmid DNA in milligram quantities was 

purified using the QIAGEN® Plasmid Maxi Kit. In brief, centrifugation was carried 

out on a 200–500 mL overnight culture at 3000 x g for 30 min at 4°C. Re-suspending 

the bacterial pellet in pre-chilled resuspension buffer and lysing it with the 

addition of lysis buffer was conducted. After being incubated for 5 min at room 

temperature, the lysate was neutralised by adding neutralisation buffer that had 

already been refrigerated, and it was then incubated for 20 min on ice. 

Centrifugation at the speed of 3000 x g was performed on the resultant solution 

for 15 min at 4°C. A 15 mL equilibration buffer was used to acclimatise a QIAGEN-

tip 100 column before the lysate supernatant was added and allowed to pass 

through the column by gravity flow. The column was cleaned twice with wash 

buffer after the flow-through was discarded. After precipitating the DNA with 10.5 

mL of isopropanol and eluting it in 15 mL of elution buffer, the DNA was 

centrifuged at 3000 x g for 30 min. After being air-dried and desalted with 2 mL 

of 70% (v/v) ethanol, the pellet was placed in a sterile microcentrifuge tube and 

centrifuged at 16,000 x g for 15 min. The pure DNA pellet was air dried before 

being dissolved in 0.5–1 mL of nuclease-free water. 
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2.6.4.3 Measurement of DNA concentration 

Using a UV spectrophotometer, the absorbance of diluted samples (1:200) at 260 

nm and 280 nm was measured to determine the amount of plasmid DNA present 

and its purity. The absorbance reveals the amount of DNA at 260 nm (A260), while 

the purity of the sample is indicated by the ratio of A260/A280, with a ratio 

between 1.8 and 2.0 being regarded as very pure DNA. 

2.6.5 Polymerase chain reaction (PCR) 

Certain DNA segments were amplified, and restriction sites were added using PCR. 

In sterile 500 μL PCR tubes, 50 μl reactions containing the following elements were 

set up: 

1 × GoTaq® Colorless Buffer 

Deoxyribonucleotides (dNTPs): 0.8 mM (deoxyadenosine triphosphate, 

deoxycytidine triphosphate, deoxyguanosine triphosphate, and deoxythymidine 

triphosphate are all 0.2 mM concentrations)  

Forward and reverse primers, each 0.5 μM 

Template DNA (100 ng) 

GoTaq® DNA Polymerase, 5 units 

Nuclease-Free water to 50 μl 

The following conditions were used to thermally cycle reaction mixtures: 

Preheating 95°C    2 min 

Denaturation 95°C 30 sec 

Annealing 50–60°C* 30 sec 

Extension 72°C 2 min 
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Repeat actions 2-4. (x 29) 

Last extension: 10 min at 72°C 

Hold 4°C ∞ 

*Depends on primer’s melting temperature (Tm) 

2.6.6 PCR Purification  

According to the manufacturer's recommendations, PCR products were purified 

using the QIAquick® PCR Purification Kit (QIAGEN). Briefly, PCR product was put 

to a QIAquick spin column after being diluted in five volumes of binding solution 

and centrifuged at 13,000 rpm for 1 min. The flow-through was thrown out and 

the column washed once, centrifuging as before. The flow-through was discarded, 

and the column was centrifuged once more to get rid of any leftover ethanol. 50 

μL of nuclease-free water was used to elute the DNA, and it was then centrifuged 

after standing on the column for 1 min. 

2.6.7 Restriction endonuclease digestion 

Sticky-end DNA fragments for ligation were produced using restriction 

endonuclease enzyme digestion. The necessary insert segments and the plasmid 

vectors  of pcDNA3.1(+), pcDNA3.1/Hygro (+), or pcDNA5/FRT/TO were digested 

overnight at 37°C in digests of 50–100 μl that comprise the following components: 

1 x CutSmart® Buffer  

50 μL PCR product or 10–50 μg vector DNA  

According to the manufacturer's recommendations for supercoiled plasmid DNA, 

1–10 units restrictions endonucleases with high fidelity (HF®) from New England 

Biolabs 

Sterile, deionised water 
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2.6.8 Agarose gel electrophoresis 

Agarose gel electrophoresis was used to separate the DNA insert and vector 

fragments. In TAE buffer, 1% (w/v) agarose and 1 x SYBR® Safe DNA dye (Life 

Technologies) were dissolved to create gels. Gels were immersed in TAE buffer 

after they had set, samples had been prepared by adding 1 x DNA loading buffer, 

and then 5- 50 μl/well of sample had been placed onto the gel. The 

electrophoresis of the samples was carried out at 125 V for 20–30 min. Using a 5 

μl HyperladderTM 1kb (Bioline) alongside the samples allowed me to determine 

the size and concentration of the DNA fragments. 

2.6.9 Gel extraction 

After gel electrophoresis, DNA insert, and vector fragments were extracted from 

the gel using the QIAquick Gel Extraction Kit (QIAGEN) in accordance with the 

manufacturer's guidelines. In a nutshell, razor blades were used to cut the bands 

out of the gel after they had been seen under UV light. After being placed in 

sterile microcentrifuge tubes, gel fragments were weighed. The solubilisation 

buffer was added in 3 gel volumes, and the gel pieces were then broken down by 

incubation at 50°C for 10 min while vortexing every 2-3 min. Isopropanol was 

dissolved in 1 gel volume, and the mixture was then put to a QIAquick spin column 

and centrifuged at 13,000 rpm for 1 min. The centrifugation process was repeated 

after the flow-through was discarded and the column rinsed once. The column was 

centrifuged once more to remove any remaining ethanol after discarding the flow-

through. 30–50 μl of nuclease-free water was used to elute the DNA, and it was 

then centrifuged after standing on the column for 1 min. 

2.6.10 DNA dephosphorylation 

In order to eliminate the 5' phosphate groups from digested vector fragments and 

lessen the possibility of re-ligating empty vector, vector fragments were treated 

with calf intestinal alkaline phosphatase (Quick CIP, New England Biolabs). Per μg 

of vector, 1 unit of Quick CIP and 0.1 volume of 10 x rCutSmartTM Buffer were 

added. The Quick CIP was totally and permanently inactivated by heating the 

samples for 2 min at 80°C after samples had been incubated for 30 min at 37°C. 
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2.6.11 DNA ligation 

Recombinant plasmid DNA was created through the ligation of DNA sticky ends. 20 

μl ligation reactions using the following elements were used as the starting point 

for the addition of pieces of the insert and the vector at molar ratios of 1:3, 1:1, 

and 3:1 

T4 DNA Ligase Reaction Buffer, 1 x 

vector DNA at 100 ng 

Insert DNA X ng 

400 units of T4 DNA Ligase (1 μL) 

Ligation processes were kept at room temperature for 3 h, or at 4°C overnight, or 

at 15°C for 4–18 hr. 

According to section (2.6.3), 5 μL of the ligated product was transformed into XL1-

Blue competent bacteria. 

2.6.12 In vitro site-directed mutagenesis 

A QuickChange II Site-Directed Mutagenesis procedure was used to carry out the 

point mutation of interest on the DNA sequence (Stratagene, Cheshire, UK). In this 

technique, a double-stranded mutant plasmid with the required mutation was 

amplified by PCR using two synthetic oligonucleotide primers, each of which used 

a double-stranded plasmid vector as the template and each of which contained 

the desired mutation. Using a piece of software like Agilent Quick-change 

(https://www.genomics.agilent.com/primerDesignProgram.jsp), two mutagenic 

oligonucleotide primers were created that are complementary to one another and 

include the desired mutation in the middle of the primer. When creating primers, 

it was made sure that the length would be between 25 and 45 bases, the GC 

content would be higher (40 to 60%), and the melting temperature (Tm) would be 

around 78ºC. For the purpose of amplifying the mutant plasmid, a PCR 

amplification reaction (sample reaction) with a final volume of 50 μl was set up 

on ice in a sterile PCR tube with the following ingredients: 
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5 μl of 10x Pfu DNA polymerase buffer with MgSO4/Q5 High fidelity DNA polymerase 

buffer 

200 μM of each dNTP in 1 μl of 10 mM dNTP mix 

 

Forward oligonucleotide primer, 1.25 μl (125 ng) 
 
 
Reverse oligonucleotide primer, 1.25 μl (125 ng) 
 

 

dsDNA template ranging from 50 to 100 ng 

1 μl of (2.5 units/μl) Pfu DNA Polymerase/Q5 High fidelity DNA Polymerase enzyme 

Sufficient nuclease-free water to fill 50 μl 

With the exception of the two primers, a second PCR reaction (the control 

reaction) was set up on ice in a different PCR tube. The following conditions were 

used to thermally cycle reaction mixtures of both (sample reaction and control 

reaction) using an Eppendorf Mastercycler. 

Preheating 95°C    30 sec 

Denaturation 95°C 30 sec 

Annealing 55° 1 min 

Extension 72°C 10 min 

Repeat steps 2–4 (x 17) 

Hold 4°C ∞ 

Following the end of heat cycling, 1 μl of (10 units/l) DpnI restriction endonuclease 

was added to the reaction mixtures for the sample and the control, which was 

then gently mixed and spun down in a microcentrifuge for 1 min. The parental 

methylated dsDNA was subsequently digested by the reaction mixes over a 2 h 
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period at 37ºC  while leaving the synthesised mutant plasmid intact. Following the 

procedure outlined in the transformation section (2.6.3), 3 μl of the DpnI-treated 

DNA from each control and sample reaction was then transformed into separate 

50 μl of XL1-blue capable bacteria. 

2.6.13 DNA sequencing 

Products from cloning and mutagenesis were sequenced to ensure that the right 

alterations had been made. DNA sequencing was carried out by DNA Sequencing & 

Services (MRC I PPU, College of Biological Sciences, University of Dundee, 

Scotland; www.dnaseq.co.uk) on an Applied Biosystems model 3730 automated 

capillary DNA sequencer using Applied Biosystems Big-Dye Ver 3.1 chemistry.  The 

NCBI Basic Local Alignment Search Tool (BLAST) (www.blast.ncbi.nlm.nih.gov) 

were used to analyse DNA sequences. 

2.7  Culture of mammalian cell 

2.7.1 Mammalian cell lines maintenance 

2.7.1.1 Parental HEK293T cells 

Human embryonic kidney (HEK) 293T cells or any parental cell lines genome edited 

for lacking expression of either G protein, GRKs or arrestins were maintained in 

Dulbecco’s modified Eagle’s medium supplemented with 0.292 g/l L-glutamine, 

1% penicillin/streptomycin mixture, and 10% heat-inactivated fetal bovine serum 

at 37°C in a 5% CO2 humidified atmosphere.  

2.7.1.2 Flp-In T-REx-293 cells 

Flp-In TREx 293 cells (Thermo Fisher) were maintained in Dulbecco’s modified 

Eagle’s medium without sodium pyruvate, supplemented with 10% fetal bovine 

serum, 1% penicillin/streptomycin mixture, and 10 μg/ml blasticidin at 37°C in a 

5% CO2 humidified atmosphere. 

2.7.1.3 Cell line cryopreservation 

For long-term liquid nitrogen storage, cell lines were cryopreserved. Trypsin-EDTA 

was used to detach confluent cells, which were then centrifuged at 500 x g for 5 
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min. Before being moved to liquid nitrogen storage, the pellet was redissolved in 

2-3 mL FCS + 10% (v/v) DMSO and divided into 1 mL aliquots that were frozen at -

80°C. Cryopreserved cells were brought back to life by rapidly defrosting in a 37°C 

water bath and transferring to 10 mL of pre-warmed culture medium in a flask. 

After 8 to 16 h, the medium was changed to eliminate the DMSO. 

2.7.1.4 Passaging of cells 

Medium was withdrawn using a pipette within a laminar flow cabinet under sterile 

circumstances once it had reached the necessary confluence. The T75 cell culture 

flask was rinsed with 1X PBS to remove the residual medium. Then pre-warmed 2 

mL (approx.) 0.5% trypsin-EDTA was added and evenly distributed to ensure 

coverage. The flask was then kept at 37°C in a 5% CO2 incubator for 2-3 min. After 

that flask was tapped gently to ensure complete cell dissociation from the 

plasticware. Cells were re-suspended by addition of a pre-warmed medium 

containing serum by a sterile 10 mL pipette, before transferring (1-2 mL) to a 

sterile T75 cell culture flask having 10 mL medium. 

2.7.2 Transient transfection of cell lines 

The standard technique for transient transfection was PEI-mediated transient 

transfection. 5 μg of DNA was diluted in 250 μl of 150 mM NaCl for a 10 cm culture 

dish, and then it was combined 1:1 with 250 μl of 150 mM NaCl that also contained 

30 μg of PEI. Before adding dropwise to the dish, the mixture was vortexed for 10 

sec and allowed to sit for 10 min at room temperature. At 37°C, cells were treated 

with PEI overnight. Following the overnight incubation, fresh culture media was 

added to the transfection medium. Before being used in tests, the cells underwent 

a further 24–48 h of incubation. 

2.7.3 Production of stable transfection of cell lines 

Several hGPR35a and mGPR35-based constructs were transfected into 

doxycycline-inducible Flp-In TREx 293 cells in a stable manner. Using the FRT 

stable integration site, the relevant cDNA-containing pcDNA5/FRT/TO vector was 

transfected into cells. The appropriate cDNA/pcDNA5/FRT/TO construct and a 

pOG44 Flp recombinase vector were co-transfected into cells using PEI in a 1:8 

ratio. To choose stable transfectants, cells were subcultured 1:10 and 1:30 after 
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48 h. The medium was then changed to maintenance medium with 200 μg/ml 

hygromycin and 10 μg/ml blasticidin after 24 h. Until individual colonies were 

visible to the naked eye (10–14 days), the medium was changed every three days. 

Following trypsin-EDTA incubation, cells were detached into polyclonal cell lines 

that were maintained in hygromycin selection media. When necessary, 100 ng/ml 

doxycycline was added to the mixture for 18 to 24 h to activate the expression of 

integrated gene. 

2.7.4 Mycoplasma testing of cell lines 

As mycoplasma contamination is a significant problem for mammalian cell culture, 

cell lines were regularly inspected for possible contamination with mycoplasma. 

For this, elimination of mycoplasmas was ensured by using a mycoplasma 

detection kit MycoStrip™ (https://www.invivogen.com/plasmocin). 

2.8 Biochemical assays and procedures 

2.8.1 Immunoblotting  

2.8.1.1 Harvesting of cell 

Initially, cells were harvested by removing the growing medium and washing in a 

PBS buffer that was extremely cold. In case of drug treatment to cells, cells were 

stimulated with agonist/antagonist or inhibitor and then washed with ice cold PBS. 

The cells were removed from the 10 cm dish's bottom using a disposable cell 

scraper and 10 ml of PBS buffer. A 15 mL falcon tube was used to hold the cell 

suspension. The tubes are centrifuged at 3,000 rpm at 4ºC for 5 min. The cell 

pellets were then kept at -80°C until they were needed for a subsequent 

experiment. 

2.8.1.2 Cell lysate preparation 

HEK293 cells that had been transfected to express eYFP and HA-fusion receptor 

constructs produced cell lysates. Cells were initially stimulated using a vehicle or 

a variety of suitable ligands. Then cells were harvested in ice-cold PBS and lysed 

in lysis buffer (150 mM NaCl, 50 mM Tris-HCl, 5 mM EDTA, 1% Nonidet P-40, 0.5% 

Na-deoxycholate, and 0.1% SDS), supplemented with cOmpleteTM EDTA-free 

Protease Inhibitor Cocktail (Roche) and PhosSTOPTM Phosphatase Inhibitor Cocktail 
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(Roche) (if immunoblotting for phosphoproteins). The lysates were rotated at 4°C 

for 30 min. After that, samples were centrifuged at 14200 rpm for 15 min at 4°C. 

2.8.1.3 Production of crude plasma membrane 

The frozen cell pellets were thawed and suspended in 5 volumes of ice-cold TE 

Membrane buffer. The cells were then ruptured by homogenising the mixture with 

30 strokes of a ground glass on Teflon. Unbroken cells and nuclei were eliminated 

by centrifugation in a chilled microcentrifuge at a low speed (1200 rpm). The 

supernatant fraction was next centrifuged in a Beckman Optima TLX 

Ultracentrifuge (Palo Alto, CA) using a TLA100.2 rotor at 50,000 rpm for 20–30 

min. The pellets were reconstituted in ice-cold TE Membrane buffer and injected 

into a 25-gauge needle-equipped syringe. The membranes were kept at -80°C until 

needed after being diluted to a good working concentration, typically 1μg/μl. 

2.8.1.4 Membrane and cytosolic fractions 

In 10 cm dishes, cells were seeded, and they were then cultivated until confluent. 

Cells were scraped into 2-3 mL of ice-cold PBS, washed once with ice-cold PBS, 

and then centrifuged at 1200 rpm for 5 min at 4°C. For at least 30 min, cell pellets 

were incubated at -80°C. The thawed pellets were resuspended in 1 ml of TE 

buffer with Roche's cOmpleteTM EDTA-free Protease Inhibitor Cocktail, and then 

they were homogenised by being passed through 5 x in a 25-gauge needle and 50 

x in a Dounce homogenizer. To remove cell debris, homogenate was centrifuged 

at 500 x g for 5 min at 4°C. Supernatants were carefully collected and centrifuged 

at 100,000 x g for 60 min at 4°C. For cytosolic fractions, supernatant was 

gathered. To get membrane fractions, membrane pellets were reconstituted in 

400 μl of protease inhibitor-containing TE buffer and subjected to 5 x through a 

25-gauge needle. 

2.8.1.5 Protein concentration determination  

Using a reference curve of 0.2-2 mg/ml BSA, the protein concentrations of samples 

used for immunoblotting were assessed by the bicinchoninic assay (BCA). A 

transparent 96-well plate was filled with 10 μl of sample or standard. 200 μl/well 

of Pierce BCA Reagent B was applied to the samples after being diluted 1:50 in 

Pierce BCA Reagent A. The plate was incubated at 37°C for 15 min before being 
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measured using a POLARStar Omega (BMG Labtech) for absorbance at 562 nm. The 

standard curve was interpolated to determine sample concentrations. The 

samples were aliquoted, diluted to 1 μg/μl, and stored at -20°C. 

2.8.1.6 SDS-PAGE and protein transfer 

HA-tagged and eYFP linked receptor constructs were immunoprecipitated from 

200 μl cell lysate using a monoclonal anti-HA antibody linked to agarose and GFP-

trap kit (Chromotek) respectively. Immunocomplexes were resuspended in 100 μl 

Laemmli buffer after being washed 3 × in wash buffer and incubated at 60°C for 

5 min. 20 ml of immunoprecipitated proteins were resolved by SDS-PAGE on 

NuPAGE Novex 4 to 12% Bis-Tris Gels (Thermo Fisher) after centrifugation at 2500g 

for 5 min. Using a wet transfer mechanism, proteins were moved from the gel 

onto nitrocellulose membrane at 30 V for 90 min after gels were run in NuPAGE 

MOPS SDS Running Buffer (Thermo Fisher) at 200 V for around 1 h and 10 min. 

2.8.1.7 Blocking and antibody treatment (Western blot) 

Following transfer, the nitrocellulose membrane was blocked for 1 h at room 

temperature on an orbital shaker with 5% bovine serum albumin (BSA) in Tris-

buffered saline (TBS, 50 mM Tris-Cl, 150 mM NaCl, pH 7.6). The membrane was 

next exposed to the appropriate primary antibody for an overnight incubation at 

4°C in 5% BSA TBS mixed with 0.1% Tween (TBS-T). Anti-HA and anti-GFP were 

diluted 1:1000, pSer298/pSer301-mGPR35 and anti-pSer300/pSer303-hGPR35a were 

diluted 1:10,000. IRDye 800CW anti-rabbit, anti-rat, or anti-goat secondary 

antibody was diluted 1:10,000 in 5% BSA TBST and incubated for 2 h at room 

temperature on the membrane after washing it for 3 × 5 min  with TBS-T. Proteins 

were found using a LI-COR Odyssey imaging system in accordance with the 

manufacturer's recommendations after washing for 3 × 5 min with TBS-T. 

For GRK isoform-directed antisera and the anti-LgBiT monoclonal antibody, the 

following dilutions were used: Anti- LgBiT monoclonal antibody: 1:500, anti-GRK 

2- 1:500, anti-GRK 3- 1:250, anti-GRK 5-1:250 and anti-GRK 6- 1:1000. IRDye 

800CW anti-rabbit or horseradish peroxidase anti-mouse secondary antibody 

diluted 1:10,000 in 5% dried Skimmed Milk Powder In TBS-T.  
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2.8.1.8 Treatment with Lambda Protein Phosphatase 

Immunocomplexes were exposed to λ-PPase for 90 min at 30°C at a final 

concentration of 10 unit/μL to remove phosphate groups from phosphorylated 

serine and threonine residues before being eluted with 2× Laemmli buffer. 

2.8.1.9 N-glycosylation status analysis 

At a final concentration of 1 unit/μL, peptide N-glycosidase F (NGaseF) was used 

to carry out the endoglycosidase treatment experiment overnight at 37°C. 

2.8.2 Immunocytochemistry 

To evaluate receptor expression and subcellular localisation, 

immunocytochemistry study was employed. Cells were maintained at 37°C in a 5% 

CO2 humidified environment after being seeded at 7.5 × 104 cells/well on poly-D-

lysine-coated 13 mm round coverslips in 24-well plates. As previously mentioned, 

cells were treated, and after that, they were fixed with 4% (w/v) 

paraformaldehyde in PBS for 10 min at room temperature. Fixed cells were 

permeabilised for 10 min at room temperature using TBS + 0.1% saponin after 

being rinsed in TBS for 3 × 5 min. Before being incubated with primary antibodies 

(anti-pSer300/pSer303-hGPR35a, pSer298/pSer301-mGPR35, GPR35 C-terminal (non-

phospho) and anti-HA were diluted 1:400 in blocking buffer) overnight at 4ºC, cells 

were first blocked for 1 h at room temperature in blocking buffer (TBS, 10% goat 

serum, and 1% BSA). Following a 3 × 5 min TBS wash, the cells were treated for 1 

h at room temperature with secondary antibodies (Alexa Fluor 488-goat anti-

rabbit IgG and Alexa Fluor 488-donkey anti-rat IgG diluted to 1:400 in blocking 

buffer). Using VECTASHIELD Mounting Media with DAPI (Vector laboratories), 

coverslips were mounted onto glass slides after cells were washed for 3 × 5 min in 

TBS. The photos were taken using a Zeiss LSM 880 confocal with a 63x/1.4 NA Plan 

Apochromat oil-immersion objective. MetaMorph software was then used to 

analyse the images obtained from confocal microscopy. 
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2.9 Cell based assays 

2.9.1 Bioluminescence resonance energy transfer (BRET) studies 
using SPASM sensors 

The GPR35a- Gα13 sensor was described fully by (Mackenzie et al., 2019) and an 

equivalent GPR35b-Gα13 sensor was generated (Marti-Solano et al., 2020) by 

replacement of GPR35a with GPR35b which contains an additional 31 amino acids 

at the N-terminus but is otherwise identical in sequence to GPR35a (Milligan, 

2011). These were transfected transiently into parental HEK293T cells 2 days prior 

to experiments using polyethyleneimine linear MW-25000. 30 min before the 

assay, cells were washed with Hanks Buffered Saline Solution containing 10 mM 

HEPES and incubated in the same buffer at 37°C. Results are expected to be 

independent of expression levels because bioluminescence resonance energy 

transfer (BRET) generates a ratiometric signal and each sensor is a single 

polypeptide, however this was verified experimentally by measuring levels of 

substrate-induced luciferase activity (Figure 2.2). 

Figure 2.2 GPR35- Gα13 sensor 

With the binding of agonist ligand, GPR35 interacts with Gα13 resulting in enhanced BRET signal as 

the Nanoluc and Citrine components move close together. 



                                                  Chapter 2 

68 
 

‘SPASM’: Systematic protein affinity strength modulation sensors. This sensor is 

made up of a single receptor construct linked to mCitrine at its C terminus, an 

ER/K α helical linker, nanoluciferase, a bioluminescent protein, and a peptide 

matching to the last 27 amino acids of Gα13. 

2.9.2 Arrestin recruitment BRET assays 

HEK293T cells were seeded in 10 cm dishes and transiently co-transfected with 

GPR35-eYFP with a FLAG epitope tag engineered into the N-terminal domain, and 

with arrestin-3 fused to Renilla luciferase (arrestin-3- RLuc) in a 4:1 ratio using 

PEI. Arrestin-3-RLuc alone was transfected into control cells. After 24 h, cells were 

separated by trypsin-EDTA incubation, seeded at 6 × 104 cells/well on white 96-

well plates coated with poly-D-lysine, and then incubated overnight at 37°C. 

Hanks' buffered saline solution (HBSS) was prewarmed (37°C) once to wash the 

cells, and they were then incubated in HBSS for 30 to 60 min. To determine the 

relative receptor expression during incubation, the eYFP signal (excitation 485 

nm, emission 520 nm) was read on a PHERAstar FS (BMG Labtech). The RLuc 

substrate coelenterazine-h (Promega) was added, and the plate was incubated for 

10 min at 37°C in a light-protected environment. Agonists were added in triplicate 

at the appropriate quantities, the plate was incubated for a further 5 min. at 

37°C, and the emissions at 475 nm and 535 nm were read with a PHERAstar FS. 

Net BRET values were obtained by dividing the emission at 535 nm by the emission 

at 475 nm and subtracting the 535 nm/475 nm ratio for cells expressing only the 

arrestin-3-RLuc donor (the basal BRET): Net BRET = (em535 nm/em475 nm) – 

(em535 nm/em475 nm [RLuc only]). Similar studies were carried out with arrestin- 

2-RLuc (Figure 2.3). 
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Figure 2.3 BRET-based GPR35-arrestin-3 interaction assay 

Enhanced yellow fluorescent protein (eYFP)-tagged GPR35 and an arrestin-3 variant that was 
tagged with Renilla luciferase (RLuc) were cotransfected into cells. After the addition of a GPR35 
agonist, arrestin-3-RLuc and GPR35-eYFP interacted. If GPR35 and arrestin-3 brought eYFP and 
RLuc near a BRET-compliant distance (<80 Å), light released upon substrate oxidation by the 
luciferase was transferred to eYFP and then subsequently re-emitted at a longer wavelength. If eYFP 
and RLuc were not close together, no such impact would happen. This figure was created with 
BioRender.com. 

2.9.3 Nanoluciferase based complementation assay for GRKs-
GPR35 interaction  

Nanoluciferase based complementation assay is basically a protein-protein 

interaction assay where nanoluciferase (Nluc) recombine quickly and produce a 

strong luminescent signal upon supplemented with the corresponding substrate 

(Dixon et al., 2016). The fundamental design of this split nanoluciferase technique 

is that, GRK is N-terminally or C-terminally tagged with a fragment of the 

Nanoluciferase (NLuc) enzyme, coined the LgBiT fragment (18 kDa), while the 

GPCR of interest is C-terminally tagged with the complementary 11-residue 

fragment, namely the SmBiT tag (Palmer et al., 2022). Here, the GRK of interest, 

N/C-terminally tagged with LgBiT was co-transfected with GPR35 C-terminally 

tagged with the complementary SmBiT fragment at 1:10 ratio in HEK-293 derived 

cell lines. Following 24 h, cells were separated by incubation with trypsin-EDTA 

and seeded in white 96-well plates covered with poly-D-lysine. They were then 
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incubated overnight at 37°C. Hanks' buffered saline solution (HBSS) was 

prewarmed (37°C) to wash the cells, and they were then incubated in HBSS for 30 

to 60 min. Upon ligand binding and G protein dissociation, the active conformation 

of the receptor is able to accommodate specific GRKs allowing NLuc 

complementation. Cells supplemented with the NLuc substrate produce strong 

bioluminescence (Figure 2.4) which can then easily be measured with a definite 

protocol by plate reader PHERAstar FS.  

 

Figure 2.4 Nanoluciferase based complementation assay between GPR35 and GRKs 

Demonstration of the GPR35 and GRK constructs and associated SmBiT and LgBiT tag. 

Representation of the nanoBiT system for pairing between GPR35 and GRKs. This figure was 

created with BioRender.com. 

2.9.4 Modelling with Alphafold  

GRK proteins in multimer mode and the human GPR35a sequence were used to 

make AlphaFold predictions (Jumper et al., 2021, Mirdita et al., 2022, Evans et 

al., 2022) using the Colabfold Notebook 

(https://colab.research.google.com/github/sokrypton/ColabFold/blob/main/Alp

haFold2.ipynb).  

 

https://colab.research.google.com/github/sokrypton/ColabFold/blob/main/AlphaFold2.ipynb
https://colab.research.google.com/github/sokrypton/ColabFold/blob/main/AlphaFold2.ipynb
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2.10 Statistical analysis 

Data are reported as the mean ± SEM of three independent experiments, and when 

necessary, a bar diagram is used to represent the data. Utilising the GraphPad 

Prism software package, version 9.4.0 (GraphPad), data analysis and curve fitting 

were performed. 

 

 



 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Chapter 3 Mutagenesis studies in the isoforms of 

human GPR35 
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3.1 Introduction 

G protein-coupled receptors are historically the most successful group of drug 

targets. About 30–40% of currently available authorised medicines target GPCRs 

(Drews, 2000, Hopkins and Groom, 2002). In fact, several GPCR ligands have been 

among the top 100 pharmaceutical products sold worldwide (Zambrowicz and 

Sands, 2003). GPCRs are effective therapeutic targets due to their dual functions 

as modulators of intracellular signalling and transducers of extracellular signals 

across the cell membrane, eliminating the requirement for membrane-permeable 

ligands. Many GPCRs also directly contribute to the disease's pathophysiology, 

making them excellent therapeutic targets. However, despite their success, it is 

estimated that only 59 of the 370 non-olfactory GPCRs have been successfully used 

as drug targets. This indicates that the remaining ones may have largely 

modulatory functions that make them unsuitable for this purpose or that there is 

still much room for improvement in the field of GPCR drug development (Sams-

Dodd, 2005, Garland, 2013, Gashaw et al., 2011). 

GPCRs can modify physiology in various human tissues in response to external 

signals. When comparing various physiological systems, GPCR-mediated signalling 

can differ due to differences in the sequence (Hauser et al., 2018, Thompson et 

al., 2014) or expression (Kenakin, 2019) of a receptor potentially resulting in 

signalling bias. Creating functionally varied GPCR isoforms with various expression 

patterns in various tissues is an underappreciated source of such bias. An 

individual GPCR gene, which contains introns, can be spliced into different 

isoforms with various signalling characteristics and different signalling states can 

be produced by certain isoform combinations expressed in various organs (Marti-

Solano et al., 2020). Several of the isoforms that have been discovered can impact 

cellular responses to medications and serve as new targets for the creation of 

medications with greater tissue selectivity based on structural alterations and 

expression patterns (Marti-Solano et al., 2020). 

The family of GPCRs consists of around 800 genes encoded in the human genome. 

In addition to the numerous unique genes that code for GPCRs, different promoter 

usage, pre-mRNA splicing, and alternative translation initiation all increase the 

number of functionally unique proteins. Almost 40% of the examined GPCRs 

contain more than one isoform, according to a thorough examination of transcript-
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level mRNA databases (Marti-Solano et al., 2020). These isoforms differ in 

essential functional properties and frequently display tissue-specific expression 

patterns (Minneman, 2001, Markovic and Challiss, 2009, Cong et al., 2021) 

The orphan class A (rhodopsin-like) GPCR GPR35 is such a type of receptor with 

multiple isoforms. In humans, the GPR35 gene is found on chromosome 2q37.3 and 

can be alternatively spliced to produce the variants GPR35a or GPR35b (Quon et 

al., 2020, Kaya et al., 2021). Whereas GPR35b results in a larger N-terminal 

domain by 31 amino acids, GPR35a only encodes for 309 amino acids (Okumura et 

al., 2004). Among all the transcripts, only two mRNAs encode GPR35b (also 

referred to as "GPR35 long"), while all other known/annotated transcripts encode 

the reference isoform GPR35a (also known as "GPR35 short") (Schihada et al., 

2022). Although the location of hGPR35a and hGPR35b mRNA expression in human 

tissues has been identified, their putative unique roles are unknown because of 

their remarkably comparable pharmacology (Quon et al., 2020, Milligan, 2023). 

The tissue-specificity and activity of the short and long GPR35 variants are also 

poorly understood because of the complex expression pattern of the GPR35 gene 

and the potential for alternate translation initiation (Marti-Solano et al., 2020). 

GPR35a and GPR35b are situated in comparable cellular compartments but 

GPR35b is more frequently connected with carcinogenesis because of its 

expression in gastric and colon cancer cells. However, the functional distinctions 

between the two isoforms are unclear and require further research. 

3.1.1 Aims 

GPR35 is a poorly characterised receptor that has attracted increased attention 

as a therapeutic target through its potential involvement in a spectrum of 

inflammatory and cardiovascular diseases, however, many of its biological 

functions remain largely undefined (Divorty et al., 2015). There are GPR35 

orthologues in mouse and rat that have 73 and 72% identity with human GPR35a 

(hGPR35a), respectively, and in less-studied non-mammalian species like the 

amphibian Xenopus tropicalis that has 33% homology with hGPCR35a (Quon et al., 

2020, Taniguchi et al., 2006). Recently, the zebrafish homolog of human GPR35, 

Danio rerio, was cloned, resulting in the discovery of two paralogs, gpr35a and 

gpr35b, with 26% and 24% of the same sequence as human GPR35, respectively 

(Kaya et al., 2020). Human GPR35 has two isoforms. The shorter isoform is known 



                                                  Chapter 3 

75 
 

as GPR35a (309 amino acids) while the longer isoform is coined as GPR35b (340 

amino acids). There are 31 extra amino acids in the N-terminal domain of the 

longer form (Quon et al., 2020). Despite having very similar pharmacology, the 

longer isoform's agonist effectiveness is significantly lower than the shorter one 

(Marti-Solano et al., 2020). Sequence comparisons also predict that hGPR35b can 

generate an additional extracellular disulphide bond in comparison to hGPR35a, 

although this possibility—or any potential consequences—has not yet been 

properly investigated (Quon et al., 2020). To fully investigate the pharmacology 

and function of these two isoforms of human GPR35, a site directed mutagenesis 

strategy was developed and then G protein and arrestin interactions with these 

isoforms were determined. The aims of this chapter were to 

Study and compare the protein alignment of hGPR35a and hGPR35b 

Prediction of disulphide bonds in hGPR35 isoforms and determination of the 

importance of these by mutagenesis and functional studies 

Assessment of the arrestin recruitment and G protein activation of additional 

mutants of hGPR35b 

Mutation of the amino acid residue Arginine (R13) of hGPR35b in both wild type 

and Cys27Ser backbone of hGPR35b and pharmacological characterisation of the 

mutants by both arrestin and G protein-based assay. 

3.2 Results 

3.2.1  Comparison of protein alignment of human GPR35 isoforms  

3.2.1.1 Alternative splicing of the human GPR35 gene produces two isoforms 

that differ by only 31 amino acids 

In case of GPCRs, alternative promoter usage, pre-mRNA splicing along with 

alternative translation can generate functional proteins that are distinct from 

each other. GPR35 is such a GPCR that has an alternative receptor isoform 

originating from the same gene. The existence of a second GPR35 isoform was first 

noted in 2004 (Okumura et al., 2004). The shorter human GPR35 isoform is 

denoted as hGPR35a, while the longer counterpart is known as hGPR35b. 
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Figure 3.1 The human GPR35 gene generates the GPR35a and GPR35b isoforms by 
alternative splicing 
(a) The human GPR35 gene is located at chromosome 2q.37.3. Both GPR35a and GPR35b mRNA 
contain exon 7, whereas GPR35b mRNA also contains exon 5. (b) GPR35b has a 31 amino acid N-
terminal extension that includes a cysteine residue which may be able to create a disulphide bond 
(indicated with a red *) (Quon et al., 2020). 

3.2.1.2 Possible disulphide bonds in hGPR35 and the contribution of these 

bonds to function 

In hGPR35a cysteine at position 8 in the N-terminus and cysteine 248 in 

extracellular loop 3 most likely are linked by a disulphide bond. To investigate the 

function of this proposed disulphide bond and the pharmacology of hGPR35a in 

general, I mutated these amino acids to serine. The generated mutants, along 

with the wild type version of hGPR35a were employed to assess arrestin 

recruitment potential and G protein activation using bioluminescence resonance 

energy transfer (BRET) assays (Figure 3.2).  
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Figure 3.2 Primary structure of human GPR35a  
Snake plot of human GPR35a. Here, the protein single-chain spans the cytoplasmic membrane via 
seven transmembrane helices (TM1-7), and it is characterised by three ECLs (ECL1-3) and three 
ICLs (ICL1-3), as well as a helical intracellular C terminus. There is also a prediction that hGPR35a 
may generate a ‘4th extracellular loop’ via a disulphide bridge from the N-terminus to ECL3  

In the case of hGPR35b, addition to the equivalent disulphide bond between the 

cysteines at position 39 and 279, there is the potential for an additional disulphide 

bond between cysteine at position 27 and 279. For hGPR35a equivalent disulphide 

bond in hGPR35b, I altered the cysteines at position 39 and 279 to serine in order 

to better understand the role played by this putative disulphide bond and the 

pharmacology of hGPR35b. For the potential additional disulphide bond between 

cysteine at position 27 and 279, I altered the cysteine (position 27 of long isoform) 

to serine. The generated mutants hGPR35b (C27S, C39S and C279S) along with wild 

type hGPR35b were examined to measure their arrestin interaction capacity and 

G protein activation in response to ligands using BRET assays (Figure 3.3). 
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Figure 3.3 Primary structure of human GPR35b 
Snake plot of human GPR35b. Here, in addition to the similar structure of hGPR35a, there is an N-
terminal extension of 31 amino acids. The N-terminal splice addition of hGPR35b offers an additional 
or alternate disulphide bond partner. 

3.2.2 Human GPR35 (wild type and mutants): interactions with 

arrestin and activation of G protein 

3.2.2.1 Comparison of two isoforms of hGPR35 in arrestin-3 recruitment and 

Gα13 activation 

Parental 293 cells were transfected transiently to co-express either (hGPR35a WT, 

hGPR35a C8S, hGPR35a C248S) each tagged with eYFP and arrestin-3-RLuc. The 

GPR35 agonist lodoxamide, which exhibits high potency at human GPR35 

(MacKenzie et al., 2014), is added in the presence of a luciferase substrate and 

resulted in a concentration-dependent increase in measured BRET (Figure 3.4A) 

with pEC50 7.99± 0.03 (mean± SEM, n=3 for wild type). The cysteine at position 8 

in the N-terminus presumably forms a disulphide bond with the cysteine 248 of 

extracellular loop 3 and changing either of these residues to serine almost 

completely eliminated the agonist effect in arrestin-3 recruitment assays (Figure 

3.4A). When 293 cells were transfected to co-express either (hGPR35b WT, 

hGPR35b C27S, hGPR35b C39S, hGPR35b C279S), each tagged with eYFP and 

arrestin-3-RLuc, there was a concentration-dependent moderate increase in 
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measured BRET upon addition of luciferase substrate and lodoxamide with pEC50 

8.16± 0.05 (mean± SEM, n=3 for wild type) (Figure 3.4B). The measured BRET 

generated by hGPR35b WT was significantly less than for hGPR35a WT. Mutation 

of the hGPR35a equivalent cysteine residues in hGPR35b (hGPR35b C39S, hGPR35b 

C279S) also greatly reduced agonist function. A second cysteine is found in 

hGPR35b at position 27. Mutation of this residue significantly enhanced agonist- 

mediated BRET suggesting that hGPR35b activation by agonists may be constrained 

by the presence of another disulphide bond (Figure 3.4B). 

For Gα13 activation, (hGPR35a WT, hGPR35a C8S, hGPR35a C248S) were transiently 

expressed in parental HEK293 cells in the context of Gα13 SPASM sensors. Following 

addition of a luciferase substrate and lodoxamide, a concentration-dependent 

increase in BRET was observed with pEC50 8.55± 0.04 (mean± SEM, n=3 for wild 

type) (Figure 3.4C). These other two mutants (hGPR35a C8S, hGPR35a C248S) 

could not activate Gα13 like hGPR35a WT and almost eliminated response to 

lodoxamide (Figure 3.4C). When each of hGPR35b WT, hGPR35b C27S, hGPR35b 

C39S, hGPR35b C279S were transiently expressed in parental HEK293 cells as Gα13 

SPASM sensors, I detected a concentration-dependent increase in BRET with pEC50 

8.77± 0.08 (mean± SEM, n=3 for wild type) after addition of luciferase substrate 

and lodoxamide (Figure 3.4D). Again, the measured BRET (Gα13 activation) 

generated by hGPR35b WT was remarkably lower than for hGPR35a WT. Mutation 

of the GPR35a equivalent cysteine residues in hGPR35b (hGPR35b C39S, hGPR35b 

C279S) also greatly reduced agonist function with low BRET signals generated. But 

mutation of the hGPR35b specific cysteine at position 27 to serine generated high 

BRET signals in response to lodoxamide in such Gα13 activation studies suggesting 

that an extra disulphide bond limits agonist-induced activation of the long isoform 

of hGPR35 (Figure 3.4D). 
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Figure 3.4 Demonstration and comparison of hGPR35 (wild type and mutants) interaction with 
arrestin-3 and validation of the effectiveness of hGPR35-Gα13 SPASM sensors 
(A) Parental HEK293 cells were transfected transiently to co-express either hGPR35a WT (black 
circles), hGPR35a C8S (red circles) and hGPR35a C248S (blue circles) each tagged with eYFP and 
arrestin-3-RLuc. (B) Parental 293 cells were again transfected transiently to co-express either 
hGPR35b WT (black circles), hGPR35b C27S (green circles), hGPR35b C39S (red circles) and 
hGPR35b C279S (blue circles) each tagged with eYFP and arrestin-3-RLuc. (C) Comparison of 
effect of hGPR35a WT (black circles), hGPR35a C8S (red circles) and hGPR35a C248S (blue 
circles) transiently expressed in parental HEK293 cells as Gα13 SPASM sensors. (D) Demonstration 
of the effects of hGPR35b WT (black circles), hGPR35b C27S (green circles), hGPR35b C39S (red 
circles) and hGPR35b C279S (blue circles) transiently expressed in parental HEK293 cells as Gα13 
SPASM sensors. BRET signals were observed after stimulating with indicated concentrations of 
lodoxamide for 5 min. Data are the mean± SEM of outcomes from three independent experiments.  

3.2.2.2 Direct comparison among short/long isoforms of hGPR35 and 

hGPR35b C27S in arrestin-3 recruitment and Gα13 activation 

HEK 293 cells were transfected transiently to co-express either hGPR35a WT, 

hGPR35b WT, or hGPR35b C27S, each tagged with eYFP, and arrestin-3-RLuc. In 

the presence of a luciferase substrate and after the addition of the potent hGPR35 

agonist lodoxamide, there was a concentration-dependent increase in measured 

BRET (Figure 3.5A) with pEC50 8.07± 0.05 (mean± SEM, n=3 for hGPR35a wild type). 

Compared to hGPR35a WT, the measured BRET produced by hGPR35b WT was  

71.3% lower with pEC50 8.08± 0.06 (mean± SEM, n=3 for hGPR35b wild type). But 

when hGPR35b C27S was employed, there was a sharp increase in signal that 
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signified greater efficacy in response to agonist than wild type version of hGPR35b 

(Figure 3.5A). 

When hGPR35a WT, hGPR35b WT, or hGPR35b C27S were transiently expressed in 

parental HEK293 cells as Gα13 SPASM sensors for G protein activation 

measurement, there was again a concentration-dependent increase in measured 

BRET (Figure 3.5B) with pEC50 8.55± 0.04 (mean± SEM, n=3 for hGPR35a wild type). 

Here, hGPR35b produced a 72.49% lower BRET signal with pEC50 8.78± 0.08 (mean± 

SEM, n=3 for hGPR35b wild type) in comparison to hGPR35a. However, hGPR35b 

C27S mutant generated BRET signal in response to lodoxamide that was similar in 

extent to hGPR35a wild type in Gα13 activation (Figure 3.5B). 

From the experiments shown in Figure 3.5 it can be stated that cysteine 27 in the 

long isoform of GPR35 acted as a dampener of ligand induced hGPR35b efficacy. 

Mutation of this cysteine to serine resulted in the efficacy of hGPR35b now being 

equivalent to hGPR35a. 

 

Figure 3.5 Direct comparison of the effects of the two isoforms of hGPR35 and hGPR35b C27S 
in arrestin-3 recruitment and hGPR35-Gα13 SPASM sensors 
(A) Experiments akin to Figure 3.4 were performed. Parental 293 cells were transfected transiently 
to co-express either hGPR35a WT-eYFP (black circles), hGPR35b WT-eYFP (red circles) or 
hGPR35b C27S-eYFP (green circles) along with arrestin-3-RLuc. (B) Comparison of effect of 
hGPR35a WT (black circles), hGPR35b WT (red circles) and hGPR35b C27S (green circles) 
transiently expressed in parental HEK293 cells as Gα13 SPASM sensors. BRET signals were 
measured after stimulating with the indicated concentrations of lodoxamide for 5 min. Data are the 
mean± SEM of outcomes from three independent experiments. 
 

From the above experiments of section (3.2.2), it was clear that hGPR35a 

generates substantially greater efficacy in response to lodoxamide than hGPR35b 

in both arrestin and G protein-based assays. In hGPR35a, cysteine at position 8 in 
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the N terminal region likely creates a disulphide bond with cysteine at 248 of 

extracellular loop 3. Alteration of either of these residues nearly eliminated 

lodoxamide function in both types of experiments. In hGPR35b, there may be 

hGPR35a equivalent disulphide bond formation between the amino acid cysteine 

at positions 39 and 279. Alterations of either of these amino acids to serine also 

greatly reduced signal in response to lodoxamide in arrestin-3 recruitment and 

Gα13 activation. In hGPR35b there is an extra cysteine at position 27. Alteration of 

this residue resulted in significantly increased efficacy of lodoxamide in both 

arrestin and G protein-based assays, suggesting an additional disulphide bond 

limits agonist-induced activation of hGPR35b. 

3.2.3 Generation of additional mutants to further investigate the 

role of the N-terminal extension of hGPR35b 

In the previous sections, I found that although the pharmacology of human GPR35 

splice variants is highly similar, the long isoform (hGPR35b) generates lower 

efficacy in response to lodoxamide than the short form (hGPR35a). After 

predicting the possible disulphide bonds in both isoforms and results from the 

mutagenesis experiments, it was clear that the additional cysteine at position 27 

of the N-terminal extension of hGPR35b greatly limits the agonist-induced 

hGPR35b activation. Cysteine 27 position is a dampener of hGPR35b efficacy 

because mutation of this residue to serine results in the efficacy of the long 

isoform being equivalent to that of the short isoform. To learn more about the 

function of the hGPR35b N-terminal extension, nine more mutants in which 

cysteine replaced various residues in the setting of the Cys27Ser hGPR35b 

backbone were created. Mutants were generated with a C-terminal enhanced 

yellow fluorescent protein (eYFP) tag so that they could be utilised in arrestin-3 

interaction assays. The same mutants were also made in GPR35-Gα13 SPASM 

sensors for G protein activation measurement. The mutants of hGPR35b for 

arrestin-3 recruitment and Gα13 activation are displayed in (Table 3.1). 
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Figure 3.6 Additional mutagenic sites in the N-terminal domain of hGPR35b 
9 extra mutants were created in Cys27Ser backbone of hGPR35b where cysteine was introduced at 
different positions instead of (serine at 5, threonine at 10, glycine at 14, serine at 15, methionine at 
22, serine at 25, serine at 29, methionine at 32 and glycine at 34) across the N-terminal extension of 
hGPR35b. 

Position of the mutants in 
Cys27Ser backbone 

Mutants for arrestin-3 
interaction 

Mutants for Gα13 activation 

Amino acid 5 S5C tagged with eYFP S5C in GPR35- Gα13 SPASM 

Amino acid 10 T10C tagged with eYFP T10C in GPR35- Gα13 SPASM 

Amino acid 14 G14C tagged with eYFP G14C in GPR35- Gα13 SPASM 

Amino acid 15 S15C tagged with eYFP S15C in GPR35- Gα13 SPASM 

Amino acid 22 M22C tagged with eYFP M22C in GPR35- Gα13 SPASM 

Amino acid 25 S25C tagged with eYFP S25C in GPR35- Gα13 SPASM 

Amino acid 29 S29C tagged with eYFP S29C in GPR35- Gα13 SPASM 

Amino acid 32 M32C tagged with eYFP M32C in GPR35- Gα13 SPASM 

Amino acid 34 G34C tagged with eYFP G34C in GPR35- Gα13 SPASM 

Table 3.1 List of additional mutants in the Cys27Ser backbone of hGPR35b 
9 mutants were generated in Cys27Ser backbone of hGPR35b for both arrestin-3 interaction and 
Gα13 activation measurements. 
 

After the generation of the additional nine mutants in different locations of the 

N-terminal extension of hGPR35b, I employed a series of ligands that are agonists 

or partial agonists of human GPR35 for measuring arrestin-3 interaction with the 

receptor and also activating G protein Gα13 (Table 3.2). 
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hGPR35 ligand Chemical name 

Bufrolin 6-butyl-4,10-dioxo-1,7-dihydro-1,7-phenanthroline-
2,8-dicarboxylic acid 

Lodoxamide 2-[2-chloro-5-cyano-3-(oxaloamino) anilino]-2-
oxoacetic acid 

Pamoic Acid 4-[(3-carboxy-2-hydroxynaphthalen-1-yl) methyl]-3-
hydroxynaphthalene-2-carboxylic acid 

Cromolyn 5-[3-(2-carboxy-4-oxochromen-5-yl) oxy-2-
hydroxypropoxy]-4-oxochromene-2-carboxylic 

acid 

Doxantrazole 10,10-dioxo-3-(2H-tetrazol-5-yl) thioxanthen-9-one 

 

Zaprinast 5-(2-propoxyphenyl)-2,6-dihydrotriazolo[4,5-d] 
pyrimidin-7-one 

PSB-13253 6-bromo-8-[(4-methoxybenzoyl) amino]-4-
oxochromene-2-carboxylic acid 

Amlexanox 2-amino-5-oxo-7-propan-2-ylchromeno[2,3-b] 
pyridine-3-carboxylic acid 

Table 3.2 Commonly used names and chemical names of human GPR35 ligands used  
In total 8 ligands (full and partial agonists) were used to measure arrestin-3 recruitment and Gα13 
activation for hGPR35. 
 

3.2.3.1 Comparison among different hGPR35b mutants in arrestin 

recruitment and G protein activation using bufrolin as an agonist 

Parental 293 cells were transfected transiently to co-express either hGPR35b C27S 

(S5C, T10C, G14C, S15C, M22C, S25C, S29C, M32C and G34C), each tagged with 

eYFP, and with arrestin-3-RLuc. hGPR35a WT, hGPR35b WT and hGPR35b C27S 

tagged with eYFP were used as controls.  After the addition of luciferase substrate 

and bufrolin, there was a concentration-dependent increase in measured BRET 

(Figure 3.7A) with pEC50 7.69± 0.01 (mean± SEM, n=3 for hGPR35a WT) (Table 3.3). 

Compared to hGPR35a WT, the measured BRET produced by hGPR35b WT was 

significantly (67.68%) lower with pEC50 7.61± 0.01 (mean± SEM, n=3 for hGPR35b 

WT). However, using hGPR35b C27S resulted in a dramatic rise in signal, indicating 

better efficacy in response to bufrolin than the  hGPR35b wild type version. Among 

the new mutants in the backbone of hGPR35b C27S (S5C, T10C, M22C, S25C, S29C, 

and M32C) mutants displayed statistically similar arrestin-3 recruitment activities 

to hGPR35b WT and they were all significantly different from hGPR35a WT  (Emax, 

P < 0.001). The rest of the mutants in the backbone of hGPR35b C27S (G14C, S15C, 

and G34C) demonstrated moderate enhancement of BRET signals compared to 

signals generated by hGPR35b WT (Figure 3.7A) (Table 3.3). 
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For Gα13 activation, hGPR35b C27S (S5C, T10C, G14C, S15C, M22C, S25C, S29C, 

M32C and G34C) were transiently expressed in parental HEK293 cells as Gα13 SPASM 

sensors. hGPR35a WT, hGPR35b WT and hGPR35b C27S were also expressed as Gα13 

SPASM sensors. Following addition of luciferase substrate and bufrolin, a 

concentration-dependent increase in BRET (Figure 3.7B) was found with pEC50 

8.05± 0.05 (mean± SEM, n=3 for hGPR35a WT). Here, hGPR35b generated a 78.79% 

lower BRET signal with pEC50 6.97± 0.01 (mean± SEM, n=3 for hGPR35b WT). 

However, in response to bufrolin, the hGPR35b C27S mutant generated BRET signal 

that was not statistically different from signals produced by the hGPR35a WT. In 

the backbone of hGPR35b C27S, each of the nine new mutants showed Gα13 

activation that was very similar to hGPR35b WT and significantly different from 

hGPR35a WT  (Emax, p < 0.001) (Figure 3.7B) (Table 3.3). 

From this series of experiments, it was found that when cysteine was introduced 

into various positions of the N-terminal domain of hGPR35b, all of the positions 

demonstrated arrestin-3 recruitment potential and Gα13 activation that was 

similar in extent to that of hGPR35b WT. The most probable reason for this is the 

creation of new disulphide bonds from various sites of N-terminal domain to 

extracellular loop 3 of hGPR35b. 

 

Figure 3.7 Measurement and comparison of interaction among various mutants of hGPR35b 
and arrestin-3 and demonstration of the effectiveness of different mutants of hGPR35b-Gα13 
SPASM sensors using bufrolin 
(A) Parental HEK293 cells were transfected transiently to co-express either (i) hGPR35b C27S S5C 
(maroon circles), hGPR35b C27S T10C (deep blue circles), hGPR35b C27S G14C (bottle green 
circles), (ii) hGPR35b C27S S15C (pink circles), hGPR35b C27S M22C (blue circles), hGPR35b 
C27S S25C (light green circles), (iii) hGPR35b C27S S29C (light pink circles), hGPR35b C27S 
M32C (light blue circles) and hGPR35b C27S G34C (paste circles) each tagged with eYFP and 
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arrestin-3-RLuc. (B) Comparison of the effects of (i) hGPR35b C27S S5C (maroon circles), 
hGPR35b C27S T10C (deep blue circles), hGPR35b C27S G14C (bottle green circles), (ii) hGPR35b 
C27S S15C (pink circles), hGPR35b C27S M22C (blue circles), hGPR35b C27S S25C (light green 
circles), (iii) hGPR35b C27S S29C (light pink circles), hGPR35b C27S M32C (light blue circles) and 
hGPR35b C27S G34C (paste circles) transiently expressed in parental HEK293 cells as Gα13 
SPASM sensors. In both assays (A) and (B) hGPR35a WT (black circles), hGPR35b WT (red circles) 
and hGPR35b C27S (green circles) were used as control. BRET signals were recorded after treating 
with indicated concentrations of bufrolin for 5 min. Each dataset represents the mean ± SEM of three 
independent experiments. Data were analysed by one-way ANOVA followed by Dunnett’s multiple 
comparisons test and statistical results are shown in the following tables. 
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(ns) 

7.71±
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01 

(***) 
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P<0.0
01 
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P>0.9
9 

(ns) 

7.57±
0.01 

P<0.0
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1 
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P<0.0
1 
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P<0.0
01 

(***) 

7.69±
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%E
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P<0.0
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01 

(***) 
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P<0.0
01 

(***) 

100 

Table 3.3  Comparison of pEC50 and %Emax among GPR35 wild type and various mutants in 
arrestin recruitment assays using bufrolin  
hGPR35a, hGPR35b and various mutants of hGPR35b were compared in terms of pEC50 and 
%Emax using BRET based arrestin recruitment assays. Results are expressed as mean ± SEM of 
three individual experiments. Data were analysed by one-way ANOVA followed by Dunnett’s multiple 
comparisons test where the value for hGPR35a was used as control. ns = non-significant, * p<0.05, 
** p<0.01, ***p<0.001. 
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P<0.0
01 

(***) 

89.73
± 0.66 

P<0.0
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Table 3.4 Comparison of pEC50 and %Emax among GPR35 wild type and various mutants in G 
protein activation assays using bufrolin 
hGPR35a, hGPR35b and various mutants of hGPR35b were compared in terms of pEC50 and %Emax 
by BRET based G protein assays using GPR35-Gα13 SPASM sensors . Results are expressed as 
mean ± SEM of three separate experiments. Data were analysed by one-way ANOVA followed by 
Dunnett’s multiple comparisons test where the value for hGPR35a was used as control. ns = non-
significant, * p<0.05, ** p<0.01, ***p<0.001. 
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3.2.3.2 Comparison of arrestin recruitment and G protein activation in various 

hGPR35b mutants with reference agonist lodoxamide 

A transient transfection was performed on parental 293 cells to co-express either 

hGPR35b C27S (S5C, T10C, G14C, S15C, M22C, S25C, S29C, M32C and G34C) tagged 

with eYFP and arrestin-3-RLuc. As controls, hGPR35a WT, hGPR35b WT, and 

hGPR35b C27S were tagged with eYFP and used. There was a concentration-

dependent rise in the amount of measured BRET following the addition of 

luciferase substrate and lodoxamide (Figure 3.8A) with pEC50 7.82± 0.01 (mean± 

SEM, n=3 for hGPR35a WT) (Table 3.5). The measured BRET generated by hGPR35b 

WT was substantially (61.17%) lower than that of hGPR35a WT with pEC50 7.82± 

0.01 (mean± SEM, n=3 for hGPR35b WT). However, the signal increased when 

hGPR35b C27S was used, showing that this variant responded to lodoxamide more 

effectively than hGPR35b wild type. Among the new mutants in the backbone of 

hGPR35b C27S (M22C, S25C, S29C, and M32C) mutants displayed statistically 

similar arrestin-3 recruitment activities to hGPR35b WT and they were all 

significantly different from hGPR35a WT  (Emax, p < 0.001) (Figure 3.8A). The rest 

of the mutants in the backbone of hGPR35b C27S (S5C, T10C, G14C, S15C and 

G34C) demonstrated moderate enhancement of BRET signals compared to signals 

generated by hGPR35b WT (Figure 3.8A) (Table 3.5). 

In order to activate Gα13 in parental HEK293 cells, hGPR35b C27S (S5C, T10C, 

G14C, S15C, M22C, S25C, S29C, M32C and G34C) were transiently expressed as 

Gα13 SPASM sensors. hGPR35a WT, hGPR35b WT and hGPR35b C27S were also 

expressed as Gα13 SPASM sensors as controls. A gradual rise in BRET (Figure 3.8B) 

was discovered with the application of luciferase substrate and lodoxamide with 

pEC50 8.22± 0.01 (mean± SEM, n=3 for hGPR35a WT) (Table 3.6). In this instance, 

Gα13 activation was triggered by a (79.46%) lower BRET signal produced by 

hGPR35b with pEC50 8.07± 0.07 (mean± SEM, n=3 for hGPR35b WT).  However, in 

response to lodoxamide, the hGPR35b C27S mutant generated BRET signal that 

was not statistically different from signals produced by the hGPR35a wild type. 

The nine newly introduced mutants in the backbone of hGPR35b C27S produced 

Gα13 activation signals that were nearly comparable to that of hGPR35b WT and 

significantly different from hGPR35a WT  (Emax, p < 0.001) (Figure 3.8B) (Table 

3.6). 
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These tests revealed that cysteine had been inserted at varied positions of the N-

terminal domain of hGPR35b. All the positions showed lower arrestin-3 

recruitment signals than that of hGPR35a WT and hGPR35b C27S. Gα13 activation 

by these new mutants were similar to the effects generated by hGPR35b WT.  

 

Figure 3.8 Comparison of interaction among various mutants of hGPR35b and arrestin-3 and 
validation of the effectiveness of different mutants of hGPR35b-Gα13 SPASM sensors using 
reference agonist lodoxamide 
(A) Parental HEK293 cells were transfected transiently to co-express either (i) hGPR35b C27S S5C 
(maroon circles), hGPR35b C27S T10C (deep blue circles), hGPR35b C27S G14C (bottle green 
circles), (ii) hGPR35b C27S S15C (pink circles), hGPR35b C27S M22C (blue circles), hGPR35b 
C27S S25C (light green circles), (iii) hGPR35b C27S S29C (light pink circles), hGPR35b C27S 
M32C (light blue circles) and hGPR35b C27S G34C (paste circles) each tagged with eYFP and 
arrestin-3-RLuc. (B) Comparison of the effects of (i) hGPR35b C27S S5C (maroon circles), 
hGPR35b C27S T10C (deep blue circles), hGPR35b C27S G14C (bottle green circles), (ii) hGPR35b 
C27S S15C (pink circles), hGPR35b C27S M22C (blue circles), hGPR35b C27S S25C (light green 
circles), (iii) hGPR35b C27S S29C (light pink circles), hGPR35b C27S M32C (light blue circles) and 
hGPR35b C27S G34C (paste circles) transiently expressed in parental HEK293 cells as Gα13 
SPASM sensors. In both assays (A) and (B) hGPR35a WT (black circles), hGPR35b WT (red circles) 
and hGPR35b C27S (green circles) were used as control. BRET signals were observed after treating 
with indicated concentrations of lodoxamide for 5 min. Each dataset represents the mean ± SEM of 
three independent experiments. Data were analysed by one-way ANOVA followed by Dunnett’s 
multiple comparisons test and statistical results are shown in the following tables. 
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Table 3.5  Comparison of pEC50 and %Emax among GPR35 wild type and various mutants in 
arrestin recruitment assays using lodoxamide 
hGPR35a, hGPR35b and various mutants of hGPR35b were compared in terms of pEC50 and %Emax 
using BRET based arrestin recruitment assays. Results are expressed as mean ± SEM of three 
individual experiments. Data were analysed by one-way ANOVA followed by Dunnett’s multiple 
comparisons test where the value for hGPR35a was used as control. ns = non-significant, * p<0.05, 
** p<0.01, ***p<0.001. 
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Table 3.6 Comparison of pEC50 and %Emax among GPR35 wild type and various mutants in G 
protein activation assays using lodoxamide 
hGPR35a, hGPR35b and various mutants of hGPR35b were compared in terms of pEC50 and %Emax 
by BRET based G protein assays using GPR35-Gα13 SPASM sensors . Results are expressed as 
mean ± SEM of three separate experiments. Data were analysed by one-way ANOVA followed by 
Dunnett’s multiple comparisons test where the value for hGPR35a was used as control. ns = non-
significant, * p<0.05, ** p<0.01, ***p<0.001. 

 

3.2.3.3 Measurement of arrestin recruitment and G protein activation in 

various hGPR35b mutants with partial agonist pamoic acid 

After using two full agonists of hGPR35, I decided to switch to pamoic acid in these 

experiments which is a potent partial agonist of hGPR35. Parental 293 cells were 

transfected transiently to co-express either hGPR35b C27S (S5C, T10C, G14C, 

S15C, M22C, S25C, S29C, M32C and G34C) each tagged with eYFP and arrestin-3-

RLuc. hGPR35a WT, hGPR35b WT and hGPR35b C27S tagged with eYFP were used 

as controls.  After addition of luciferase substrate and pamoic acid, there was a 
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concentration-dependent increase in measured BRET (Figure 3.9A) with pEC50 

7.18± 0.02 (mean± SEM, n=3 for hGPR35a WT) (Table 3.7). Similar outcomes to 

previous experiments were achieved upon using hGPR35b WT and hGPR35b C27S 

mutant. Among the new mutants in the backbone of hGPR35b C27S (M22C, S25C, 

S29C, and M32C) mutants displayed statistically similar arrestin-3 recruitment 

activities to hGPR35b WT and they were all significantly different from hGPR35a 

WT  (Emax, p < 0.001) (Figure 3.9A). The rest of the mutants in the backbone of 

hGPR35b C27S (S5C, T10C, G14C, S15C and G34C) demonstrated moderate 

enhancement of BRET signals compared to signals generated by hGPR35b WT 

(Figure 3.9A) (Table 3.7). As pamoic acid shows partial agonism to hGPR35, the 

raw signal intensity was significantly lower than the signals produced by full 

agonist lodoxamide. 

For Gα13 activation, hGPR35b C27S (S5C, T10C, G14C, S15C, M22C, S25C, S29C, 

M32C and G34C) were transiently expressed in parental HEK293 cells as Gα13 SPASM 

sensors. hGPR35a WT, hGPR35b WT and hGPR35b C27S were also expressed as Gα13 

SPASM sensors. Following addition of luciferase substrate and pamoic acid, a 

concentration-dependent increase in BRET (Figure 3.9B) was found with pEC50 

7.02± 0.04 (mean± SEM, n=3 for hGPR35a WT) (Table 3.8). Comparable results to 

earlier studies were obtained with the hGPR35b WT and hGPR35b C27S mutant in 

Gα13 activation. In the backbone of hGPR35b C27S, the nine newly generated 

mutants showed Gα13 activation that were not statistically different from those of 

hGPR35b WT (Figure 3.9B) (Table 3.8). Again, the raw Gα13 activation signals were 

lower compared to the signals generated by full agonist. 

These tests revealed that the hGPR35b's N-terminal domain had the cysteine 

inserted at varied positions. All the new mutants showed arrestin-3 recruitment 

potential and Gα13 activation to a statistically similar level to that shown by 

hGPR35b WT. The creation of additional disulphide bonds from various sites of the 

hGPR35b N-terminal domain to extracellular loop 3 is the most likely cause of this. 



                                                  Chapter 3 

91 
 

 

Figure 3.9 Measurement of interaction among various mutants of hGPR35b and arrestin-3 and 
demonstration of the effectiveness of different mutants of hGPR35b-Gα13 SPASM sensors 
using partial agonist pamoic acid 
(A) Parental HEK293 cells were transfected transiently to co-express either (i) hGPR35b C27S S5C 
(maroon circles), hGPR35b C27S T10C (deep blue circles), hGPR35b C27S G14C (bottle green 
circles), (ii) hGPR35b C27S S15C (pink circles), hGPR35b C27S M22C (blue circles), hGPR35b 
C27S S25C (light green circles), (iii) hGPR35b C27S S29C (light pink circles), hGPR35b C27S 
M32C (light blue circles) and hGPR35b C27S G34C (paste circles) each tagged with eYFP and 
arrestin-3-RLuc. (B) Comparison of the effects of (i) hGPR35b C27S S5C (maroon circles), 
hGPR35b C27S T10C (deep blue circles), hGPR35b C27S G14C (bottle green circles), (ii) hGPR35b 
C27S S15C (pink circles), hGPR35b C27S M22C (blue circles), hGPR35b C27S S25C (light green 
circles), (iii) hGPR35b C27S S29C (light pink circles), hGPR35b C27S M32C (light blue circles) and 
hGPR35b C27S G34C (paste circles) transiently expressed in parental HEK293 cells as Gα13 
SPASM sensors. In both assays (A) and (B) hGPR35a WT (black circles), hGPR35b WT (red circles) 
and hGPR35b C27S (green circles) were used as control. BRET signals were monitored after 
treating with indicated concentrations of pamoic acid for 5 min. Each dataset represents the mean ± 
SEM of three independent experiments. Data were analysed by one-way ANOVA followed by 
Dunnett’s multiple comparisons test and statistical results are shown in the following tables. 
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P<0.0
01 

(***) 

101.1 
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Table 3.7 Comparison of pEC50 and %Emax among GPR35 wild type and various mutants in 
arrestin recruitment assays using pamoic acid 
hGPR35a, hGPR35b and various mutants of hGPR35b were compared in terms of pEC50 and %Emax 
using BRET based arrestin recruitment assays. Results are expressed as mean ± SEM of three 
individual experiments. Data were analysed by one-way ANOVA followed by Dunnett’s multiple 
comparisons test where the value for hGPR35a was used as control. ns = non-significant, * p<0.05, 
** p<0.01, ***p<0.001. 
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P<0.0
01 

(***) 

28.65
± 1.14 

P<0.0
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01 

(***) 

19.16
± 0.54 

P<0.0
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Table 3.8 Comparison of pEC50 and %Emax among GPR35 wild type and various mutants in G 
protein activation assays using pamoic acid 
hGPR35a, hGPR35b and various mutants of hGPR35b were compared in terms of pEC50 and %Emax 
by BRET based G protein assays using GPR35-Gα13 SPASM sensors . Results are expressed as 
mean ± SEM of three separate experiments. Data were analysed by one-way ANOVA followed by 
Dunnett’s multiple comparisons test where the value for hGPR35a was used as control. ns = non-
significant, * p<0.05, ** p<0.01, ***p<0.001. 

 

3.2.3.4 Determination of arrestin recruitment and G protein activation in 

various hGPR35b mutants with anti-asthma drug cromolyn 

In this section, studies were carried out with cromolyn, an agonist ligand for 

GPR35. This ligand is used to treat allergic rhinitis, vernal conjunctivitis, keratitis, 

and keratoconjunctivitis, as well as bronchial asthma (Minutello and Gupta, 2020). 

A transient transfection was performed in parental 293 cells to co-express either 

hGPR35b C27S (S5C, T10C, G14C, S15C, M22C, S25C, S29C, M32C and G34C) tagged 

with eYFP and arrestin-3-RLuc. As controls, hGPR35a WT, hGPR35b WT, and 

hGPR35b C27S were tagged with eYFP and used. There was a concentration-

dependent rise in the amount of measured BRET (Figure 3.10A) following the 

addition of luciferase substrate and cromolyn with pEC50 5.67± 0.01 (mean± SEM, 

n=3 for hGPR35a WT) (Table 3.9). Comparable results to earlier studies were 

obtained with the hGPR35b WT and hGPR35b C27S mutant. Among the new 

mutants in the backbone of hGPR35b C27S (M22C, S29C, and M32C) mutants 

displayed statistically similar arrestin-3 recruitment activities to hGPR35b WT and 

they were all significantly different from hGPR35a WT  (Emax, p < 0.001) (Figure 

3.10A). The rest of the mutants in the backbone of hGPR35b C27S (S5C, T10C, 

G14C, S15C, S25C and G34C) demonstrated moderate enhancement of BRET 

signals compared to signals generated by hGPR35b WT (Figure 3.10A) (Table 3.9). 
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In order to activate Gα13 in parental HEK293 cells, hGPR35b C27S (S5C, T10C, 

G14C, S15C, M22C, S25C, S29C, M32C and G34C) were transiently expressed as 

Gα13 SPASM sensors. hGPR35a WT, hGPR35b WT and hGPR35b C27S were also 

expressed as Gα13 SPASM sensors as controls. A concentration-dependent rise in 

BRET (Figure 3.10B) was discovered with the application of luciferase substrate 

and cromolyn with pEC50 5.31± 0.01 (mean± SEM, n=3 for hGPR35a WT) (Table 

3.10). Comparable outcomes to previous research were achieved in Gα13 activation 

with the hGPR35b WT and hGPR35b C27S mutants. The nine mutants at various 

positions in the backbone of hGPR35b C27S demonstrated Gα13 activation that was 

not statistically different from those of hGPR35b WT (Figure 3.10B) (Table 3.10). 

These tests revealed that cysteine had been inserted at varied positions of the N-

terminal domain of hGPR35b. All nine of the novel mutants showed arrestin-3 

recruitment potential and Gα13 activation to a substantially same level as that 

shown by hGPR35b WT. The creation of additional disulphide bonds from various 

sites of the hGPR35b N-terminal domain to extracellular loop 3 is the most likely 

cause of this. 

 

Figure 3.10 Comparison of interaction among various mutants of hGPR35b and arrestin-3 and 
validation of the effectiveness of different mutants of hGPR35b-Gα13 SPASM sensors using 
GPR35 agonist cromolyn 
(A) Parental HEK293 cells were transfected transiently to co-express either (i) hGPR35b C27S S5C 
(maroon circles), hGPR35b C27S T10C (deep blue circles), hGPR35b C27S G14C (bottle green 
circles), (ii) hGPR35b C27S S15C (pink circles), hGPR35b C27S M22C (blue circles), hGPR35b 
C27S S25C (light green circles), (iii) hGPR35b C27S S29C (light pink circles), hGPR35b C27S 
M32C (light blue circles) and hGPR35b C27S G34C (paste circles) each tagged with eYFP and 
arrestin-3-RLuc. (B) Comparison of the effects of (i) hGPR35b C27S S5C (maroon circles), 
hGPR35b C27S T10C (deep blue circles), hGPR35b C27S G14C (bottle green circles), (ii) hGPR35b 
C27S S15C (pink circles), hGPR35b C27S M22C (blue circles), hGPR35b C27S S25C (light green 
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circles), (iii) hGPR35b C27S S29C (light pink circles), hGPR35b C27S M32C (light blue circles) and 
hGPR35b C27S G34C (paste circles) transiently expressed in parental HEK293 cells as Gα13 
SPASM sensors. In both assays (A) and (B) hGPR35a WT (black circles), hGPR35b WT (red circles) 
and hGPR35b C27S (green circles) were used as control. BRET signals were recorded after treating 
with indicated concentrations of cromolyn for 5 min. Each dataset represents the mean ± SEM of 
three independent experiments. Data were analysed by one-way ANOVA followed by Dunnett’s 
multiple comparisons test and statistical results are shown in the following tables. 
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Table 3.9 Comparison of pEC50 and %Emax among GPR35 wild type and various mutants in 
arrestin recruitment assays using cromolyn 
hGPR35a, hGPR35b and various mutants of hGPR35b were compared in terms of pEC50 and %Emax 
using BRET based arrestin recruitment assays. Results are expressed as mean ± SEM of three 
individual experiments. Data were analysed by one-way ANOVA followed by Dunnett’s multiple 
comparisons test where the value for hGPR35a was used as control. ns = non-significant, * p<0.05, 
** p<0.01, ***p<0.001. 
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Table 3.10 Comparison of pEC50 and %Emax among GPR35 wild type and various mutants in G 
protein activation assays using cromolyn 
hGPR35a, hGPR35b and various mutants of hGPR35b were compared in terms of pEC50 and %Emax 
by BRET based G protein assays using GPR35-Gα13 SPASM sensors . Results are expressed as 
mean ± SEM of three separate experiments. Data were analysed by one-way ANOVA followed by 
Dunnett’s multiple comparisons test where the value for hGPR35a was used as control. ns = non-
significant, * p<0.05, ** p<0.01, ***p<0.001. 
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3.2.3.5 Measurement of arrestin recruitment and G protein activation in 

various hGPR35b mutants with partial agonist doxantrazole 

Parental 293 cells were transfected transiently to co-express either hGPR35b C27S 

(S5C, T10C, G14C, S15C, M22C, S25C, S29C, M32C and G34C) each tagged with 

eYFP and arrestin-3-RLuc. hGPR35a WT, hGPR35b WT and hGPR35b C27S tagged 

with eYFP were used as controls.  After addition of luciferase substrate and 

doxantrazole, there was a concentration-dependent increase in measured BRET 

(Figure 3.11A) with pEC50 4.98± 0.01 (mean± SEM, n=3 for hGPR35a WT) (Table 

3.11). Similar outcomes to previous experiments were achieved using the hGPR35b 

WT and hGPR35b C27S mutants. Among the new mutants in the backbone of 

hGPR35b C27S (M22C, S29C, and M32C) mutants displayed statistically similar 

arrestin-3 recruitment activities to hGPR35b WT and they were all significantly 

different from hGPR35a WT  (Emax, p < 0.001). The rest of the mutants in the 

backbone of hGPR35b C27S (S5C, T10C, G14C, S15C, S25C and G34C) demonstrated 

moderate enhancement of BRET signals compared to signals generated by 

hGPR35b WT (Figure 3.11A) (Table 3.11). As doxantrazole shows partial agonism 

to hGPR35, the raw signal intensity was significantly lower than full agonist. 

For Gα13 activation, hGPR35b C27S (S5C, T10C, G14C, S15C, M22C, S25C, S29C, 

M32C and G34C) were transiently expressed in parental HEK293 cells as Gα13 SPASM 

sensors. hGPR35a WT, hGPR35b WT and hGPR35b C27S were also expressed as Gα13 

SPASM sensors. Following the addition of luciferase substrate and doxantrazole, a 

concentration-dependent increase in BRET (Figure 3.11B) was found with pEC50 

4.90± 0.01 (mean± SEM, n=3 for hGPR35a WT) (Table 3.12). Similar results to 

earlier studies were obtained when Gα13 activation was carried out using the 

hGPR35b WT and hGPR35b C27S mutants. The nine mutants at various positions in 

the backbone of hGPR35b C27S demonstrated Gα13 activation that were not 

statistically different from those of hGPR35b WT (Figure 3.10B) (Table 3.12). 

Here, the raw Gα13 activation signals were lower than those generated by any full 

agonist of hGPR35. 

These assays showed that cysteine was introduced into the hGPR35b N-terminal 

domain at several locations. The Gα13 activation and arrestin-3 recruitment 

potential of the new mutants were comparable to those of hGPR35b WT in almost 

all cases. The most plausible reason for this is the formation of additional 
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disulphide bonds between extracellular loop 3 and various places of the hGPR35b 

N-terminal domain. 

 

Figure 3.11 Measurement of interaction among various mutants of hGPR35b and arrestin-3 
and demonstration of the effectiveness of different mutants of hGPR35b-Gα13 SPASM sensors 
using partial agonist doxantrazole 
(A) Parental HEK293 cells were transfected transiently to co-express either (i) hGPR35b C27S S5C 
(maroon circles), hGPR35b C27S T10C (deep blue circles), hGPR35b C27S G14C (bottle green 
circles), (ii) hGPR35b C27S S15C (pink circles), hGPR35b C27S M22C (blue circles), hGPR35b 
C27S S25C (light green circles), (iii) hGPR35b C27S S29C (light pink circles), hGPR35b C27S 
M32C (light blue circles) and hGPR35b C27S G34C (paste circles) each tagged with eYFP and 
arrestin-3-RLuc. (B) Comparison of the effects of (i) hGPR35b C27S S5C (maroon circles), 
hGPR35b C27S T10C (deep blue circles), hGPR35b C27S G14C (bottle green circles), (ii) hGPR35b 
C27S S15C (pink circles), hGPR35b C27S M22C (blue circles), hGPR35b C27S S25C (light green 
circles), (iii) hGPR35b C27S S29C (light pink circles), hGPR35b C27S M32C (light blue circles) and 
hGPR35b C27S G34C (paste circles) transiently expressed in parental HEK293 cells as Gα13 
SPASM sensors. In both assays (A) and (B) hGPR35a WT (black circles), hGPR35b WT (red circles) 
and hGPR35b C27S (green circles) were used as control. BRET signals were recorded after treating 
with various concentrations of doxantrazole for 5 min. Each dataset represents the mean ± SEM of 
three independent experiments. Data were analysed by one-way ANOVA followed by Dunnett’s 
multiple comparisons test and statistical results are shown in the following tables. 
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80.38
± 0.24 

P<0.0
01 

(***) 

76.17
± 0.14 

P<0.0
01 

(***) 

29.58
± 0.47 

P<0.0
01 

(***) 

45.55
± 0.01 

P<0.0
01 

(***) 

21.30
± 0.12 

P<0.0
01 

(***) 

16.83  
± 0.48 

P<0.0
01 

(***) 

69.17
± 0.77 

P<0.0
01 

(***) 

101.6
± 0.30 

P<0.0
5 

(*) 

23.25
± 0.17 

P<0.0
01 

(***) 

99.84 

± 0.16 

Table 3.11 Comparison of pEC50 and %Emax among GPR35 wild type and various mutants in 
arrestin recruitment assays using doxantrazole 
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hGPR35a, hGPR35b and various mutants of hGPR35b were compared in terms of pEC50 and %Emax 
using BRET based arrestin recruitment assays. Results are expressed as mean ± SEM of three 
individual experiments. Data were analysed by one-way ANOVA followed by Dunnett’s multiple 
comparisons test where the value for hGPR35a was used as control. ns = non-significant, * p<0.05, 
** p<0.01, ***p<0.001. 
 
 

 hGPR
35b 

C27S 
S5C 

 

hGPR
35b 

C27S 
T10C 

 

hGPR
35b 

C27S 
G14C 

 

hGPR
35b 

C27S 
S15C 

 

hGPR
35b 

C27S 
M22C 

 

hGPR
35b 

C27S 
S25C 

 

hGPR
35b 

C27S 
S29C 

 

hGPR
35b 

C27S 
M32C 

 

hGPR
35b 

C27S 
G34C 

 

hGPR
35b 

C27S 

 

hGPR
35b 
WT 

 

hGPR
35a 
WT 

 

pE
C50 

 

4.79±
0.01 

P<0.0
5 

(*) 

4.81±
0.02 

P<0.0
5 

(*) 

5.17±
0.01 

P<0.0
01 

(***) 

4.68±
0.01 

P<0.0
01 

(***) 

4.88±
0.03 

P=0.9
9 

(ns) 

4.81±
0.01 

P<0.0
5 

(*) 

4.57±
0.02 

P<0.0
01 

(***) 

4.59±
0.05 

P<0.0
01 

(***) 

4.47±
0.01 

P<0.0
01 

(***) 

4.70±
0.01 

P<0.0
01 

(***) 

4.45±
0.01 

P<0.0
01 

(***) 

4.90±
0.01 

%E

max 

 

32.71
± 0.08 

P<0.0
01 

(***) 

25.56
± 0.37 

P<0.0
01 

(***) 

20.81
± 0.07 

P<0.0
01 

(***) 

39.49
± 0.60 

P<0.0
01 

(***) 

31.58
± 0.76 

P<0.0
01 

(***) 

28.80
± 0.49 

P<0.0
01 

(***) 

21.73
± 0.19 

P<0.0
01 

(***) 

19.26
± 0.86 

P<0.0
01 

(***) 

29.36
± 0.18 

P<0.0
01 

(***) 

89.08
± 0.02 

P<0.0
01 

(***) 

35.61
± 0.67 

P<0.0
01 

(***) 

99.55 

± 0.45 

Table 3.12 Comparison of pEC50 and %Emax among GPR35 wild type and various mutants in G 
protein activation assays using doxantrazole 
hGPR35a, hGPR35b and various mutants of hGPR35b were compared in terms of pEC50 and %Emax 
by BRET based G protein assays using GPR35-Gα13 SPASM sensors. Results are expressed as 
mean ± SEM of three separate experiments. Data were analysed by one-way ANOVA followed by 
Dunnett’s multiple comparisons test where the value for hGPR35a was used as control. ns = non-
significant, * p<0.05, ** p<0.01, ***p<0.001. 
 

3.2.3.6 Investigation of arrestin recruitment and G protein activation in 

various hGPR35b mutants with phosphodiesterase inhibitor zaprinast 

In this section, zaprinast was employed to pharmacologically characterise the 

different mutants of long isoform of human GPR35. Zaprinast  is a well-known 

cGMP specific-phosphodiesterase (cGMP-PDEs) inhibitor (Taniguchi et al., 2006). 

A transient transfection was performed on parental 293 cells to co-express either 

hGPR35b C27S (S5C, T10C, G14C, S15C, M22C, S25C, S29C, M32C and G34C) tagged 

with eYFP and arrestin-3-RLuc. As controls, hGPR35a WT, hGPR35b WT, and 

hGPR35b C27S were tagged with eYFP and used. There was a concentration-

dependent rise in the amount of measured BRET (Figure 3.12A) following the 

addition of luciferase substrate and zaprinast with pEC50 5.73± 0.01 (mean± SEM, 

n=3 for hGPR35a WT) (Table 3.13). Similar outcomes to previous investigations 

were achieved using the hGPR35b WT and hGPR35b C27S mutants. Among the new 

mutants in the backbone of hGPR35b C27S (M22C, S25C, S29C, and M32C) mutants 

displayed statistically similar arrestin-3 recruitment activities to hGPR35b WT and 

they were all significantly different from hGPR35a WT  (Emax, p < 0.001). The rest 

of the mutants in the backbone of hGPR35b C27S (S5C, T10C, G14C, S15C and 
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G34C) demonstrated moderate enhancement of BRET signals compared to signals 

generated by hGPR35b WT (Figure 3.12A) (Table 3.13). 

In order to activate Gα13 in parental HEK293 cells, hGPR35b C27S (S5C, T10C, 

G14C, S15C, M22C, S25C, S29C, M32C and G34C) were transiently expressed as 

Gα13 SPASM sensors. hGPR35a WT, hGPR35b WT and hGPR35b C27S were also 

expressed as Gα13 SPASM sensors as controls. A concentration-dependent rise in 

BRET (Figure 3.12B) was discovered with the application of luciferase substrate 

and zaprinast with pEC50 5.78± 0.01 (mean± SEM, n=3 for hGPR35a WT) (Table 

3.14). Similar results to earlier studies were obtained when Gα13 activation was 

carried out using the hGPR35b WT and hGPR35b C27S mutants. The nine newly 

generated mutants in the backbone of hGPR35b C27S demonstrated Gα13 

activation that was statistically comparable to that of hGPR35b WT (Figure 3.12B) 

(Table 3.14). 

These tests revealed that cysteine was inserted at varied positions of the N-

terminal domain of hGPR35b. All the novel mutants showed arrestin-3 recruitment 

potential and Gα13 activation to a substantially same degree as that shown by 

hGPR35b WT. The creation of additional disulphide bonds from various sites of the 

hGPR35b N-terminal domain to extracellular loop 3 is the most probable cause of 

this. 

 

Figure 3.12 Comparison of interaction among various mutants of hGPR35b and arrestin-3 and 
validation of the effectiveness of different mutants of hGPR35b-Gα13 SPASM sensors using 
GPR35 agonist zaprinast 
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(A) Parental HEK293 cells were transfected transiently to co-express either (i) hGPR35b C27S S5C 
(maroon circles), hGPR35b C27S T10C (deep blue circles), hGPR35b C27S G14C (bottle green 
circles), (ii) hGPR35b C27S S15C (pink circles), hGPR35b C27S M22C (blue circles), hGPR35b 
C27S S25C (light green circles), (iii) hGPR35b C27S S29C (light pink circles), hGPR35b C27S 
M32C (light blue circles) and hGPR35b C27S G34C (paste circles) each tagged with eYFP and 
arrestin-3-RLuc. (B) Comparison of the effects of (i) hGPR35b C27S S5C (maroon circles), 
hGPR35b C27S T10C (deep blue circles), hGPR35b C27S G14C (bottle green circles), (ii) hGPR35b 
C27S S15C (pink circles), hGPR35b C27S M22C (blue circles), hGPR35b C27S S25C (light green 
circles), (iii) hGPR35b C27S S29C (light pink circles), hGPR35b C27S M32C (light blue circles) and 
hGPR35b C27S G34C (paste circles) transiently expressed in parental HEK293 cells as Gα13 
SPASM sensors. In both assays (A) and (B) hGPR35a WT (black circles), hGPR35b WT (red circles) 
and hGPR35b C27S (green circles) were used as control. BRET signals were observed after treating 
with indicated concentrations of zaprinast for 5 min. Each dataset represents the mean ± SEM of 
three independent experiments. Data were analysed by one-way ANOVA followed by Dunnett’s 
multiple comparisons test and statistical results are shown in the following tables. 

 

 hGPR
35b 

C27S 
S5C 

 

hGPR
35b 

C27S 
T10C 

 

hGPR
35b 

C27S 
G14C 

 

hGPR
35b 

C27S 
S15C 

 

hGPR
35b 

C27S 
M22C 

 

hGPR
35b 

C27S 
S25C 

 

hGPR
35b 

C27S 
S29C 

 

hGPR
35b 

C27S 
M32C 

 

hGPR
35b 

C27S 
G34C 

 

hGPR
35b 

C27S 

 

hGPR
35b 
WT 

 

hGPR
35a 
WT 

 

pE
C50 

 

5.76±
0.01 

P=0.1
2 

(ns) 

5.58±
0.01 

P<0.0
01 

(***) 

5.74±
0.01 

P=0.9
4 

(ns) 

5.85±
0.01 

P<0.0
01 

(***) 

5.64±
0.01 

P<0.0
01 

(***) 

5.78±
0.02 

P<0.0
5 

(*) 

5.72±
0.01  

P=0.9
6 

(ns) 

5.59±
0.02 

P<0.0
01 

(***) 

5.73±
0.01 

P>0.9
9 

(ns) 

5.86±
0.01 

P<0.0
01 

(***) 

5.62±
0.01 

P<0.0
01 

(***) 

5.73±
0.01 

%E

max 

 

72.71
± 0.11 

P<0.0
01 

(***) 

70.96
± 0.51 

P<0.0
01 

(***) 

84.86
± 0.27 

P<0.0
01 

(***) 

73.12
± 0.15 

P<0.0
01 

(***) 

29.55
± 0.39 

P<0.0
01 

(***) 

41.91
± 0.1 

P<0.0
01 

(***) 

27.03
± 0.14 

P<0.0
01 

(***) 

16.09  
± 0.01 

P<0.0
01 

(***) 

57.26
± 0.14 

P<0.0
01 

(***) 

104.8
± 0.50 

P<0.0
01 

(***) 

37.89
± 0.64 

P<0.0
01 

(***) 

100.2 

± 0.20 

Table 3.13 Comparison of pEC50 and %Emax among GPR35 wild type and various mutants in 
arrestin recruitment assays using zaprinast 

hGPR35a, hGPR35b and various mutants of hGPR35b were compared in terms of pEC50 and %Emax 
using BRET based arrestin recruitment assays. Results are expressed as mean ± SEM of three 
individual experiments. Data were analysed by one-way ANOVA followed by Dunnett’s multiple 
comparisons test where the value for hGPR35a was used as control. ns = non-significant, * p<0.05, 
** p<0.01, ***p<0.001. 

 

 hGPR
35b 

C27S 
S5C 

 

hGPR
35b 

C27S 
T10C 

 

hGPR
35b 

C27S 
G14C 

 

hGPR
35b 

C27S 
S15C 

 

hGPR
35b 

C27S 
M22C 

 

hGPR
35b 

C27S 
S25C 

 

hGPR
35b 

C27S 
S29C 

 

hGPR
35b 

C27S 
M32C 

 

hGPR
35b 

C27S 
G34C 

 

hGPR
35b 

C27S 

 

hGPR
35b 
WT 

 

hGPR
35a 
WT 

 

pE
C50 

 

5.23±
0.01 

P<0.0
01 

(***) 

5.33±
0.02 

P<0.0
01 

(***) 

5.03±
0.05 

P<0.0
01 

(***) 

5.59±
0.01 

P=0.0
9 

(ns) 

4.98±
0.01 

P<0.0
01 

(***) 

4.27±
0.02 

P<0.0
01 

(***) 

3.98±
0.02 

P<0.0
01 

(***) 

4.89±
0.11 

P<0.0
01 

(***) 

4.58±
0.09 

P<0.0
01 

(***) 

5.27±
0.01 

P<0.0
01 

(***) 

5.47±
0.03 

P<0.0
1 

(**) 

5.78±
0.01 

%E

max 

 

43.52
± 0.04 

P<0.0
01 

(***) 

39.58
± 0.13 

P<0.0
01 

(***) 

33.91
± 0.47 

P<0.0
01 

(***) 

46.90
± 0.22 

P<0.0
01 

(***) 

41.53
± 0.20 

P<0.0
01 

(***) 

48.98
± 1.65 

P<0.0
01 

(***) 

56.18
± 2.19 

P<0.0
01 

(***) 

12.63
± 1.02 

P<0.0
01 

(***) 

26.53
± 1.44 

P<0.0
01 

(***) 

87.59
± 0.24 

P<0.0
01 

(***) 

12.72
± 0.14 

P<0.0
01 

(***) 

100.8 

± 0.75 

Table 3.14 Comparison of pEC50 and %Emax among GPR35 wild type and various mutants in G 
protein activation assays using zaprinast 
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hGPR35a, hGPR35b and various mutants of hGPR35b were compared in terms of pEC50 and %Emax 
by BRET based G protein assays using GPR35-Gα13 SPASM sensors . Results are expressed as 
mean ± SEM of three separate experiments. Data were analysed by one-way ANOVA followed by 
Dunnett’s multiple comparisons test where the value for hGPR35a was used as control. ns = non-
significant, * p<0.05, ** p<0.01, ***p<0.001. 
 

3.2.3.7 Measurement of arrestin recruitment and G protein activation in 

various hGPR35b mutants with GPR35 agonist PSB-13253 

Parental 293 cells were transfected transiently to co-express either hGPR35b C27S 

(S5C, T10C, G14C, S15C, M22C, S25C, S29C, M32C and G34C) each tagged with 

eYFP and arrestin-3-RLuc. hGPR35a WT, hGPR35b WT and hGPR35b C27S tagged 

with eYFP were used as controls.  After addition of luciferase substrate and PSB-

13253, there was a concentration-dependent increase in measured BRET (Figure 

3.13A) with pEC50 7.31± 0.01 (mean± SEM, n=3 for hGPR35a WT) (Table 3.15). 

Similar outcomes to previous investigations were achieved using the hGPR35b WT 

and hGPR35b C27S mutants. Among the new mutants in the backbone of hGPR35b 

C27S (M22C, S25C, S29C, and M32C) mutants displayed statistically similar 

arrestin-3 recruitment activities to hGPR35b WT and they were all significantly 

different from hGPR35a WT  (Emax, p < 0.001). The remaining hGPR35b C27S 

backbone mutants (S5C, T10C, G14C, S15C, and G34C) showed a moderate 

increase in BRET signals as compared to signals generated by hGPR35b WT (Figure 

3.13A) (Table 3.15). 

For Gα13 activation, hGPR35b C27S (S5C, T10C, G14C, S15C, M22C, S25C, S29C, 

M32C and G34C) were transiently expressed in parental HEK293 cells as Gα13 SPASM 

sensors. hGPR35a WT, hGPR35b WT and hGPR35b C27S were also expressed as Gα13 

SPASM sensors. Following addition of luciferase substrate and PSB-13253, a 

concentration-dependent increase in BRET (Figure 3.13B) was found with pEC50 

7.38± 0.01 (mean± SEM, n=3 for hGPR35a WT) (Table 3.16). Similar results to 

earlier studies were obtained when Gα13 activation was carried out using the 

hGPR35b WT and hGPR35b C27S mutants. The nine newly generated mutants in 

the backbone of hGPR35b C27S demonstrated Gα13 activation that was statistically 

comparable to that of hGPR35b WT (Figure 3.13B) (Table 3.16). 
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Figure 3.13 Measurement of interaction among various mutants of hGPR35b and arrestin-3 
and demonstration of the effectiveness of different mutants of hGPR35b-Gα13 SPASM sensors 
using GPR35 agonist PSB-13253 
(A) Parental HEK293 cells were transfected transiently to co-express either (i) hGPR35b C27S S5C 
(maroon circles), hGPR35b C27S T10C (deep blue circles), hGPR35b C27S G14C (bottle green 
circles), (ii) hGPR35b C27S S15C (pink circles), hGPR35b C27S M22C (blue circles), hGPR35b 
C27S S25C (light green circles), (iii) hGPR35b C27S S29C (light pink circles), hGPR35b C27S 
M32C (light blue circles) and hGPR35b C27S G34C (paste circles) each tagged with eYFP and 
arrestin-3-RLuc. (B) Comparison of the effects of (i) hGPR35b C27S S5C (maroon circles), 
hGPR35b C27S T10C (deep blue circles), hGPR35b C27S G14C (bottle green circles), (ii) hGPR35b 
C27S S15C (pink circles), hGPR35b C27S M22C (blue circles), hGPR35b C27S S25C (light green 
circles), (iii) hGPR35b C27S S29C (light pink circles), hGPR35b C27S M32C (light blue circles) and 
hGPR35b C27S G34C (paste circles) transiently expressed in parental HEK293 cells as Gα13 
SPASM sensors. In both assays (A) and (B) hGPR35a WT (black circles), hGPR35b WT (red circles) 
and hGPR35b C27S (green circles) were used as control. BRET signals were recorded after treating 
with various concentrations of PSB-13253 for 5 min. Each dataset represents the mean ± SEM of 
three independent experiments. Data were analysed by one-way ANOVA followed by Dunnett’s 
multiple comparisons test and statistical results are shown in the following tables. 

 hGPR
35b 

C27S 
S5C 

 

hGPR
35b 

C27S 
T10C 

 

hGPR
35b 

C27S 
G14C 

 

hGPR
35b 

C27S 
S15C 

 

hGPR
35b 

C27S 
M22C 

 

hGPR
35b 

C27S 
S25C 

 

hGPR
35b 

C27S 
S29C 

 

hGPR
35b 

C27S 
M32C 

 

hGPR
35b 

C27S 
G34C 

 

hGPR
35b 

C27S 

 

hGPR
35b 
WT 

 

hGPR
35a 
WT 

 

pE
C50 

 

7.61±
0.01 

P<0.0
01 

(***) 

7.05±
0.04 

P<0.0
01 

(***) 

7.41±
0.02 

P<0.0
5 

(*) 

7.37±
0.02 

P=0.2
6 

(ns) 

7.30±
0.04 

P>0.9
9 

(ns) 

7.39±
0.01 

P=0.0
7 

(ns) 

7.34±
0.01  

P=0.9
3 

(ns) 

7.17±
0.02 

P<0.0
1 

(**) 

7.20±
0.02 

P<0.0
5 

(*) 

 

7.36±
0.01 

P=0.4
1 

(ns) 

7.13±
0.01 

P<0.0
01 

(***) 

7.31±
0.01 

%E

max 

 

63.54
± 0.36 

P<0.0
01 

(***) 

55.24
± 0.26 

P<0.0
01 

(***) 

69.59
± 0.34 

P<0.0
01 

(***) 

60.79
± 0.43 

P<0.0
01 

(***) 

27.23
± 0.22 

P<0.0
01 

(***) 

39.31
± 0.29 

P<0.0
01 

(***) 

34.29
± 0.44 

P<0.0
01 

(***) 

25.82  
± 0.55 

P<0.0
01 

(***) 

59.79
± 0.05 

P<0.0
01 

(***) 

103.8
± 0.25 

P<0.0
01 

(***) 

26.78
± 0.01 

P<0.0
01 

(***) 

99.93 

± 0.07 

Table 3.15 Comparison of pEC50 and %Emax among GPR35 wild type and various mutants in 
arrestin recruitment assays using PSB-13253 
hGPR35a, hGPR35b and various mutants of hGPR35b were compared in terms of pEC50 and %Emax 
using BRET based arrestin recruitment assays. Results are expressed as mean ± SEM of three 
individual experiments. Data were analysed by one-way ANOVA followed by Dunnett’s multiple 
comparisons test where the value for hGPR35a was used as control. ns = non-significant, * p<0.05, 
** p<0.01, ***p<0.001. 
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 hGPR
35b 

C27S 
S5C 

 

hGPR
35b 

C27S 
T10C 

 

hGPR
35b 

C27S 
G14C 

 

hGPR
35b 

C27S 
S15C 

 

hGPR
35b 

C27S 
M22C 

 

hGPR
35b 

C27S 
S25C 

 

hGPR
35b 

C27S 
S29C 

 

hGPR
35b 

C27S 
M32C 

 

hGPR
35b 

C27S 
G34C 

 

hGPR
35b 

C27S 

 

hGPR
35b 
WT 

 

hGPR
35a 
WT 

 

pE
C50 

 

7.22±
0.02 

P=0.5
8 

(ns) 

6.52±
0.02 

P<0.0
01 

(***) 

6.49±
0.01 

P<0.0
01 

(***) 

6.84±
0.01 

P<0.0
1 

(**) 

6.26±
0.07 

P<0.0
01 

(***) 

6.7±0.
21 

P<0.0
1 

(**) 

6.45±
0.06 

P<0.0
01 

(***) 

6.18±
0.04 

P<0.0
01 

(***) 

5.96±
0.01 

P<0.0
01 

(***) 

6.68±
0.01 

P<0.0
01 

(***) 

6.19±
0.02 

P<0.0
01 

(***) 

7.38±
0.01 

%E

max 

 

39.69
± 0.48 

P<0.0
01 

(***) 

29.72
± 0.24 

P<0.0
01 

(***) 

24.07
± 0.21 

P<0.0
01 

(***) 

40.06
± 0.21 

P<0.0
01 

(***) 

23.68
± 0.64 

P<0.0
01 

(***) 

21.23
± 0.79 

P<0.0
01 

(***) 

21.78
± 0.21 

P<0.0
01 

(***) 

21.98
± 0.31 

P<0.0
01 

(***) 

35.37
± 0.92 

P<0.0
01 

(***) 

90.34
± 0.34 

P<0.0
01 

(***) 

25.28
± 0.09 

P<0.0
01 

(***) 

100.1 

± 0.10 

Table 3.16 Comparison of pEC50 and %Emax among GPR35 wild type and various mutants in G 
protein activation assays using PSB-13253 
hGPR35a, hGPR35b and various mutants of hGPR35b were compared in terms of pEC50 and %Emax 
by BRET based G protein assays using GPR35-Gα13 SPASM sensors . Results are expressed as 
mean ± SEM of three separate experiments. Data were analysed by one-way ANOVA followed by 
Dunnett’s multiple comparisons test where the value for hGPR35a was used as control. ns = non-
significant, * p<0.05, ** p<0.01, ***p<0.001. 

 

3.2.3.8 Investigation of arrestin recruitment and G protein activation in 

various hGPR35b mutants with GPR35 agonist amlexanox 

A transient transfection was performed on parental 293 cells to co-express either 

hGPR35b C27S (S5C, T10C, G14C, S15C, M22C, S25C, S29C, M32C and G34C) tagged 

with eYFP and arrestin-3-RLuc. As controls, hGPR35a WT, hGPR35b WT, and 

hGPR35b C27S were also tagged with eYFP and used. There was a concentration-

dependent rise in the amount of measured BRET (Figure 3.14A) following the 

addition of luciferase substrate and amlexanox with pEC50 5.39± 0.01 (mean± SEM, 

n=3 for hGPR35a WT) (Table 3.17). Similar outcomes to previous investigations 

were achieved using the hGPR35b WT and hGPR35b C27S mutants. Among the new 

mutants in the backbone of hGPR35b C27S (M22C, S25C, S29C, and M32C) mutants 

displayed statistically similar arrestin-3 recruitment activities to hGPR35b WT and 

they were all significantly different from hGPR35a WT  (Emax, p < 0.001). The 

remaining hGPR35b C27S backbone mutants (S5C, T10C, G14C, S15C, and G34C) 

showed a moderate increase in BRET signals as compared to signals generated by 

hGPR35b WT (Figure 3.14A) (Table 3.17). 

In order to activate Gα13 in parental HEK293 cells, hGPR35b C27S (S5C, T10C, 

G14C, S15C, M22C, S25C, S29C, M32C and G34C) were transiently expressed as 

Gα13 SPASM sensors. hGPR35a WT, hGPR35b WT and hGPR35b C27S were also 

expressed as Gα13 SPASM sensors as controls. A gradual increase in BRET with 
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increasing concentration (Figure 3.14B) was discovered with the application of 

luciferase substrate and amlexanox with pEC50 5.22± 0.01 (mean± SEM, n=3 for 

hGPR35a WT) (Table 3.18). Similar results to earlier studies were obtained when 

Gα13 activation was carried out using the hGPR35b WT and hGPR35b C27S mutants. 

The nine newly generated mutants in the backbone of hGPR35b C27S 

demonstrated Gα13 activation that was statistically comparable to that of hGPR35b 

WT (Figure 3.14B) (Table 3.18). 

 
Figure 3.14 Comparison of interaction among various mutants of hGPR35b and arrestin-3 and 
validation of the effectiveness of different mutants of hGPR35b-Gα13 SPASM sensors using 
GPR35 agonist amlexanox 
(A) Parental HEK293 cells were transfected transiently to co-express either (i) hGPR35b C27S S5C 
(maroon circles), hGPR35b C27S T10C (deep blue circles), hGPR35b C27S G14C (bottle green 
circles), (ii) hGPR35b C27S S15C (pink circles), hGPR35b C27S M22C (blue circles), hGPR35b 
C27S S25C (light green circles), (iii) hGPR35b C27S S29C (light pink circles), hGPR35b C27S M32C 
(light blue circles) and hGPR35b C27S G34C (paste circles) each tagged with eYFP and arrestin-3-
RLuc. (B) Comparison of the effects of (i) hGPR35b C27S S5C (maroon circles), hGPR35b C27S 
T10C (deep blue circles), hGPR35b C27S G14C (bottle green circles), (ii) hGPR35b C27S S15C 
(pink circles), hGPR35b C27S M22C (blue circles), hGPR35b C27S S25C (light green circles), (iii) 
hGPR35b C27S S29C (light pink circles), hGPR35b C27S M32C (light blue circles) and hGPR35b 
C27S G34C (paste circles) transiently expressed in parental HEK293 cells as Gα13 SPASM sensors. 
In both assays (A) and (B) hGPR35a WT (black circles), hGPR35b WT (red circles) and hGPR35b 
C27S (green circles) were used as control. BRET signals were observed after treating with indicated 
concentrations of amlexanox for 5 min. Each dataset represents the mean ± SEM of three 
independent experiments. Data were analysed by one-way ANOVA followed by Dunnett’s multiple 
comparisons test and statistical results are shown in the following tables. 

 

 hGPR
35b 

C27S 
S5C 

 

hGPR
35b 

C27S 
T10C 

 

hGPR
35b 

C27S 
G14C 

 

hGPR
35b 

C27S 
S15C 

 

hGPR
35b 

C27S 
M22C 

 

hGPR
35b 

C27S 
S25C 

 

hGPR
35b 

C27S 
S29C 

 

hGPR
35b 

C27S 
M32C 

 

hGPR
35b 

C27S 
G34C 

 

hGPR
35b 

C27S 

 

hGPR
35b 
WT 

 

hGPR
35a 
WT 

 

pE
C50 

4.93±
0.01 

4.91±
0.01 

5.06±
0.01 

5.18±
0.01 

5.08±
0.01 

4.94±
0.01 

4.55±
0.01  

4.93±
0.01 

4.81±
0.01 

5.39±
0.01 

4.63±
0.03 

5.39±
0.01 
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 P<0.0
01 

(***) 

P<0.0
01 

(***) 

P<0.0
01 

(***) 

P<0.0
01 

(***) 

P<0.0
01 

(***) 

P<0.0
01 

(***) 

P<0.0
01 

(***) 

P<0.0
01 

(***) 

P<0.0
01 

(***) 

P>0.9
9 

(ns) 

P<0.0
01 

(***) 

%E

max 

 

68.94
± 0.11 

P<0.0
01 

(***) 

65.47
± 0.14 

P<0.0
01 

(***) 

82.86
± 0.13 

P<0.0
01 

(***) 

74.44
± 0.07 

P<0.0
01 

(***) 

32.52
± 0.34 

P<0.0
01 

(***) 

43.92
± 0.09 

P<0.0
01 

(***) 

39.53
± 0.35 

P<0.0
01 

(***) 

21.41  
± 0.13 

P<0.0
01 

(***) 

84.17
± 0.01 

P<0.0
01 

(***) 

102.0
± 0.05 

P<0.0
5 

(*) 

41.75
± 0.93 

P<0.0
01 

(***) 

100.2 

± 0.20 

Table 3.17 Comparison of pEC50 and %Emax among GPR35 wild type and various mutants in 
arrestin recruitment assays using amlexanox 
hGPR35a, hGPR35b and various mutants of hGPR35b were compared in terms of pEC50 and %Emax 
using BRET based arrestin recruitment assays. Results are expressed as mean ± SEM of three 
individual experiments. Data were analysed by one-way ANOVA followed by Dunnett’s multiple 
comparisons test where the value for hGPR35a was used as control. ns = non-significant, * p<0.05, 
** p<0.01, ***p<0.001. 
 
 

 hGPR
35b 

C27S 
S5C 

 

hGPR
35b 

C27S 
T10C 

 

hGPR
35b 

C27S 
G14C 

 

hGPR
35b 

C27S 
S15C 

 

hGPR
35b 

C27S 
M22C 

 

hGPR
35b 

C27S 
S25C 

 

hGPR
35b 

C27S 
S29C 

 

hGPR
35b 

C27S 
M32C 

 

hGPR
35b 

C27S 
G34C 

 

hGPR
35b 

C27S 

 

hGPR
35b 
WT 

 

hGPR
35a 
WT 

 

pE
C50 

 

4.81±
0.02 

P<0.0
01 

(***) 

4.71±
0.01 

P<0.0
01 

(***) 

4.98±
0.01 

P<0.0
01 

(***) 

5.22±
0.02 

P>0.9
9 

(ns) 

5.13±
0.02 

P<0.0
5 

(*) 

4.75±
0.01 

P<0.0
01 

(***) 

4.73±
0.01 

P<0.0
01 

(***) 

5.04±
0.04 

P<0.0
1 

(**) 

4.54±
0.02 

P<0.0
01 

(***) 

5.03±
0.01 

P<0.0
01 

(***) 

4.73±
0.03 

P<0.0
01 

(***) 

5.22±
0.01 

%E

max 

 

31.17
± 0.44 

P<0.0
01 

(***) 

29.97
± 0.48 

P<0.0
01 

(***) 

22.53
± 0.02 

P<0.0
01 

(***) 

30.34
± 0.45 

P<0.0
01 

(***) 

25.31
± 0.53 

P<0.0
01 

(***) 

24.38
± 0.02 

P<0.0
01 

(***) 

27.63
± 0.24 

P<0.0
01 

(***) 

19.41
± 0.37 

P<0.0
01 

(***) 

27.49
± 0.29 

P<0.0
01 

(***) 

92.05
± 0.03 

P<0.0
01 

(***) 

28.48
± 0.80 

P<0.0
01 

(***) 

100.7 

± 0.65 

Table 3.18 Comparison of pEC50 and %Emax among GPR35 wild type and various mutants in G 
protein activation assays using amlexanox 
hGPR35a, hGPR35b and various mutants of hGPR35b were compared in terms of pEC50 and %Emax 
by BRET based G protein assays using GPR35-Gα13 SPASM sensors . Results are expressed as 
mean ± SEM of three separate experiments. Data were analysed by one-way ANOVA followed by 
Dunnett’s multiple comparisons test where the value for hGPR35a was used as control. ns = non-
significant, * p<0.05, ** p<0.01, ***p<0.001. 

 

To summarise the key results obtained after using different agonists and partial 

agonists in arrestin and G protein based assays, comparisons of all the ligands were 

made, keeping lodoxamide value as control. This would make the outcomes 

clearer and key results of arrestin recruitment and G protein activation assays are 

shown in the following tables (Table 3.19) (Table 3.20). 
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 Lodoxamide Bufrolin Pamoic 
Acid 

Cromolyn Doxantrazole Zaprinast PSB-
13253 

Amlexanox 

pEC50 

 

7.82±0.02 

 

7.69±0.01 

P<0.001 

(***) 

7.12±0.02 

P<0.001 

(***) 

5.67±0.01 

P<0.001 

(***) 

4.98±0.01 

P<0.001 

(***) 

5.73±0.01 

P<0.001 

(***) 

7.31±0.01  

P<0.001 

(***) 

5.40±0.01 

P<0.001 

(***) 

%Emax 

 

100± 0.34 

 

67.94± 
1.22 

P<0.001 

(***) 

65.36± 
5.77 

P<0.001 

(***) 

89.68± 
2.00 

P<0.05 

(*) 

34.11± 0.37 

P<0.001 

(***) 

103.3± 
3.04 

P=0.78 

(ns) 

126.1± 
0.01 

P<0.01 

(**) 

45.75  ± 
0.17 

P<0.001 

(***) 

Table 3.19 Comparison of pEC50 and %Emax among different GPR35 ligands using hGPR35a 
wild type in arrestin recruitment assay 
pEC50 and %Emax were compared among different ligands in hGPR35a wild type using BRET based 
arrestin recruitment assays. Results are expressed as mean ± SEM of three individual experiments. 
Data were analysed by one-way ANOVA followed by Dunnett’s multiple comparisons test where the 
value for lodoxamide was used as control. ns = non-significant, * p<0.05, ** p<0.01, ***p<0.001. 
 

 Lodoxamide Bufrolin Pamoic 
Acid 

Cromolyn Doxantrazole Zaprinast PSB-
13253 

Amlexanox 

pEC50 

 

8.22±0.01 

 

8.05±0.01 

P<0.01 

(**) 

7.02±0.04 

P<0.001 

(***) 

5.31±0.01 

P<0.001 

(***) 

4.90±0.01 

P<0.001 

(***) 

5.78±0.01 

P<0.001 

(***) 

7.37±0.01  

P<0.001 

(***) 

5.22±0.01 

P<0.001 

(***) 

%Emax 

 

100.1± 1.69 

 

82.95± 
0.94 

P<0.01 

(**) 

81.25± 
1.80 

P<0.001 

(***) 

88.58± 
1.53 

P<0.01 

(**) 

41.94± 0.58 

P<0.001 

(***) 

81.98± 
0.01 

P<0.01 

(**) 

104.5± 
0.01 

P=0.55 

(ns) 

66.86  ± 
1.70 

P<0.001 

(***) 

Table 3.20 Comparison of pEC50 and %Emax among different GPR35 ligands using hGPR35a 
wild type in G protein activation assay 
pEC50 and %Emax were compared among different ligands in hGPR35a wild type using BRET based 
G protein activation assays. Results are expressed as mean ± SEM of three individual experiments. 
Data were analysed by one-way ANOVA followed by Dunnett’s multiple comparisons test where the 
value for lodoxamide was used as control. ns = non-significant, * p<0.05, ** p<0.01, ***p<0.001. 

  

3.2.4 Investigation of the potential role of arginine (R) 13 

polymorphisms on the function of human GPR35b 

As there are some correlation reports on arginine13 polymorphisms with better 

survival from cancer, I generated some additional mutants in both wild type and 

the C27S backbone of hGPR35b. From the UK Biobank database, I have come to 

know that patients with R13H or R13P polymorphisms had better survival for GI-

associated cancers, including pancreatic cancer and liver cancer, compared to 

patients that have arginine (R) at position 13. I mutated arginine (R) at position 

13 to each of proline (P), histidine (H) and cysteine (C). After confirming the 

alterations by sequencing, I assessed the effects of these changes on both 

activation of the G protein Gα13 and arrestin-3 recruitment by utilising a series of 
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agonists of GPR35. Ligands used in this section were: pamoic acid, GSK 938, 

zaprinast, lodoxamide, PSB-13253, cromolyn, amlexanox and doxantrazole. 

 
Figure 3.15 Primary structure of human GPR35b with the indication of amino acid arginine at 
position 13 
Snake plot of human GPR35b. Arginine at position 13 of hGPR35b was mutated to proline, histidine, 
or cysteine 

R13 ‘SPASM’ Mutants for Gα13 activation 

 

R13 mutants for arrestin interaction 

 

R13P in WT GPR35b R13P in WT GPR35b 

R13P in C27S GPR35b R13P in C27S GPR35b 

  
R13H in WT GPR35b R13H in WT GPR35b 

R13H in C27S GPR35b R13H in C27S GPR35b 

  
R13C in WT GPR35b R13C in WT GPR35b 

R13C in C27S GPR35b R13C in C27S GPR35b 

Table 3.21 List of arginine (R) (at position 13) mutants in the wild type and Cys27Ser backbone 
of hGPR35b 
Arginine (at position 13) was mutated to proline, histidine, or cysteine in both wild type and the 
Cys27Ser backbone of hGPR35b for both arrestin-3 interaction and Gα13 activation measurement. 

 

3.2.4.1 Investigation of arrestin recruitment and G protein activation in 

various hGPR35b R13 mutants with human GPR35 partial agonist 

pamoic acid 

Parental 293 cells were transfected transiently to co-express either hGPR35b 

(R13P C27S, R13H C27S and R13C C27S) (Figure 3.16A(i)) and hGPR35b (R13P WT, 

R13H WT and R13C WT) (Figure 3.16A(ii)) each tagged with eYFP and arrestin-3-

RLuc. hGPR35a WT, hGPR35b WT and hGPR35b C27S tagged with eYFP were used 

as controls. After adding luciferase substrate and pamoic acid, there was a 
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concentration-dependent increase in measured BRET with pEC50 7.15± 0.02 

(mean± SEM, n=3 for hGPR35a WT) (Table 3.22). The measured BRET produced by 

hGPR35b WT was significantly (55.30%) lower with pEC50 7.21± 0.01 (mean± SEM, 

n=3 for hGPR35b WT). However, using hGPR35b C27S resulted in a dramatic rise 

in signal, indicating better efficacy in response to pamoic acid than hGPR35b wild 

type version. 

Among the new R13 mutants, R13P and R13H mutants at C27S backbone generated 

statistically comparable BRET signals to hGPR35a WT and hGPR35b C27S but R13C 

at C27S backbone generated lower BRET which was similar to hGPR35b WT  but 

significantly different from hGPR35a WT  (Emax, p < 0.001) (Figure 3.16A(i)) 

(Table 3.22). Among the new R13 mutants, R13P at wild type backbone 

demonstrated arrestin-3 recruitment activities that were comparable to signals 

produced by hGPR35a WT and hGPR35b C27S. However, other mutants R13H and 

R13C at wild type backbone generated lower BRET and can be compared to 

hGPR35b WT (Figure 3.16A(ii)) (Table 3.22). 

For Gα13 activation, hGPR35b (R13P C27S, R13H C27S and R13C C27S) (Figure 3.16B 

(i)) and hGPR35b (R13P WT, R13H WT and R13C WT) (Figure 3.16B(ii)) were 

transiently expressed in parental HEK293 cells as Gα13 SPASM sensors. hGPR35a 

WT, hGPR35b WT and hGPR35b C27S were also expressed as Gα13 SPASM sensors 

as controls. Following the addition of luciferase substrate and pamoic acid, a 

concentration-dependent increase in BRET was found with pEC50 7.24± 0.01 

(mean± SEM, n=3 for hGPR35a WT) (Table 3.23). Similar results to earlier studies 

were obtained when Gα13 activation was carried out using the hGPR35b WT and 

hGPR35b C27S mutants. 

Among the new R13 mutants, R13H mutant at C27S backbone generated 

statistically comparable BRET signals of Gα13 activation to hGPR35a WT and 

hGPR35b C27S (Figure 3.16B(i)) (Table 3.23). While R13P at C27S backbone  

generated moderate signal R13C at C27S was without any significant effects and 

can be compared to hGPR35b WT (Figure 3.16B(i)) (Table 3.23). Upon 

consideration of the R13 mutants in wild type backbone, none of them were able 

to produce statistically significant signals upon stimulation with pamoic acid 

(Figure 3.16B(ii)) (Table 3.23). 
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Figure 3.16 Demonstration and comparison of the arrestin-3 recruitment of hGPR35b R13 
mutants (C27S and wild type backbone) and validation of the effectiveness of hGPR35b R13-
Gα13 SPASM sensors (C27S and wild type backbone) using pamoic acid 
(A) Parental HEK293 cells were transfected transiently to co-express either (i) hGPR35b R13P C27S 
(marron circles), hGPR35b R13H C27S (blue circles), hGPR35b R13C C27S (purple circles), (ii) 
hGPR35b R13P WT (pink circles), hGPR35b R13H WT (paste circles) and hGPR35b R13C WT (light 
red circles) each tagged with eYFP and arrestin-3-RLuc. (B) Comparison of the effects of (i) 
hGPR35b R13P C27S (marron circles), hGPR35b R13H C27S (blue circles), hGPR35b R13C C27S 
(purple circles), (ii) hGPR35b R13P WT (pink circles), hGPR35b R13H WT (paste circles) and 
hGPR35b R13C WT (light red circles) transiently expressed in parental HEK293 cells as Gα13 
SPASM sensors. In both assays (A) and (B) hGPR35a WT (black circles), hGPR35b WT (red circles) 
and hGPR35b C27S (green circles) were used as control. BRET signals were monitored after 
treating with indicated concentrations of pamoic acid for 5 min. Each dataset represents the mean ± 
SEM of three independent experiments. Data were analysed by one-way ANOVA followed by 
Dunnett’s multiple comparisons test and statistical results are shown in the following tables. 

 hGPR 
35b 

R13P 
C27S 

 

hGPR 
35b 

R13H 
C27S 

 

hGPR 
35b 

R13C 
C27S 

 

hGPR 
35b 

R13P 
WT 

 

hGPR 
35b 

R13H 
WT 

 

hGPR 
35b 

R13C 
WT 

 

hGPR 
35b 
R13 

C27S 
 

hGPR 
35b WT 

 

hGPR 
35a WT 

 

pEC50 

 

7.35±0.0
1 

P<0.001 

(***) 

7.04±0.0
1 

P<0.01 

(**) 

6.86±0.0
1 

P<0.001 

(***) 

7.16±0.0
1 

P=0.91 

(ns) 

7.33±0.0
2 

P<0.001 

(***) 

7.21±0.0
2 

P<0.05 

(*) 

7.21±0.0
1  

P<0.05 

(*) 

7.21±0.0
1 

P<0.05 

(*) 

7.15±0.0
2 

 

%Emax 

 

116± 
0.15 

P<0.001 

(***) 

100.3± 
0.10 

P=0.039 

(ns) 

39.18± 
0.01 

P<0.001 

(***) 

71.92± 
0.34 

P<0.001 

(***) 

23.47± 
0.76 

P<0.001 

(***) 

26.19± 
0.23 

P<0.001 

(***) 

93.10± 
0.10 

P<0.001 

(***) 

44.03  ± 
0.15 

P<0.001 

(***) 

99.33± 
0.68 
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Table 3.22 Comparison of pEC50 and %Emax among hGPR35b R13 mutants (C27S and wild 
type backbone) in arrestin recruitment assays using pamoic acid 
hGPR35a, hGPR35b and various hGPR35b R13 mutants (C27S and wild type backbone) were 
compared in terms of pEC50 and %Emax using BRET based arrestin recruitment assays. Results are 
expressed as mean ± SEM of three individual experiments. Data were analysed by one-way ANOVA 
followed by Dunnett’s multiple comparisons test where the value for hGPR35a was used as control. 
ns = non-significant, * p<0.05, ** p<0.01, ***p<0.001. 
 

 

 hGPR 
35b 

R13P 
C27S 

 

hGPR 
35b 

R13H 
C27S 

 

hGPR 
35b 

R13C 
C27S 

 

hGPR 
35b 

R13P 
WT 

 

hGPR 
35b 

R13H 
WT 

 

hGPR 
35b 

R13C 
WT 

 

hGPR 
35b 
R13 

C27S 
 

hGPR 
35b WT 

 

hGPR 
35a WT 

 

pEC50 

 

7.34±0.0
2 

P<0.01 

(**) 

7.35±0.0
1 

P<0.01 

(**) 

7.51±0.0
1 

P<0.001 

(***) 

7.37±0.0
1 

P<0.001 

(***) 

7.23±0.0
1 

P=0.94 

(ns) 

7.20±0.0
1 

P=0.22 

(ns) 

 

7.30±0.0
1  

P=0.08 

(ns) 

7.58±0.0
1 

P<0.001 

(***) 

7.24±0.0
1 

 

%Emax 

 

64.22± 
0.52 

P<0.001 

(***) 

94.17± 
0.26 

P<0.01 

(**) 

34.13± 
0.09 

P<0.001 

(***) 

42.63± 
0.08 

P<0.001 

(***) 

41.25± 
0.03 

P<0.001 

(***) 

24.42± 
0.63 

P<0.001 

(***) 

91.23± 
0.47 

P<0.001 

(***) 

23.85 ± 
0.47 

P<0.001 

(***) 

99.26± 
0.74 

 

 

Table 3.23 Comparison of pEC50 and %Emax among hGPR35b R13 mutants (C27S and wild 
type backbone) in G protein activation assays using pamoic acid 
hGPR35a, hGPR35b and various hGPR35b R13 mutants (C27S and wild type backbone) were 
compared in terms of pEC50 and %Emax by BRET based G protein assays using GPR35-Gα13 SPASM 
sensors. Results are expressed as mean ± SEM of three individual experiments. Data were analysed 
by one-way ANOVA followed by Dunnett’s multiple comparisons test where the value for hGPR35a 
was used as control. ns = non-significant, * p<0.05, ** p<0.01, ***p<0.001. 

 
 

3.2.4.2 Measurement of arrestin recruitment and G protein activation in 

various hGPR35b R13 mutants with GPR35 potent agonist GSK 938 

Parental 293 cells were transfected transiently to co-express either hGPR35b 

(R13P C27S, R13H C27S and R13C C27S) (Figure 3.17A(i)) and hGPR35b (R13P WT, 

R13H WT and R13C WT) (Figure 3.17A(ii)) each tagged with eYFP and arrestin-3-

RLuc. hGPR35a WT, hGPR35b WT and hGPR35b C27S tagged with eYFP were used 

as controls. There was a concentration-dependent increase in measured BRET with 

pEC50 7.80± 0.01 (mean ± SEM, n=3 for hGPR35a WT) after stimulation with 

luciferase substrate and GPR35 agonist GSK 938 (Table 3.24). Comparable results 

to earlier studies were obtained with the hGPR35b WT and hGPR35b C27S mutant. 

Among the new R13 mutants, R13P and R13H mutants at C27S backbone generated 

statistically comparable BRET signals to hGPR35a WT and hGPR35b C27S but R13C 

at C27S backbone generated lower BRET which was similar to hGPR35b WT  but 

significantly different from hGPR35a WT  (Emax, p < 0.001) (Figure 3.17A(i)) 
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(Table 3.24). Among the new R13 mutants, R13P at wild type backbone, 

demonstrated arrestin-3 recruitment activities that were comparable to signals 

produced by hGPR35a WT and hGPR35b C27S. However, other mutants R13H and 

R13C at wild type backbone generated lower BRET and can be compared to 

hGPR35b WT (Figure 3.17A(ii)) (Table 3.24). 

For Gα13 activation, hGPR35b (R13P C27S, R13H C27S and R13C C27S) (Figure 

3.17B(i)) and hGPR35b (R13P WT, R13H WT and R13C WT) (Figure 3.17B(ii) were 

transiently expressed in parental HEK293 cells as Gα13 SPASM sensors. hGPR35a 

WT, hGPR35b WT and hGPR35b C27S were also expressed as Gα13 SPASM sensors 

as controls. Following the addition of luciferase substrate and GSK 938, a 

concentration-dependent increase in BRET was found with pEC50 8.19± 0.02 

(mean± SEM, n=3 for hGPR35a WT) (Table 3.25). Similar results to earlier studies 

were obtained when Gα13 activation was carried out using the hGPR35b WT and 

hGPR35b C27S mutants. 

Among the new R13 mutants, R13H mutant at C27S backbone generated 

statistically comparable BRET signals of Gα13 activation to hGPR35a WT and 

hGPR35b C27S (Figure 3.17B(i)) (Table 3.25). While R13P at C27S backbone 

generated moderate signal R13C at C27S was without any significant effects and 

can be compared to hGPR35b WT (Figure 3.17B(i)) (Table 3.25). None of the R13 

mutants in the wild type backbone were able to produce remarkable signals in 

response to GSK 938 stimulation (Figure 3.17B(ii)) (Table 3.25). 
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Figure 3.17 Demonstration and comparison of the arrestin-3 recruitment of hGPR35b R13 
mutants (C27S and wild type backbone) and validation of the effectiveness of hGPR35b R13-
Gα13 SPASM sensors (C27S and wild type backbone) using GSK 938 
(A) Parental HEK293 cells were transfected transiently to co-express either (i) hGPR35b R13P C27S 
(marron circles), hGPR35b R13H C27S (blue circles), hGPR35b R13C C27S (purple circles), (ii) 
hGPR35b R13P WT (pink circles), hGPR35b R13H WT (paste circles) and hGPR35b R13C WT (light 
red circles) each tagged with eYFP and arrestin-3-RLuc. (B) Comparison of the effects of (i) 
hGPR35b R13P C27S (marron circles), hGPR35b R13H C27S (blue circles), hGPR35b R13C C27S 
(purple circles), (ii) hGPR35b R13P WT (pink circles), hGPR35b R13H WT (paste circles) and 
hGPR35b R13C WT (light red circles) transiently expressed in parental HEK293 cells as Gα13 
SPASM sensors. In both assays (A) and (B) hGPR35a WT (black circles), hGPR35b WT (red circles) 
and hGPR35b C27S (green circles) were used as control. BRET signals were recorded after treating 
with indicated concentrations of GSK 938 for 5 min. Each dataset represents the mean ± SEM of 
three independent experiments. Data were analysed by one-way ANOVA followed by Dunnett’s 
multiple comparisons test and statistical results are shown in the following tables. 

 hGPR 
35b 

R13P 
C27S 

 

hGPR 
35b 

R13H 
C27S 

 

hGPR 
35b 

R13C 
C27S 

 

hGPR 
35b 

R13P 
WT 

 

hGPR 
35b 

R13H 
WT 

 

hGPR 
35b 

R13C 
WT 

 

hGPR 
35b 
R13 

C27S 
 

hGPR 
35b WT 

 

hGPR 
35a WT 

 

pEC50 

 

7.68±0.0
1 

P<0.001 

(***) 

7.86±0.0
1 

P<0.05 

(*) 

8.03±0.0
1 

P<0.001 

(***) 

7.72±0.0
1 

P<0.01 

(**) 

7.87±0.0
1 

P<0.01 

(**) 

7.77±0.0
1 

P=0.09 

(ns) 

7.82±0.0
2  

P=0.37 

(ns) 

7.76±0.0
1 

P<0.05 

(*) 

7.80±0.0
1 

 

%Emax 

 

115.7± 
0.10 

P<0.001 

(***) 

89.01± 
0.30 

P<0.001 

(***) 

25.88± 
0.74 

P<0.001 

(***) 

89.53± 
0.43 

P<0.001 

(***) 

38.70± 
0.23 

P<0.001 

(***) 

32.60± 
0.03 

P<0.001 

(***) 

98.81± 
0.16 

P=0.17 

(ns) 

44.67 ± 
0.21 

P<0.001 

(***) 

99.93± 
0.07 

 

 

Table 3.24 Comparison of pEC50 and %Emax among hGPR35b R13 mutants (C27S and wild 
type backbone) in arrestin recruitment assays using GSK 938 
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hGPR35a, hGPR35b and various hGPR35b R13 mutants (C27S and wild type backbone) were 
compared in terms of pEC50 and %Emax using BRET based arrestin recruitment assays. Results are 
expressed as mean ± SEM of three individual experiments. Data were analysed by one-way ANOVA 
followed by Dunnett’s multiple comparisons test where the value for hGPR35a was used as control. 
ns = non-significant, * p<0.05, ** p<0.01, ***p<0.001. 
 

 hGPR 
35b 

R13P 
C27S 

 

hGPR 
35b 

R13H 
C27S 

 

hGPR 
35b 

R13C 
C27S 

 

hGPR 
35b 

R13P 
WT 

 

hGPR 
35b 

R13H 
WT 

 

hGPR 
35b 

R13C 
WT 

 

hGPR 
35b 
R13 

C27S 
 

hGPR 
35b WT 

 

hGPR 
35a WT 

 

pEC50 

 

8.38±0.0
1 

P<0.01 

(**) 

8.23±0.0
1 

P=0.75 

(ns) 

8.49±0.0
2 

P<0.001 

(***) 

8.43±0.0
1 

P<0.001 

(***) 

8.31±0.0
1 

P<0.05 

(*) 

8.39±0.0
2 

P<0.001 

(***) 

8.35±0.0
2  

P<0.01 

(**) 

8.55±0.0
4 

P<0.001 

(***) 

8.19±0.0
3 

 

%Emax 

 

57.24± 
0.09 

P<0.001 

(***) 

80.55± 
0.15 

P<0.001 

(***) 

27.53± 
0.29 

P<0.001 

(***) 

29.86± 
0.14 

P<0.001 

(***) 

41.13± 
0.09 

P<0.001 

(***) 

21.93± 
0.09 

P<0.001 

(***) 

78.42± 
0.78 

P<0.001 

(***) 

22.59 ± 
0.32 

P<0.001 

(***) 

99.49± 
0.52 

 

 

Table 3.25 Comparison of pEC50 and %Emax among hGPR35b R13 mutants (C27S and wild 
type backbone) in G protein activation assays using GSK 938 
hGPR35a, hGPR35b and various hGPR35b R13 mutants (C27S and wild type backbone) were 
compared in terms of pEC50 and %Emax by BRET based G protein assays using GPR35-Gα13 SPASM 
sensors. Results are expressed as mean ± SEM of three individual experiments. Data were analysed 
by one-way ANOVA followed by Dunnett’s multiple comparisons test where the value for hGPR35a 
was used as control. ns = non-significant, * p<0.05, ** p<0.01, ***p<0.001. 
 
 

3.2.4.3 Investigation of arrestin recruitment and G protein activation in 

various hGPR35b R13 mutants with GPR35 agonist zaprinast 

HEK 293 cells were transfected transiently to co-express either hGPR35b (R13P 

C27S, R13H C27S and R13C C27S) (Figure 3.18A(i)) and hGPR35b (R13P WT, R13H 

WT and R13C WT) (Figure 3.18A(ii)) each tagged with eYFP and arrestin-3-RLuc. 

hGPR35a WT, hGPR35b WT and hGPR35b C27S tagged with eYFP were used as 

controls. There was a concentration-dependent increase in measured BRET with 

pEC50 5.26± 0.02 (mean± SEM, n=3 for hGPR35a WT) after stimulation with 

luciferase substrate and zaprinast (Table 3.26). There were similar outcomes to 

previous research when using the hGPR35b WT and hGPR35b C27S mutants. 

Among the new R13 mutants, R13P and R13H mutants at C27S backbone generated 

statistically comparable BRET signals to hGPR35a WT and hGPR35b C27S but R13C 

at C27S backbone generated lower BRET which was similar to hGPR35b WT  but 

significantly different from hGPR35a WT (Emax, p < 0.001) (Figure 3.18A(i)) (Table 

3.26). Among the new R13 mutants, R13P at wild type backbone, demonstrated 

arrestin-3 recruitment activities that were comparable to signals produced by 
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hGPR35a WT and hGPR35b C27S. However, other mutants R13H and R13C at wild 

type backbone generated lower BRET and can be compared to hGPR35b WT (Figure 

3.18A(ii)) (Table 3.26). 

For Gα13 activation, hGPR35b (R13P C27S, R13H C27S and R13C C27S) (Figure 

3.18B(i)) and hGPR35b (R13P WT, R13H WT and R13C WT) (Figure 3.18B(ii)) were 

transiently expressed in parental HEK293 cells as Gα13 SPASM sensors. hGPR35a 

WT, hGPR35b WT and hGPR35b C27S were also expressed as Gα13 SPASM sensors 

as controls. Following the addition of luciferase substrate and zaprinast, a 

concentration-dependent increase in BRET was found with pEC50 5.43± 0.01 

(mean± SEM, n=3 for hGPR35a WT) (Table 3.27). Similar results to earlier studies 

were obtained when Gα13 activation was carried out using the hGPR35b WT and 

hGPR35b C27S mutants. 

Among the new R13 mutants, R13H mutant at C27S backbone generated 

statistically comparable BRET signals of Gα13 activation to hGPR35a WT and 

hGPR35b C27S (Figure 3.18B(i)) (Table 3.27). While R13P at C27S backbone  

generated moderate signal R13C at C27S was without any significant effects and 

can be compared to hGPR35b WT (Figure 3.18B(i)) (Table 3.27). None of the R13 

mutants in the wild type backbone were able to produce any discernible signals 

when stimulated with zaprinast (Figure 3.18B(ii)) (Table 3.27). 
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Figure 3.18 Demonstration and comparison of the arrestin-3 recruitment of hGPR35b R13 
mutants (C27S and wild type backbone) and validation of the effectiveness of hGPR35b R13-
Gα13 SPASM sensors (C27S and wild type backbone) using zaprinast 
(A) Parental HEK293 cells were transfected transiently to co-express either (i) hGPR35b R13P C27S 
(marron circles), hGPR35b R13H C27S (blue circles), hGPR35b R13C C27S (purple circles), (ii) 
hGPR35b R13P WT (pink circles), hGPR35b R13H WT (paste circles) and hGPR35b R13C WT (light 
red circles) each tagged with eYFP and arrestin-3-RLuc. (B) Comparison of the effects of (i) 
hGPR35b R13P C27S (marron circles), hGPR35b R13H C27S (blue circles), hGPR35b R13C C27S 
(purple circles), (ii) hGPR35b R13P WT (pink circles), hGPR35b R13H WT (paste circles) and 
hGPR35b R13C WT (light red circles) transiently expressed in parental HEK293 cells as Gα13 
SPASM sensors. In both assays (A) and (B) hGPR35a WT (black circles), hGPR35b WT (red circles) 
and hGPR35b C27S (green circles) were used as control. BRET signals were measured after 
treating with indicated concentrations of zaprinast for 5 min. Each dataset represents the mean ± 
SEM of three independent experiments. Data were analysed by one-way ANOVA followed by 
Dunnett’s multiple comparisons test and statistical results are shown in the following tables. 
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35b 

R13P 
C27S 

 

hGPR 
35b 

R13H 
C27S 
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35b 

R13C 
C27S 
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R13H 
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R13C 
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35b 
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hGPR 
35b WT 

 

hGPR 
35a WT 

 

pEC50 

 

5.30±0.0
1 

P=0.37 

(ns) 

5.17±0.0
1 

P<0.05 

(*) 

4.94±0.0
1 

P<0.001 

(***) 

5.09±0.0
1 

P<0.001 

(***) 

5.20±0.0
1 

P=0.14 

(ns) 

5.01±0.0
4 

P<0.001 

(***) 

5.32±0.0
1  

P=0.10 

(ns) 

5.21±0.0
1 

P=0.22 

(ns) 

5.26±0.0
2 
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%Emax 

 

113.1± 
0.80 

P<0.001 

(***) 

93.05± 
0.02 

P<0.001 

(***) 

40.30± 
0.28 

P<0.001 

(***) 

75.58± 
0.16 

P<0.001 

(***) 

26.03± 
0.06 

P<0.001 

(***) 

28.91± 
0.69 

P<0.001 

(***) 

92.56± 
0.39 

P<0.001 

(***) 

44.08 ± 
0.20 

P<0.001 

(***) 

99.42± 
0.59 

 

 

Table 3.26 Comparison of pEC50 and %Emax among hGPR35b R13 mutants (C27S and wild 
type backbone) in arrestin recruitment assays using zaprinast 
hGPR35a, hGPR35b and various hGPR35b R13 mutants (C27S and wild type backbone) were 
compared in terms of pEC50 and %Emax using BRET based arrestin recruitment assays. Results are 
expressed as mean ± SEM of three individual experiments. Data were analysed by one-way ANOVA 
followed by Dunnett’s multiple comparisons test where the value for hGPR35a was used as control. 
ns = non-significant, * p<0.05, ** p<0.01, ***p<0.001. 
 
 

 hGPR 
35b 

R13P 
C27S 

 

hGPR 
35b 

R13H 
C27S 

 

hGPR 
35b 

R13C 
C27S 

 

hGPR 
35b 

R13P 
WT 

 

hGPR 
35b 

R13H 
WT 

 

hGPR 
35b 

R13C 
WT 

 

hGPR 
35b 
R13 

C27S 
 

hGPR 
35b WT 

 

hGPR 
35a WT 

 

pEC50 

 

5.46±0.0
1 

P=0.12 

(ns) 

5.58±0.0
1 

P<0.001 

(***) 

5.45±0.0
2 

P=0.43 

(ns) 

5.32±0.0
1 

P<0.001 

(***) 

5.56±0.0
1 

P<0.001 

(***) 

5.12±0.0
1 

P<0.001 

(***) 

5.46±0.0
1  

P=0.12 

(ns) 

5.10±0.0
4 

P<0.001 

(***) 

5.43±0.0
1 

 

%Emax 

 

69.81± 
0.17 

P<0.001 

(***) 

75.86± 
0.03 

P<0.001 

(***) 

40.24± 
0.54 

P<0.001 

(***) 

32.02± 
0.01 

P<0.001 

(***) 

26.91± 
0.15 

P<0.001 

(***) 

24.52± 
0.14 

P<0.001 

(***) 

78.11± 
0.60 

P<0.001 

(***) 

37.91 ± 
0.24 

P<0.001 

(***) 

99.34± 
0.67 

 

 

Table 3.27 Comparison of pEC50 and %Emax among hGPR35b R13 mutants (C27S and wild 
type backbone) in G protein activation assays using zaprinast 
hGPR35a, hGPR35b and various hGPR35b R13 mutants (C27S and wild type backbone) were 
compared in terms of pEC50 and %Emax by BRET based G protein assays using GPR35-Gα13 SPASM 
sensors. Results are expressed as mean ± SEM of three individual experiments. Data were analysed 
by one-way ANOVA followed by Dunnett’s multiple comparisons test where the value for hGPR35a 
was used as control. ns = non-significant, * p<0.05, ** p<0.01, ***p<0.001. 
 
 

3.2.4.4 Investigation of G protein activation in various hGPR35b R13 mutants 

with human GPR35 potent agonist lodoxamide 

For Gα13 activation, hGPR35b (R13P C27S, R13H C27S and R13C C27S) (Figure 

3.19(i)) and hGPR35b (R13P WT, R13H WT and R13C WT) (Figure 3.19(ii)) were 

transiently expressed in parental HEK293 cells as Gα13 SPASM sensors. hGPR35a 

WT, hGPR35b WT and hGPR35b C27S were also expressed as Gα13 SPASM sensors 

as controls. Following the addition of luciferase substrate and lodoxamide, a 

concentration-dependent increase in BRET was found with pEC50 8.43± 0.01 

(mean± SEM, n=3 for hGPR35a WT) (Table 3.28). Similar outcomes to previous 

experiments were achieved when Gα13 activation was carried out using the 

hGPR35b WT and hGPR35b C27S mutants. 
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Among the new R13 mutants, R13H mutant at C27S backbone generated 

statistically comparable BRET signals of Gα13 activation to hGPR35a WT and 

hGPR35b C27S (Figure 3.19(i)) (Table 3.28). While R13P at C27S backbone  

generated moderate signal but R13C at C27S was without any significant effects 

and can be compared to hGPR35b WT (Figure 3.19(i)) (Table 3.28). None of the 

R13 mutants in the wild type backbone were able to generate any recognisable 

signals when stimulated with lodoxamide (Figure 3.19(ii)) (Table 3.28). 

 

Figure 3.19 Demonstration of the effectiveness of hGPR35b R13-Gα13 SPASM sensors (C27S 
and wild type backbone) using GPR35 reference ligand lodoxamide  
Comparison of the effects of (i) hGPR35b R13P C27S (marron circles), hGPR35b R13H C27S (blue 
circles), hGPR35b R13C C27S (purple circles), (ii) hGPR35b R13P WT (pink circles), hGPR35b 
R13H WT (paste circles) and hGPR35b R13C WT (light red circles) transiently expressed in parental 
HEK293 cells as Gα13 SPASM sensors. In both (i) and (ii) hGPR35a WT (black circles), hGPR35b 
WT (red circles) and hGPR35b C27S (green circles) were used as control. BRET signals were 
measured after treating with indicated concentrations of lodoxamide for 5 min. Each dataset 
represents the mean ± SEM of three independent experiments. Data were analysed by one-way 
ANOVA followed by Dunnett’s multiple comparisons test and statistical results are shown in the 
following table. 
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R13H 
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R13C 
WT 

 

hGPR 
35b 
R13 
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hGPR 
35b WT 

 

hGPR 
35a WT 

 

pEC50 

 

8.55±0.0
1 

P<0.001 

(***) 

8.45±0.0
1 

P=0.06 

(ns) 

8.54±0.0
1 

P<0.001 

(***) 

8.52±0.0
1 

P<0.001 

(***) 

8.50±0.0
1 

P<0.001 

(***) 

8.54±0.0
1 

P<0.001 

(***) 

8.50±0.0
1  

P<0.001 

(***) 

8.66±0.0
1 

P<0.001 

(***) 

8.43±0.0
1 

 

%Emax 

 

55.68± 
0.23 

P<0.001 

(***) 

72.89± 
0.21 

P<0.001 

(***) 

26.41± 
0.25 

P<0.001 

(***) 

32.28± 
0.03 

P<0.001 

(***) 

39.94± 
0.12 

P<0.001 

(***) 

23.41± 
0.12 

P<0.001 

(***) 

80.11± 
0.05 

P<0.001 

(***) 

22.45 ± 
0.19 

P<0.001 

(***) 

100.2± 
0.65 

 

 

Table 3.28 Comparison of pEC50 and %Emax among hGPR35b R13 mutants (C27S and wild 
type backbone) in G protein activation assays using lodoxamide 
hGPR35a, hGPR35b and various hGPR35b R13 mutants (C27S and wild type backbone) were 
compared in terms of pEC50 and %Emax by BRET based G protein assays using GPR35-Gα13 SPASM 
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sensors. Results are expressed as mean ± SEM of three individual experiments. Data were analysed 
by one-way ANOVA followed by Dunnett’s multiple comparisons test where the value for hGPR35a 
was used as control. ns = non-significant, * p<0.05, ** p<0.01, ***p<0.001. 

 

3.2.4.5 Investigation of G protein activation in various hGPR35b R13 mutants 

with GPR35 agonist PSB-13253 and cromolyn 

For Gα13 activation, hGPR35b (R13P C27S, R13H C27S and R13C C27S) (Figure 

3.20A, B(i)) and hGPR35b (R13P WT, R13H WT and R13C WT) (Figure 3.20A, B(ii)) 

were transiently expressed in parental HEK293 cells as Gα13 SPASM sensors. 

hGPR35a WT, hGPR35b WT and hGPR35b C27S were also expressed as Gα13 SPASM 

sensors as controls. After addition of luciferase substrate and PSB-13253 and 

cromolyn, a concentration-dependent increase in BRET was found with PSB-13253, 

pEC50 8.06± 0.01 (mean± SEM, n=3 for hGPR35a WT) (Table 3.29) and with 

cromolyn, pEC50 5.52± 0.01 (mean± SEM, n=3 for hGPR35a WT) (Table 3.30). 

Similar results to earlier studies were obtained when Gα13 activation was carried 

out using the hGPR35b WT and hGPR35b C27S mutants. 

Among the new R13 mutants, R13H mutant at C27S backbone generated 

statistically comparable BRET signals of Gα13 activation to hGPR35a WT and 

hGPR35b C27S (Figure 3.20A, B(i)) (Table 3.29) (Table 3.30). While R13P at C27S 

backbone generated moderate signal but R13C at C27S was without any significant 

effects and can be compared to hGPR35b WT (Figure 3.20A, B(i)) (Table 3.29) 

(Table 3.30). None of the R13 mutants in the wild type backbone were able to 

generate any discernible signals when stimulated with PSB-13253 and cromolyn 

(Figure 3.20A, B(ii)) (Table 3.29) (Table 3.30). 
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Figure 3.20 Validation of the effectiveness of hGPR35b R13-Gα13 SPASM sensors (C27S and 
wild type backbone) using PSB-13253 and cromolyn 
Comparison of the effects of (i) hGPR35b R13P C27S (marron circles), hGPR35b R13H C27S (blue 
circles), hGPR35b R13C C27S (purple circles), (ii) hGPR35b R13P WT (pink circles), hGPR35b 
R13H WT (paste circles) and hGPR35b R13C WT (light red circles) transiently expressed in parental 
HEK293 cells as Gα13 SPASM sensors. In both (i) and (ii) hGPR35a WT (black circles), hGPR35b 
WT (red circles) and hGPR35b C27S (green circles) were used as control. BRET signals were 
monitored after treating with indicated concentrations of (A) PSB-13253 and (B) cromolyn for 5 min. 
Each dataset represents the mean ± SEM of three separate studies. Data were analysed by one-
way ANOVA followed by Dunnett’s multiple comparisons test and statistical results are shown in the 
following tables. 
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P>0.99 
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P>0.99 
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P=0.49 
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P=0.96 
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7.78±0.0
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P=0.05 

(ns) 

7.68±0.0
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P<0.05 

(*) 

8.02±0.0
2  

P=0.99 

(ns) 

8.01±0.1
8 

P=0.99 

(ns) 

8.06±0.0
1 

 

%Emax 

 

54.91± 
0.02 

P<0.001 

(***) 

56.33± 
0.05 

P<0.001 

(***) 

21.82± 
0.14 

P<0.001 

(***) 

19.96± 
0.09 

P<0.001 

(***) 

29.18± 
0.21 

P<0.001 

(***) 

17.00± 
0.23 

P<0.001 

(***) 

84.31± 
0.42 

P<0.001 

(***) 

24.61 ± 
2.36 

P<0.001 

(***) 

98.54± 
1.47 

 

 

Table 3.29 Comparison of pEC50 and %Emax among hGPR35b R13 mutants (C27S and wild 
type backbone) in G protein activation assays using PSB 13253 
hGPR35a, hGPR35b and various hGPR35b R13 mutants (C27S and wild type backbone) were 
compared in terms of pEC50 and %Emax by BRET based G protein assays using GPR35-Gα13 SPASM 
sensors. Results are expressed as mean ± SEM of three individual experiments. Data were analysed 
by one-way ANOVA followed by Dunnett’s multiple comparisons test where the value for hGPR35a 
was used as control. ns = non-significant, * p<0.05, ** p<0.01, ***p<0.001. 



                                                  Chapter 3 

119 
 

 

 hGPR 
35b 

R13P 
C27S 

 

hGPR 
35b 

R13H 
C27S 

 

hGPR 
35b 

R13C 
C27S 

 

hGPR 
35b 

R13P 
WT 

 

hGPR 
35b 

R13H 
WT 

 

hGPR 
35b 

R13C 
WT 

 

hGPR 
35b 
R13 

C27S 
 

hGPR 
35b WT 

 

hGPR 
35a WT 

 

pEC50 

 

5.62±0.0
1 

P=0.17 

(ns) 

5.66±0.0
1 

P<0.05 

(*) 

5.65±0.0
1 

P<0.05 

(*) 

 

5.65±0.0
1 

P<0.05 

(*) 

5.69±0.0
5 

P<0.01 

(**) 

5.74±0.0
4 

P<0.01 

(**) 

5.60±0.0
1  

P=0.26 

(ns) 

5.60±0.0
1 

P=0.26 

(ns) 

5.52±0.0
1 

 

%Emax 

 

68.64± 
0.22 

P<0.001 

(***) 

74.90± 
0.01 

P<0.001 

(***) 

30.42± 
0.08 

P<0.001 

(***) 

18.22± 
0.35 

P<0.001 

(***) 

23.78± 
0.25 

P<0.001 

(***) 

18.06± 
0.35 

P<0.001 

(***) 

75.39± 
0.43 

P<0.001 

(***) 

27.42 ± 
0.65 

P<0.001 

(***) 

99.86± 
0.14 

 

 

Table 3.30 Comparison of pEC50 and %Emax among hGPR35b R13 mutants (C27S and wild 
type backbone) in G protein activation assays using cromolyn 
hGPR35a, hGPR35b and various hGPR35b R13 mutants (C27S and wild type backbone) were 
compared in terms of pEC50 and %Emax by BRET based G protein assays using GPR35-Gα13 SPASM 
sensors. Results are expressed as mean ± SEM of three individual experiments. Data were analysed 
by one-way ANOVA followed by Dunnett’s multiple comparisons test where the value for hGPR35a 
was used as control. ns = non-significant, * p<0.05, ** p<0.01, ***p<0.001. 
 

3.2.4.6 Measurement of G protein activation in various hGPR35b R13 mutants 

with GPR35 agonist amlexanox and doxantrazole 

For Gα13 activation, hGPR35b (R13P C27S, R13H C27S and R13C C27S) (Figure 

3.21A, B(i)) and hGPR35b (R13P WT, R13H WT and R13C WT) (Figure 3.21A, B(ii)) 

were transiently expressed in parental HEK293 cells as Gα13 SPASM sensors. 

hGPR35a WT, hGPR35b WT and hGPR35b C27S were also expressed as Gα13 SPASM 

sensors as controls. Following addition of luciferase substrate and amlexanox and 

doxantrazole, a concentration-dependent increase in BRET was found with 

amlexanox, pEC50 5.28± 0.03 (mean± SEM, n=3 for hGPR35a WT) (Table 3.31) and 

with doxantrazole, pEC50 5.23± 0.01 (mean± SEM, n=3 for hGPR35a WT) (Table 

3.32). Similar results to earlier studies were obtained when Gα13 activation was 

carried out using the hGPR35b WT and hGPR35b C27S mutants. 

Among the new R13 mutants, R13H mutant at C27S backbone generated 

statistically comparable BRET signals of Gα13 activation to hGPR35a WT and 

hGPR35b C27S (Figure 3.21A, B(i)) (Table 3.31) (Table 3.32). While R13P at C27S 

backbone generated moderate signal but R13C at C27S was without any significant 

effects and can be compared to hGPR35b WT (Figure 3.21A, B(i)) (Table 3.31) 

(Table 3.32). None of the R13 mutants in the wild type backbone were able to 
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generate any discernible signals when stimulated with amlexanox and 

doxantrazole (Figure 3.21A, B(ii)) (Table 3.31) (Table 3.32). 

 

Figure 3.21 Demonstration of the effectiveness of hGPR35b R13-Gα13 SPASM sensors (C27S 
and wild type backbone) using amlexanox and doxantrazole 
Comparison of the effects of (i) hGPR35b R13P C27S (marron circles), hGPR35b R13H C27S (blue 
circles), hGPR35b R13C C27S (purple circles), (ii) hGPR35b R13P WT (pink circles), hGPR35b 
R13H WT (paste circles) and hGPR35b R13C WT (light red circles) transiently expressed in parental 
HEK293 cells as Gα13 SPASM sensors. In both (i) and (ii) hGPR35a WT (black circles), hGPR35b 
WT (red circles) and hGPR35b C27S (green circles) were used as control. BRET signals were 
recorded after treating with indicated concentrations of (A) amlexanox and (B) doxantrazole for 5 
min. Each dataset represents the mean ± SEM of three independent experiments. Data were 
analysed by one-way ANOVA followed by Dunnett’s multiple comparisons test and statistical results 
are shown in the following tables. 

 hGPR 
35b 

R13P 
C27S 

 

hGPR 
35b 

R13H 
C27S 

 

hGPR 
35b 

R13C 
C27S 

 

hGPR 
35b 

R13P 
WT 

 

hGPR 
35b 

R13H 
WT 

 

hGPR 
35b 

R13C 
WT 

 

hGPR 
35b 
R13 

C27S 
 

hGPR 
35b WT 

 

hGPR 
35a WT 

 

pEC50 

 

5.52±0.0
1 

P<0.01 

(**) 

5.54±0.0
1 

P<0.001 

(***) 

5.60±0.0
2 

P<0.001 

(***) 

5.22±0.0
1 

P=0.46 

(ns) 

5.66±0.0
5 

P<0.001 

(***) 

5.26±0.0
4 

P=0.97 

(ns) 

5.46±0.0
1  

P<0.05 

(*) 

5.44±0.0
3 

P<0.05 

(*) 

5.28±0.0
3 

 

%Emax 

 

57.89± 
0.57 

P<0.001 

(***) 

55.31± 
0.02 

P<0.001 

(***) 

20.62± 
0.01 

P<0.001 

(***) 

18.90± 
0.19 

P<0.001 

(***) 

20.97± 
0.08 

P<0.001 

(***) 

12.06± 
0.26 

P<0.001 

(***) 

71.99± 
0.29 

P<0.001 

(***) 

28.66 ± 
0.52 

P<0.001 

(***) 

101.2± 
1.2 
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Table 3.31 Comparison of pEC50 and %Emax among hGPR35b R13 mutants (C27S and wild 
type backbone) in G protein activation assays using amlexanox 
hGPR35a, hGPR35b and various hGPR35b R13 mutants (C27S and wild type backbone) were 
compared in terms of pEC50 and %Emax by BRET based G protein assays using GPR35-Gα13 SPASM 
sensors. Results are expressed as mean ± SEM of three individual experiments. Data were analysed 
by one-way ANOVA followed by Dunnett’s multiple comparisons test where the value for hGPR35a 
was used as control. ns = non-significant, * p<0.05, ** p<0.01, ***p<0.001. 
 

 hGPR 
35b 

R13P 
C27S 

 

hGPR 
35b 

R13H 
C27S 

 

hGPR 
35b 

R13C 
C27S 

 

hGPR 
35b 

R13P 
WT 

 

hGPR 
35b 

R13H 
WT 

 

hGPR 
35b 

R13C 
WT 

 

hGPR 
35b 
R13 

C27S 
 

hGPR 
35b WT 

 

hGPR 
35a WT 

 

pEC50 

 

5.26±0.0
1 

P=0.84 

(ns) 

5.28±0.0
1 

P=0.34 

(ns) 

5.08±0.0
3 

P<0.01 

(**) 

 

5.14±0.0
4 

P<0.05 

(*) 

5.39±0.0
1 

P<0.001 

(***) 

4.96±0.0
1 

P<0.001 

(***) 

5.47±0.0
2  

P<0.001 

(***) 

5.37±0.0
1 

P<0.01 

(**) 

 

5.23±0.0
1 

 

%Emax 

 

72.03± 
0.52 

P<0.001 

(***) 

72.51± 
0.39 

P<0.001 

(***) 

34.62± 
0.34 

P<0.001 

(***) 

25.33± 
0.66 

P<0.001 

(***) 

31.63± 
0.66 

P<0.001 

(***) 

17.47± 
0.07 

P<0.001 

(***) 

77.26± 
1.71 

P<0.001 

(***) 

35.88 ± 
0.32 

P<0.001 

(***) 

99.92± 
0.09 

 

 

Table 3.32 Comparison of pEC50 and %Emax among hGPR35b R13 mutants (C27S and wild 
type backbone) in G protein activation assays using doxantrazole 
hGPR35a, hGPR35b and various hGPR35b R13 mutants (C27S and wild type backbone) were 
compared in terms of pEC50 and %Emax by BRET based G protein assays using GPR35-Gα13 SPASM 
sensors. Results are expressed as mean ± SEM of three individual experiments. Data were analysed 
by one-way ANOVA followed by Dunnett’s multiple comparisons test where the value for hGPR35a 
was used as control. ns = non-significant, * p<0.05, ** p<0.01, ***p<0.001. 

 

3.2.5 Expression pattern of hGPR35 (wild type and mutants) and 

fluorescent protein expression  

From the results reported in section 3.2.2, it was clear that hGPR35a generates 

substantially greater efficacy in response to agonists than hGPR35b in both G 

protein activation and arrestin recruitment. To investigate whether these 

differences were due to variation in expression after transient transfection into 

parental 293 cells, I measured the total expression of both isoforms of hGPR35 

along with several mutants of the receptor. The experimental results 

demonstrated that there were no significant variations (p>0.05, one way ANOVA 

followed by Dunnett’s multiple comparison test) in total mCitrine expression 

across the various forms of the mCitrine tagged SPASM receptor constructs in G 

protein-based study (Figure 3.22A) except for the hGPR35b C27S S15C mutant 

which displayed significantly (p=0.048) higher expression levels compared to 

hGPR35a wild type version. In the case of arrestin interaction assays with the 

receptor (with mutants), the total enhanced yellow fluorescent protein (eYFP) 

was measured. Once again, analysis showed that the expression levels of various 
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eYFP tagged receptor mutants were not statistically different from that of eYFP 

tagged hGPR35a wild type version (p>0.05, one way ANOVA followed by Dunnett’s 

multiple comparison test)(Figure 3.22B). 

When the expression of fluorescent proteins was visualised with fluorescent 

microscopy, I noticed that both hGPR35a (Figure 3.23A) and hGPR35b (Figure 

3.23B) were expressed after transient transfection in parental 293 cells, although 

at this moment, I did not quantify this. 

From the results of the section 3.2.5, it was proven that there were statistically 

similar amounts of total mCitrine expression and total (eYFP) expression for both 

isoforms of the receptor along with various mutants. These findings eliminated 

the possibility that the low efficacy of agonist responses at the hGPR35b compared 

to hGPR35a reflected differences in expression. Rather, the potential additional 

disulphide bond might be key in this issue. Molecular modelling and, possibly, data 

from atomic level structures are absolutely necessary for thoroughly 

understanding this matter. 

Figure 3.22 Comparison of the expression levels of different mutants of hGPR35b compared 
to wild type isoforms of hGPR35 
(A) Total mCitrine expression of all the mutants as well as comparison with the wild type controls 
(SPASM sensors), (B) Relative expression levels of eYFP -tagged mutants and wild type receptor. 
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Figure 3.23 Detection of GPR35-eYFP form of hGPR35, expression with fluorescent 
microscope 
eYFP tagged form of (A) hGPR35a and (B) hGPR35b after transient transfection in parental 293 
cells. 

3.3 Discussion 

GPCRs are the largest and most studied group of transmembrane polypeptides 

which are also the most tractable group of proteins for the development of small 

molecule therapeutics (Grigoriadis et al., 2009, Lundstrom, 2009). GPR35 is still 

classified as an ‘orphan receptor’ despite being discovered more than 20 years 

ago and nominally characterised in 2006 as a receptor for the tryptophan 

metabolite kynurenic acid (Milligan, 2023). Research on the type of endogenous 

ligand(s) that activate GPR35 is still quite active. GPR35, an open reading frame 

corresponding to a 309 amino acid polypeptide on chromosome 2, was originally 

discovered in human genomic DNA (O'Dowd et al., 1998). There seems to be a 

different variant of GPR35 with an extended N-terminal sequence, and it has been 

reported that GPR35 expression in NIH3T3 cells exhibits transforming activity, 

which is consistent with suggestions that GPR35 may be involved in gastric 

malignancies (Okumura et al., 2004). The original 309 amino acid containing 

polypeptide is commonly known as hGPR35a or ("GPR35 short") while the 31 amino 

acid extended form is familiar as hGPR35b or ("GPR35 long"). The two isoforms 

were similar in Gα13 activation and arrestin-3 signalling, although the maximal 

signal intensity generated by the longer isoform was markedly lower. However, 

the potency of the agonist ligand remained comparable along the two isoforms 

(Marti-Solano et al., 2020). However, a recent report claimed the differences in 

the ability of the long and short isoforms to mediate interactions with G proteins 

versus arrestin-3 (Schihada et al., 2022). As a result, despite the fact that the 
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hGPR35b isoform has received relatively less attention, there are obvious 

discrepancies in descriptions of their functions that need to be resolved.  

Upon considering the sequences of the two isoforms of hGPR35, it was found that 

compared to hGPR35a, hGPR35b has the capacity to produce one additional 

extracellular disulphide bond. However, a thorough investigation of this 

possibility—or any potential consequences—has not yet been made. In order to 

completely examine the pharmacology and function of two human GPR35 

isoforms, site-directed mutagenesis was used and the interactions of these 

isoforms with G proteins and arrestins were then discovered. 

In my studies, I found that there was a considerable difference in agonist efficacy 

between the longer form to shorter counterparts (longer isoform is about 70% less 

efficient), although their pharmacology is almost similar. As the amino acid 

cysteine is responsible for disulphide bond formation, initially mutagenesis was 

done on specific cysteine residues of both isoforms to understand the putative 

role played by the disulphide bonds in hGPR35. Cysteine at position 8 in the N-

terminus of hGPR35a presumably forms a disulphide bond with cysteine 248 of 

extracellular loop 3, as changing either of these residues to serine almost 

completely removed the agonist role in arrestin-3 recruitment and Gα13 activation. 

In hGPR35b, along with hGPR35a equivalent disulphide bond between the cysteine 

at position 39 and 279, there is an additional disulphide bond between cysteine at 

position 27 and 279. It was evident from my results that, mutation of the hGPR35a 

equivalent cysteine residues in hGPR35b (hGPR35b C39S, hGPR35b C279S) also 

greatly reduced agonist function in arrestin-3 recruitment and Gα13 activation. 

However, mutation of the hGPR35b specific cysteine residue at position 27 

resulted in significantly increased agonist function (arrestin recruitment and G 

protein activity), indicating that hGPR35b agonist-induced activation is 

constrained by a second disulphide bond. From the whole set of experiments, it 

was clear and straightforward that cysteine at position 27 of N-terminal domain 

of hGPR35b acted as a dampener of hGPR35b efficacy. Mutation of this cysteine 

to serine resulted in the efficacy of hGPR35b now being equivalent to hGPR35a. 

To learn more about the function of the hGPR35b N-terminal extension, nine more 

mutants with cysteine in place of different residues in the Cys27Ser hGPR35b 

backbone were created. After generation of the additional nine mutants in 
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different positions of N-terminal extension of hGPR35b, I employed a series of 

ligands that are agonists or partial agonists of human GPR35 for measuring 

arrestin-3 interaction with the receptor and also activating G protein Gα13. After 

conducting both arrestin and G protein-based experiments with different ligands 

(in total 8), it was evident that all the new mutants demonstrated arrestin-3 

recruitment potential and Gα13 activation almost similar in extent that was 

demonstrated by hGPR35b WT. None of the new mutants were able to produce a 

higher response (arrestin-3 or Gα13) than hGPR35a WT or hGPR35b C27S. The 

creation of additional disulphide bonds from various sites of the hGPR35b N-

terminal domain to extracellular loop 3 might be the most likely cause of this. To 

completely comprehend the significance of the organisation of the N-terminal 

domain of hGPR35b, molecular modelling and maybe knowledge from atomic level 

structures are very necessary. 

Very recently, several studies have linked arginine polymorphisms in hGPR35b to 

improved cancer survival. According to data from the UK Biobank, people with 

R13H or R13P polymorphisms had better survival for GI-associated diseases such 

as pancreatic cancer and liver cancer than those who have arginine (R) at position 

13. So, I generated some additional mutants in wild type (WT) and C27S backbone 

of the hGPR35b. Therefore, in the first case, I changed the arginine (R) at position 

13 in both the wild type and C27S backbone of hGPR35b to proline (P), histidine 

(H), and cysteine (C). Following the confirmation of the mutants through 

sequencing, I evaluated the impact of the mutants on the activation of the G 

protein Gα13 and the recruitment of arrestin-3 by using a number of GPR35 

agonists. After carrying out arrestin and G protein-based experimental studies, it 

was found that R13P and R13H mutants at C27S backbone generated statistically 

comparable BRET signals (arrestin-3 recruitment) like hGPR35a WT and hGPR35b 

C27S, but R13C at C27S backbone generated lower BRET that was similar to 

hGPR35b WT. Among the R13 mutants, R13P at wild type backbone showed a 

moderate increase in BRET (arrestin-3 recruitment) in comparison to signals 

produced by hGPR35a WT and hGPR35b C27S. However, other mutants R13H and 

R13C at wild type backbone generated lower BRET signals and can be compared 

to hGPR35b WT. In the G protein activation assay with GPR35- Gα13 SPASM sensors, 

R13H mutant at C27S backbone generated statistically comparable BRET signals 

(Gα13 activation) to hGPR35a WT and hGPR35b C27S. While R13P at C27S backbone 

generated moderate signal R13C at C27S was without any significant effects and 
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can be compared to hGPR35b WT. None of the R13 mutations in the wild type 

backbone were able to generate any discernible signals of Gα13 activation. 

The entire series of results clearly demonstrate that R13P and R13H polymorphic 

mutants (C27S and wild type backbone) generated comparable signal intensity 

(BRET) like hGPR35a WT and hGPR35b C27S mutants in arrestin recruitment 

assays. This finding may support the hypothesis (although not fully clear) of better 

survival of patients with GI-associated diseases with R13P and R13H polymorphic 

variants. The other mutant R13C acted like hGPR35b WT in arrestin-3 recruitment. 

The formation of additional disulphide bonds from the R13 site of hGPR35b N-

terminal domain to extracellular loop 3 might be the most likely reason for this. 

In the case of G protein activation, the R13H mutant at the C27S backbone 

produced a similar signal to hGPR35a WT and hGPR35b C27S mutants. R13P (C27S 

backbone) also generated moderate intensity of signal while R13C (C27S 

backbone) was without any effects and acted like hGPR35b WT. In the wild type 

of backbone, none of the R13 mutants were able to produce any observable signs 

of Gα13 activation. 

From the whole series of experiments (arrestin based assay and G protein 

activation) with R13P, R13H and R13P, it can be stated that R13P and R13H 

polymorphic mutants may help pancreatic cancer and liver cancer patients with 

extended life span. However, further in-depth study of these polymorphic variants 

is warranted before concluding a remark. 

I also investigated the expression pattern of human GPR35 (wild type and 

mutants). It was found that total mCitrine and total eYFP expression of both 

isoforms of hGPR35 along with several mutants at various positions of the receptor 

were statistically comparable. Fluorescent protein visualisation of both isoforms 

of hGPR35 was also conducted by microscopy and expression was noticed. Overall, 

these findings suggest that the difference between the two isoforms in agonist 

response efficacy is not due to differences in the expression of the receptor. 

Instead, the disulphide bond may be important in this situation. It is crucial to use 

molecular modelling and, possibly, data from atomic level structures to 

completely understand this issue. 



 

 
 

 

 

 

 

 

 

 

 

Chapter 4 Agonist induced phosphorylation of 
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4.1 Introduction 

GPCRs, the largest class of cell surface receptors, are essential for regulating a 

variety of physiological processes (Drube et al., 2022). Numerous ligands such as 

neurotransmitters, hormones, light, lipids, and odorants activate these receptors 

(Matthees et al., 2021). GPCRs modulate a variety of intracellular signalling 

pathways after activation. For this reason, GPCRs have been successfully targeted 

for many therapeutic indications (Sharmin et al., 2020) and have been studied in 

detail with respect to structure and function. However, a substantial number of 

members of GPCRs remain in the orphan status because they have not been 

matched with suitable endogenous activators. As a result, the true therapeutic 

potential of such orphan GPCRs is challenging to reveal. GPR35 is such an orphan 

receptor that was originally discovered as an open reading frame (ORF), situated 

on chromosome 2q37.3 in human (O'Dowd et al., 1998). 

Since G proteins, GPCR kinases (GRKs), and arrestins are the most common 

interaction partners of GPCRs, they contact active receptors in a manner that is 

identical to their opened intracellular cavity (Flock et al., 2017). Small loop 

structures or alpha-helical domains are typically inserted through this process into 

the GPCR cavity (Matthees et al., 2021). For the main signalling transducers, the 

trimeric G proteins, this interaction leads to a guanosine diphosphate (GDP)—

guanosine triphosphate (GTP) exchange followed by dissociation of Gα and Gβγ 

subunits (Flock et al., 2015). In order to cause a physiological response, the 

activated G protein subunits can individually control the amounts of second 

messengers like calcium, diacylglycerol (DAG), and cyclic adenosine 

monophosphate (cAMP). GRKs then phosphorylate intracellular peptide stretches 

of activated GPCRs. Subsequently, this build-up of negative charges enables 

arrestins to attach with high affinity, starting the desensitisation and 

internalisation of receptors (Gurevich and Gurevich, 2019). Arrestins and G 

proteins at least share binding surfaces, therefore arrestin-bound receptors are 

canonically unable to enhance their primary signalling further (DeWire et al., 

2007). In addition, arrestins have been demonstrated to operate as scaffolds for 

over 100 intracellular proteins (Crépieux et al., 2017), allowing the development 

of particular effector-hubs that control intracellular trafficking and signalling of 

active GPCRs (Matthees et al., 2021). 
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An essential part of GPCR signalling is the agonist-dependent phosphorylation of 

the receptor's intracellular domains, which has significant effects on the 

desensitisation of G protein signalling, the internalisation and recycling of the 

receptor, and the receptor's ability to promote G protein independent signalling 

(Nobles et al., 2011, Ren et al., 2005). GPCRs can be phosphorylated at serine and 

threonine residues on any area of the intracellular domain, but this occurs most 

frequently on the third intracellular loop and/or the C-terminal tail (Tobin, 2008). 

Moreover, the specific positions of the phosphorylated residues can affect 

receptor function and subsequent signalling (Prihandoko et al., 2016, Nobles et 

al., 2011). As the signalling of most GPCRs via G proteins is terminated by the 

phosphorylation of active receptor by specific kinases (GRKs) and subsequent 

binding of arrestin proteins, the in-depth analysis of the sites and mechanism of 

agonist regulated phosphorylation of GPCR is of paramount importance. GPR35 is 

a poorly characterised orphan GPCR and has garnered increased attention as a 

therapeutic target through its potential contributions to a spectrum of conditions 

ranging from non-alcoholic steatohepatitis to lower intestinal inflammation (Quon 

et al., 2020, Milligan, 2023). As GPR35 is a therapeutically important GPCR and 

there is marked variation between human and rodent orthologues of this receptor, 

a clear understanding of the regulation of this receptor is of utmost importance. 

The development of novel reagents and tools such as site-directed mutagenesis 

and phosphorylation site specific antisera (Figure 4.1) will significantly improve 

the analysis of the roles of GPR35 in health and illness. 
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Figure 4.1 Generation and characterisation of GPR35 phospho-site specific antisera 

(A) Potential phosphorylation sites in the C-terminal tail of hGPR35a and mGPR35, (B) Development 

of phosphorylation site specific antisera and C-terminal tail antisera to detect the post activation 

status of receptor GPR35. 

4.1.1 Aims 

Agonist mediated phosphorylation of GPCRs is a key step in engaging GRKs and 

subsequent interaction with the isoforms of arrestin (Gurevich and Gurevich, 

2019). Even though this phenomenon is well known for many GPCRs, a complete 

map of identifying the precise sites of such posttranslational regulation and the 

degree to which each changed amino acid may contribute to the action is still 

rare. In this chapter, I have discussed both of these issues concerning GPR35 and 

make use of this knowledge to produce phospho-site-specific antibodies that serve 

as activation state-specific biosensors. The aims of this chapter were to 

Investigate whether both orthologues (human and mouse) of GPR35 undergo 

agonist-dependent phosphorylation 

Determination of the species and agonist specific differences in receptor 

phosphorylation 
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Assessment of the species selective antagonism characteristics of GPR35 

Investigation of the location and specific sites at which phosphorylation takes 

place 

Characterisation of phosphorylation site specific antisera 

Immunocytochemical detection of the post activation status of GPR35. 

4.2 Results 

4.2.1 Production and characterisation of cell line stably express 
GPR35 

4.2.1.1 Characterisation of cell lines that demonstrate stable expression of 
human GPR35 and mouse GPR35 with Hemagglutinin (HA) tag at its 
C-terminus 

For most of the GPCRs, agonist-mediated phosphorylation of hydroxy-amino acids 

in the C- terminal tail of the receptor, the third intracellular loop, or both are 

regulated by G protein-coupled receptors kinase (GRKs), which was followed by 

receptor-arrestin interactions. To apply this for mouse GPR35 and its human 

equivalent splice variant hGPR35a, I stably expressed C-terminally HA epitope 

tagged forms of either human GPR35a (hGPR35a-HA) (Figure 4.2A) or mouse GPR35 

(mGPR35-HA) (Figure 4.2B) in Flp-ln-TREx 293 cells. After that. I  probed cells with 

an anti-HA antibody to make sure that expression was, in fact, induced for each 

orthologue after treating such cells with doxycycline, which is expected to induce 

expression of the receptor constructs. 
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Figure 4.2 Characterisation of Human GPR35-HA and Mouse GPR35-HA stable cell lines 

Cells were harvested, membranes were prepared and subsequently resolved by SDS-PAGE to 

separate the protein by mass and eventually detected by the HA epitope tag antibody in western 

blot. (A) Human GPR35-HA stable cell line and (B) Mouse GPR35-HA stable cell line. (i) 10 μg and 

(ii) 5μg of protein. 

4.2.1.2 Characterisation of cell lines that show stable expression of human 
GPR35 PDM and mouse GPR35 PDM with Hemagglutinin (HA) tag at 
its C-terminus 

As GPCRs are usually phosphorylated at serine and threonine residues mostly on 

the third intracellular loop and/or the C-terminal tail, I wished to confirm that 

phosphorylation is dependent entirely on phospho serine and phospho threonine 

residues in the C- terminal tail of the receptor GPR35. For this, I created cell lines 

that stably express C-terminally HA epitope tagged forms of either human GPR35a 

phosphodeficient (hGPR35a-PDM-HA) (Figure 4.3A) or mouse GPR35 

phosphodeficient (mGPR35-PDM-HA) (Figure 4.3B) as controls. I first probed cells 

with an anti-HA antibody to make sure that expression was, in fact, induced for 

each orthologue after treating such cells with doxycycline, which is predicted to 

promote receptor construct expression. 
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Figure 4.3 Characterisation of Human GPR35-PDM-HA and Mouse GPR35-PDM-HA stable cell 

lines 

Cells were harvested, membranes were prepared and subsequently resolved by SDS-PAGE to 

separate the protein by mass and eventually detected by the HA epitope tag antibody in western 

blot. (A) Human GPR35-PDM-HA stable cell line and (B) Mouse GPR35-PDM stable cell line. (i) 10 

μg and (ii) 5μg of protein. PDM, phosphorylation-deficient mutant. 

4.2.1.3 Characterisation of cell lines that demonstrate stable expression of 
human GPR35, mouse GPR35, human GPR35 PDM and mouse GPR35 
PDM with (eYFP) tag at its C-terminus 

Phosphorylation of the active receptor is closely related to the binding of arrestin 

protein. In order to investigate the role of agonist-regulated phosphorylation sites 

in possible connections between agonist-induced interactions of the receptor and 

arrestins proteins, I prepared cells that stably express (eYFP) tagged forms of both 

hGPR35a (Figure 4.4A) and mGPR35 (Figure 4.4B). Phosphorylation deficient 

versions of human and mouse GPR35 cell lines with (eYFP) tag were also generated 

as controls (Figure 4.4C, D). I first probed cells with an anti-GFP antibody to check 

that each orthologue's expression was actually elevated after treating such cells 

with doxycycline, which is expected to promote the expression of the receptor 

constructs. 
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Figure 4.4 Characterisation of Human GPR35-eYFP, Mouse GPR35-eYFP, Human GPR35- PDM 

-eYFP PDM and Mouse GPR35-PDM-eYFP stable cell lines 

Cells were harvested, membranes were prepared and subsequently resolved by SDS-PAGE to 

separate the protein by mass and eventually detected by the GFP epitope tag antibody in western 

blot. (A) Human GPR35-eYFP stable cell line and (B) Mouse GPR35-eYFP stable cell line, (C) 

Human GPR35- PDM-eYFP stable cell line and (D) Mouse GPR35- PDM -eYFP stable cell line. (i) 

10 μg and (ii) 5μg of protein. PDM, phosphorylation-deficient mutant. 

4.2.2 Validation of GPR35 phospho-site–specific antisera in cell 
lines expressing mouse orthologue of GPR35 

4.2.2.1 Characterisation of mGPR35-pSer298/pSer301 in cell lines expressing 
both wild type and phosphorylation deficient forms of GPR35 

I have known from previous studies that except Ser294, each of the five hydroxy-

amino acids in the C-terminal tail of human GPR35a were phosphorylated in 

response to agonist occupancy of the receptor and played roles to attach with 

arretin-3, which inhibits additional G protein-coupled receptor signalling (Divorty 

et al., 2022). It was found that Ser303 was key to such interactions. the serine 

corresponding to human GPR35a residue 303 (301 for mouse) also played a 

dominant role in arrestin-3 interactions for mouse GPR35. For this reason, I 

employed the peptide sequence from mGPR35 (TPHKpSQDpSQILSLT) to generate 

mGPR35-pSer298/ pSer301-directed antibodies.  

Following the capture of the receptor construct via anti-HA agarose beads, 

immunoblotting with an anti-HA antiserum in a cell line stably expressing mouse 

GPR35 with an HA epitope tag at the C-terminus showed the presence of a number 

of polypeptides except one without doxycycline induced. A smear of HA-

immunoreactivity in the vicinity of 50 kDa was notable among these. Parallel 

immunoblotting of such samples with mGPR35pSer298/pSer301 detected the 
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polypeptides in the approximate size of just over 50 kDa and did so in a manner 

that was dependent on pre-treatment of the cells with a number of agonists, as 

the antiserum did not identify this polypeptide in vehicle treated cells (Figure 

4.5A). A similar experiment was conducted in cells that stably expressed the 

mouse GPR35 (PDM) version with an HA epitope tag at the C-terminus. After 

immunoblotting with anti-HA antiserum, again, all the polypeptides were visible 

with smears of HA-immunoreactivity in the region of 50 kDa. One polypeptide was 

again invisible in immunoblot because it was uninduced with doxycycline. When 

parallel immunoblotting of such samples with mGPR35pSer298/pSer301 was 

conducted, the antiserum could not detect anything (Figure 4.5B) because all of 

the potential phosphorylation sites of mouse GPR35 are mutated in this cell line. 

This finding again validates that phosphorylation depends entirely on phospho 

serine and phospho threonine residues in the C-terminal tail of the mouse GPR35. 

 

Figure 4.5 Characterisation of GPR35 phospho-site–specific antisera in cell lines stably 

expressing Mouse GPR35-HA and Mouse GPR35-PDM-HA  

Experiments were performed using a Flp-In TREx 293 cell line induced to express (A) mouse 

GPR35-HA and (B) mouse GPR35- PDM-HA. These cell lines were treated with vehicle and different 

GPR35 agonists; Doxantrazole, zaprinast, amlexanox and pemirolast (each at 10 μM). Following 

capture of the receptor construct via anti-HA agarose beads, samples were resolved by SDS-PAGE 

and immunoblotted to detect (i) the HA epitope tag and (ii) mGPR35-pSer298/pSer301. Results are 

representative of three independent experiments. 

 

4.2.2.2 Comparison of extent of phosphorylation of mouse GPR35 by 
endogenous vs synthetic agonist 

As GPR35 can be activated by the endogenously produced tryptophan metabolite 

kynurenic acid (Wang et al., 2006, Kaya et al., 2021) and by a synthetic ligand 

zaprinast (Taniguchi et al., 2006, Kaya et al., 2021), I compared the 

phosphorylation potential of these two ligands directly. I used a cell line that 
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stably express mouse GPR35 with a HA epitope tag at C-terminus. After the 

capture of the mouse GPR35 by anti-HA agarose beads, several doxycycline-

induced polypeptides were found during immunoblotting using an anti-HA 

antiserum (Figure 4.6A). All of these demonstrated smears of HA-

immunoreactivity in the region of 50 kDa. When parallel immunoblotting of the 

same samples was detected with either hGPR35pSer300/pSer303 (Figure 4.6B) or 

mGPR35pSer298/pSer301 (Figure 4.6C), there was the presence of polypeptides 

above 50 kDa. There were also more rapidly migrating forms of polypeptide(s) 

identified by these phospho-site-specific antisera upon treatment with agonists. 

These may be glycosylated forms of the receptor mGPR35-HA. The most important 

outcome from this experiment is that synthetic agonist zaprinast showed better 

potency than endogenous agonist kynurenic acid in mouse GPR35 phosphorylation 

after applying both phospho-site specific antisera. Another significant issue is that 

hGPR35pSer300/pSer303 antisera was also active at mouse GPR35 as the sequence 

of amino acids between the two orthologues is similar. To be more precise, there 

are 309 amino acids in hGPR35a, while mGPR35 contains 307 amino acids. 

 

Figure 4.6 Comparison of phosphorylation activity between Kynurenic acid and Zaprinast in 

cell line stably expressing Mouse GPR35-HA  

Experiments similar to Figure 4.5 were conducted using a Flp-In TREx 293 cell line induced to stably 

express mouse GPR35-HA.  Zaprinast, a potent synthetic agonist (100 M) and kynurenic acid, a 

proposed but weak endogenous ligand (1 mM) were used. These cells were also treated with 

vehicles at different concentrations corresponding to ligand concentration. Following capture of the 
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receptor construct via anti-HA agarose beads, samples were resolved by SDS-PAGE and 

immunoblotted to detect (A) the HA epitope tag and (B) hGPR35-pSer300-pSer303 and (C) mGPR35-

pSer298/pSer301 Results are representative of three independent experiments. 

4.2.2.3 Arrestin interaction pattern of mouse GPR35 with kynurenic acid and 
zaprinast 

As phosphorylation of the receptor is closely related to interaction with arrestin 

adapter protein, I investigated the arrestin-3 recruitment potential of kynurenic 

acid and zaprinast with mouse GPR35. For this assay, mGPR35-eYFP and arrestin-

3-RLuc were transiently co-transfected into parental 293 cells. In the presence of 

a luciferase substrate, the addition of the GPR35 endogenous agonist kynurenic 

acid (Figure 4.7A) resulted in a concentration-dependent increase in measured 

BRET with pEC50 3.23. In equivalent studies, after adding luciferase substrate, the 

addition of synthetic agonist zaprinast (Figure 4.7B) also caused concentration-

dependent increase in BRET with pEC50 6.32. Data from these experiments clearly 

demonstrated that zaprinast was more potent than kynurenic acid in arrestin-3 

recruitment potential with mouse GPR35. The important finding from this study is 

that results obtained from phosphorylation experiment are consistent with 

arrestin interaction by the endogenous and synthetic ligands of mouse GPR35. 

 

Figure 4.7 Comparison of arrestin-3 recruitment activity between Kynurenic acid and 

Zaprinast 

Parental HEK293 cells were transfected transiently to express mGPR35-eYFP and arrestin-3-RLuc. 

Cells were exposed to the indicated concentrations of (A) kynurenic acid and (B) zaprinast for 5 min 

and BRET was measured following substrate addition. This experiment was performed once only 

(n=1).  
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4.2.3 GPR35 phosphorylation is almost entirely agonist mediated 

To investigate if GPR35 phosphorylation is agonist regulated or not, I performed a 

series of immunoblots with different cell lines that stably express human GPR35a-

HA, human GPR35a-PDM-HA, mouse GPR35-HA and mouse GPR35-PDM-HA. 

Following the capture of the receptor construct via anti-HA agarose beads, 

immunoblotting with an anti-HA antiserum detected two separate bands of 

approximate molecular mass (Mr) 55 and 43 KDa for both hGPR35a-HA (Figure 

4.8A), hGPR35a-PDM-HA (Figure 4.8B). Parallel immunoblot with 

hGPR35apSer300/pSer303 detected hGPR35a-HA in two bands: approx. 55 and 43 

KDa after treatment with agonist zaprinast (Figure 4.8A). But 

hGPR35apSer300/pSer303 was unable to detect any receptor when the experiment 

was conducted with phosphorylation deficient version of the human orthologue of 

the receptor (Figure 4.8B). The observed multiple forms of hGPR35a-HA in this 

study might be due to differential N-glycosylation of the receptor protein. When 

the similar study was replicated for the mouse form of GPR35, again the anti-HA 

antiserum detected smear of HA-immunoreactivity in the region of 50 kDa for 

mGPR35-HA (Figure 4.8C) and mGPR35-PDM-HA (Figure 4.8D). Parallel 

immunoblotting of such samples with mGPR35pSer298/pSer301 detected 

approximately just over 50 kDa (single species of apparent molecular mass Mr) and 

did so in a way that was dependent on the cells first being pre-treated with the 

agonist zaprinast, as the antiserum failed to recognise this polypeptide in cells 

that had been treated with a vehicle (Figure 4.8C). Similar to the human 

orthologue of GPR35, antiserum mGPR35pSer298/pSer301 failed to detect receptor 

when immunoblotting was done with phosphorylation deficient version of mouse 

GPR35 (Figure 4.8D).  

From this set of experiments, it is clear that phosphorylation is completely agonist 

dependent, especially for mouse orthologues of GPR35. This experiment also 

proved that GPR35 phosphorylation is dependent mainly on phospho serine and 

phospho threonine residues in the C- terminal tail of the GPR35 as phospho-site 

specific antisera could not detect any receptor in phospho-deficient from of both 

orthologues of the receptor. 
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Figure 4.8 Comparison of phosphorylation among Human GPR35-HA, Human GPR35-PDM-

HA, Mouse GPR35-HA and Mouse GPR35-PDM-HA stable cell lines 

Experiments were performed using Flp-In TREx 293 cell lines induced to express (A) human GPR35-

HA, (B) human GPR35- PDM-HA, (C) mouse GPR35-HA and (D) mouse GPR35- PDM-HA. These 

cell lines were treated with vehicle and a synthetic agonist for GPR35, zaprinast (100 μM for 

hGPR35a and 10 μM for mGPR35). Following capture of the receptor construct via anti-HA agarose 

beads, samples were resolved by SDS-PAGE and immunoblotted to detect (i) the HA epitope tag 

and (ii) hGPR35-pSer300-pSer303/mGPR35-pSer298/pSer301. Results are representative of three 

independent experiments. 

4.2.4 Validation of GPR35 phospho-site–specific antisera in cell 
lines expressing human orthologue of GPR35 

Previous research has shown that with the exception of Ser294, human GPR35a's 

five hydroxy-amino acids were completely phosphorylated in response to agonist 

occupancy of the receptor and played a role in interactions with arretin-3, which 

inhibits the G protein mediated signalling (Divorty et al., 2022). It is also found 

that alteration of both Ser300 and Ser303 to Ala greatly reduced the ability of 

receptor agonists to facilitate connections with arrestin adapter proteins (Divorty 

et al., 2022). To determine the level of activation of the receptor, antisera that 

could specifically recognise phosphorylated versions of GPR35 were produced. 

Based on the aforementioned findings, I immunised rabbits with a peptide from 

hGPR35a known as (KAHKpSQDpSLCVTL) that contained both pSer300 and pSer303. 

Immunoblotting with an anti-HA antiserum in cell lines stably expressing human 

GPR35a with a HA epitope tag at the C-terminus revealed the presence of a 

number of polypeptides with the exception of one that was not doxycycline-

induced after the receptor construct was captured using anti-HA agarose beads. 

Two separate bands of apparent molecular mass (Mr) 55 and 43 KDa stood out 
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among these. After treatment with a series of agonist and antagonist ligands, a 

parallel immunoblot using hGPR35pSer300/pSer303 could identify hGPR35a-HA in 

two bands at approximately 55 and 43 KDa (Figure 4.9A). The antiserum failed to 

recognise the receptor polypeptide(s) in cells treated with the vehicle. Here, 

lodoxamide and zaprinast, two agonists of hGPR35, promoted phosphorylation of 

the receptor and were detected by hGPR35apSer300/pSer303 (Figure 4.9A). In 

addition, pamoic acid proved itself once more a hGPR35a partial agonist, in 

comparison to lodoxamide and zaprinast at this endpoint, despite being able to 

facilitate hGPR35a-HA identification by hGPR35a-pSer300/pSer303 antibodies. As 

expected from the direct phosphorylation assays, the human-specific GPR35 

antagonist did not increase the phosphorylation of pSer300/pSer303 inside hGPR35a-

HA. This was shown by the absence of immunodetection with the hGPR35a-

pSer300/pSer303 antibodies. However, the impact of lodoxamide was countered by 

the addition of CID-2745687 before using an agonist (Figure 4.9A). In this way, the 

interactions depicted in (Figure 4.9A), genuinely reflected agonist regulated 

phosphorylation of human GPR35.  

In cells that stably express the human GPR35 (PDM) variant with a HA epitope tag 

at the C-terminus, a similar experiment was carried out. After the receptor 

construct was captured using anti-HA beads, immunoblotting with an anti-HA 

antiserum in such cell lines revealed the presence of several polypeptides, except 

for one that was not doxycycline induced. Two separate bands of approximate 

molecular mass (Mr) 55 and 43 KDa for hGPR35a-PDM-HA were detected (Figure 

4.9B). However, when an experiment was carried out using a phosphorylation-

deficient version of the human orthologue of the receptor, hGPR35pSer300/pSer303 

was unable to identify any receptor (Figure 4.9B). 
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Figure 4.9 Characterisation of GPR35 phospho-site–specific antisera in Human GPR35-HA 

and Human GPR35- PDM-HA stable cell lines using multiple agonists and antagonist 

Experiments were performed using a Flp-In TREx 293 cell line induced to express (A) human 

GPR35-HA and (B) human GPR35-PDM-HA. These cell lines were treated with vehicle and different 

GPR35 agonists; lodoxamide (100 nM), zaprinast (10 μM), pamoic acid (100 nM) each for 5 min and 

GPR35 antagonist, CID-2745687 (10 μM) for 15 min. Pre-treatment with CID-2745687 at 10 μM was 

also done for 15 min before adding lodoxamide for 5 min. Immunoblots of anti-HA 

immunoprecipitated samples were shown. (i) the HA epitope tag and (ii) hGPR35-pSer300-pSer303. 

Results are representative of three independent experiments. 

4.2.5 Demonstration and proof of species selectivity of agonist and 
antagonist of GPR35 

GPR35 is a unique receptor in several aspects that make translation difficult. 

Rodents only express one version of a protein, whereas humans express two 

different protein isoform sequences. The pharmacology of the GPR35 orthologues 

in humans and rodents are significantly different from each other, with 

differences between rat and mouse GPR35 being just as noticeable as those 

between either of these species and human versions. There are also agonist and 

antagonist ligands of GPR35 that show activity in a species selective way. 

In our previous section, pamoic acid acted as a partial agonist in the 

phosphorylation of hGPR35a and antagonist CID-2745687 prevented lodoxamide 

induced hGPR35a phosphorylation. As there are some reports about these two 

ligands on their potential species selectivity issues, I utilised them along with 

reference ligand zaprinast in a cell line that stably expresses mouse GPR35 with 

an HA tag at the C-terminal. After capture of the mouse GPR35 by  anti-HA-agarose 

beads, several doxycycline-induced polypeptides were found during 

immunoblotting using an anti-HA antiserum. All of these showed a smear of HA-

immunoreactivity at the 50 kDa mark (Figure 4.10A). Parallel immunoblotting of 

these samples with mGPR35pSer298/pSer301 detected the polypeptides with an 

approximate size of just over 50 kDa, and it did so in a way that required pre-

treating the cells with a number of agonists, antagonist, and partial agonist, as 

the antiserum failed to find this polypeptide in cells that had been exposed to a 

vehicle (Figure 4.10B). As zaprinast is a well characterised agonist for mouse 

GPR35, it promoted phosphorylation of the receptor and was detected by 

mGPR35pSer298/pSer301. This phospho-site-specific antiserum was also able to 

detect polypeptide(s) that were moving more quickly after being exposed to 

agonists. They could represent receptor mGPR35-HA glycosylated variants. As 

predicted by CID-2745687's known pharmacology and species selectivity, pre-
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treatment of this antagonist compound did not fully inhibit the effect of zaprinast 

at mGPR35. Pamoic acid, although a partial agonist at hGPR35, failed to promote 

the phosphorylation of mGPR35 and there was no detection of the phosphorylation 

signal by the mGPR35pSer298/pSer301 (Figure 4.10B). This study once again 

validated the species selective characteristics of some agonist and antagonist of 

GPR35. 

 

Figure 4.10 Validation of species selectivity of GPR35 agonist Pamoic acid and GPR35 

antagonist CID-2745687 

Experiments were performed using a Flp-In TREx 293 cell line induced to express mouse GPR35-

HA. This cell line is treated with vehicle and two synthetic GPR35 agonists, zaprinast and pamoic 

acid (each at 10 μM) for 5 min as well as GPR35 anatagonist, CID-2745687 (10 μM) for 15 min. Pre-

treatment with CID-2745687 at 10 μM was also done for 15 min before the addition of zaprinast for 

5 min. Immunoblots of anti-HA immunoprecipitated samples were shown. (A) the HA epitope tag and 

(B) mGPR35-pSer298/pSer301. Results are representative of three independent experiments. 
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4.2.6 GPR35 phospho-site–specific antisera function as 
biosensors of human and mouse orthologues of GPR35 in 
immunocytochemistry-based experiments 

4.2.6.1 Human GPR35 phospho-site–specific antisera detect the post 
activation status of hGPR35 

As hGPR35a-pSer300-pSer303antisera was effective in detecting the post-activation 

status of human GPR35 in an immunoblot based phosphorylation assay, an attempt 

was made to reproduce the similar outcomes in immunocytochemical experiment 

using this antibody. 

In Flp-In TREx 293 cells induced to express human GPR35-HA, 

immunocytochemical investigations using hGPR35a-pSer300-pSer303antisera 

identified the relevant receptors in a way that was agonist (zaprinast)-dependent 

(Figure 4.11, left panels). Specific signal was observed largely both at the cell 

surface and in punctate intracellular vesicles upon expression of the human 

GPR35a construct and treatment with zaprinast. In cells induced to express human 

GPR35-HA, hGPR35a-pSer300-pSer303 antisera indicated a level of detection in the 

absence of zaprinast that would suggest a certain amount of constitutive 

phosphorylation of the receptor in this assay (Figure 4.11, left panels). DAPI, a 

nuclear stain, was used to counterstain the samples (Figure 4.11, centre panels). 

Brightfield images were also demonstrated Figure 4.11, right panels).  
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Figure 4.11 Human GPR35a phospho-site–specific antisera pSer300-pSer303 can act as a 

biosensor of agonist activated, fully matured hGPR35 in immunocytochemical studies 

Cells in Figure 4.11 able to express hGPR35-HA was either uninduced (−dox) or induced by 

treatment with doxycycline (+dox) and then treated with either vehicle or zaprinast. Such cells were 

then used in immunocytochemical studies employing hGPR35-pSer300/pSer303 (left panels) (Alexa 

Fluor 488). Samples were counterstained with the nuclear dye DAPI (centre panels). Brightfield 

images (right panels) are also shown. Scale bar = 10 μm. Representative images are shown. 

hGPR35, human GPR35. 

4.2.6.2 Mouse GPR35 phospho-site–specific antisera detect the post 
activation status of mGPR35 

As the pharmacology of the GPR35 orthologues in humans and mouse are 

significantly different from each other (Quon et al., 2020) and there are some 

reported species selectivity issues of agonists and antagonists of this receptor, I 

decided to utilise the mGPR35-pSer298-pSer301antisera for immunocytochemical 

detection of mouse GPR35. 
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In Flp-In TREx 293 cells, murine GPR35-HA expression is induced and 

immunocytochemical investigations using mGPR35-pSer298-pSer301antisera 

detected the relevant receptors in an entirely agonist (zaprinast)-dependent way 

(Figure 4.12, left panels). When the mouse GPR35 construct was expressed and 

zaprinast was administered, a distinct signal was mostly seen at the cell surface 

and in punctate intracellular vesicles. The nuclear stain DAPI was used to 

counterstain the samples (Figure 4.12, centre panels). Moreover, brightfield 

photos were shown (Figure 4.12, right panels). 

 

Figure 4.12 Mouse GPR35 phospho-site–specific antisera pSer298-pSer301 can act as a 

biosensor of agonist activated, fully matured mGPR35 in immunocytochemical studies 

Cells in Figure 4.12 able to express mGPR35-HA was either uninduced (−dox) or induced by 

treatment with doxycycline (+dox) and then treated with either vehicle or zaprinast. Such cells were 

then used in immunocytochemical studies employing mGPR35-pSer298/pSer301 (left panels) (Alexa 

Fluor 488). Samples were counterstained with the nuclear dye DAPI (centre panels). Brightfield 

images (right panels) are also shown. Scale bar = 10 μm. Representative images are shown. 

mGPR35, mouse GPR35. 
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4.2.7 GPR35 phospho-site–specific antisera cannot detect 
phosphodeficient form of human and mouse orthologues of 
GPR35 in immunocytochemistry-based investigations 

4.2.7.1 Human GPR35 phospho-site–specific antisera were unable to detect 
hGPR35-PDM-HA 

As hGPR35a-pSer300-pSer303antisera was proven as an effective biosensor to detect 

the post activation status of human GPR35 in immunocytochemical study (Divorty 

et al., 2022), an attempt was made to confirm the genuineness of this 

identification.  

In Flp-In TREx 293 cells induced to express human GPR35-PDM-HA, 

immunocytochemical investigations using hGPR35a-pSer300-pSer303antisera failed 

to recognise hGPR35-PDM-HA (Figure 4.13, left panels). Simultaneous detection of 

each orthologue by anti-HA verified the continuous presence of receptor protein 

(PDM) irrespective of treatment with vehicle or agonist (Figure 4.13, centre 

panels). The samples were counterstained with the nuclear stain DAPI and merged 

images of DAPI with receptor protein (Figure 4.13, right panels). 
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Figure 4.13 Phospho-site–specific antisera fail to identify hGPR35a-PDM-HA in 
immunocytochemical studies 
In experiments akin to those of Figure 4.11, Flp-In-TREx 293 cells harboring hGPR35-PDM-HA was 

induced to express the receptor by pre-treatment with doxycycline (+dox) and then with either 

zaprinast or vehicle. Immunocytochemical studies employed hGPR35-pSer300/pSer303 (Alexa Fluor 

488). Samples were counterstained with the nuclear dye DAPI. Scale bar = 10 μm. Representative 

images are shown. PDM, phosphorylation-deficient mutant. 

4.2.7.2 Mouse GPR35 phospho-site–specific antisera were unable to detect 
mGPR35-PDM-HA 

To establish the authenticity of mGPR35-pSer298-pSer301antisera in detecting real 

phosphorylation state of the receptor, a cell line was generated to express mouse 

GPR35-PDM-HA in Flp-In TREx system. 

Upon doxycycline induction and mouse GPR35-PDM-HA expression, 

immunocytochemical experiment using mGPR35-pSer298-pSer301antisera could not 

detect mGPR35-PDM-HA (Figure 4.14, left panels). Independent of treatment with 

a vehicle or an agonist, parallel identification of each orthologue by anti-HA 

verified the persistent presence of the receptor protein (PDM) (Figure 4.14, centre 

panel). The samples were counterstained with the nuclear dye DAPI, and DAPI and 

receptor protein pictures were combined (Figure 4.14, right panels). 
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Figure 4.14 Phospho-site–specific antisera fail to identify mGPR35-PDM-HA in 

immunocytochemical studies 

In experiments akin to those of Figure 4.12, Flp-In-TREx 293 cells harboring mGPR35-PDM-HA was 

induced to express the receptor by pre-treatment with doxycycline (+dox) and then with either 

zaprinast or vehicle. Immunocytochemical studies employed mGPR35-pSer298/pSer301 (Alexa Fluor 

488). Samples were counterstained with the nuclear dye DAPI. Scale bar = 10 μm. Representative 

images are shown. PDM, phosphorylation-deficient mutant. 

  

4.2.8 Effects of Lambda protein phosphatase (λ-PPase) in GPR35 
phosphorylation  

Lambda Protein Phosphatase is a Mn2+-dependent protein phosphatase with 

activity towards phosphorylated serine, threonine, and tyrosine residues. The  

primary function of this enzyme is to liberate phosphate groups from 

phosphorylated serine, threonine, and tyrosine residues of proteins (Zhuo et al., 

1993). 

As I have used the phosphorylation site specific antibody to identify the post 

activation status of human and mouse orthologues of GPR35, an appropriate 

control is required to ensure that the antibodies indeed are identifying the pSer300, 

pSer303, or both sites. For this reason, a cell line stably expressing human GPR35-

eYFP was stimulated with vehicle and agonist zaprinast, followed by treatment 

with Lambda protein phosphatase, and then separated by SDS-PAGE. As λ-PPase 
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chops or releases phosphate groups from phosphorylated serine or threonine, 

there remains no scope of phosphorylation. As a result, hGPR35a-pSer300-

pSer303antisera failed to detect the receptor (Figure 4.15, right panels). Human 

GPR35-eYFP expressing stable cell line untreated with λ-PPase was used as a 

control (Figure 4.15, left panels). They were, as usual, treated with vehicle and 

agonist zaprinast, and then separated by SDS-PAGE and detected clearly by 

hGPR35a-pSer300-pSer303antisera. 

 

Figure 4.15 Demonstration of the effects of Lambda protein phosphatase in reversing 
phosphorylation 
Cell line stably expressing human GPR35-eYFP was stimulated with vehicle and agonist zaprinast 

and then was subsequently treated with Lambda protein phosphatase prior to separation by SDS-

PAGE (right panels). Cells non treated with Lambda protein phosphatase, stimulated by vehicle and 

zaprinast were used as a control (left panels). The samples were immunoblotted to detect hGPR35-

pSer300/pSer303. 

 

4.2.9 GPR35 are N-glycosylated 

In this chapter, I have observed multiple forms of both mGPR35-HA and hGPR3a-

HA in various experimental studies. GPR35 has also been reported to have 

different glycosylation states (Jenkins et al., 2011). Differential N-glycosylation 

of the receptor protein may be the cause of these various types of receptor 

proteins. After treatment with the enzyme N-glycosidase F, samples were resolved 

by SDS-PAGE and carbohydrates were removed and a single anti-HA 
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immunoreactive band of some (apparent Mr) 32 KDa was seen (Figure 4.16). Each 

time, this apparent Mr is in agreement with the orthologues' primary amino acid 

sequence; (mGPR35 =307 amino acids, hGPR35a = 309 amino acids). 

 

Figure 4.16 Mouse and human GPR35-HA are N-glycosylated 

Representative anti-HA immunoblots of mGPR35-HA and hGPR35a-HA-expressing HEK293 cell 

lysates in their native states or following treatment with N-glycosidase F (N-GF = N-glycosidase F). 

4.2.10 Generation and characterisation of a stable cell line that 
expresses human GPR35b-HA  

Although it is known that hGPR35 is produced in two different isoforms, which 

differ only by 31 amino acids in the length of their extracellular N-termini, nothing 

is known about how these isoforms operate. With the help of gene expression 

analysis in immune and gastrointestinal cells, it is found that these isoforms 

emerge from distinct promoter usage and alternative splicing. Among all the 

transcripts, only two mRNAs encode GPR35b (also referred to as "GPR35 long"), 

while all known/annotated transcripts encode the reference isoform GPR35a (also 

known as "GPR35 short") (Schihada et al., 2022). Although the location of hGPR35a 

and hGPR35b mRNA expression in human tissues has been identified, their putative 

unique roles are unknown because of their remarkably comparable pharmacology 

(Quon et al., 2020). In both G protein and arrestin interaction assays, agonist 

efficacy was found to be almost 70% lower in the longer isoform compared to the 

shorter one (Marti-Solano et al., 2020) even though both isoforms display highly 

similar pharmacology. However, in a recent study, it was observed that the 

extended N-terminus of the long isoform limits G protein activation but elevates 

receptor–arrestin interaction (Schihada et al., 2022). Although the G protein based 
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experimental outcomes were similar between the two groups, there was a marked 

difference in arrestin interaction with both isoforms of hGPR35. As all the G 

protein and arrestin recruitment assays were conducted on a transient 

transfection setting into parental 293 cells, I decided to generate and characterise 

a Flp-In TREx 293 based cell line that would stably express hGPR35b with a HA tag 

at the C-terminal of the receptor and the receptor will be integrated into the 

genome of the cells. I first examined cells with anti-HA antibodies to confirm that 

expression was, in fact, induced for each orthologue after treating such cells with 

doxycycline, which is supposed to promote the expression of the receptor 

constructs (Figure 4.17A). After initial characterisation, I decided to use different 

hGPR35 specific agonist, partial agonist, and antagonist to fully decipher the 

pharmacology of the new cell line and use the hGPR35a-HA receptor construct as 

a control. Following capturing the receptor with anti-HA agarose beads, 

immunoblotting was conducted with an anti-HA antiserum, and this showed the 

presence of a number of polypeptides (each having two separate bands of 

approximate molecular mass (Mr) 55 and 43 KDa) for hGPR35a-HA but not for 

hGPR35b-HA (Figure 4.17B). To further diagnose this unusual finding of hGPR35b-

HA, I decided to use phosphorylation site specific antibody and GPR35-C-terminal 

antisera in this setting. Immunoblotting with a hGPR35-pSer300/pSer303 antibody 

detected the signal generated by lodoxamide after phosphorylation of hGPR35a-

HA but not any signal upon treatment with vehicle justifying again the agonist 

regulated phosphorylation of hGPR35a-HA. Pamoic acid, a partial agonist, once 

again showed a very mild phosphorylation signal compared to lodoxamide while 

the hGPR35a antagonist CID-2745687 completely wiped out the phosphorylation 

signals generated by lodoxamide. When the same hGPR35-pSer300/pSer303 antibody 

was employed to detect the phosphorylation outcomes of hGPR35b-HA with 

different ligands, unfortunately, no signals were found (Figure 4.17D). I then 

opted to employ GPR35-C-terminal antisera to detect the receptor independent 

of phosphorylation state. Here, as expected and opposite to the result obtained 

from phospho antibody, the non-phospho C-terminal antisera detected signal well 

for samples that were treated with partial agonist pamoic acid and antagonist CID- 

2745687 before lodoxamide for hGPR35a-HA. This C-terminal antisera also 

detected the vehicle treated sample, but it poorly detected the samples that were 

stimulated with potent hGPR35a agonist lodoxamide. Lodoxamide might generate 

negative charges upon phosphorylation and thereby reducing the epitope 
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recognition ability by this C-terminal antisera. The above-mentioned scenario was 

for hGPR35a-HA but when similar experiment was conducted with hGPR35-HA in a 

stable cell line, no signals in immunoblots were produced (Figure 4.17E). As 

receptor phosphorylation is closely related to arrestin protein interaction, I did an 

arrestin-3 bystander BRET assay with both hGPR35a-HA and hGPR35b-HA 

employing lodoxamide as a reference agonist for hGPR35. Here, after doxycycline 

induction, I observed a lodoxamide mediated sharp BRET signal of arrestin-3 

recruitment by hGPR35a-HA (Figure 4.17C) but not hGPR35b-HA. The results from 

all of these experiments in section (4.2.10) clearly demonstrated that hGPR35b is 

expressed at a very low level in the Flp-In TREx 293 based stable cell line system. 

Although hGPR35b recruits arrestin-3 (although lower efficacy than hGPR35a) 

(Marti-Solano et al., 2020), the experiment was conducted in a transient setting. 

Here, in the Flp-In TREx 293 based system, hGPR35b could not generate any 

response. 
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Figure 4.17 Characterisation of Human GPR35b-HA stable cell line 

(A) Human GPR35b-HA stable cells were harvested, cell lysates were produced and subsequently 

resolved by SDS-PAGE to separate the protein by mass and eventually detected by the HA epitope 

tag antibody in western blot; (i) 10 μg and (ii) 5μg of protein. (B), (D) and (E) Both human GPR35a-

HA (left panels) and human GPR35b-HA (right panels) were treated with vehicle and different GPR35 

agonists lodoxamide (100 nM), pamoic acid (100 nM) each for 5 min and GPR35 antagonist, 

CID2745687 (10 μM) for 15 min. Pre-treatment with CID-2745687 at 10 μM was also done for 15 

min before the addition of lodoxamide for 5 min. Immunoblots of anti-HA immunoprecipitated 

samples were shown with the (B) HA epitope tag, (D) hGPR35-pSer300/pSer303 and (E) Non-

phospho-site GPR35 C-terminal tail antiserum for both isoforms of hGPR35. (C) GPR35a-HA and 

GPR35b-HA were expressed transiently and used in arrestin-3 bystander BRET assays. 

4.2.11 Deorphanisation of GPR35 by suggested endogenous 
ligand 5-HIAA 

Officially, GPR35 is still classified as an orphan receptor, even though it is 

currently a highly popular therapeutic target for several illnesses, such as non-
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alcoholic steatohepatitis and lower intestine inflammation (Quon et al., 2020, 

Milligan, 2023). Very recently, two publications claim that serotonin metabolite 

5-hydroxyindoleacetic acid (5-HIAA) can act as an endogenous GPR35 ligand (De 

Giovanni et al., 2022, De Giovanni et al., 2023a). This group stated that GPR35 is 

upregulated on activated neutrophils, and it helps in inflammatory recruitment. 

They also claimed that 5-HIAA produced by mast cells and platelets encourages 

neutrophil transendothelial migration. It is also mentioned that serotonin 

reuptake and metabolism inhibitors can reduce GPR35 performance (De Giovanni 

et al., 2022, De Giovanni et al., 2023a). After observing their interesting findings, 

I used 5-HIAA in a cell-based assay to measue its potential to activate G protein 

Gα13, recruit arrestin with GPR35 and finally determine the phosphorylation ability 

for GPR35. 

In a BRET based arrestin-3 interaction assay, hGPR35a-eYFP and arrestin-3-RLuc 

were simultaneously expressed in HEK 293 cells by transfection. After luciferase 

substrate addition, cells were treated with lodoxamide and 5-HIAA for 5 min and 

BRET was measured. Lodoxamide was used as a control in this experiment. From 

the experiment, it was found that hGPR35a reference ligand lodoxamide could 

recruit arrestin-3 with hGPR35a with a pEC50 of 8.29, but the new proposed 

endogenous ligand 5-HIAA was without any effects (Figure 4.18A). 

Next, I utilised this new ligand in the G protein activation assay for hGPR35a. For 

this, hGPR35a was transfected into parental 293 cells as Gα13 SPASM sensor. 

Following the addition of luciferase substrate, cells were stimulated with 

lodoxamide and 5-HIAA for 5 min and BRET was measured. The obtained results 

suggested that lodoxamide could recruit Gα13 with a pEC50 of 8.29 but 5-HIAA was 

unsuccessful (Figure 4.18B). 
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Figure 4.18 Validation of the potential of 5-HIAA as an endogenous agonist of GPR35 

(A) Parental HEK293 cells were transfected transiently to express either hGPR35a-eYFP and 

arrestin-3-RLuc. Cells were exposed to the indicated concentrations of lodoxamide (black circles) 

and 5-HIAA (red circles) for 5 min and after substrate addition BRET was measured. (B) Comparison 

of the effect of hGPR35a transiently expressed in parental HEK293 cells as Gα13 SPASM sensors; 

BRET signals were monitored after treating with indicated concentrations of lodoxamide (black 

circles) and 5-HIAA (red circles) for 5 min. In both (A) and (B), lodoxamide, the reference ligand was 

used as a control. This experiment was performed once only (n=1).  

  

After conducting the BRET based assay for arrestin and G protein activation 

potential of 5-HIAA, I decided to investigate the phosphorylation potential of this 

new GPR35 ligand in immunoblot. For this, I developed a stable transfected Flp-

In TREx 293 cell line that expresses mGPR35 with an enhanced yellow fluorescent 

protein (eYFP) tag at its C-terminus using doxycycline as an inducer (mGPR35-

eYFP). When the receptor was caught using GFP-trap, immunoblot with an anti-

GFP antibody demonstrated equal loading of proteins onto the gels (Figure 4.19A). 

After stimulating the receptor with zaprinast (10 μM, 5 min) and GSK 938 (100 nM, 

5 min) and claimed endogenous ligand of GPR35, 5-HIAA (De Giovanni et al., 

2023a, De Giovanni et al., 2022) (10 μM, 5 min), the phosphorylated receptor was 

visible upon treatment with zaprinast and GSK 938 using anti mGPR35-

pSer298/pSer301 antiserum (Figure 4.19B). Although 5-HIAA is advertised as a 

powerful endogenous ligand of GPR35, even at a concentration of 10 μM, a 

serotonin metabolite failed to phosphorylate mGPR35. Zaprinast and GSK 938 were 

used as reference agonists for mouse GPR35 in this study. 
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Figure 4.19 Investigation of the potential of 5-HIAA in phosphorylation of GPR35  

A Flp-In TREx 293 cell line induced to express mouse GPR35-eYFP was treated with vehicle, 

zaprinast (10 M), GSK 938 (100 nM), 5HIAA (10 M), compound 101 (10 M) or above mentioned 

3 ligands plus compound 101. Following capture of the receptor construct via a GFP-trap, samples 

were resolved by SDS-PAGE and immunoblotted to detect (A) the GFP epitope tag and (B) 

mGPR35-pSer298/pSer301. Results are representative of three independent experiments. 

  

From the above-mentioned experiments, it is clear that serotonin metabolite 5-

hydroxyindoleacetic acid (5-HIAA) was not successful in demonstrating its 

potential as an activator of GPR35. The discrepancy between my result to the 

single report published by (De Giovanni et al., 2022) maybe because of the 

difference in the assay system. This group provided evidence of 5-

hydroxyindoleacetic acid (5-HIAA) as an endogenous activator of GPR35 in the 

context of neutrophil function by using murine WEHI-231 B lymphoma cell model 

while I conducted all the experiments (arrestin recruitment, phosphorylation, and 

G protein activation) for GPR35 with 5-HIAA in cell based in-vitro system. So 

further studies are warranted to establish the claim for being an endogenous 

ligand for GPR35. 
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4.2.12 Investigation of the potential of cinnabarinic acid to 
activate GPR35 endogenously 

As kynurenic acid was first proposed as an endogenous agonist for GPR35 (O'Dowd 

et al., 1998), scientists were interested to screen other compounds of kynurenine 

metabolism pathway to assess their potential as a probable endogenous ligand for 

orphan receptor GPR35. Later, cinnabarinic acid was identified as an endogenous 

metabolite of the kynurenine pathway (Fazio et al., 2012). I then decided to 

employ this compound in BRET based arrestin-3 recruitment assay and G protein 

activation assay. 

Transfected HEK 293 cells were used to co-express hGPR35a-eYFP and arrestin-3-

RLuc in a BRET-based arrestin-3 interaction experiment. Cells were exposed to 

lodoxamide and cinnabarinic acid for 5 min after adding the luciferase substrate, 

and BRET was then evaluated. In this experiment, lodoxamide served as a control. 

The experiment revealed that the reference ligand for hGPR35a, lodoxamide, has 

a pEC50 of 7.76 for recruiting arrestin-3 with hGPR35a while cinnabarinic acid 

showed pEC50 of 3.80 for hGPR35a interaction with arrestin-3 (Figure 4.20A).  

I then used this new ligand in the G protein activation experiment with hGPR35a. 

To do this, hGPR35a was transfected into parental 293 cells as Gα13 SPASM sensor. 

After luciferase substrate addition, cells were stimulated for 5 min with 

lodoxamide and cinnabarinic acid, and BRET was assessed. The results showed 

that lodoxamide had a pEC50 of 8.22 and could recruit Gα13. On the other hand, 

cinnabarinic acid showed pEC50 of 4.08 in recruiting Gα13 with hGPR35a (Figure 

4.20B). 

From the two experiments stated above, it can be claimed that the potency of 

cinnabarinic acid was very low (arrestin-3 recruitment and G protein activation) 

compared to the reference ligand lodoxamide for hGPR35a. One important aspect 

worth mentioning is the physical appearance of cinnabarinic acid. As the colour 

of cinnabarinic acid is red to very dark red, there was a very high signal observed 

in graph. This high signal point does not really interpret actual interactions with 

hGPR35a rather than an artefact of this assay due to its very bright colour. The 

low potency of cinnabarinic acid (arrestin recruitment and G protein activation) 
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for GPR35 will not probably attract the scientists to utilise this for future study 

and this will fail to stand up to further scrutiny. 

 

Figure 4.20 Validation of the potential of cinnabarinic acid as an endogenous agonist of 

GPR35 

(A) Parental HEK293 cells were transfected transiently to express either hGPR35a-eYFP and 

arrestin-3-RLuc. Cells were exposed to the indicated concentrations of lodoxamide (black circles) 

and cinnabarinic acid (green circles) for 5 min and after substrate addition BRET was measured. (B) 

Comparison of effect of hGPR35a transiently expressed in parental HEK293 cells in Gα13 SPASM 

sensors; BRET signals were monitored after treating with indicated concentrations of lodoxamide 

(black circles) and cinnabarinic acid (green circles) for 5 min. In both (A) and (B), lodoxamide, the 

reference ligand was used as a control. This experiment was performed once only (n=1).  

 

4.2.13 Contribution of some individual phosphorylation sites 
in GPR35 phosphorylation 

A set of five phospho-acceptor amino acids near the C-terminal tail of the human 

GPR35 are phosphorylated in an agonist-mediated way to regulate the receptor 

(Divorty et al., 2022). Among these, I chose 2 important sites (Ser303 and Thr307) 

and determined the contribution of these sites in the phosphorylation of hGPR35a 

by a BRET based arrestin-3 interaction assay. In this assay, I used the Ser303Ala and 

Thr 307Ala mutants along with hGPR35 (WT) and hGPR35 (PDM) as controls. 

Here, parental 293 cells were transiently transfected to co-express (hGPR35a-

eYFP WT), (hGPR35a-PDM-eYFP), (hGPR35a-eYFP Ser303Ala), (hGPR35a-eYFP Thr 

307Ala), and arrestin-3 tagged with Renilla luciferase (arrestin-3-RLuc) (Figure 

4.21). After luciferase substrate addition, cells were treated with lodoxamide for 

5 min and BRET was measured. From this experiment, it was observed that 

hGPR35a-eYFP WT recruited arrestin-3 in response to lodoxamide in a 

concentration dependent way (pEC50 of 7.75). The full phospho deficient form of 

this receptor could not recruit arrestin-3 at all. There was also a significant 
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reduction of arrestin-3 recruitment when hGPR35a-eYFP Ser303Ala and hGPR35a-

eYFP Thr 307Ala were used suggesting the potential contribution of these sites in 

arrestin-3 recruitment and, thereby, hGPR35a phosphorylation (Figure 4.21). 

 

 

Figure 4.21 Role of some important phosphorylation site mutants in arrestin-3 recruitment 

Lodoxamide concentration–response curves for hGPR35a-eYFP WT (black circles), the 

phosphorylation-deficient mutant (red circles), Ser303Ala (green circles) and Thr307Ala (maroon 

circles) in arrestin-3 interaction assay. This experiment  was performed once only (n=1).  

4.3 Discussion 

Agonist mediated phosphorylation of GPCRs is a key step in engaging GRKs and 

subsequent interaction with the isoforms of arrestin (Gurevich and Gurevich, 

2019). Despite the fact that this phenomenon is well known for many GPCRs, a 

complete map of the identification of the precise sites of such posttranslational 

regulation and the degree to which each altered amino acid may contribute to the 

action is still rare. In this chapter, by utilising the knowledge of complete scenario 

of GPR35 phosphorylation and the contribution of individual amino acids for 

arrestin recruitment and phosphorylation (Divorty et al., 2022), novel phospho-

site-specific antibodies were produced that eventually served as activation state-

specific biosensors. 

It was observed that Ser303 (and also Ser300) were significant in arrestin recruitment 

to hGPR35a, along with the equivalent amino acids in mouse orthologues of GPR35. 

By developing phospho-specific antibodies to these amino acid pairs in the human 

receptor sequence and their equivalents in the mouse orthologue, it can be 
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certainly claimed that GPR35 may be differentially phosphorylated on these 

residues in physiologically relevant settings (Divorty et al., 2022). Very recently, 

the non-phospho-site GPR35 C-terminal tail antiserum was developed, and with 

this antiserum, it is possible to detect the total GPR35 receptors, particularly the 

non-phosphorylated portions, thereby playing its role as a promising biosensor. 

Agonists caused the hydroxy-amino acids in the C-terminal tail of the receptor, 

the third intracellular loop, or both to be phosphorylated by G protein-coupled 

receptor kinases (GRKs), which was followed by interactions between the receptor 

and the arrestin protein. I stably expressed C-terminally HA epitope tagged 

versions of either human GPR35a (hGPR35a-HA) or mouse GPR35 (mGPR35-HA) in 

Flp-ln-TREx 293 cells to apply this to human GPR35a and its mouse counterpart 

mouse GPR35. I first probed cells with an anti-HA antibody to make sure that 

expression was, in fact, induced for each orthologue after treating such cells with 

doxycycline, which is expected to induce the expression of the receptor construct. 

Similarly, phosphorylation deficient versions of these cell lines were also 

generated and characterised to use those cell lines as control.  

For characterising mGPR35-pSer298/pSer301 antisera, a number of agonists were 

utilised to stimulate the Flp-In TREx 293 cells stably expressing mGPR35-HA. The 

phospho specific antisera clearly detected the phosphorylation signals mediated 

by different agonists. When a similar study was conducted in phosphorylation 

deficient versions of mouse receptor, mGPR35-pSer298/pSer301 could not detect 

anything thereby validating that phosphorylation is dependent entirely on phospho 

serine and phospho threonine residues in the C-terminal tail of the mouse GPR35. 

Given that GPR35 is highly expressed in colon crypts and because there is still 

evidence linking inflammatory disorders of the lower gastrointestinal tract to a 

single nucleotide polymorphism (T108M variant) in the protein's transmembrane 

III (Quon et al., 2020) deorphanisation and characterisation of the receptor is 

crucial. Although a significant number of synthetic ligands and the naturally 

occurring tryptophan metabolite kynurenic acid (Wang et al., 2006) can both 

activate this receptor, it is nevertheless classified as an orphan GPCR (Quon et 

al., 2020). To tackle this issue, I directly compared the phosphorylation potential 

of endogenous ligand kynurenic acid (Kaya et al., 2021) with a well-known 

synthetic ligand zaprinast (Taniguchi et al., 2006) using a cell line that stably 
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expresses mouse GPR35 with a HA epitope tag at C-terminus. The outcomes of the 

immunoblot based phosphorylation study demonstrated that in phosphorylation of 

mouse GPR35, the synthetic ligand zaprinast was more effective than the 

endogenous agonist kynurenic acid. An equivalent result was obtained when an 

arrestin recruitment experiment was conducted with mouse GPR35 using the 

endogenous ligand kynurenic acid and synthetic agonist zaprinast. 

Studies were also undertaken to investigate whether GPR35 phosphorylation is 

agonist regulated or not. Flp-In TREx 293 cell lines were used to stably express 

both human and mouse orthologues of GPR35. After immunoblotting with GPR35 

phosphorylation site specific antisera, both human and mouse GPR35 were 

phosphorylated upon stimulation with receptor specific agonists. When the 

receptors were stimulated with only vehicles, no detectable phosphorylation 

signals were noticed. Outcomes from the above experiments clearly revealed that 

phosphorylation of GPR35 is entirely agonist mediated. 

For characterising hGPR35a-pSer300/pSer303 antisera, a number of agonists, partial 

agonist and antagonist were employed in the Flp-In TREx 293 cells stably 

expressing hGPR35a-HA. Again, the phosphorylation site specific antisera could 

not identify the receptor polypeptide(s) in vehicle treated cells but the same 

phospho- specific antisera clearly detected the phosphorylation signals mediated 

by two full agonists lodoxamide and zaprinast. Upon stimulation with pamoic acid, 

which is a partial agonist of hGPR35a, faint signal of receptor phosphorylation was 

detected by the hGPR35a-pSer300/pSer303 antisera thereby again justifying its 

partial agonism to the receptor. After addition of the human specific GPR35a 

antagonist, CID-2745687, there was no significant phosphorylation noticed by the 

phospho-specific antisera. It was also anticipated because of its antagonistic 

features to the receptor. In addition, the antagonist CID-2745687 successfully 

reversed the phosphorylation effects mediated by lodoxamide and this was 

evident by the lack of immunodetection with the hGPR35a-pSer300/pSer303 

antibody. When a similar study was carried out on human receptors lacking 

phosphorylation, hGPR35a-pSer300/pSer303 was unable to detect anything, proving 

that phosphorylation is fully dependent on phospho serine and phospho threonine 

residues in the C-terminal tail of human GPR35a. The above set of experiments 

involving both wild type and phosphorylation deficient version of hGPR35a 

employed different agonists, partial agonist, and antagonist and thus accurate 
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pharmacology of the hGPR35a was depicted. This certainly validated the accuracy 

of phospho-site–specific antisera in cell lines expressing human orthologue of 

GPR35. 

The GPR35 receptor is distinctive in a number of ways that make translation 

challenging. Humans express two distinct protein isoform sequences as opposed 

to the single protein isoform expressed by rodents. The pharmacology of the 

GPR35 orthologues differs greatly between rodents and humans. Moreover, there 

are GPR35 agonists and antagonists whose activity is species-specific. In this 

chapter, an attempt was made to validate the species selectivity of hGPR35a 

partial agonist pamoic acid and antagonist CID-2745687. As pamoic acid was 

identified as a partial agonist of hGPR35a, it was used to stimulate the mGPR35 

in a cell line stably expressing mGPR35-HA. After immunoblotting with 

mGPR35pSer298/pSer301 antiserum, there was no phosphorylation signal detected. 

This proved the inability of pamoic acid to phosphorylate the mouse orthologue of 

GPR35. Again, CID-2745687 was claimed to show antagonism only for hGPR35a. 

After using the antagonist molecule CID-2745687, prior to the addition of agonist 

zaprinast, there was still a visible phosphorylation signal detected by 

mGPR35pSer298/pSer301 antiserum in mouse orthologue of receptor suggesting that 

this antagonist is only human species selective of the receptor. In this way, 

validation of species selectivity of agonist and antagonist were documented. 

After successfully characterising the phosphorylation site specific antisera for both 

orthologues of GPR35 by immunoblotting techniques, an effort was made to 

achieve the same results in an immunocytochemical assay with these antibodies. 

In Flp-In TREx 293 cells stably expressing hGPR35a-HA, zaprinast was employed to 

stimulate the receptor and specific signal was detected not only in punctate 

intracellular vesicles but also at the cell surface upon applying hGPR35a-pSer300-

pSer303antisera. A similar sort of experiment was also carried out in Flp-In TREx 

293 cells induced to express human GPR35-PDM-HA. Immunocytochemical 

investigations using hGPR35a-pSer300-pSer303antisera failed to recognise hGPR35-

PDM-HA, although simultaneous detection by anti-HA antibody ensured the 

presence of receptor protein. The above experiments successfully confirmed that 

hGPR35a-pSer300-pSer303antisera could clearly detect phosphorylation signals of 

hGPR35a-HA in an immunocytochemical based assay. 
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Due to the considerable differences in the pharmacology of the GPR35 orthologues 

in human and mouse, phosphorylation site specific antisera were also employed 

in immunocytochemical experiments to detect the phosphorylation status of 

mGPR35-HA. Again, in In Flp-In TREx 293 cells stably expressing mGPR35-HA, 

mGPR35-pSer298-pSer301antisera detected the relevant receptors only after being 

stimulated with agonist zaprinast. The distinct signal of phosphorylated mGPR35 

construct was mostly seen at the cell surface and in punctate intracellular 

vesicles. When a similar study was undertaken in a Flp-In TREx system expressing 

mouse GPR35-PDM-HA, mGPR35-pSer298-pSer301antisera could not detect the 

receptor, although the persistent presence of the receptor protein was ensured 

by anti-HA antibody. The aforementioned tests successfully demonstrated that 

mGPR35-pSer298-pSer301antisera are capable of accurately detecting mGPR35a-HA 

phosphorylation signals in an immunocytochemical study. 

As phosphorylation site specific antibody had been used in immunoblot and 

immunocytochemical studies throughout this chapter to identify the post 

activation status of GPR35, there is a requirement of appropriate control to ensure 

that the antibodies actually are identifying the pSer300, pSer303, or both sites. For 

this reason, a phosphatase enzyme called Lambda protein phosphatase was 

employed. This enzyme usually chops or releases phosphate groups from 

phosphorylated serine or threonine of the receptor protein and, in this way, 

eliminates any scope of phosphorylation. In this chapter, a cell line stably 

expressing human GPR35a-eYFP was stimulated with agonist. Following treatment 

with Lambda protein phosphatase and separated by SDS-PAGE, hGPR35a-pSer300-

pSer303antisera failed to detect the receptor. On the other hand, phospho-site 

specific antisera detected the protein samples that were untreated with λ-PPase. 

From this study, it is clear that as λ-PPase releases phosphate groups from 

phosphorylated serine, threonine, and tyrosine residues in proteins (Zhuo et al., 

1993), and hGPR35a-pSer300-pSer303antisera was unsuccessful in identifying the 

receptor. The antisera actually detected the pSer300, pSer303 of hGPR35a. 

Throughout the phosphorylation studies with both orthologues of GPR35, 

differential N-glycosylation of the receptor protein was observed. Different 

glycosylation states of the receptor GPR35 were also evident previously (Jenkins 

et al., 2011). After observing multiple forms of GPR35, the enzyme N-glycosidase 

F was employed. When the samples were resolved by SDS-PAGE, carbohydrates 
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were removed and a single anti-HA immunoreactive band was visible. This study 

confirmed the multiple forms of the receptor upon glycosylation. 

After gaining proper knowledge from a combination of mass spectrometry, 

detection of amino acids that undergo [32P] incorporation and mutagenesis for 

defining the contribution of particular amino acids in arrestin recruitment, 

designing and development of phosphorylation-site-specific antisera was 

accomplished. These antisera were then successfully employed as biosensors to 

identify and recognise the post-activation status of both human and mouse 

orthologue of GPR35. 

Finally, it can be stated that phospho-site-specific antisera against the area 

enclosing Ser303 in human (Ser301 in mouse) GPR35a were effective sensors for 

determining the activation status of the receptors in both immunoblotting and 

immunocytochemical experiments. In addition, these antisera only recognised 

mature versions of GPR35. From the outcomes of all of the experiments in this 

chapter, it can be claimed with confidence that these antibodies could be helpful 

tools to assess target engagement in drug discovery and target validation 

operations. 

The recent investigations offer a thorough examination of the mechanisms of 

GPR35 phosphorylation as well as novel reagents that will be extremely helpful in 

elucidating pathophysiological functions of GPR35 and the possibility of 

therapeutically targeting them. 

 



 

 
 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Chapter 5 Investigation of the role of G-protein 

receptor kinases (GRKs) in regulating 

phosphorylation of the orphan G protein-coupled 

receptor35 (GPR35)  
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5.1 Introduction 

G protein-coupled receptors (GPCRs) are cell surface proteins that play key roles 

in allowing cells to respond to external signals and cues. They are responsible for 

activating cellular responses to numerous bioactive molecules, including odorants, 

pheromones, hormones, and neurotransmitters (Lefkowitz, 2007). GPCRs interact 

with many transducers, such as heterotrimeric G proteins, GPCR kinases (GRKs), 

and arrestins. GPR35 is a poorly characterised member of the rhodopsin like, class 

A subfamily of GPCRs, which because of its expression pattern is an attractive 

target for the development of novel therapeutics (Jenkins et al., 2012, Milligan, 

2023). Recently, this orphan receptor has attracted great interest as a therapeutic 

target in conditions ranging from non-alcoholic steatohepatitis to lower intestinal 

inflammation (Quon et al., 2020, Milligan, 2023). 

An essential part of GPCR signalling is the agonist-dependent phosphorylation of 

receptor intracellular domains, which has a significant impact on the 

desensitisation of G protein signalling, the internalisation and recycling of the 

receptor, and the receptor's ability to stimulate G protein independent signalling 

(Nobles et al., 2011). Since the phosphorylation of the active receptor by 

specialised kinases (GRKs) and subsequent binding of arrestin proteins end the 

signalling of most GPCRs via G proteins, (Figure 5.1), the in-depth analysis of the 

sites and mechanism of agonist regulated phosphorylation of GPCRs and the 

contribution of an individual or multiple GRK isoforms in regulating the 

phosphorylation are of paramount importance. 
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Figure 5.1 Demonstration of GRK mediated regulation of GPCRs 
GPCRs are transmembrane proteins that are primarily found in plasma membrane. Agonist binding 
activates GPCRs. Active receptor binds inactive heterotrimeric G protein consisting of α-, β-, and γ-
subunits. Receptor binding leads to formation of GTP-liganded G protein which then dissociates from 
the receptor as a distinct α-subunit-GTP and βγ-dimer, both of which can interact with different 
effector proteins to initiate signalling. Active GPCRs are detected by specialised GPCR kinases 
(GRKs) that phosphorylate many GPCRs at the C-terminus. Arrestins bind active phosphorylated 
GPCRs and via direct contacts recruit main components of the endocytic machinery of the coated 
pit, clathrin, and clathrin adaptor AP-2, thereby promoting receptor internalisation. Moreover, arrestin 
can also induce G protein-independent signalling. This figure was created with BioRender.com. 

Two kinds of serine/threonine kinases at least control the phosphorylation of 

GPCRs. The first type consists of second messenger-dependent kinases like PKA or 

PKC that can cause heterologous desensitisation by phosphorylating receptors 

independently of receptor-ligand interaction (Yang et al., 2017). The second class 

consists of the GPCR kinases, a family of seven second messenger-independent 

kinases (GRK1 to GRK7). They control the phosphorylation of GPCRs in an agonist-

dependent way (Yang et al., 2017). 

The unique regulator of the G protein signalling homology (RH) domain, which 

flanks the kinase domain and controls GPCR phosphorylation, distinguishes GRKs 

from other members of the AGC kinase superfamily. The RH domain is made up of 

two subdomains: a bundle subdomain that forms intramolecular contacts with the 

kinase C-lobe and a terminal subdomain whose peptide sequence feeds into the 

kinase N-lobe. Additionally, GRKs feature an N-terminal α-helix (αN-helix), which 

is required for kinase function. The GRK C-terminus differs amongst subfamilies 

and mediates lipid binding for membrane localisation and GPCR targeting (Sulon 

and Benovic, 2021, Komolov and Benovic, 2018). It has been demonstrated that 
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binding to active GPCRs causes GRKs to become allosterically active (Palczewski 

et al., 1991). Although the exact mechanism of this interaction has not yet been 

determined for each receptor, x-ray crystallography and cryo-EM structure of 

GPCRs-GRKs certainly provide insights that interaction mainly happens through 

the insertion of an N-terminal α-helix of GRKs into the GPCR's cytoplasmic cavity. 

This technique of GRK-binding is extremely intriguing since G proteins and 

arrestins probe for active GPCR conformations in a similar manner, even though 

structural evidence is not always definitive (Cato et al., 2021). Active GPCRs are 

phosphorylated at their intracellular locations as a result of GRK-binding in a 

cellular setting. There are two families of non-visual GRKs (Homan and Tesmer, 

2014). GRK2 and GRK3 constitute the GRK2 family and are expressed in the 

cytosol. Following GPCR activation, GRK2 and 3 are attracted to the membrane, 

which is made possible by the creation of GPCR complexes and stabilising 

connections with Gβγ-subunits (Tesmer et al., 2005, Kawakami et al., 2022). 

GRK4, 5, and 6 are members of the GRK4 family of kinases, which are typically 

membrane-associated. 

Although the critical roles of GRKs in the phosphorylation and regulation of many  

GPCRs are widely acknowledged in the scientific community, the precise 

contribution of particular GRKs has frequently been poorly investigated and 

described (Sulon and Benovic, 2021). The regular co-expression of several GRK 

isoforms and the constrained selection of well-studied small molecule inhibitors 

of particular GRKs or subsets of the larger group have both contributed to this. 

Significant obstacles include accurately identifying phosphorylation sites and 

connecting them to the activity of particular GRKs or other protein kinases, as 

well as the regulation of particular physiological responses. Utilising mass 

spectrometry-based phospho-proteomics, our group has already addressed this 

obstacle by enabling the rational design of receptor phospho-site specific 

antibodies (Marsango et al., 2022, Divorty et al., 2022).  

GPR35's agonist-induced phosphorylation is located inside the relatively short 

intracellular C-terminal tail, and it has been mapped by the use of mutagenesis, 

mass spectrometry, and [32P] labelling (Divorty et al., 2022). These studies 

indicated that phosphorylation of Ser300 and Ser303 in human GPR35a, and of the 

equivalent residues in the mouse and rat orthologues, were important to 

successful interactions of the receptor with arrestin-3. Additionally, 
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phosphorylation of these residues occurred in an almost agonist-dependent 

manner. Although mass spectrometry, [32P] labelling and mutagenesis contributed 

a lot to getting insight into GPR35 phosphorylation, we still have limited 

knowledge about the specific contribution of individual GRK in phosphorylation 

and regulation of this receptor. To further pinpoint the contribution of individual 

or a group of GRKs in GPR35 phosphorylation, I used combinations of GRK subtype 

knock-out cell lines (Drube et al., 2022) and reconstitution of function with 

individual GRKs, a pSer300-pSer303 human GPR35a directed antiserum and a group 

of selective small molecule GRK inhibitors (Uehling et al., 2021, Varney et al., 

2022) and ultimately proved that GRK5 and 6 are the key mediators of both the 

phosphorylation of Ser300 and Ser303 in human GPR35 and of the effective 

interactions of this receptor with arrestins, a process directly related to receptor 

internalisation. Arrestins play significant roles in the regulation of GPCRs. 

Although GRKs mediated phosphorylation reduces signalling via the G protein of 

some receptors like β2 Adrenergic receptor (Benovic et al., 1989), it did not stop 

it. Therefore, arrestins are a second group of players who are suspected. 

5.1.1 Aims 

For a long time, it has been understood that the GRK family plays a crucial role in 

the regulation of GPCRs and in fostering connections with arrestin adaptor 

proteins (Gurevich and Gurevich, 2019). Despite this, there is little known about 

the nature of the GRKs that interact with and control specific receptors and 

phosphorylated residues. Additionally, it is yet unclear how the concept of 

phosphorylation "bar-coding" relates to the phosphorylation of certain serine 

and/or threonine residues within the intracellular parts of GPCRs. Although a set 

of phosphorylation codes has been validated to serve as a common mechanism for 

phosphorylation-dependent recruitment of arrestins by GPCRs (Zhou et al., 2017), 

there remain many challenges to a clear understanding of cellular response 

variations to agonists in different cell types and tissues (Prihandoko et al., 2015, 

Butcher et al., 2011). Fortunately, there have been new developments that are 

helping to address these problems. Prominent among these has been the capacity 

to define locations of controlled phosphorylation by unbiased mass spectrometry 

(Marsango et al., 2022). The creation of genome-edited cell lines lacking 

expression of one or more of the ubiquitously expressed GRK isoforms, GRK2, 

GRK3, GRK5 and GRK6 also offers new approaches for defining GRK selectivity and 
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functional restoration (Drube et al., 2022). Moreover, significant knowledge has 

been gained via the creation of both selective small molecule GRK inhibitors 

(Uehling et al., 2021) and similarly, phospho-site specific antisera (Divorty et al., 

2022) that identify locations of controlled or constitutive phosphorylation within 

GPCRs. As GPR35 is expressed significantly in the crypts of the colon and lower 

gut, there is strong scientific evidence that agonism of GPR35 might be an 

effective therapeutic strategy in the treatment of ulcerative colitis and related 

disorders. Thus, a major goal is to clearly grasp how GRK isoforms control GPR35 

phosphorylation and ultimately regulation. 

The main objectives of this chapter were 

To investigate and confirm the contribution of GRKs for the efficient interaction 

between hGPR35a and arrestin 

To determine the specific contribution of a sub-group of GRKs to allow agonist 

mediated hGPR35a and arrestin interaction in genome edited HEK293-derived cell 

lines engineered to lack expression of either GRK2 and GRK3 (GRK2/3) or GRK5 

and GRK6 (GRK5/6) 

Determination of the contribution of individual reconstituted GRK in genome 

edited knock out cells lacking expression of all endogenous GRKs 

Investigation of the phosphorylation of human and mouse orthologues of GPR35 by 

phospho site specific antibodies and a GPR35 C-terminal antibody 

Measurement of the efficacy of different GRK inhibitor compounds in abolishing 

receptor phosphorylation  

Determination of the ability of different GRK inhibitors to prevent arrestin 

recruitment by GPR35 

Assessment of the contribution of GRKs in receptor phosphorylation by agonist 

induced immunocytochemical study. 
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5.2 Results 

5.2.1 Investigating the contribution of one or more GRK isoforms 

in agonist-induced interactions between human GPR35a and 

arrestin  

Parental 293 cells were transiently transfected to co-express human (h)GPR35a, 

tagged at the C-terminus with eYFP (hGPR35a-eYFP), and arrestin-3 tagged with 

Renilla luciferase (arrestin-3-RLuc) (Figure 5.2 A). In the presence of a luciferase 

substrate, the addition of the GPR35 agonist lodoxamide, which displays high 

potency at human GPR35 (MacKenzie et al., 2014), resulted in a concentration-

dependent increase in measured bioluminescence resonance energy transfer 

(BRET) (Figure 5.2A) with pEC50 8.06 ± 0.06 (mean± SEM, n=3 for wild type). 

Equivalent studies using a previously characterised C-terminal phospho-acceptor 

site-deficient mutant of hGPR35a (hGPR35a-PDM-eYFP) (Divorty et al., 2022) in 

which all 5 of the serine/threonine residues within the receptor C-terminal tail 

had been changed to alanines resulted in no detectable increase in BRET signal 

(Figure 5.2A). One or more GRK family members were necessary for the receptor 

and arrestin-3 to engage in response to lodoxamide. This was demonstrated by the 

fact that even when using wild-type hGPR35a-eYFP, only a very weak response to 

lodoxamide was seen when such studies were carried out in a clone of HEK293 

cells that had been genetically modified to lack all four of the widely expressed 

GRK isoforms (GRK2/3/5/6) (Drube et al., 2022) (Figure 5.2A). As anticipated 

from the above, no response to lodoxamide was observed when hGPR35a-PDM-

eYFP and arrestin-3-RLuc were co-introduced into GRK2/3/5/6 HEK293 cells 

(Figure 5.2A). Similar outcomes (lodoxamide pEC50 7.71 ± 0.07 (mean± SEM, n=3 

for wild type) were produced when arrestin-3-RLuc was substituted with arrestin-

2-Rluc (Figure 5.2B). 
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Figure 5.2 Agonist-induced interactions between human GPR35a and arrestin-3 and arrestin-
2 require the presence of one or more GRK isoforms 
Parental HEK293 cells were transfected transiently to express either hGPR35a-eYFP (black circles) 
or hGPR35a-PDM-eYFP (grey circles) and arrestin-3-RLuc (A) or arrestin-2-RLuc (B). A clone 

genome-edited to lack expression of each of GRK2, GRK3, GRK5 and GRK6 (GRK2/3/5/6) was 
transfected transiently to express either hGPR35a-eYFP (red circles) or hGPR35a-PDM-eYFP 
(maroon circles) and arrestin-3-RLuc or arrestin-2-RLuc. Cells were exposed to the indicated 
concentrations of lodoxamide for 5 min and after substrate addition BRET was measured. Data are 
the mean ± SEM of outcomes from three independent experiments. 

5.2.2 Assessment of the specific contribution of a sub-group of 

GRKs to allow agonist-mediated hGPR35a and arrestin 

interaction in engineered HEK293-derived cell lines 

5.2.2.1 Contribution of a sub-group of GRKs in arrestin recruitment of 

hGPR35a and small molecule inhibition of these kinases phenocopies 

genetic knock-out 

GRK2 and GRK3 form a subfamily of the widely expressed GRKs, as do GRK5 and 

GRK6 (Sulon and Benovic, 2021, Benovic, 2021). To define which GRK isoform(s) 

might promote agonist-induced hGPR35a/arrestin-3 and arrestin-2 interactions I 

initially used a combination of HEK293-derived cell lines engineered to lack 

expression of either GRK2 and GRK3 (GRK2/3) or GRK5 and GRK6 (GRK5/6) 

(Drube et al., 2022), alongside selective small molecule inhibitors. When 

introduced into GRK5/6 cells, hGPR35a-eYFP and arrestin-3-RLuc did not cause 

lodoxamide to generate BRET, but rather phenocopied the findings in 

GRK2/3/5/6 cells (Figure 5.3A). By contrast, after co-transfection of hGPR35a-

eYFP and arrestin-3-RLuc into GRK2/3 cells, the addition of lodoxamide 

generated BRET signals (Figure 5.3A) very similar in potency (pEC50 8.09 ± 0.03 

(mean± SEM, n=3) and, indeed, slightly larger in magnitude, than those in parental 

HEK293 cells. Compound 101 (3-[[[4-methyl-5-(4-pyridyl)-4H-1,2,4-triazole-3-yl] 

methyl] amino]-N-[2-(trifuoromethyl) benzyl] benzamidehydrochloride) is a well-

studied, small molecule GRK2/3 selective inhibitor (Lowe et al., 2015, Thal et al., 
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2011). Pre-addition of compound 101 (10 μM) did not affect the ability of 

lodoxamide to enhance hGPR35a-eYFP-arrestin-3-RLuc connections in either wild-

type or GRK2/3 cells (Figure 5.3B). Inhibitors of GRK5/6 have not been as 

extensively researched and produced. However, ‘compound 19’ ((S)-N2-(1-(5-

chloropyridin-2-yl) ethyl)-N4-(5-ethyl-1H-pyrazol-3-yl)-5-methoxyquinazoline-

2,4-diamine) (10 μM) reported as one of a series of GRK5/6-selective inhibitors 

(Uehling et al., 2021, Varney et al., 2022) was able to fully prevent lodoxamide-

mediated hGPR35a-eYFP-arrestin-3-RLuc interactions in both parental and 

GRK2/3 293 cells (Figure 5.3B). Similar sets of experiments were conducted with 

hGPR35a and arrestin-2. Here, also after co-transfection of hGPR35a-eYFP and 

arrestin-2-RLuc into GRK2/3 cells, addition of lodoxamide generated BRET 

signals (Figure 5.3C) very similar in potency (pEC50 7.76 ± 0.06 (mean± SEM, n=3) 

and, indeed, slightly larger in magnitude, than those in parental HEK293 cells, 

while almost no BRET signal in either GRK5/6 or GRK2/3/5/6 cells was noticed 

after lodoxamide induced hGPR35a/arrestin-2 interactions (Figure 5.3C). Similar 

results were obtained when arrestin-3-RLuc was substituted with arrestin-2-RLuc 

following the addition of inhibitor compounds 101 or 19 (Figure 5.3D). 

  



                                                  Chapter 5 

174 
 

 
Figure 5.3 GRK5 and/or GRK6 but not GRK2 and/or GRK3 are essential to allow agonist-
promoted human GPR35a-arrestin-3 and arrestin-2 interactions 
Studies akin to Figure 5.2 were performed after transient co-expression of hGPR35a-eYFP and (A) 
(B) arrestin-3-RLuc and (C) (D) arrestin-2-RLuc into each of parental HEK293 cells (black circles) or 

a clone genome-edited to lack expression of GRK2 and GRK3 (GRK2/3) (green circles), GRK5 and 

GRK6 (GRK5/6) (blue circles) or all four of these GRKs (GRK2/3/5/6) (red circles). (A) and (C), 
Cells were exposed to the indicated concentrations of lodoxamide for 5 min and after substrate 
addition BRET was measured. Data are the mean ± SEM of outcomes from three independent 
experiments. (B) and (D), Cells were exposed to 100 nM lodoxamide for 5 min after pre-exposure or 
not to either compound 19 or compound 101 (each at 10 μM) for 30 min. Data show individual 
outcomes from three independent studies. 

5.2.2.2 Comparative effects of a group of kinase inhibitors on arrestin 

recruitment 

From the previous experiment, it was found that GRK5/6 inhibitor compound 19 

was able to prevent the agonist-mediated arrestin recruitment for hGPR35a. On 

the other hand, compound 101, a well-known GRK2/3 inhibitor could not do this. 

I then decided to use some additional compounds from this series, including 

compounds 15, 16, 17 and 18 along with 19 (Uehling et al., 2021) to assess their 

inhibitory potential of both arrestin-3 and arrestin-2. Compound 101 was also used 

in this study. From the experiments, it was found that compound 15 and compound 

19 (each at 10 μM) fully prevented lodoxamide induced hGPR35a-eYFP-arrestin-3-

RLuc interactions in both parental and GRK2/3 293 cells. Compound 16 and 
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compound 17 (each at 10 μM) also showed prominent activity in preventing 

lodoxamide induced arrestin-3 recruitment. The other member of this series 

compound 18 and GRK2/3 inhibitor compound 101 were without any effects to 

inhibit arrestin recruitment in both parental and GRK2/3 293 cells (Figure 5.4A). 

When a similar experiment was conducted with all the compounds in inhibition of 

arrestin-2 recruitment, equivalent findings were replicated (Figure 5.4B). 

 

Figure 5.4 A selection of compounds with GRK5/6 inhibitory activity prevent interactions 
between human GPR35a and arrestin-3 and arrestin-2 
Studies akin to Figure 5.3 were performed after transient co-expression of hGPR35a-eYFP and (A) 
arrestin-3-RLuc and (B) arrestin-2-RLuc into each of parental HEK293 cells (black circles) or a clone 

genome-edited to lack expression of GRK2 and GRK3 (GRK2/3) (green circles), GRK5 and GRK6 

(GRK5/6) (blue circles) or all four of these GRKs (GRK2/3/5/6) (red circles). Cells were exposed 
to 100 nM lodoxamide for 5 min after pre-treatment with either vehicle or the indicated GRK5/6 
inhibitor compounds (15-19) and compound 101 (each at 10 μM) for 30 min. After substrate addition 
BRET was measured. Data show individual outcomes from three independent studies. 

 

5.2.3 Investigation of the role of kinase reconstitution in genome 

edited HEK293-derived cell lines on agonist-induced 

interactions between human GPR35a and arrestin 

5.2.3.1 Comparison among a group of kinase inhibitors on arrestin 

recruitment upon reconstitution of GRKs 

For investigating the role of particular GRKs after reconstitution and to explore 

the inhibitory capacity of the kinase inhibitors, GRK2/3/5/6 cells were 

transfected transiently with human GPR35a-eYFP and arrestin-3-RLuc alongside 

LgBiT-tagged forms of each of the ubiquitously expressed GRKs. Here, pre-
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treatment with compound 101 (10 μM) could not inhibit GRK5/6 mediated arrestin-

3 recruitment by lodoxamide. However, the addition of compound 19 (10 μM) prior 

to treatment with lodoxamide was able to fully prevent GRK5/6 mediated 

interaction of hGPR35a with arrestin-3 (Figure 5.5A). Equivalent results were 

found with compound 101 and compound 19 in arrestin-2 recruitment inhibition, 

suggesting important roles of GRK5 and 6 in hGPR35a phosphorylation (Figure 

5.5B). To extend this analysis, I wished to use some other kinase inhibitor 

compounds from this series. Here again, I transfected human GPR35a-eYFP and 

arrestin-3-RLuc alongside GRK2,3,5, and 6 with LgBiT-tags into GRK2/3/5/6 

cells. It was found that compound 15 and compound 19 (each at 10 μM) fully 

prevented lodoxamide induced GRK5/6 mediated hGPR35a-eYFP-arrestin-3-RLuc 

interactions. Compound 16 and compound 17 (each at 10 μM) also demonstrated 

inhibition of GRK5/6 mediated arrestin-3 recruitment. Another compound from 

this series, compound 18 showed modest inhibitory activity, whilst the GRK2/3 

inhibitor, compound 101 did not show any effect on GRK5/6 mediated arrestin-3 

interaction with hGPR35a (Figure 5.5C). Similar findings were obtained when the 

inhibitory potentials of the kinase inhibitors were measured on GRK reconstitution 

mediated arrestin-2 interaction with hGPR35a (Figure 5.5D). 
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Figure 5.5 GRK5 and/or GRK6 play key roles in allowing agonist-promoted human GPR35a-
arrestin-3 and arrestin-2 interactions and these interactions are prevented by GRK5/6 
inhibitors 

GRK2/3/5/6 cells were transfected transiently with combinations of human GPR35a-eYFP and (A) 
and (C) arrestin-3-RLuc and (B) and (D) arrestin-2-RLuc alongside LgBiT-tagged forms of each of 
GRK2 (light blue circles), GRK3 (deep blue circles), GRK5 (light green circles), and GRK6 (deep 
green circles). (A) and (B) Cells were exposed to 100 nM lodoxamide for 5 min after pre-exposure 
or not to either compound 101 or compound 19 (each at 10 μM) for 30 min. (C) and (D) Cells were 
exposed to 100 nM lodoxamide for 5 min after pre-treatment with either vehicle or the indicated 
GRK5/6 inhibitor compounds (15-19) and compound 101 (each at 10 μM) for 30 min. After substrate 

addition BRET was measured. Data for wild type HEK293 (black circles) and GRK2/3/5/6 cells 
without the introduction of a GRK (red circles) were provided for reference. Data show individual 
outcomes from three independent studies. 

5.2.3.2 GRK5 and GRK6 reconstitution significantly influences arrestin 

recruitment 

To further verify the outcomes obtained from the individual GRK isoforms, I 

transiently introduced hGPR35a-eYFP and arrestin-3-RLuc into GRK2/3/5/6 293 

cells alongside plasmids able to express each of GRK2, GRK3, GRK5 and GRK6. In 

this case, the hGPR35a-eYFP/arrestin-3 interactions produced by lodoxamide was 
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substantially restored by introducing either GRK5 or GRK6. In contrast, the effects 

of introducing GRK2 or GRK3 were significantly less noticeable (Figure 5.6A). 

Similar findings were replicated when similar experiments were conducted to 

measure the recruitment of arrestin-2 (Figure 5.6B). The outcome of these studies 

strongly supports that GRK5/6 are mainly responsible for arrestin recruitment to 

hGPR35a. As experiments were performed in cells that have been genome edited 

to lac expression of all commonly used GRKs, there is no influence of endogenous 

kinases, thereby pinpointing the contribution of each reconstituted GRK. 

 

 

Figure 5.6 Both GRK5 and GRK6 can allow agonist-mediated human GPR35a-arrestin-3 and 
arrestin-2 interactions 

GRK2/3/5/6 cells were transfected transiently with combinations of human GPR35a-eYFP and (A) 
arrestin-3-RLuc and (B) arrestin-2-RLuc alongside LgBiT-tagged forms of each of GRK2 (light blue 
circles), GRK3 (deep blue circles), GRK5 (light green circles), and GRK6 (deep green circles). 
Subsequently the ability of varying concentrations of lodoxamide to promote BRET signals reflecting 
GPR35a-eYFP-arrestin-3-RLuc/arrestin-2-RLuc proximity and/or interactions were recorded. Data 

for wild type HEK293 (black circles) and GRK2/3/5/6 cells without the introduction of a GRK (red 
circles) were provided for reference. Data are the mean ± SEM of outcomes from three independent 
experiments. 

5.2.3.3 GRK5/6 inhibitor compound 19 prevents arrestin recruitment to 

hGPR35a 

To support the role of GRK5/6 in arrestin recruitment to hGPR35a, I employed 

different concentrations of compound 19 (GRK5/6 inhibitor) to assess its arrestin 

inhibitory activity. GRK2/3 blocker, compound 101 was also used. Here, in 

GRK2/3/5/6 293 cells that had been transiently transfected with either GRK2 or 

GRK3, the limited extent of lodoxamide-induced hGPR35a-eYFP-arrestin-3-RLuc 

interactions was inhibited by pre-treatment with compound 101 (pIC50 6.20 ± 0.59 

(mean± SEM, n=3) for GRK2 and (pIC50 6.13 ± 0.25 (mean± SEM, n=3) for GRK3 

(Figure 5.7A). On the other hand, following introduction of GRK5 or GRK6 into 

GRK2/3/5/6 293 cells, lodoxamide-induced hGPR35a-eYFP/arrestin-3-RLuc 
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interactions were again inhibited by compound 19 in a concentration-dependent 

manner with (pIC50 5.34 ± 0.15 (mean± SEM, n=3) for GRK5 and (pIC50 4.95 ± 0.29 

(mean± SEM, n=3) for GRK6 (Figure 5.7A). When I did similar assays where hGPR35a 

interacted with arrestin-2, again the limited extent of lodoxamide-induced 

hGPR35a-eYFP-arrestin-2-RLuc interactions by GRK2 or GRK3, was inhibited by 

pre-treatment with compound 101 (pIC50 7.04 ± 0.41 (mean± SEM, n=3) for GRK2 

and (pIC50 6.54 ± 0.25 (mean± SEM, n=3) for GRK3 (Figure 5.7B). By contrast, 

lodoxamide-induced hGPR35a-eYFP/arrestin-2-RLuc interactions were again 

inhibited by compound 19 in a concentration-dependent manner after the 

introduction of GRK5 or GRK6 into GRK2/3/5/6 293 cells, with (pIC50 5.72± 0.07 

(mean SEM, n=3) for GRK5 and (pIC50 5.66± 0.08 (mean SEM, n=3) (Figure 5.7B). As 

indicated concentrations of compound 19 can fully inhibit agonist induced 

arrestin-3 and arrestin-2 interaction with hGPR35a, it strongly supports the 

hypothesis that GRK5/6 play key roles in the arrestin recruitment and, thereby, 

phosphorylation of GPR35. 

 

Figure 5.7 Compound 19 prevents GRK5/6 mediated, lodoxamide-induced human GPR35a-
arrestin-3 and arrestin-2 interactions 

GRK2/3/5/6 cells were transfected to co-express hGPR35a-eYFP and (A) arrestin-3-RLuc and (B) 
arrestin-2-RLuc alongside GRK2 (light blue circles), GRK3 (deep blue circles), GRK5 (light green 
circles) and GRK6 (deep green circles). Before addition of lodoxamide (100 nM, 5 min) cells were 
pre-treated for 30 min with varying concentrations of either compound 19 (GRK5 and GRK6) or 
compound 101 (GRK2 and GRK3). Data were presented as % of the effect of lodoxamide in the 
absence of compound 19 or 101 in Parental 293 cells. A concentration-response curve of 
lodoxamide-induced (A) hGPR35a-eYFP arrestin-3-RLuc interactions and (B) hGPR35a-eYFP 
arrestin-2-RLuc interactions in parental 293 cells were shown for reference. Data are the mean ± 
SEM of outcomes from three independent experiments. 



                                                  Chapter 5 

180 
 

5.2.3.4 Compound 19 and compound 101 are GRK5/6 and GRK2/3 selective 

inhibitors respectively; Compound 19 can also inhibit arrestin 

interaction in HEK 293 cells in a concentration dependent way 

As shown in the previous section, compound 19 blocks GRK5/6 mediated arrestin 

recruitment and compound 101 inhibits GRK2/3 regulated interaction of the 

receptor with arrestins. I was interested in validating if the above two classes of 

kinase inhibitors are selective to specific kinases or not. For this, GRK2/3/5/6 

293 cells were transiently co-transfected with hGPR35a-eYFP/arrestin-3-RLuc and 

either GRK2 or GRK3. Compound 19 was employed to inhibit lodoxamide-induced 

hGPR35a-eYFP/arrestin-3-RLuc interactions. In this case, compound 19 was unable 

to prevent arrestin recruitment (Figure 5.8A). Similarly, I transiently co-

transfected hGPR35a-eYFP/arrestin-3-RLuc into GRK2/3/5/6 293 cells along with 

either GRK5 or GRK6 and employed compound 101. Compound 101 did not block 

the arrestin interaction with hGPR35a mediated by GRK5/6 (Figure 5.8A). 

I also used compound 19 and compound 101 to assess their effects in HEK 293 cells 

without any reconstituted GRKs. Here, the effect of lodoxamide to promote such 

interactions was markedly compromised by the presence of increasing 

concentrations of the GRK5/6 inhibitor compound 19 (pIC50 5.80± 0.08 (mean± 

SEM, n=3), but affected only in a marginal way by increasing concentrations of the 

GRK2/3 inhibitor compound 101 (Figure 5.8B). 

 

Figure 5.8 Validation of selectivity of GRK inhibitory action of compound 19 and compound 
101 and demonstration of the activity of compound 19 in preventing lodoxamide-induced 
hGPR35a-arrestin-3 interactions in 293 cells in a concentration-dependent manner 

(A) GRK2/3/5/6 cells were transfected to co-express hGPR35a-eYFP and arrestin-3-RLuc 
alongside GRK2 (light blue circles), GRK3 (deep blue circles), GRK5 (light green circles) and GRK6 
(deep green circles). Before addition of lodoxamide (100 nM, 5 min) cells were pre-treated for 30 min 
with varying concentrations of either compound 19 (GRK2 and GRK3) or compound 101 (GRK5 and 
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GRK6). (B) Parental HEK293 cell (black circles) were transfected transiently to express hGPR35a-
eYFP and arrestin-3-RLuc. Before addition of lodoxamide (100 nM, 5 min) cells were pre-treated for 
30 min with varying concentrations of either compound 19 or compound 101. Data are presented as 
% of the effect of lodoxamide in parental 293 cells in the absence of compound 19 or 101 for both 
(A) and (B). Arrestin 3 inhibitory activities of compounds 19 and 101 are shown by (very light green 
circles and pink circles respectively). A concentration-response curve of lodoxamide-induced 
hGPR35a-eYFP- arrestin-3-RLuc interactions in parental 293 cells (black circles) was shown for 
reference for both (A) and (B). Data are the mean ± SEM of outcomes from three independent 
experiments. 

5.2.4 Expression pattern of GRKs 

5.2.4.1 Transfected GRK expression patterns in cell lines produced from 

HEK293 

In previous sections, I reconstituted different GRKs with LgBiT tag in parental 293 

derived cell lines to investigate their individual contribution. As each of the 

introduced GRK isoforms was fused to the large BiT (LgBiT) fragment (Palmer et 

al., 2022) of the NanoBiT® complementation technology (Dale et al., 2019, Guo 

et al., 2022), I was able to use an anti-LgBiT monoclonal antibody to detect the 

relative levels of each GRK (Figure 5.9). With this, it is possible to determine 

whether the variation in the extent of reconstitution could reflect intrinsic 

differences in the actions of the various GRKs or might simply reflect transfection 

and expression level difference between them. Following transfection of either 

parental HEK293 cells (Figure 5.9A) or GRK2/3/5/6 293 (Figure 5.9B) cells, 

comparatively equal amounts of each GRK were detected. 
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Figure 5.9 Expression patterns of transfected GRKs in HEK293-derived cell lines  
Following transfections akin to those in Figure 5.6, cell lysates were produced and resolved by SDS-

PAGE. These (A, parental HEK293, B, GRK2/3/5/6 cells) were then immunoblotted with an anti-
LgBiT antibody. The identity of the introduced GRK is noted in each case. GRK, G protein–coupled 
receptor kinase; HEK, Human embryonic kidney; LgBiT, large BiT. 
 

5.2.4.2 Expression pattern of endogenous and transfected GRKs with GRK 

isoform-directed antibodies 

Studies akin to Figure 5.9, experiments were performed using GRK isoform-

directed antibodies instead of anti-LgBiT monoclonal antibody. Results of the 

immunoblots demonstrated successful expression of each isoform, with a degree 

of previously reported cross-reactivity with GRK5 for the nominally GRK6 directed 

antibody in both GRK2/3/5/6 (Figure 5.10A) and parental 293 cells (Figure 5.10B) 

(Reichel et al., 2022). The fusion of the GRKs with the LgBiT sequence added an 

extra 18 kDa of molecular mass, which enabled immunoblots using GRK-isoform 

antibodies to simultaneously detect the relative amounts of the inserted GRK-

LgBiT species forms and endogenous levels of each GRK in the parental HEK293 

cells (Figure 5.10B). According to these investigations, the introduced GRKs levels 

were comparable to (GRK3, GRK6), or rather higher (GRK2, GRK5) than 

endogenous levels in the parental cells.  
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Figure 5.10 Expression patterns of endogenous and transfected GRKs in HEK293-derived cell 
lines detected by anti-GRK antibodies 
Following transfections akin to those in Figure 5.6 and Figure 5.9, cell lysates were produced and 

resolved by SDS-PAGE. These (A, GRK2/3/5/6 cells B, parental HEK293 cells) were then 
immunoblotted with antibodies against GRK2 (i), GRK3 (ii), GRK5 (iii) and GRK6 (iv). In B relative 
levels of endogenous GRKs and the introduced LgBiT-tagged forms can be observed for each 
isoform. 

5.2.5 Assessment of the role of GRK5/6 inhibitor compound 19 in 

GPR35 phosphorylation 

5.2.5.1 Phosphorylation of human GPR35a at pSer300-pSer303 is prevented by 

compound 19 

In human GPR35, each of the hydroxyamino acids in the intracellular C-terminal 

tail that contribute to interactions with arrestins have been characterised (Divorty 

et al., 2022). Although Ser287, Ser300, Ser303, and Thr307 were all independently 

proven to have a substantial impact when changed to Ala, the combination of 
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Ser300 and Ser303 changes resulted in a receptor type that had minimal ability to 

engage with arrestin-3 (Divorty et al., 2022). Our group created an antiserum to 

selectively recognise pSer300-pSer303 hGPR35a as part of our earlier investigations, 

and we demonstrated that this antiserum only recognises hGPR35a post-agonist 

activation (Divorty et al., 2022). Then, using doxycycline as an inducer, I created 

a stable transfected Flp-In TREx 293 cell line that expresses hGPR35a with an HA 

tag at its C-terminus (hGPR35a-HA). Lodoxamide (100 nM, 5 min) was added, and 

when the receptor was captured using HA-trap, the receptor could be detected in 

immunoblots by the anti-pSer300-pSer303 antiserum (Figure 5.11A). As previously 

reported (Divorty et al., 2022), this was a pair of well resolved species that reflect 

differential N-glycosylation (Figure 5.11A). Compound 19 pre-treatment of the 

cells completely prevented the pSer300-pSer303 phosphorylation induced by 

lodoxamide (Figure 5.11A). In contrast, compound 101 treatment decreased the 

anti-pSer300-pSer303 antiserum's recognition but did not completely eliminate it 

(Figure 5.11A). In addition, we created an antiserum directed against the distal 

end of the hGPR35a C-terminal tail. While being intended as a structural 

antiserum, this reagent did not exhibit the expected property that recognition of 

the receptor protein would be unaffected by the activation or phosphorylation 

state of the receptor (Figure 5.11B). Lodoxamide treatment decreased this 

antiserum's detection of hGPR35a-HA in parallel immunoblots (Figure 5.11B). This 

may suggest that the incorporation of negative charges caused by lodoxamide, 

reflecting the phosphorylation of residues like Ser300 and Ser303, may obstruct the 

antiserum's ability to recognise an epitope. This idea is supported by the fact that 

pre-treating cells with compound 19 before adding lodoxamide did not cause such 

a drop in the antiserum's ability to recognise hGPR35a-HA (Figure 5.11B). In 

comparison, pre-treatment with compound 101 prior to the addition of 

lodoxamide produced a limited reduction in the effect of lodoxamide (Figure 

5.11B). I carried out additional parallel immunoblots using an anti-HA antibody to 

verify that these observations were not loading artefacts or that the treatment 

with lodoxamide in the presence or absence of the GRK inhibitors had not changed 

the overall amount of hGPR35a-HA protein. These demonstrated similar receptor 

construct levels under all testing settings (Figure 5.11C). 
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Figure 5.11 Recognition of agonist-activated human GPR35a by an anti-human GPR35-
pSer300-pSer303 antiserum is prevented by compound 19 
A Flp-In TREx 293 cell line induced to express human GPR35a-HA was treated with lodoxamide 
(100 nM), compound 101, compound 19 (each at 10 μM) or lodoxamide plus compound 19 or 
compound 101. Subsequently, after anti-HA immunoprecipitation, samples were resolved by SDS-
PAGE and immunoblotted to detect (A) hGPR35a-pSer300-pSer303, (B) the C-terminal region of 
GPR35a or, (C) the HA epitope tag. Results are representative of three independent experiments. 
HA, haemagglutinin 

5.2.5.2 Phosphorylation of mouse GPR35 at pSer298-pSer301 is prevented by 

compound 19 

GPR35 is a unique receptor in several aspects that make translation difficult. 

Rodents only express one version of a protein, whereas humans express two 

different protein isoform sequences. The pharmacology of the GPR35 orthologues 

in humans and rodents are significantly different from one another. For this 

reason, I was interested in extending this study to the mouse orthologue of GPR35 

and explore this more extensively. Compared to human GPR35, the C-terminal tail 

of mouse GPR35 has more potential phosphorylation sites (Divorty et al., 2022). 

However, amino acids equivalent to Ser300 and Ser303 (Ser298 and Ser301 in the mouse 

orthologue) are conserved and their phosphorylation is equally, if not even more, 

important for interactions with arrestin-3 (Divorty et al., 2022). As a result, I 

performed sets of studies with mouse GPR35-HA. Here, I used a unique antiserum 

that recognises mouse GPR35 pSer298-pSer301 and is phospho-specific (Divorty et 

al., 2022). Compound 19 was pre-treated in stably transfected Flp-In TREx 293 

cells that were induced to express mouse GPR35-HA before the addition of the 

mouse GPR35 active agonist zaprinast (Divorty et al., 2022). I used zaprinast for 

these tests because lodoxamide has only moderate potency at mouse GPR35 and 
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because this was the ligand utilised by (Divorty et al., 2022) for prior research on 

the mouse orthologue. Compound 19 fully eliminated zaprinast-induced 

recognition of mouse GPR35-HA by the anti-pSer298-pSer301 antiserum (Figure 

5.12A). The non-phospho-site GPR35 C-terminal tail antiserum almost completely 

failed to recognise mGPR35-HA after treatment with zaprinast, an effect that was 

even more evident than when employing hGPR35a-HA (Figure 5.12B). Pre-

treatment with compound 19 fully prevented the zaprinast-induced loss of 

recognition by this antiserum (Figure 5.12B). Unlike the partial effect in cells 

expressing hGPR35a-HA, here compound 101, although again partially limiting 

detection of mouse GPR35-HA by the mouse GPR35 pSer298-pSer301 antiserum 

(Figure 5.12A), did not partially restore identification of mouse GPR35-HA by the 

structural anti-GPR35 antiserum (Figure 5.12B). Parallel immunoblots using anti-

HA once more demonstrated equal loading of proteins onto the gels (Figure 5.12C). 

 
Figure 5.12 Recognition of agonist-activated mouse GPR35 by an anti-mouse GPR35-pSer298-
pSer301 antiserum is prevented by compound 19 
Experiments akin to Figure 5.11 were performed using a Flp-In TREx 293 cell line induced to express 

mouse GPR35-HA.  Zaprinast (10 M), which is an agonist at mouse GPR35 replaced lodoxamide. 

Pre-treatment with compound 101, or compound 19 (each at 10 M) was for 30 min. Immunoblots 
of anti-HA immunoprecipitated samples are shown.  (A) mGPR35-pSer298-pSer301, (B) the C-terminal 
region of GPR35 or, (C) the HA epitope tag. Results are representative of three independent 
experiments. HA, haemagglutinin 
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5.2.6 Investigation of the direct involvement of GRK5 and GRK6 in 

human GPR35a phosphorylation 

After exploring both (human and mouse) orthologues of GPR35, I wished to return 

to the human orthologue of the receptor to investigate the direct and specific 

contribution of GRK5 and GRK6 in hGPR35a phosphorylation. I transiently 

introduced LgBiT-tagged forms of GRK2, GRK3, GRK5 or GRK6, along with 

hGPR35a-HA, into GRK2/3/5/6 293 cells. Lodoxamide (100 nM, 5 min) was 

administered to the cells before the receptor was bound with anti-HA beads. 

Subsequent immunoblots with anti-HA confirmed equivalent transfection and 

capture of the receptor (Figure 5.13A). Parallel immunoblots with anti-hGPR35a 

pSer300-pSer303 showed that the presence of GRK5 and, in particular, GRK6, 

enhanced phosphorylation of these sites, but that GRK2 and GRK3 had no 

discernible impact (Figure 5.13B). If cells had been treated with compound 19 

prior to agonist treatment, these effects were completely inhibited (Figure 

5.13C). Overall, results from these experiments, strongly support the important 

role of GRK5 and GRK6 in the phosphorylation and regulation of human GPR35a. 

 

Figure 5.13 GRK5 and GRK6 directly promote hGPR35a phosphorylation at Ser300 and Ser303 
ΔGRK2/3/5/6 cells were transfected transiently with combinations of human GPR35a-HA (all lanes) 
and LgBiT-tagged forms of individual GRK isoforms as noted (+). After treatment with lodoxamide 
(100 nM, 5 min) (Lod+) samples were captured with anti-HA beads and resolved by SDS-PAGE. 
These were subsequently immunoblotted to detect (A) the HA epitope tag or (B) pSer300-pSer303-
hGPR35a-HA. In similar studies (C), ΔGRK2/3/5/6 cells co-expressing hGPR35a-HA and LgBiT-
tagged forms of either GRK5 or GRK6 (+) were treated without (−) or with (+) compound 19 (10 μM, 
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30 min) ahead of exposure to lodoxamide. Anti-HA bead immunoprecipitated samples were 
immunoblotted with the pSer300-pSer303-hGPR35a-HA antiserum after SDS-PAGE. Note: the lower 
apparent molecular mass of hGPR35a-HA following transient transfection compared to when 
expressed stably (Figure 5.11). This may reflect differing degrees of maturation and posttranslational 
modification. GRK, G protein–coupled receptor kinase; HA, haemagglutinin; LgBiT, large BiT. 

5.2.7 Role of GRK2/3 inhibitor compound 101 in inhibiting GPR35 

phosphorylation 

5.2.7.1 Compound 101 also partially inhibits GSK 938 induced hGPR35a 

phosphorylation 

Among the small molecule kinase inhibitors, compound 101 is  GRK2/3 selective 

(Thal et al., 2011, Lowe et al., 2015). As this compound is well-studied, initially I 

utilised this compound to prevent agonist mediated phosphorylation of hGPR35a. 

For this, I developed a stably transfected Flp-In TREx 293 cell line that expresses 

hGPR35a with an enhanced yellow fluorescent protein (eYFP) tag at its C-terminus 

using doxycycline as an inducer (hGPR35a-eYFP). When the receptor was enriched 

using GFP-trap, immunoblot with an anti-GFP antibody demonstrated equal 

loading of proteins onto the gels (Figure 5.14A). After stimulating the receptor 

with two potent agonists, (lodoxamide and GSK 938) (each at 100 nM, 5 min) and 

a suggested endogenous ligand of GPR35,  5-HIAA (De Giovanni et al., 2022) (10 

μM, 5 min), the phosphorylated receptor was visible upon treatment with 

lodoxamide and GSK 938 using anti-pSer300-pSer303 antiserum (Figure 5.14B). 

Although 5-HIAA is claimed as a potent endogenous ligand of GPR35 (De Giovanni 

et al., 2022, De Giovanni et al., 2023a), this molecule, a metabolite of serotonin, 

even at 10 μM did not phosphorylate hGPR35a. Moreover, treatment with 

compound 101 decreased, but did not completely eradicate, recognition of 

agonist-induced phosphorylation by the anti-pSer300-pSer303 antiserum (Figure 

5.14B). After applying the non-phospho structural antiserum of GPR35 which is 

directed against the distal end of the hGPR35a C-terminal tail, I again saw the 

receptor hGPR35a across the panel but with reduced recognition in samples 

treated with lodoxamide or the GSK 938. This may suggest that the incorporation 

of negative charges caused by lodoxamide and GSK 938, reflecting the 

phosphorylation of residues like Ser300 and Ser303, may obstruct the antiserum's 

ability to recognise an epitope. The purpose of these investigations was to ensure 

constant phosphorylation patterns of hGPR35a upon treatment with additional 

potential agonist ligands. 
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Figure 5.14 Recognition of agonist-activated human GPR35a by an anti-human GPR35-
pSer300-pSer303 antiserum is partially ablated by compound 101 
A Flp-In TREx 293 cell line induced to express human GPR35a-eYFP was treated with vehicle, 
lodoxamide (100 nM), GSK 938 (100 nM), 5HIAA (10 μM), compound 101 (10 μM) or above 
mentioned 3 ligands plus compound 101. Following capture of the receptor construct via a GFP-trap, 
samples were resolved by SDS-PAGE and immunoblotted to detect (A) the eYFP epitope tag, (B) 
hGPR35a-pSer300-pSer303 or, (C) the C-terminal region of GPR35a. Results are representative of 
three independent experiments. 
 

5.2.7.2 Compound 101 shows very poor activity to inhibit agonist induced 

mGPR35 phosphorylation 

As the pharmacology of GPR35 is distinct between the human and mouse 

orthologue, I assessed the GRK2/3 selective inhibitor compound 101 for effects on 

phosphorylation of mouse GPR35. In order to accomplish this, I developed a stable 

transfected Flp-In TREx 293 cell line that expresses mouse GPR35 with an HA tag 

at its C-terminus (mGPR35-HA). After the receptor was captured using HA-trap, 

an immunoblot employing an anti-HA antibody showed that the proteins were 

loaded equally onto the gels (Figure 5.15A). After stimulating the receptor with 

two potent mGPR35 agonists zaprinast and pemirolast (each at 10 μM, 5 min), the 

phosphorylated receptor was detectable by using the anti-pSer298-pSer301 

antiserum (Figure 5.15B). Treatment with compound 101 could not reduce the 

recognition of agonist induced phosphorylation by the anti-pSer298-pSer301 

antiserum (Figure 5.15B). 

After employing the non-phospho structural antiserum of GPR35, I again observed 

the receptor mGPR35 across the panel but with reduced recognition in samples 

treated with zaprinast and pemirolast. This might reflect the phosphorylation of 

residues Ser298 and Ser301 due to the incorporation of negative charge by zaprinast 

and pemirolast, thereby limiting the antiserum's ability to recognise the epitope. 

As compound 101 (a GRK2/3 blocker) did not have any significant effects in 
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inhibiting phosphorylation, this compound also could not prevent the agonist-

induced loss of recognition by this non-phospho structural antiserum of GPR35 

(Figure 5.15C). 

Overall, the GRK2/3 inhibitor compound 101 did not show very significant 

inhibitory effects in phosphorylation of both orthologues of GPR35 suggesting the 

poor contribution of GRK2/3 in GPR35 phosphorylation. 

 
Figure 5.15 Recognition of agonist-activated mouse GPR35 by an anti-mouse GPR35-pSer298-
pSer301 antiserum is partially ablated by compound 101 
Experiments similar to Figure 5.14 were performed using a Flp-In TREx 293 cell line induced to 
express mouse GPR35-HA.  Zaprinast and pemirolast which are both agonists at mouse GPR35 
were used in this study (each at 10 μM). Vehicle and compound 101 (10 μM) alone were also added. 
Pre-treatment with compound 101 (10 μM) was for 30 min before ligand addition. Immunoblots of 
anti-HA immunoprecipitated samples are shown. (A) the HA epitope tag, (B) mGPR35-pSer298-
pSer301 or, (C) the C-terminal region of GPR35. Results are representative of three independent 
experiments. 

 

5.2.8 Investigation of the comparative contribution of two classes 

of kinase inhibitors in preventing phosphorylation of GPR35 

5.2.8.1 Direct comparison between compound 101 (GRK2/3 inhibitor) and 

compound 19 (GRK5/6 inhibitor) in preventing mouse GPR35 

phosphorylation using multiple agonists 

While GRK5 and GRK6 are membrane-localised (Komolov and Benovic, 2018), GRK2 

and GRK3 are primarily cytosolic and translocate to the plasma membrane. Plasma 

membrane translocation is supported by interaction with βγ subunits of activated 

G-proteins (Tesmer et al., 2005, Drube et al., 2022). Hence, GRK5/6 and GRK2/3 

are different in nature, I was interested in using two classes of kinase inhibitors 

in parallel to investigate the effect of distinct agonists on the phosphorylation 
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status of GPR35. Here, the use of different agonists was crucial to ensure that the 

phosphorylation pattern of the receptor did not change throughout treatment with 

various agonists and two types of kinase inhibitors. 

In this set of studies, a stably transfected Flp-In TREx 293 cell line that expresses 

mouse GPR35 with a HA tag in its C-terminus (mGPR35-HA) was used. After the 

receptor was captured using the HA-trap, an immunoblot employing an anti-HA 

antibody showed equivalent levels of the receptor construct throughout this study 

(Figure 5.16A). Here, cells were stimulated with two potent agonists zaprinast (10 

μM) and GSK 938 (100 nM). When employing the mouse GPR35 directed pSer298-

pSer301 antiserum, phosphorylated receptors were observed in immunoblots 

(Figure 5.16B). Compound 19 fully eliminated zaprinast and GSK 938 induced 

recognition of mouse GPR35-HA by the anti-pSer298-pSer301 antiserum. By contrast, 

pre-treatment with compound 101 reduced but did not fully ablate the agonist 

induced recognition of phosphorylation signal (Figure 5.16B). The non-phospho-

site GPR35 C-terminal tail antiserum almost completely failed to recognise 

mGPR35-HA after treatment with either zaprinast or the GSK 938 (Figure 5.16C). 

Compound 19 pre-treatment completely stopped the loss of recognition caused by 

zaprinast and GSK 938 by this antiserum. Compound 101 pre-treatment before the 

addition of the agonists slightly prevented the agonist induced loss of 

phosphorylation signals (Figure 5.16C). 

 
Figure 5.16 Comparison of effects of compounds 101 and 19 in limiting detection of agonist-
activated mouse GPR35 by an anti-mouse GPR35-pSer298-pSer301 antiserum upon treatment 
with agonists 
Experiments similar to Figure 5.12 were performed using a Flp-In TREx 293 cell line induced to 

express mouse GPR35-HA.  Zaprinast (10 M) and GSK 938 (100 nM) which are both agonists at 

mouse GPR35 were used. Vehicle, compound 101 (10 M) and compound 19 (10 M) were also 

added. Pre-treatment with compound 101, or compound 19 (each at 10 M) was for 30 min before 
the addition of the above mentioned agonists. Immunoblots of anti-HA immunoprecipitated samples 
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are shown.  (A) the HA epitope tag, (B) mGPR35-pSer298-pSer301 or, (C) the C-terminal region of 
GPR35. Results are representative of three independent experiments. 

5.2.8.2 Assessment of effects of a series of GRK5/6 blockers on mouse 

GPR35 phosphorylation 

To extend the above results with compound 19, I utilised other compounds from 

this series (compounds 15-18) to assess their regulation of mouse GPR35 

phosphorylation. 

Here again, the mouse GPR35 with a HA tag at its C-terminus (mGPR35-HA) was 

expressed by a stably transfected Flp-In TREx 293 cell line. After the receptor was 

captured using the HA-trap, an immunoblot employing an anti-HA antibody 

demonstrated similar amounts of the receptor construct throughout this 

investigation (Figure 5.17A). Here, the mouse GPR35 active agonist zaprinast (10 

μM) was used. Phosphorylated receptors were identified in immunoblots when 

using the mouse GPR35 directed antisera pSer298-pSer301 (Figure 5.17B). Zaprinast-

induced identification of mouse GPR35-HA by the anti-pSer298-pSer301 antiserum 

was abolished by pre-treating each of the compounds (15-18) from this series 

(Figure 5.17B). After zaprinast treatment, the non-phospho-site GPR35 C-terminal 

tail antiserum almost completely failed to recognise mGPR35-HA (Figure 5.17C). 

Pre-treatment with compounds (15-18) variably prevented the zaprinast induced 

loss of recognition by this antiserum (Figure 5.17C). 

 
Figure 5.17 Inhibitory activity of a series of GRK5/6 inhibitor compounds in limiting the 
detection of agonist-activated mouse GPR35 by an anti-mouse GPR35-pSer298-pSer301 
antiserum upon treatment with zaprinast 
Experiments similar to Figure 5.16 were performed using a Flp-In TREx 293 cell line induced to 
express mouse GPR35-HA.  Zaprinast (10 μM), was used to stimulate the receptor. Pre-treatment 
with compounds 15-18 (each at 10 μM) were for 30 min before adding zaprinast. Immunoblots of 
anti-HA immunoprecipitated samples are shown.  (A) the HA epitope tag, (B) mGPR35-pSer298-
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pSer301 or, (C) the C-terminal region of GPR35. Results are representative of three independent 
experiments. 

5.2.8.3 Confirmation of inhibitory potential of a selection of compounds for 

mouse GPR35 phosphorylation 

To extend the results of Figure 5.17, I used a cell line that stably expressed mouse 

GPR35 with an enhanced yellow fluorescent protein (eYFP) tag at its C terminal. 

After the receptor was enriched using the GFP-trap, an immunoblot employing an 

anti-GFP antibody demonstrated consistent levels of the receptor construct 

throughout this investigation (Figure 5.18A, C). In this case, the mouse GPR35 

active agonist zaprinast (10 μM) was used. Using the mouse GPR35 directed 

antisera pSer298-pSer301, phosphorylated receptors can be detected in 

immunoblots (Figure 5.18B, D). By pre-treating with compound 15 and compound 

18, zaprinast-induced identification of mouse GPR35-eYFP by the anti-pSer298-

pSer301 antiserum was eliminated (Figure 5.18B). Zaprinast-induced identification 

of mouse GPR35-eYFP by the anti-pSer298-pSer301 antiserum was also abolished by 

pre-treating with compound 16 and compound 17 (Figure 5.18D) 

Overall, from the above experimental studies, it is clearly observed that almost 

all GRK 5/6 inhibitor compounds (15,16,17,18,19) were able to inhibit 

phosphorylation of GPR35 with varying levels of ability. By contrast, the well-

studies GRK2/3 inhibitor compound 101 failed to inhibit GPR35 phosphorylation. 

Taken together from these findings, I can claim that GPR35 phosphorylation is 

mainly GRK5/6 mediated. 

 
Figure 5.18 Confirmation of the inhibitory potential of a selection of compounds in limiting 
signals raised by an anti-mouse GPR35-pSer298-pSer301 antiserum upon agonist activation 
Experiments similar to Figure 5.17 were performed using a Flp-In TREx 293 cell line induced to 
express mouse GPR35-eYFP. Zaprinast (10 μM) was used to stimulate the receptor. Pre-treatment 
with compounds 15-18 (each at 10 μM) were for 30 min before the addition of zaprinast. Immunoblots 
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after GFP-trap immunoprecipitated samples were shown. (A) the eYFP epitope tag (samples treated 
with compound 15 and 18), (C) the eYFP epitope tag (samples treated with compound 16 and 17),  
(B) mGPR35-pSer298-pSer301 (effects of compound 15 and 18), (D) mGPR35-pSer298-pSer301 (effects 
of compound 16 and 17). Results are representative of three independent experiments. 

 

5.2.9 Comparative expression pattern of ubiquitously expressed 

GRKs across the isoforms of human GPR35 

The human GPR35 gene is located on chromosome 2q37.3 and can be expressed 

as several transcripts resulting from differential promoter usage and alternative 

splicing (Schihada et al., 2022). Among all the transcripts, only two mRNAs encode 

GPR35b (also referred to as "GPR35 long"), while all other known/annotated 

transcripts encode the reference isoform GPR35a (also known as "GPR35 short"). 

Hence, human GPR35 has two isoforms where GPR35b has a longer extracellular 

domain but is otherwise identical in sequence (Quon et al., 2020). Although the 

location of GPR35a and GPR35b mRNA expression in human tissues has been 

identified, their possible unique activities are unknown because of their strikingly 

comparable pharmacology and, when studied, signalling pathways (Quon et al., 

2020, Milligan, 2023). For this reason, I directly compared the expression pattern 

of all commonly expressed GRKs (GRK2, GRK3, GRK5 and GRK6) by reconstituting 

these with both short (hGPR35a) and long (hGPR35b) isoforms in parental 293 

cells. 

In this study, I took advantage of using an anti-LgBiT monoclonal antibody to 

detect the relative levels of each GRK across both isoforms, as all of the 

introduced GRK isoforms was fused to the large BiT (LgBiT) fragment (Palmer et 

al., 2022) of the NanoBiT® complementation technology (Guo et al., 2022, Dale 

et al., 2019). Following co-transfection of all the GRKs with both short and long 

GPR35 isoforms, there were no significant variation of expression levels noticed 

when compared between the two isoforms of human GPR35 (Figure 5.19). 
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Figure 5.19 Expression patterns of transfected GRKs in parental HEK293 cell lines by two 
isoforms of hGPR35 
After transfections similar to those in Figure 5.9, cell lysates were produced and resolved by SDS-
PAGE. Two isoforms of hGPR35 (hGPR35a and hGPR35b) with ubiquitously expressed GRK2, 
GRK3, GRK5 and GRK6 as well as an untransfected control were then immunoblotted with an anti-
LgBiT antibody.  

5.2.10 Investigation of the effects of GRK5 and GRK6 and 

specific kinase inhibitors in translocation of the proteins 

across plasma membrane and cytosol 

It is known from previous discussion that the GRK2 family, which consists of GRK2 

and GRK3, is expressed in the cytoplasm. However, the GRK4 family of kinases, 

which includes GRK4, GRK5, and GRK6, are typically membrane-associated 

(Matthees et al., 2021). In this section, I attempted to separate the protein into 

plasma membrane and cytosol and determine the protein translocation effects of 

two membrane associated kinase GRK5/6 in presence or absence of kinase 

inhibitor compound 19. Here, after co-transfection of hGPR35a-HA with either 

GRK5 or GRK6 in GRK2/3/5/6 cells, the protein concentrations in plasma 

membrane were higher in the samples upon pre-treatment with compound 19 with 

lodoxamide compared to lodoxamide only after immunoblotted with an anti-LgBiT 
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antibody (Figure 5.20 Membrane). On the other hand, when GRK2/3/5/6 cells 

were co-transfected with hGPR35a-HA with either GRK5 or GRK6, the protein 

concentrations in cytoplasm were lower in the samples upon pre-treatment with 

compound 19 with lodoxamide compared to lodoxamide only after immunoblotted 

with an anti-LgBiT antibody (Figure 5.20 Cytoplasm). These findings indicate that, 

the pre-coupling of membrane associated GRK5 and GRK6 with GPR35 were 

prevalent and the pre-coupling incidence decrease in an agonist dependent 

manner but pre-treatment with GRK5/6 specific inhibitor, compound 19 before 

the addition of agonist increases the plasma membrane localisation of both GRK5 

and GRK6 (Figure 5.20 Membrane). This study also claims that, as GRK5/6 are 

membrane anchored in nature, so in cytoplasm, the scenario seems to be almost 

reverse compared to plasma membrane (Figure 5.20 Cytoplasm). The total protein 

concentration of the lysate was used as a control indicating equal amount of 

proteins across the study (Figure 5.20 Total Lysate Protein). 

 

 

 

Figure 5.20 Separation and comparison of protein concentration in the plasma membrane and 
cytosol after transfection with GRK5 and GRK6 with or without inhibitor compound 19 upon 
stimulation by Lodoxamide 

Experiment was performed in a cloned cell line whose genome has been altered to prevent the 

expression of each of the ubiquitous GRK2, GRK3, GRK5 and GRK6. GRK2/3/5/6 cells were 
transfected with hGPR35a with a HA tag at the C-terminus of the receptor along with GRK5 and 
GRK6. Proteins were separated into plasma membrane and cytoplasm as well as a control of total 
lysate. The effects of lodoxamide with or without the inhibitor compound 19 was shown and 
immunoblotted with an anti-LgBiT antibody.  
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5.2.11 Validation of the inhibitory effects of kinase inhibitors 

in preventing arrestin recruitment in HEK-293 cells 

I already investigated the phosphorylation inhibitory activities of all GRK inhibitors 

in immunoblots in section 5.2.8. As phosphorylation of the active receptor by G- 

protein receptor kinase (GRKs) is closely related with the binding of arrestin 

protein, an effort was taken to assess the arrestin-3 recruitment inhibitory 

activities of the kinase inhibitors in parental 293 cells. In this study, I used both 

human and mouse orthologues of GPR35 and measured arrestin-3 interaction with 

the receptor in a BRET based arrestin experiment. 

In case of human GPR35, parental 293 cells were transiently transfected to co-

express human (h)GPR35a, tagged at the C-terminus with eYFP (hGPR35a-eYFP), 

and arrestin-3 tagged with Renilla luciferase (arrestin-3-RLuc) (Figure 5.21A). 

Here, compound 15 and compound 19 strongly reduced lodoxamide-induced 

hGPR35a-eYFP/arrestin-3-RLuc interactions in parental 293 cells in a 

concentration-dependent manner. Compound 16 and compound 17 showed 

moderate activity in preventing agonist mediated recruitment of arrestin-3 to 

hGPR35a but pre-treatment with compound 18 and GRK 2/3 inhibitor 

compound 101 had no effects (Figure 5.21A). To verify any additive or synergistic 

effects of two different classes of kinase inhibitors, I used compound 101 (GRK2/3 

inhibitor) at 10 μM concentration with different concentrations of GRK5/6 

inhibitors. There were no significant additive effects found (Figure 5.21A). CID- 

2745687, a human GPR35 specific antagonist was also used in this experiment as 

a control. Pre-treatment of CID-2745687 for 15 min completely abolished 

lodoxamide induced arrestin-3 recruitment with hGPR35a (Figure 5.21A). 

The same set of experiment was conducted with mouse orthologue of the 

receptor. Here, mouse GPR35 tagged at the C-terminus with eYFP (mGPR35-eYFP), 

and arrestin-3 tagged with Renilla luciferase (arrestin-3-RLuc) were transiently 

co-transfected into parental 293 cells (Figure 5.21B). From the experiment, it was 

found that compound 19 and compound 15 again showed their promising 

characteristics to inhibit GSK 938 induced arrestin-3 recruitment in a 

concentration-dependent manner. Compound 16 and compound 17 from this 

series were moderately active inhibitors of arrestin-3 recruitment for mGPR35. 

Compound 18 had a marginally better effect on mouse GPR35 than on human 
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counterpart in terms of preventing arrestin-3 interaction mediated by the agonist. 

As usual, compound 101 (GRK 2/3 inhibitors) was not as active in this environment 

as it was in humans (Figure 5.21B). Since the antagonist CID-2745687 was human 

GPR35 specific, it was unable to significantly reduce arrestin-3 recruitment caused 

by agonist in mouse GPR35, demonstrating its human specificity (Figure 5.21B). I 

combined compound 101 (GRK2/3 inhibitor) at a 10 μM concentration with various 

concentrations of GRK5/6 inhibitors to see if there were any additive or synergistic 

effects between the two families of kinase inhibitors. There were significant 

synergistic effects found between the two classes of kinase inhibitors (Figure 

5.21B) although the additive effects were not so pronounced when the experiment 

was conducted with human orthologue of the receptor. In order to come into a 

conclusion about this discrepancy, replication of this type of experiment is 

required. 

 

 
Figure 5.21 Demonstration and validation of the activity of GRK5/6 blockers, GRK2/3 blockers, 
and a combination of two classes of inhibitors and GPR35 antagonist CID-2745687 in 
preventing agonist-induced GPR35-arrestin-3 interactions in 293 cells 
Parental HEK293 cell (black circles) was transfected transiently to express (A) hGPR35a-eYFP and 
(B) mGPR35-eYFP arrestin-3-RLuc. Prior to addition of lodoxamide (100 nM, 5 min) for hGPR35a-
eYFP and GSK 938 (100 nM, 5 min) for mGPR35-eYFP cells were pre-treated for 30 min with varying 
concentrations of compounds (15, 16, 17) (i), (18,19, 101 and CID-15 min treatment) (ii) and 
combination of these two classes of inhibitors (iii). Data were presented as % of the effect of 
lodoxamide in parental 293 cells in the absence of inhibitor compound. Arrestin 3 inhibitory activities 
of compounds 15 (maroon circles), 16 (green circles), 17 (purple circles), 18 (red circles), 19 (paste 
circles), 101 (pink circles) and antagonist CID-2745687 (black circles) are represented respectively. 
A concentration-response curve of lodoxamide-induced hGPR35a-eYFP-arrestin-3-RLuc 
interactions in parental 293 cells (black circles) was shown for reference. The experiment was 
performed once only (n=1). 
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5.2.12 Agonist-induced immunocytochemical detection of 

both human and mouse GPR35 is mediated by GRK5/6 

As an extension to the immunoblot studies for the determination of 

phosphorylation of GPR35, immunocytochemical studies were performed using 

hGPR35a-pSer300-pSer303, mGPR35-pSer298-pSer301 and non-phospho-site GPR35 C-

terminal tail antisera. 

5.2.12.1 Mouse GPR35 phospho-site–specific antisera and non-phospho-

site GPR35 C-terminal tail antisera function as biosensors of agonist 

activated, fully matured mGPR35 

In Flp-In TREx 293 cells induced to express mouse GPR35-HA, non-phospho-site 

GPR35 C-terminal tail antisera detected the corresponding receptors upon treated 

with vehicle (Figure 5.22A). In the same system, mGPR35-pSer298-pSer301 antisera 

detected the corresponding receptors in an agonist (zaprinast)-dependent manner 

in immunocytochemical studies (Figure 5.22B). Compound 19 pre-treatment 

inhibited the mGPR35-pSer298-pSer301 antisera's ability to immunocytochemically 

identify the receptors, which was triggered by the administration of the proper 

agonist zaprinast (Figure 5.22B) but the same immunocytochemical detection of 

the receptors was restored by non-phospho-site GPR35 C-terminal tail antisera 

(Figure 5.22A). Simultaneous detection of each orthologue by anti-HA verified the 

constant presence of receptor protein even after treatment with agonist and 

kinase inhibitor (Figure 5.22A, B).  
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Figure 5.22 Mouse GPR35 phospho-site–specific antisera pSer298-pSer301 and non-phospho-
site GPR35 C-terminal tail antiserum detect the post activation status of mGPR35 in 
immunocytochemical studies 
Cells as in Figure 5.22 able to express mGPR35-HA were either uninduced (−dox) or induced by 
treatment with doxycycline (+dox) and then treated with either vehicle or zaprinast and zaprinast with 
GRK inhibitor compound 19. Such cells were then used in immunocytochemical studies employing 
(A) Non-phospho-site GPR35 C-terminal tail antiserum and (B) mGPR35-pSer298/pSer301. In both (A) 
and (B) sections of this figure, samples were stained with Alexa Fluor 594 (HA) (left panels) and 
Alexa Fluor 488 (Non-phospho GPR35 and pSer298-pSer301) (right panels). Scale bar = 10 μm. 
Representative images are shown. mGPR35, mouse GPR35. 

5.2.12.2 Human GPR35 phospho-site–specific antisera and non-phospho-

site GPR35 C-terminal tail antisera detect the post activation status of 

hGPR35a 

In Flp-In TREx 293 cells induced to express human GPR35-HA, non-phospho-site 

GPR35 C-terminal tail antisera detected the corresponding receptors upon treated 

with vehicle (Figure 5.23A). In the same system, immunocytochemical 

investigations using hGPR35a-pSer300-pSer303antisera identified the relevant 

receptors in a way that was agonist (lodoxamide)-dependent (Figure 5.23B). In 

cells induced to express human GPR35a-HA, hGPR35a-pSer300-pSer303 antisera 

indicated a level of detection in the absence of lodoxamide that may imply a 
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degree of constitutive phosphorylation of the receptor in this setting (Figure 

5.23A). Pre-treatment with compound 19 prevented hGPR35-pSer300-pSer303 

antisera from immunocytochemically detecting the receptors after adding the 

suitable agonist lodoxamide (Figure 5.23B) however, non-phospho-site GPR35 C-

terminal tail antisera restored the same immunocytochemical detection of the 

receptors (Figure 5.23A). The persistent existence of the receptor protein, even 

after treatment with an agonist and a kinase inhibitor was established by the 

simultaneous detection of each orthologue by anti-HA (Figure 5.23A, B). 

 

Figure 5.23 Human GPR35a phospho-site–specific antisera pSer300-pSer303 and non-phospho-
site GPR35 C-terminal tail antiserum detect the post activation status of hGPR35a in 
immunocytochemical studies 
Cells as in Figure 5.23 able to express hGPR35a-HA were either uninduced (−dox) or induced by 
treatment with doxycycline (+dox) and then treated with either vehicle or lodoxamide and lodoxamide 
with GRK inhibitor compound 19. Such cells were then used in immunocytochemical studies 
employing (A) Non-phospho-site GPR35 C-terminal tail antiserum and (B) hGPR35-pSer300/pSer301. 
In both (A) and (B) sections of this figure, samples were stained with Alexa Fluor 594 (HA) (left 
panels) and Alexa Fluor 488 (Non-phospho GPR35 and pSer300/pSer301) (right panels). Scale bar = 
10 μm. Representative images are shown. hGPR35a, human GPR35a. 
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5.2.12.3 Agonist mediated immunocytochemical detection of both human 

and mouse GPR35 is prevented by inhibition of GRK5/6 

The human pSer300-pSer303 GPR35a and mouse pSer298-pSer301 GPR35 antisera also 

detect the corresponding receptors in an agonist-dependent manner in 

immunocytochemical studies (Divorty et al., 2022). For direct comparison of the 

phosphorylation pattern of both orthologues of GPR35, appropriate agonist and 

GRK 5/6 inhibitor, compound 19 were employed.  In Flp-In TREx 293 cells induced 

to express either hGPR35a-HA or mGPR35-HA pre-treatment with compound 19 

prevented immunocytochemical detection of the receptors by these antisera that 

were induced by the addition of appropriate agonist ligands (Figure 5.24). Parallel 

detection of each orthologue by anti-HA confirmed that the loss of agonist-induced 

detection by the phospho-site specific antisera in the presence of the compound 

did not reflect loss of receptor protein (Figure 5.24). 

 

Figure 5.24 Direct comparison of phosphorylation between human and mouse orthologue of 
GPR35 by phospho-site–specific antisera in immunocytochemical studies 
Cells as in Figure 5.24 able to express (A) hGPR35a-HA and (B) mGPR35-HA were either 
uninduced (−dox) or induced by treatment with doxycycline (+dox) and then treated with either 
vehicle or suitable agonist and agonist with GRK inhibitor compound 19. Such cells were then used 
in immunocytochemical studies employing (A) hGPR35a-pSer300/pSer301 or (B) mGPR35- pSer298-
pSer301. In both (A) and (B) sections of this figure, samples were stained with Alexa Fluor 594 (HA) 
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(left panels) and Alexa Fluor 488 (pSer300/pSer301 and pSer298-pSer301) (right panels). Scale bar = 
10 μm. Representative images are shown. 

5.2.13 Alphafold models of GPR35-GRK selectivity indicate 

selective interactions with GRK5/6 

Overall, all of the investigations so far conducted, demonstrated important 

functions for GRK5 and 6, with little to no involvement of GRK2 and/or GRK3 in 

the phosphorylation of these particular sites or the interaction of hGPR35a with 

arrestins. To attempt to consider this at a more mechanistic and molecular level, 

I took the help of ‘Alphafold’ deep learning algorithm (Jumper et al., 2021, Mirdita 

et al., 2022) for prediction examination of GRK2, GRK3, GRK5, GRK6 with 

hGPR35a. From this predictive modelling of the interaction of human GPR35 with 

GRKs, it was clear that the extreme N-terminal region of GRK5 occupies the same 

methionine pocket on the intracellular face of hGPR35a that accommodates the 

Gα13 C-terminal helix (Duan et al., 2022). But in these models, while GRK6's N-

terminus overlaps with GRK5, GRK2 and GRK3 do not (Figure 5.25). Those models 

at least agree with the experimentally determined GRK-selectivity profile for 

GPR35. 
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Figure 5.25 Alphafold prediction shows distinct peptide positioning and alignment of GRK 
isoforms, consistent with receptor selectivity 
Alphafold modelling predicts distinct peptide positioning and alignment of GRK2 (orange) and GRK3 
(pink) isoforms compared to GRK5 (yellow) or GRK6 (grey), consistent with agonist induced GPR35 
selectivity. This artificial modelling prediction was carried out with the help of Dr. Tezz Quon. 

 

It is also evident from the summary table that GRK5 and/or GRK6 but not GRK2 

and/or GRK3 are essential to allow agonist-promoted GPR35-arrestin-3 interaction 

as well as phosphorylation. pEC50 and %Emax of lodoxamide in parental 293 cells, 

GRK KO, GRK2/3 KO and GRK5/6 KO cells are shown in the following table (Table 

5.1) 
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 Parental 293 GRK KO GRK 2/3 KO GRK 5/6 KO 

pEC50 

 

8.03 ±0.02 7.60±0.17 

P=0.07 

(ns) 

8.09±0.02 

P=0.97 

(ns) 

7.03±0.16 

P<0.01 

(**) 

%Emax 

 

100±0.01 11.83±4.16 

P<0.001 

(***) 

120.2±0.92 

P<0.01 

(**) 

16.89±1.81 

P<0.001 

(***) 

Table 5.1 Comparison of pEC50 and %Emax of lodoxamide at different cell lines in human 
GPR35a-arrestin-3 interactions 
pEC50 and %Emax of lodoxamide were compared at parental 293 and different GRK KO cell lines 
using BRET based human GPR35a-arrestin-3  recruitment assays. Results are expressed as mean 
± SEM of three individual experiments. Data were analysed by one-way ANOVA followed by 
Dunnett’s multiple comparisons test where the value for parental 293 cells was used as control. ns 
= non-significant, * p<0.05, ** p<0.01, ***p<0.001. 
 

5.3 Discussion 

Increasing amounts of data show that GPCR phosphorylation is a complicated 

process involving a variety of protein kinases that can phosphorylate the same 

receptor at various locations and that this leads to varied signalling effects (Tobin, 

2008). It has also long been understood that GRK family members play a crucial 

role in GPCR regulation and in fostering connections with arrestin adaptor proteins 

(Gurevich and Gurevich, 2019, Benovic, 2021, Sulon and Benovic, 2021). Despite 

this, there is little known about the nature of the GRKs that interact with and 

control specific receptors and phosphorylated residues. Additionally, it is yet 

unclear how the concept of phosphorylation "bar-coding" relates to the 

phosphorylation of certain serine and/or threonine residues within the 

intracellular parts of GPCRs. Nonetheless, this could explain why distinct cell 

types and tissues can exhibit diverse biological reactions to agonists (Butcher et 

al., 2011, Prihandoko et al., 2015). 

As GPR35 is a therapeutically important orphan GPCR and a potential target for 

lower gut inflammation to non-alcoholic steatohepatitis, gaining a comprehensive 

grasp of how GRK isoforms regulate GPR35 is essential. Although a significant 

variety of synthetic ligands, as well as the naturally occurring tryptophan 

metabolite kynurenic acid can activate this receptor, it is currently classified as 

an orphan GPCR (Quon et al., 2020, Milligan, 2023). Despite this, there is a great 

deal of interest in the idea that agonists of GPR35 could be useful in the treatment 

of ulcerative colitis and related disorders due to the protein's significant 
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expression in colon crypts and the obvious correlation between inflammatory 

diseases of the lower gut and a single nucleotide polymorphism that results in a 

T108M variation in transmembrane III of the protein (Quon et al., 2020). As 

multiple GRK isoforms are often routinely co-expressed and there is an obvious 

scarcity of well-characterised small molecules kinase inhibitors, a battery of 

complementary approaches including the creation of genome-edited cell lines 

devoid of expression of GRK2, GRK3, GRK5, and GRK6, the ubiquitously expressed 

GRK isoforms (Drube et al., 2022) and defining GRK selectivity by functional 

reconstitution, development and utilisation of both selective small molecule GRK 

inhibitors (Uehling et al., 2021, Varney et al., 2022), generation of phospho-site 

specific antisera that detect sites of regulated phosphorylation within GPR35 have 

been applied successfully (Divorty et al., 2022) for this therapeutically important 

receptor to highlight the contribution of specific GRK. 

In this chapter, it has been proven initially that contribution of one or more GRK 

isoforms is necessary for agonist-induced interactions between human GPR35a and 

arrestin proteins. Furthermore, the accessibility of 293-derived cell lines devoid 

of expression of different GRKs showed that, whereas the absence of both GRK5 

and GRK6 nearly completely removed agonist-induced receptor-arrestin 

associations, the removal of both GRK2 and GRK3 did not decrease such 

interactions. Furthermore, reconstitution tests using individual GRK isoforms were 

made possible by the GRK2/3/5/6 HEK293 cells, and these showed that GRK5 

and GRK6 were practically equally effective. Upon using ‘Alphafold’ deep learning 

algorithm (Jumper et al., 2021, Mirdita et al., 2022), molecular level and 

mechanistic analysis demonstrated that GRK5 and GRK6 interacted with hGPR35a 

strongly and effectively than GRK2 and GRK3 thus supporting our experimental 

findings. Even though compound 101 is a well-researched and well-proven 

selective inhibitor of GRK2 and GRK3 (Thal et al., 2011, Lowe et al., 2015), until 

recently, there have been few options available for selective small molecule 

inhibition of GRK5 and GRK6. The set of quinazoline-based inhibitors reported by 

(Uehling et al., 2021) has, however, provided a way to deal with this issue. In both 

immunoblotting and immunocytochemistry studies, Compound 19 and other 

compounds in this series successfully blocked the detection of agonist-mediated 

phosphorylation of the human and mouse orthologue by the hGPR35a 

pSer300/pSer303 antiserum and the equivalent mouse directed antiserum. They also 
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prevented agonist-induced interactions of human GPR35a with either arrestin-2 or 

arrestin-3. The established inhibitor molecule compound 101 was not effective 

either in inhibiting GPR35 phosphorylation and/or preventing receptor-arrestin 

interaction. 

To pinpoint the contribution of individual GRK in GPR35 phosphorylation, I 

reintroduced a single GRK at a time into GRK2/3/5/6 HEK293 cells. These GRKs 

were tagged with LgBiT at their N-terminal. To confirm the relative similar 

expression of each GRK, I used an anti-LgBiT monoclonal antibody. I also used GRK 

isoform directed antibody to detect the expression pattern of endogenous and 

transfected GRK in HEK 293 derived cell lines. 

To measure the direct involvement of GRK5 and GRK6 in human GPR35 

phosphorylation, I transiently introduced LgBiT-tagged forms of GRK2, GRK3, GRK5 

or GRK6, along with hGPR35a-HA, into GRK2/3/5/6 293 cells. Immunoblotting 

with anti-hGPR35a pSer300-pSer303 showed that the presence of GRK5 and, in 

particular, GRK6, enhanced the phosphorylation of these sites, but that GRK2 and 

GRK3 had no discernible impact. I also demonstrated that If cells had received 

compound 19 before agonist treatment, these effects would have been completely 

inhibited. 

One thing that needs to be mentioned is that compound 19 pre-treatment totally 

blocked the receptor's ability to be recognised by the phospho-site-specific 

antisera used following stimulation by an agonist, whereas pre-treatment with the 

GRK2/3 inhibitor compound 101 partially limited such recognition for both human 

GPR35a and mouse GPR35. This may seem contradictory given that compound 101 

has no impact on arrestin recruitment. Yet I do not have a clear explanation for 

this, as previously mentioned, there are 5 phospho-acceptor sites in the C-

terminal tail of human GPR35a (and indeed 9 in the C-terminal tail of mouse 

GPR35). Our group has previously demonstrated that all five residues in the human 

receptor can be phosphorylated in an agonist-dependent way, even though 

phosphorylation mediated by Ser303 is particularly crucial for interactions with 

arrestins (Divorty et al., 2022). In addition, it was found that after agonist 

treatment and subsequent phosphorylation, the antisera designed to recognise the 

receptor's unmodified C-terminal tail identified mouse GPR35 very poorly and 

human GPR35a less well. Hence, it is feasible that one or more of the additional 
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phospho-acceptor residues may be phosphorylated by GRK2/3, which may reduce 

the epitope's ability to be recognised by the pSer301/pSer303 antiserum. Indeed, 

the antigen used to generate the human antiserum (KAHKpSQDpSLCVTL) contains 

a further phospho-acceptor residue, whilst the mouse GPR35-directed 

pSer298/pSer301-GPR35 antiserum, was raised against the sequence 

TPHKpSQDpSQILSLT that contains an additional 2 phospho-acceptor residues. 

The recent investigations highlight how crucial GRK5 and GRK6 are for increasing 

the agonist-dependent phosphorylation of, at the very least, Ser300 and Ser303 in 

human GPR35a (and residues Ser298 and Ser301 in the mouse orthologue). These 

residues are crucial for the agonist-induced interaction of these GPR35 

orthologues with arrestins, according to mutational research also. However, it is 

crucial to note that all of the published investigations used HEK293-derived cells 

that were both wild type and genome-engineered. The idea that various kinases 

may stimulate various phosphorylation patterns in various cell types and tissues is 

beginning to take shape (Matthees et al., 2021) and It is now understood that, 

depending on the phosphorylation pattern, each of the widely expressed arrestin 

isoforms can interact with the same GPCR in a different way (Haider et al., 2022). 

The level of functional selectivity that results from this is likely to help explain 

why the same ligand-receptor combination can have distinct effects in various 

cells and tissues. The focus now needs to be on determining whether or if 

physiologically relevant tissues do produce this differential patterning and, if they 

do, what effects it might have on cell type and tissue function. 

Overall, the cell-based investigations conducted in this chapter demonstrated 

important functions for GRK5 and 6, with little to no involvement of GRK2 and/or 

GRK3 in the phosphorylation of these particular sites or the interaction of GPR35 

with arrestins. The findings of this chapter offer distinct and comprehensive 

insights into GPR35 modulation, a receptor that is currently generating significant 

interest as a potential new therapeutic target for conditions like ulcerative colitis. 
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6.1 Introduction 

G protein-coupled receptor kinases (GRKs) constitute a family of seven 

serine/threonine protein kinases that specifically recognise and regulate the 

phosphorylation of G protein-coupled receptors (GPCRs) in an agonist-dependent 

manner (Yang et al., 2017, Ribas et al., 2007). These GPCR kinases (GRK1 to GRK7) 

are also known as second messenger-independent kinases. GRK-mediated receptor 

phosphorylation is one of the well-characterised mechanisms for GPCR 

desensitisation. Receptor phosphorylation triggers the binding of arrestin 

proteins, which arrest the G protein dependent signalling, leading to rapid 

homologous desensitisation (Ribas et al., 2007). Recruitment of arrestin to the 

phosphorylated GPCRs frequently represents an early event in GPCR 

internalisation from the cell surface. Most commonly GPCR internalisation involves 

recruitment of the main components of the endocytic machinery of the coated 

pit, clathrin and clathrin adaptor AP-2. The internalised receptor is deactivated 

by the loss of agonist in the acidic environment of the endosome. This facilitates 

arrestin dissociation, which makes receptor-attached phosphates accessible for 

the phosphatases allowing the receptor to be recycled back to the plasma 

membrane and reused. Apart from this role, arrestin can also induce G protein-

independent signalling like agonist-regulated mitogen-activated protein kinase 

(MAPK) scaffolds (Gurevich and Gurevich, 2019, Calebiro and Godbole, 2018) 

which has gained renewed interest within the scientific community. 

GRKs are serine/threonine protein kinases that belong to the AGC kinase 

superfamily. GRKs share a modular structure where a central catalytic domain sits 

within a regulator of G protein signalling homology (RH) domain that is surrounded 

by a short N-terminal α-helical domain and a variable C-terminal lipid-binding 

region (Komolov and Benovic, 2018). This fundamental structure is conserved in 

all GRKs. The GRKs can be classified into three main groups based on sequence 

homology: visual GRK or rhodopsin kinase subfamily (GRK1 and GRK7), GRK2 or 

the β-adrenergic receptor kinases subfamily (GRK2 and GRK3) and the GRK4 

subfamily (GRK4, GRK5 and GRK6). All these kinases have certain characteristics 

in common, but they are all distinct enzymes with specific regulatory properties. 

GRK2, 3, 5 and 6 are ubiquitously expressed in mammalian tissues, whereas GRK1, 

4 and 7 are confined to specific organs. GRK1 and 7 are expressed in retinal rods 

and cones, respectively, and GRK4 is present in the testis, cerebellum, and kidney 
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(Gurevich and Gurevich, 2019, Ribas et al., 2007, Sallese et al., 1997). Among all 

the GRKs, four of them are membrane anchored, namely GRK1 and GRK7 where 

the C-terminal region mediates membrane localisation by prenylation and GRK4 

and GRK6, which are post-translationally palmitoylated by the C-terminal lipid-

binding region leading to a constitutive membrane associated localisation (Figure 

6.1). It is also worth mentioning that GRK4 and GRK6 are expressed as multiple 

splice-variant forms that can lead to a different structural domain organisation. 

GRK2 and GRK3 are recruited directly through their pleckstrin homology (PH) 

domain in the C-terminal, which binds the Gβγ dimer and membrane phospholipid 

PIP2 and are thus made accessible following G protein activation and dissociation 

(Figure 6.1). As GRK2 and 3 are cytosolic proteins, these specific interactions 

usually help to maintain a membrane-bound population of GRK2 prior to the 

agonist-dependent overt GRK2 translocation (Penela et al., 2003). GRK5 is also 

membrane-associated through a PIP2 binding domain present on its N-terminus 

and binds phospholipids constitutively via its carboxy terminal domain. Recently, 

it has been observed that GRK5 contains an amphipathic helix membrane binding 

domain located in its C-terminal region, which is vital for its function and proper 

localisation at the membrane (Ribas et al., 2007, Palmer et al., 2022, 

Thiyagarajan et al., 2004). 

 

Figure 6.1 Architecture of GRKs 
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Based on sequence homology, GRKs are divided into 3 subfamilies and composed of two main 

domains, regulator of G protein signalling homology domain (RH) and catalytic domains. The first 20 

residues of the αN-helix, which connects the N and C lobes of the catalytic domain, have a regulatory 

function. The C-terminal fragment mediates the membrane localisation of GRKs. Two polybasic 

areas are present at the N- and C-termini of the GRK4 subfamily, and GRK5 depends on these 

regions to interact with negatively charged phospholipids. The PH domain of GRK2 and GRK3 

interacts with Gβγ subunits and acidic phospholipids. The idea of the figure was adopted from 

(Komolov and Benovic, 2018).This figure was created with BioRender.com. 

 

In addition to phosphorylation and regulation of GPCRs, GRKs have already proven 

themselves as potential therapeutic targets in diseases, with studies from the 

Tesmer and Koch groups highlighting the importance of GRK2 in cardiovascular 

disease. They particularly showed a clear insight that paroxetine-mediated 

inhibition of GRK2 could improve cardiovascular signalling and function in a mouse 

model of heart failure (Schumacher et al., 2015). GRKs also influence physiological 

and pathological systems due to their role in receptor signalling and trafficking 

pathways for example, GRK5 can act as a cytoprotective in the regulation of 

protease activated receptor-1 (PAR1). In this case, GRK5 mediates arrestin-biased 

signalling in endothelial cells that is crucial for cytoprotection (Sulon and Benovic, 

2021). GRK5 has also a vital role in pathological cardiac hypertrophy where GRK5 

interacts with calmodulin that results in nuclear translocation associated with 

cardiac hypertrophy (Gold et al., 2013). GRK5 also contributes to pathological 

cardiac hypertrophy by activating the nuclear factor of activated T cells 

transcription factor in a phosphorylation independent manner by direct 

interaction (Gurevich and Gurevich, 2019). 

The engagement of GRKs and subsequent interaction with the isoforms of arrestin 

are mandatory and crucial for agonist mediated phosphorylation of most of the  

GPCRs (Gurevich and Gurevich, 2019). These effector proteins (seven GRKs and 

four arrestins) are limited in number, but they can regulate around 800 members 

of the GPCR family (Palmer et al., 2022). Although it is well accepted in the 

scientific arena about the key roles of GRKs in the phosphorylation and regulation 

of many G protein-coupled receptors (GPCRs), the precise role of distinct GRKs 

has frequently been inadequately investigated and characterised (Sulon and 

Benovic, 2021). The routine co-expression of multiple GRK isoforms and the 

constrained selection of well-studied small molecule inhibitors of particular GRKs 

or subsets of the larger group have both contributed to this. The accurate 

identification of phosphorylation sites and linking this to the activity of specific 
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GRKs, or other protein kinases, as well as the control of specific physiological 

responses, represent significant hurdles. Using mass spectrometry-based phospho-

proteomics, our group has already overcome this difficulty by enabling the rational 

design of receptor phospho-site specific antibodies (Marsango et al., 2022, Divorty 

et al., 2022).  

GPR35 is a therapeutically important orphan GPCR which is a potential target for 

lower gut inflammation to non-alcoholic steatohepatitis (Quon et al., 2020). The 

relatively short intracellular C-terminal tail of GPR35 contains a cluster of sites of 

agonist-induced phosphorylation, which have been mapped using a combination 

of mass spectrometry, [32P]labelling, and mutagenesis (Divorty et al., 2022). These 

investigations demonstrated that phosphorylation of Ser300 and Ser303 in human 

GPR35a and of the equivalent residues in the mouse and rat orthologues were key 

to effective interactions of the receptor with arrestin-3. Additionally, agonist 

dependence was nearly solely responsible for the phosphorylation of these 

residues. To further pinpoint the contribution of an individual or a group of GRKs 

in GPR35 phosphorylation, I used combinations of GRK subtype knock-out cell lines 

(Drube et al., 2022) and reconstitution of function with individual GRKs, a pSer300-

pSer303 human GPR35a directed antiserum and a group of selective small molecule 

GRK inhibitors (Uehling et al., 2021) and finally demonstrated that GRK5 and 6 are 

the key mediators of both the phosphorylation of Ser300 and Ser303 in human GPR35 

and of the effective interactions of this receptor with arrestins, a process directly 

related to receptor internalisation (Chapter 5). Although all these new tools and 

novel techniques have aided a lot in the investigation of the contribution of a 

single or multiple GRKs for GPR35 phosphorylation, a standardised method is still 

required to clearly and methodically explain the GPR35-GRK interaction pattern. 

In this case, the split nanoluciferase based complementation assay has been 

employed for direct and systematic profiling of GPR35-GRK interaction. 

6.1.1 Aims 

As the important role of GRK5 and 6 in the regulation of GPR35 by particularly 

phosphorylating Ser300 and Ser303 in human GPR35a and subsequent interaction 

with the arrestin protein have been validated in Chapter 5, I finally wished to 

explore potential GPR35-GRK interactions more directly. To do so, I took 

advantage of the split nanoluciferase based complementation technology. 
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Basically, it is a protein-protein interaction assay where nanoluciferase (Nluc) 

recombines quickly and produces a strong luminescent signal upon supplemented 

with the corresponding substrate (Dixon et al., 2016). The fundamental design of 

this split nanoluciferase technique is that GRK is N-terminally or C-terminally 

tagged with a fragment of the Nanoluciferase (NLuc) enzyme, coined the LgBiT 

fragment (18 kDa), while the GPCR of interest is C-terminally tagged with the 

complementary 11-residue fragment, namely the SmBiT tag (Palmer et al., 2022). 

The LgBiT and SmBiT subunits are expressed as fusions to target proteins of 

interest and have each been independently optimised for stability and minimum 

self-association (Dixon et al., 2016). Target protein interaction makes it easier for 

subunit complementation to recreate a bright, luminescent enzyme (Figure 6.2). 

This complementation, which is completely reversible, enables the monitoring of 

protein attachment and dissociation across a wide dynamic range. To replicate 

this principle in GPR35, I generated a form of GPR35 which was C-terminally fused 

with the 11 amino acid small BiT (SmBiT) fragment of the NanoBiT® 

complementation technology. Upon co-expression of such a form of a receptor 

and a LgBiT-tagged form of a GRK, generation of luminescence upon addition of 

an appropriate substrate is consistent with NanoBiT complementation and, by 

extension, the proximity of the proteins linked to the corresponding SmBiT and 

LgBiT fragments (Palmer et al., 2022). The main aims of this chapter were: 

To investigate the direct interaction between human and mouse GPR35 (wild type) 

with different GRKs using different parental 293 derived cell lines 

To assess the systematic interaction between the phosphorylation deficient 

version of human and mouse GPR35 (PDM) with different GRKs 

To investigate the signalling of GRK6 and GRK5 (particularly) with GPR35 by 

mutating some amino acids or truncating some portions to alter the plasma 

membrane localisation of GRK5 

To particularly assess the pre-coupling behaviour and membrane-anchored nature 

of GRK5 

To establish the significant contribution of GRK5 (compared to other GRKs) for 

interaction with GPR35 and support the findings obtained from chapter 5 
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Figure 6.2 Generation of strong luminescence signal following structural complementation of 

two protein subunits 

Here, protein A and protein B were fused with LgBiT and SmBiT respectively. LgBiT and SmBiT's 

structural complementation as a result of the interaction between the two fusion proteins creates an 

active enzyme with a strong, luminous signal. This figure was created with BioRender.com. 

6.2 Results 

6.2.1 Investigating the interaction between human GPR35 with 
GRKs 

6.2.1.1 Assessment of interaction between hGPR35-SmBiT and GRK 2,3,5 and 

6-LgBiT in GRK2/3/5/6 293 cells 

The human GPR35 gene is located on chromosome 2 and can be expressed as 

several transcripts resulting from differential promoter usage and alternative 

splicing (Schihada et al., 2022). The human GPR35 gene can be transcribed and 

translated into three variants. Variants 2 and 3 both encode the same longer 

isoform, GPR35b, which varies from GPR35a by an additional N-terminal extension 

of 31 amino acids. As a result, GPR35b has a longer extracellular domain but is 

otherwise identical in sequence (Quon et al., 2020). As I already know from the 

previous chapter, hGPR35 is phosphorylated mainly by GRK5 and GRK6; I attempt 

to investigate the direct and systematic interactions between hGPR35 and 

different GRKs. Since hGPR35 has two isoforms (hGPR35a and hGPR35b), 

experiments were conducted using both isoforms of hGPR35 with SmBiT tag at the 

C-terminal and different ubiquitously expressed GRKs with LgBiT tag at the N-

terminal. 

When I transiently expressed either LgBiT-tagged GRK2 or GRK3 with hGPR35a-

SmBiT into GRK2/3/5/6 293 cells, basal luminescence was low. By contrast, basal 
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luminescence following co-expression of the receptor with LgBiT-tagged forms of 

GRK5 or GRK6 was substantially higher (Figure 6.3A(i)). This is consistent with 

either a level of pre-coupling of the receptor with GRK5 and GRK6 or a ‘bystander’ 

effect produced because GRK5 and GRK6 are intrinsically targeted to the plasma 

membrane (Thiyagarajan et al., 2004). In the case of both GRK2 and GRK3, 

luminescence was increased modestly, in a concentration-dependent manner, by 

the addition of GPR35 agonist lodoxamide with pEC50 = 7.9 for GRK2 and 7.8 for 

GRK3 (Figure 6.3A(i)).  By contrast, for GRK6 and, particularly, GRK5, a marked 

and concentration-dependent reduction of luminescence was produced upon the 

addition of lodoxamide, with pEC50 = 8.18 for GRK5 (Figure 6.3 A(i)). These initial 

high basal signals may be because of pre-coupling of hGPR35a with GRK5 and GRK6 

and subsequent signal reduction may be due to disruption of such interactions with 

increasing concentration of agonist. 

Upon addition of indicated concentration of GRK2/3 inhibitor, compound 101 (3-

[[[4-methyl-5-(4-pyridyl)-4H-1,2,4-triazole-3-yl] methyl] amino]-N-[2-

(trifuoromethyl) benzyl] benzamidehydrochloride) for 30 min followed by a fixed 

concentration of lodoxamide (100 nM, 5 min), the luminescence was not altered 

significantly for GRK2 and GRK3 compared to luminescence generated by 

lodoxamide only (Figure 6.3A(ii)). This may be because of the ATP-competitive 

nature of the kinase inhibitors (Vulpetti and Bosotti, 2004) and compound 101 

indeed does not antagonise the action of GPR35 agonist lodoxamide. But 

interestingly and surprisingly, following treatment with indicated concentration 

of GRK5/6 inhibitor, compound 19 ((S)-N2-(1-(5-chloropyridin-2-yl) ethyl)-N4-(5-

ethyl-1H-pyrazol-3-yl)-5-methoxyquinazoline-2,4-diamine) for 30 min followed by 

a fixed concentration of lodoxamide (100 nM, 5 min), the luminescence was 

increased significantly for GRK5 and at a modest level for GRK6 (Figure 6.3 A(ii)) 

compared to luminescence generated by lodoxamide only which were actually 

concentration-dependent reduction of signal. Again, this may be because of the 

inherent characteristic of the kinase inhibitor. As compound 19, a GRK5/6 

inhibitor competes with ATP, it shows no antagonism with lodoxamide. By 

carefully analysing, it was found that the increasing trend of luminescence by 

different concentrations of compound 19 for GRK5 and GRK6 is obvious. The curve 

seems to be of an opposite pattern of the lodoxamide curve for GRK5 and GRK6 

only because they are pre-coupled initially and then there is the occurrence of 
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ligand mediated disruption of such interactions. If there is no incidence of pre-

coupling, then it is anticipated that the concentration curve of compound 19 will 

be almost similar to the lodoxamide curve. 

 

Figure 6.3 Assessment of direct interaction between hGPR35-SmBiT and GRK 2,3,5 and 6- 

LgBiT in GRK2/3/5/6 293 cells using NanoBiT complementation technology 

GRK2/3/5/6 cells were transfected to co-express either (A) hGPR35a-SmBiT and (B) hGPR35b- 

SmBiT and GRK 2 (red circles),3 (blue circles),5 (green circles) and 6 (orange circles) each tagged 
with LgBiT. (i) Cells were exposed to the indicated concentrations of lodoxamide for 5 min and after 
substrate addition luminescence was measured. (ii) Prior to the addition of lodoxamide (100 nM, 5 
min) cells were pre-treated for 30 min with varying concentrations of either compound 19 (GRK5 and 
GRK6) or compound 101 (GRK2 and GRK3). Data are presented as % of the effect of lodoxamide 
(300 nM) in GRK3 co-transfected cells. The experiment was performed once only (n=1). 
 

Studies akin to the Figure 6.3A, GRK recruitment assay were undertaken 

employing long isoform of human GPR35 or hGPR35b. Here again, upon transient 

transfection of either LgBiT-tagged GRK2 or GRK3 with hGPR35b-SmBiT into 

GRK2/3/5/6 293 cells, basal luminescence was low initially and then 

luminescence was increased modestly, in a concentration-dependent manner, by 

addition of GPR35 agonist lodoxamide with pEC50 = 7.8 for GRK2 and 7.7 for GRK3 

(Figure 6.3B(i)). On the other hand, after co-expression of the receptor hGPR35b-

SmBiT with LgBiT-tagged versions of GRK5 or GRK6, basal luminescence was 

noticeably increased, but the addition of lodoxamide resulted in a significant and 

concentration-dependent reduction of luminescence for GRK6 and, particularly 

GRK5 pEC50 = 8.13 (Figure 6.3B(i)). 
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The luminescence for GRK2 and GRK3 was not significantly changed after adding 

the prescribed concentration of GRK2/3 inhibitor, compound 101, for 30 min, 

followed by a fixed concentration of lodoxamide (100 nM, 5 min) (Figure 6.3B(ii)). 

However, intriguingly, and unexpectedly, the luminescence was significantly 

increased for GRK5 and at a modest level for GRK6 upon the addition of the 

indicated concentration of GRK5/6 inhibitor, compound 19, for 30 min followed 

by a fixed concentration of lodoxamide (100 nM, 5 min) (Figure 6.3B(ii)), as 

opposed to luminescence generated by lodoxamide alone, which were 

concentration-dependent reductions of the signal. We anticipate the same 

molecular process is replicated here like Figure 6.3A. 

It is worth mentioning that raw luminescence values were significantly lower when 

the assays were done with hGPR35b compared to hGPR35a. 

The key results of lodoxamide induced interaction between hGPR35 isoforms and 

different GRKs are shown in the following table (Table 6.1). 

%Emax 

 

hGPR35a hGPR35b 

GRK2 87.86 107.6 

GRK3 100 100 

GRK5 352.2 280.8 

GRK6 Variable 147.3 

Table 6.1 Comparison of lodoxamide induced interaction between hGPR35 isoforms and 

different GRKs in GRK2/3/5/6 293 cells using NanoBiT complementation technology 
%Emax of lodoxamide was compared after hGPR35a-SmBiT and hGPR35b-SmBiT were co-

expressed with GRK2, 3, 5 and 6 in GRK2/3/5/6 293 cells. Data are presented as % of the effect of 
lodoxamide (300 nM) in GRK3 co-transfected cells. The experiment was performed once only (n=1). 

 

6.2.1.2 Assessment of interaction between hGPR35-SmBiT and GRK 2,3,5 and 
6-LgBiT in parental 293 cells 

All the experiments in the previous sections 6.2.1.1, were conducted in parental 

293 derived cell lines that were genome edited to lack expression of all the 

ubiquitously expressed GRKs such as GRK2,3,5 and 6. The aim of using this genome 

edited cell line was to pinpoint the interaction between introduced GRK and 

hGPR35 without the effects of ubiquitously expressed endogenous GRKs. As the 

main principle of the protein sub-unit system is the complementation of the two 

sub-units and generation of luminescence upon the addition of an appropriate 
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substrate, the proximity of the proteins linked to the corresponding SmBiT and 

LgBiT fragments is the key. For this reason, I attempted to replicate the same 

series of experiments of Figure 6.3 in parental HEK 293 cells. 

Here in parental HEK 293 cells, all universally expressed GRK2,3,5 and 6 tagged 

with LgBiT were co-transfected with either hGPR35a-SmBiT (Figure 6.4A(i)) or 

hGPR35b-SmBiT (Figure 6.4B(i)). The same pattern of the lodoxamide curve was 

found in parental cells compared to GRK2/3/5/6 293 cells for both isoforms of 

hGPR35. pEC50 value of lodoxamide were 7.9 for GRK2, 7.9 for GRK3, 8.4 for GRK5 

and 8.9 for GRK6 when they were complemented with hGPR35a. Again, the pEC50 

value of lodoxamide were 7.8 for GRK2, 7.9 for GRK3, 8.5 for GRK5 and 8.4 for 

GRK6 when they were complemented with hGPR35b. Although the nature of 

agonist response was similar, the raw luminescence values were significantly 

lower in HEK 293 cells compared to genome edited cells. These may be because 

of the possible interference of the endogenous kinase to the introduced GRKs. 

Upon addition of inhibitor compounds 101 or 19 for 30 min, followed by a fixed 

concentration of lodoxamide (100 nM, 5 min) the pattern of curve was similar in 

parental cells compared to GRK2/3/5/6 293 cells for both hGPR35a (Figure 

6.4A(ii)) and hGPR35b (Figure 6.4B(ii)) although in comparison to genome edited 

knock-out cells, the raw luminescence values in HEK 293 cells were much lower. 
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Figure 6.4 Interaction between hGPR35-SmBiT and GRK 2,3,5 and 6-LgBiT in parental HEK 

293 cells 

Parental HEK293 cells were transfected to co-express either (A) hGPR35a-SmBiT and (B) hGPR35b 
-SmBiT and GRK 2 (red circles),3 (blue circles),5 (green circles) and 6 (orange circles) each tagged 
with LgBiT. (i) Cells were exposed to the indicated concentrations of lodoxamide for 5 min and after 
substrate addition luminescence was measured. (ii) Prior to the addition of lodoxamide (100 nM, 5 
min) cells were pre-treated for 30 min with varying concentrations of either compound 19 (GRK5 and 
GRK6) or compound 101 (GRK2 and GRK3). Data are presented as % of the effect of lodoxamide 
(300 nM) in GRK3 co-transfected cells. The experiment was performed once only (n=1). 

6.2.2 The effects of phosphorylation on human GPR35 interaction 
with GRKs 

6.2.2.1  Measurement of interaction between hGPR35a PDM-SmBiT and GRK 

2,3,5 and 6-LgBiT in GRK2/3/5/6 293 cells 

From my observations in the previous sections, I have found that the GRK5 and 

GRK6 recruitment profile with both isoforms of human GPR35 in parental 293 cells 

or genome edited GRK2/3/5/6 cells followed an agonist concentration-

dependent reduction of luminescence. To investigate the potential reason for this 

signal reduction, an attempt was made to generate the phosphorylation deficient 

version of the hGPR35a construct, which is known as hGPR35a PDM-SmBiT. Here, 

all 5 potential phosphorylation sites in the C-terminal tail of hGPR35a had been 

mutated to alanine. The idea behind this generation of phosphorylation deficient 

mutant of hGPR35a (hGPR35a PDM-SmBiT) came from the initial thought that 

reduction of the signal by GRKs, specially by GRK5 is due to internalisation and, 

therefore, phosphorylation of the receptor. 
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In this assay, as usual and expected basal luminescence was low when LgBiT- 

tagged GRK2 or GRK3 was transiently expressed in GRK2/3/5/6 293 cells with 

hGPR35a PDM-SmBiT and then luminescence was increased modestly and 

gradually, in a concentration-dependent manner, by addition of GPR35 agonist 

lodoxamide with pEC50 = 8.3 for GRK2 and 8.1 for GRK3. In the case of the 

interaction of hGPR35a PDM-SmBiT with GRK5 and GRK6, our expectation was that 

the luminescence signal would not be reduced. Surprisingly, I found a similar 

scenario of the previous section. Here, the basal luminescence was considerably 

raised after co-expression of the receptor hGPR35a PDM-SmBiT with LgBiT-tagged 

copies of GRK5 or GRK6, while the addition of lodoxamide caused a large and 

concentration-dependent reduction of luminescence for GRK5 and modestly for 

GRK6 with pEC50 = 8.5 for GRK5 and 8.4 for GRK6 (Figure 6.5(i)). As the result of 

the phosphodeficient version of the receptor was similar to the wild type, so I 

could preliminarily claim that phosphorylation has really no significant 

contribution in GRKs recruitment assay, at least in this setting. One possible 

explanation of this finding is that in the phosphorylation deficient version of 

hGPR35a, amino acids (serine and threonine) in the C-terminal chain have been 

mutated to alanine only. But from my recent study (Ganguly et al., 2023), when I 

predicted the GPR35-GRK interaction using the ‘Alphafold’ deep learning 

algorithm (Jumper et al., 2021, Mirdita et al., 2022), this approach suggests that 

GRK5 and GRK6's extreme N-terminal regions reside in the same methionine 

pocket as the Ga13 C-terminal helix (Duan et al., 2022). 

The pattern of the curve was identical in hGPR35a PDM-SmBiT transfected 

GRK2/3/5/6 293 cells in comparison to hGPR35a SmBiT transfected GRK2/3/5/6 

cells after the addition of inhibitor compounds 101 or 19 for 30 min, followed by 

a fixed concentration of lodoxamide (100 nM, 5 min) (Figure 6.5(ii)). 
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Figure 6.5 Interaction between hGPR35a PDM-SmBiT and GRK 2,3,5 and 6 LgBiT in 

GRK2/3/5/6 293 cells 

GRK2/3/5/6 cells were transfected to co-express hGPR35a PDM-SmBiT and GRK 2 (red circles),3 

(blue circles),5 (green circles) and 6 (orange circles) each tagged with LgBiT. (i) Cells were exposed 
to the indicated concentrations of lodoxamide for 5 min and after substrate addition luminescence 
was measured. (ii) Prior to the addition of lodoxamide (100 nM, 5 min), cells were pre-treated for 30 
min with varying concentrations of either compound 19 (GRK5 and GRK6) or compound 101 (GRK2 
and GRK3). Data are presented as % of the effect of lodoxamide (300 nM) in GRK3 co-transfected 
cells. The experiment was performed once only (n=1). 

6.2.2.2 Measurement of interaction between hGPR35a-SmBiT and GRK 2,3,5 
and 6-LgBiT in parental 293 cells genome edited to lack expression of 
both arrestin-2 and arrestin-3 

As depicted from the previous result, using a phosphorylation deficient mutant of 

GPR35, hGPR35a PDM SmBiT was unsuccessful in reversing the signal reduction of 

GRK5 (particularly) and GRK6 also. From my previous knowledge and literature 

search, I conducted the experiment in parental 293 cells that have been genome 

edited to lack expression of both arrestin-2 and arrestin-3. As there is some 

evidence (Sánchez-Fernández et al., 2013) that a totally phosphorylation deficient 

mutant of the receptor could still recruit arrestin protein and thereby can be 

internalised, so in this case, again, I took an effort to transfect LgBiT-tagged 

GRK2/3/5 and 6 with SmBiT-tagged hGPR35a in arrestin-2 and arrestin-3 knock-

out cell lines and thereby eliminating every possibility of phosphorylation, 

internalisation and therefore signal reduction. When GRK2 and GRK3 with LgBiT-

tagged were co-transfected with SmBiT-tagged hGPR35a in a genome edited cell 

line, the initial luminescence value was low as usual and the addition of the GPR35 

agonist lodoxamide, with pEC50 values of 7.2 for GRK2 and 7.5 for GRK3, 

moderately and gradually increased luminescence in a concentration-dependent 

manner. After this, when the receptor hGPR35a-SmBiT with copies of GRK5 or 

GRK6 that were LgBiT-tagged, were co-expressed in arrestin-2 and arrestin-3 

knock-out cell lines, the basal luminescence was again noticeably increased for 

GRK5 and moderately for GRK6; however, the addition of lodoxamide resulted in 
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a significant and concentration-dependent reduction of luminescence for GRK5 

and moderately for GRK6 with pEC50 = 7.9 for GRK5 and 7.7 for GRK6 (Figure 

6.6(i)). 

Comparing the hGPR35a-SmBiT transfected to arrestin-2 and arrestin-3 knock-out 

cell lines to hGPR35a PDM-SmBiT transfected to GRK2/3/5/6 cells, the curve 

pattern was identical after the addition of inhibitor compounds 101 or 19 for 30 

min, followed by a fixed concentration of lodoxamide (100 nM, 5 min) (Figure 

6.6(ii)). 

 

Figure 6.6 Measurement of interaction between hGPR35a-SmBiT and GRK 2,3,5 and 6-LgBiT 

in parental 293 cells that have been genome edited to lack expression of both arrestin-2 and 

arrestin-3 

Arrestin-2 and arrestin-3 knock-out cells were transfected to co-express hGPR35a-SmBiT and GRK 
2 (red circles),3 (blue circles),5 (green circles) and 6 (orange circles) each tagged with LgBiT. (i) 
Cells were exposed to the indicated concentrations of lodoxamide for 5 min and after substrate 
addition, luminescence was measured. (ii) Prior to the addition of lodoxamide (100 nM, 5 min) cells 
were pre-treated for 30 min with varying concentrations of either compound 19 (GRK5 and GRK6) 
or compound 101 (GRK2 and GRK3). Data are presented as % of the effect of lodoxamide (300 nM) 
in GRK3 co-transfected cells. The experiment was performed once only (n=1). 

6.2.2.3 Interaction between hGPR35a-SmBiT and hGPR35a PDM-SmBiT with 

GRK 2,3,5 and 6-LgBiT (C orientations) in GRK2/3/5/6 293 cells 

It is already known that in the NanoBiT® complementation technology, the GPCR 

of interest is C-terminally tagged with the complementary 11-residue fragment, 

referred to as the SmBiT tag, while GRK is N-terminally or C-terminally tagged 

with a fragment of the Nanoluciferase (NLuc) enzyme, dubbed the LgBiT fragment 

(18 kDa) (Palmer et al., 2022). I have so far used the GRKs with LgBiT at the N-

terminal in every experiment. Although the above groups mention that GRK with 

N-terminal LgBiT provides the highest specific signal to background readouts, I 

took a chance to test the other orientation of LgBiT. In this experiment, I used 

LgBiT-tagged GRK2/3/5 and 6 at the C-terminal with SmBiT-tagged hGPR35a also 

at the C-terminal.  
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When I transiently expressed either LgBiT-tagged at the C-terminal of GRK2 or 

GRK3 with hGPR35a-SmBiT into GRK2/3/5/6 293 cells, there was almost no 

luminescence or signal across the entire concentration range of agonist 

lodoxamide. By contrast, basal luminescence following co-expression of the 

receptor with LgBiT-tagged (C-terminal) forms of GRK5 or GRK6 was substantially 

higher, however, the inclusion of lodoxamide produced a moderate concentration-

dependent reduction of luminescence for GRK5 and GRK6 with pEC50 = 8.7 for 

GRK5 and 8.9 for GRK6 (Figure 6.7A). The most interesting observation found from 

this experiment is that the raw luminescence signal is greater for GRK6 than GRK5 

but in our all-previous sets of experiments, the signal of GRK5 always outcompetes 

GRK6. These phenomena occurred may be because of the conformational change 

of the LgBiT fragments in GRKs. 

Like Figure 6.7A, now I was interested in utilising hGPR35a PDM-SmBiT instead of 

hGPR35a-SmBiT. Here, when GRK2/3/5/6 293 cells transfected with either 

LgBiT-tagged at C-terminal of GRK2 or GRK3 with hGPR35a PDM-SmBiT, again for 

the full spectrum of agonist lodoxamide concentrations, there was almost no 

luminescence or signal. In contrast, basal luminescence following co-expression 

of the receptor with LgBiT-tagged (C-terminal) forms of GRK5 or GRK6 was 

significantly higher. However, the inclusion of lodoxamide produced a moderate 

concentration-dependent reduction of luminescence for GRK5 and GRK6, with 

pEC50 = 7.9 for GRK5 and pEC50 = 8.0 for GRK6 (Figure 6.7B(i)). 

There was almost no luminescence or signal for GRK2 and GRK3 again after adding 

the prescribed concentration of GRK2/3 inhibitor, compound 101, for 30 min, 

followed by a fixed concentration of lodoxamide (100 nM, 5 min) (Figure 6.7B (ii)). 

However, the luminescence was significantly increased for GRK6 and at a modest 

level for GRK5 upon the addition of the indicated concentration of GRK5/6 

inhibitor, compound 19, for 30 min followed by a fixed concentration of 

lodoxamide (100 nM, 5 min) (Figure 6.7B (ii)). 
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Figure 6.7 Measurement of interaction between hGPR35a-SmBiT and hGPR35a PDM-SmBiT 

with GRK 2,3,5 and 6-LgBiT (C orientations) in GRK2/3/5/6 293 cells 

GRK2/3/5/6 cells were transfected to co-express (A) hGPR35a-SmBiT and (B) hGPR35a PDM-

SmBiT and GRK 2 (red circles),3 (blue circles),5 (green circles) and 6 (orange circles) each tagged 
with LgBiT (C orientations). (A) and (B) (i) Cells were exposed to the indicated concentrations of 
lodoxamide for 5 min and after substrate addition luminescence was measured. (B) (ii) Prior to 
addition of lodoxamide (100 nM, 5 min) cells were pre-treated for 30 min with varying concentrations 
of either compound 19 (GRK5 and GRK6) or compound 101 (GRK2 and GRK3). Data are presented 
as % of the effect of lodoxamide (300 nM) in GRK6 co-transfected cells. The experiment was 
performed once only (n=1). 

 

6.2.2.4 Investigation of interaction between hGPR35a-SmBiT with GRK 2,3,5 
and 6-LgBiT in HEK 293 cells genome edited to lack expression of G-
proteins 

After trying with phosphodeficient versions of hGPR35a, using cell line genome 

edited to lack expression of arrestin-2 and arrestin-3, or trying with different 

orientations of LgBiT, there was still signal reduction for GRK5 and GRK6. I then 

attempted to use the concept of using a parental 293 derived cell line that is 

genome edited to lack expression of Gq, G11, G12 and G13. The original concept is 

that for some receptors, for example, angiotensin II type-2 receptor (AT1R), 

GRK5/6 availability for ligand-bound AT1R is negatively regulated by Gq, a family 

of heterotrimeric G-protein. Upon pharmacological inhibition or genetic loss of 

Gq, GRK5 and GRK6 signals increase rather than decrease (Kawakami et al., 2022). 
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In this assay, upon transient transfection of either LgBiT-tagged GRK2 or GRK3 

with hGPR35a-SmBiT into Gq/11/12/13 cells, basal luminescence was low initially 

and then luminescence was increased modestly, in a concentration-dependent 

manner, by addition of GPR35 agonist lodoxamide with pEC50 = 6.9 for GRK2 and 

7.8 for GRK3 (Figure 6.8(i)). On the other hand, after co-expression of the receptor 

hGPR35a-SmBiT with LgBiT-tagged versions of GRK5 or GRK6, basal luminescence 

was noticeably increased, but the inclusion of lodoxamide produced a significant 

and concentration-dependent reduction of luminescence for GRK6 (pEC50 = 8.5) 

and, particularly, GRK5 (pEC50 = 8.3) (Figure 6.8(i)). So, from this experiment, it 

was clear that even after using Gq/11/12/13 cells, there are still signal reductions 

of GRK5 and GRK6. 

The luminescence for GRK2 and GRK3 was not significantly changed after adding 

the prescribed concentration of GRK2/3 inhibitor, compound 101, for 30 min, 

followed by a fixed concentration of lodoxamide (100 nM, 5 min) (Figure 6.8(ii)). 

However, the luminescence was significantly increased for GRK5 and at a modest 

level for GRK6 upon the addition of the indicated concentration of GRK5/6 

inhibitor, compound 19, for 30 min followed by a fixed concentration of 

lodoxamide (100 nM, 5 min) (Figure 6.8(ii)). 

 

 

Figure 6.8 Interaction between hGPR35a-SmBiT and GRK 2,3,5 and 6-LgBiT in parental 293 

cells that have been genome edited to lack expression of Gq, G11, G12 and G13 

Gq/11/12/13 cells were transfected to co-express hGPR35a SmBiT and GRK 2 (red circles),3 (blue 

circles),5 (green circles) and 6 (orange circles) each tagged with LgBiT. (i) Cells were exposed to 
the indicated concentrations of lodoxamide for 5 min and after substrate addition luminescence was 
measured. (ii) Prior to the addition of lodoxamide (100 nM, 5 min) cells were pre-treated for 30 min 
with varying concentrations of either compound 19 (GRK5 and GRK6) or compound 101 (GRK2 and 
GRK3). Data are presented as % of the effect of lodoxamide (300 nM) in GRK3 co-transfected cells. 
The experiment was performed once only (n=1). 
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6.2.3 Investigating the interaction between human GPR35 with 
GRKs using partial agonist 

6.2.3.1 Assessment of interaction between hGPR35a-SmBiT and GRK 2,3,5 

and 6-LgBiT in GRK2/3/5/6 293 cells with pamoic acid  

So far, I used lodoxamide, a reference agonist for GPR35, in all these experiments. 

I utilised both isoforms of hGPR35, the phosphodeficient version of this receptor 

and even different genome edited cell lines that specifically lack expression of 

either GRKs or arrestin or G-proteins. But still there was agonist mediated signal 

reduction of GRK5 and GRK6 with hGPR35 interaction. To solve this issue, I now 

tried to switch the agonist ligand for GPR35 from full agonist lodoxamide to partial 

agonist pamoic acid. 

In this assay, basal luminescence was initially low after transiently transfecting 

either GRK2 or GRK3 tagged with LgBiT with hGPR35a-SmBiT into GRK2/3/5/6 

293 cells. Luminescence was then very modestly increased, in a concentration-

dependent manner, by the addition of hGPR35a partial agonist pamoic acid, with 

pEC50 = 6.9 for GRK2 and 7.0 for GRK3 (Figure 6.9(i)). On the other hand, basal 

luminescence was notably elevated after co-expression of the receptor hGPR35a-

SmBiT with LgBiT-tagged versions of GRK5 or GRK6 but decreased gradually and 

concentration-dependently for GRK6 (pEC50 = 7.8) and particularly, GRK5 (pEC50= 

7.6) for pamoic acid (Figure 6.9(i)). Furthermore, it was evident from this 

experiment that there were still signal reductions of GRK5 and GRK6 even when 

utilising pamoic acid as an agonist, although the trend of this curve was less sharp 

than full agonist lodoxamide. 

After applying the recommended concentration of the GRK2/3 inhibitor, 

compound 101, for 30 min, followed by a fixed quantity of pamoic acid (1 μM, 5 

min), the luminescence for GRK2 and GRK3 did not vary appreciably (Figure 

6.9(ii)). However, when the stated quantity of the GRK5/6 inhibitor, compound 

19, was added for 30 min, followed by a fixed concentration of pamoic acid (1 μM, 

5 min), the luminescence was dramatically elevated for GRK5 and at a modest 

level for GRK6 (Figure 6.9(ii)). 
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Figure 6.9 Assessment of interaction between hGPR35a-SmBiT and GRK 2,3,5 and 6-LgBiT 

in GRK2/3/5/6 293 cells with hGPR35a partial agonist pamoic acid 

GRK2/3/5/6 cells were transfected to co-express either hGPR35a SmBiT and GRK 2 (red circles),3 

(blue circles),5 (green circles) and 6 (orange circles) each tagged with LgBiT. (i) Cells were exposed 
to the indicated concentrations of pamoic acid for 5 min and after substrate addition luminescence 
was measured. (ii) Prior to the addition of pamoic acid (1 μM, 5 min) cells were pre-treated for 30 
min with varying concentrations of either compound 19 (GRK5 and GRK6) or compound 101 (GRK2 
and GRK3). Data are presented as % of the effect of pamoic acid (3 μM) in GRK3 co-transfected 
cells. The experiment was performed once only (n=1). 

 

6.2.3.2 Measurement of interaction between hGPR35b-SmBiT and GRK 2,3,5 

and 6-LgBiT in GRK2/3/5/6 293 cells with pamoic acid  

After using the partial agonist pamoic acid in hGPR35a-GRK interactions, I was 

keen to utilise this ligand to assess the interaction of hGPR35b (the long isoform 

of hGPR35) with different GRKs. Aside from the use of GRK selective inhibitors, an 

attempt was made to use hGPR35 specific antagonist molecule CID-2745687 in 

these interactions. 

After transiently transfecting either GRK2 or GRK3 with hGPR35b-SmBiT into 

GRK2/3/5/6 293 cells, basal luminescence was initially low in this test. The 

addition of the hGPR35b partial agonist pamoic acid very slightly increased 

luminescence in a concentration-dependent manner, with pEC50 = 7.2 for GRK2 

and pEC50 = 7.1 for GRK3 (Figure 6.10(i)). However, increased baseline 

luminescence was gradually and concentration-dependently reduced for GRK6   

and particularly GRK5 (pEC50 = 7.6) for pamoic acid after co-expression of the 

receptor hGPR35b-SmBiT with LgBiT-tagged versions of GRK5 or GRK6 (Figure 

6.10(i)). 

The luminescence for GRK2 and GRK3 did not significantly change after 30 min of 

using compound 101 at the prescribed concentration, followed by a constant dose 

of pamoic acid (1 μM, 5 min) (Figure 6.10(ii)). However, the luminescence was 

significantly increased for GRK5 and at a low level for GRK6 when the specified 
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amount of the GRK5/6 inhibitor, compound 19, was administered for 30 min, 

followed by a fixed concentration of pamoic acid (1 μM, 5 min) (Figure 6.10(ii)). 

After 15 min of utilising hGPR35b antagonist CID-2745687 at the recommended 

concentration, followed by a steady dose of pamoic acid (1 μM, 5 min), the 

luminescence for GRK2 and GRK3 altered slightly compared to pamoic acid only 

curve (Figure 6.10(iii)). The reason behind this is probably CID-2745687 is 

antagonising the effects of pamoic acid in the recruitment of GRK2 and GRK3. 

Also, when the prescribed dose of the antagonist CID-2745687, was supplied for 

15 min, followed by a fixed concentration of pamoic acid (1 μM, 5 min), the 

luminescence was not significantly changed for GRK5 and GRK6 compared to 

pamoic acid only curve (Figure 6.10(iii)). The overall effect of antagonist CID-

2745687 in recruiting GRKs is not prominent because the original luminescence 

value generated by partial agonist pamoic acid is also moderate. 

In this set of experiments, transfected with hGPR35b-SmBiT, raw luminescence 

values were comparatively lower because it is obvious that hGPR35b yields a lower 

signal. Overall, the raw luminescence was also lower because partial agonist 

pamoic acid was used instead of any full agonist. 

 

 

Figure 6.10 Assessment of interaction between hGPR35b-SmBiT and GRK 2,3,5 and 6-LgBiT 

in GRK2/3/5/6 293 cells with hGPR35b partial agonist pamoic acid 

GRK2/3/5/6 cells were transfected to co-express either hGPR35b SmBiT and GRK 2 (red circles),3 

(blue circles),5 (green circles) and 6 (orange circles) each tagged with LgBiT. (i) Cells were exposed 
to the indicated concentrations of pamoic acid for 5 min and after substrate addition luminescence 
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was measured. (ii) Prior to the addition of pamoic acid (1 μM, 5 min) cells were pre-treated for 30 
min with varying concentrations of either compound 19 (GRK5 and GRK6) or compound 101 (GRK2 
and GRK3). (iii) Cells were also treated with different concentration of hGPR35b antagonist CID-
2745687 for 15 min before adding pamoic acid (1 μM, 5 min). Data are presented as % of the effect 
of pamoic acid (3 μM) in GRK3 co-transfected cells. The experiment was performed once only (n=1). 

 

6.2.4 Investigating the interaction between human GPR35 with 
GRKs using novel potent agonist GSK 938 

As the luminescence signal reduction of GRK5 and GRK6 with hGPR35 was still 

visible (although to a lower extent) upon introduction of the partial agonist pamoic 

acid, I was interested in utilising a new potent agonist of GPR35, developed by a 

company called GlaxoSmithKline pharmaceutical industry company. As this 

compound is not still available in the public domain, I was instructed to call it GSK 

938 rather than its actual IUPAC name. From the initial studies, the compound 

was proven equipotent both for human and mouse orthologues of GPR35. 

6.2.4.1 Assessment of interaction between hGPR35a-SmBiT and GRK 2,3,5 

and 6-LgBiT in Gq/11/12/13 cells with GSK 938 

In this assay, basal luminescence was initially low after transiently transfecting 

either GRK2 or GRK3 with hGPR35a-SmBiT into Gq/11/12/13 cells. Luminescence 

was then modestly increased, in a concentration-dependent manner, by the 

addition of GPR35 agonist GSK 938, with pEC50 = 7.0 for GRK2 and pEC50 = 8.2 for 

GRK3 (Figure 6.11(i)). On the other hand, basal luminescence was notably 

elevated after co-expression of the receptor hGPR35a-SmBiT with LgBiT-tagged 

versions of GRK5 or GRK6 but decreased significantly and concentration-

dependently for GRK6 (pEC50 = 7.7) and, particularly for GRK5 (pEC50 = 7.9) 

(Figure 6.11(i)). Furthermore, it is evident from this experiment that there are 

still signal decreases of GRK5 and GRK6 even when utilising GSK 938 as an agonist. 

After applying the recommended concentration of the GRK2/3 inhibitor, 

compound 101, for 30 min., followed by a fixed quantity of GSK 938 (100 nM, 5 

min), the luminescence for GRK2 and GRK3 did not vary appreciably (Figure 

6.11(ii)). However, when the stated quantity of the GRK5/6 inhibitor, compound 

19, was added for 30 min, followed by a fixed concentration of GSK 938 (100 nM, 

5 min), the luminescence was dramatically elevated for GRK5 and GRK6 (Figure 

6.11(ii)). 
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Figure 6.11 Interaction between hGPR35a-SmBiT and GRK 2,3,5 and 6-LgBiT in parental 293 

cells that has been genome edited to lack expression of Gq, G11, G12 and G13 with new potent 

agonist GSK 938 

Gq/11/12/13 cells were transfected to co-express hGPR35a SmBiT and GRK 2 (red circles),3 (blue 

circles),5 (green circles) and 6 (orange circles) each tagged with LgBiT. (i) Cells were exposed to 
the indicated concentrations of GSK 938 for 5 min and after substrate addition luminescence was 
measured. (ii) Prior to the addition of GSK 938 (100 nM, 5 min) cells were pre-treated for 30 min with 
varying concentrations of either compound 19 (GRK5 and GRK6) or compound 101 (GRK2 and 
GRK3). Data are presented as % of the effect of GSK 938 (300 nM) in GRK3 co-transfected cells. 
The experiment was performed once only (n=1). 

 

6.2.4.2 Measurement of interaction between hGPR35a-SmBiT and GRK 2,3,5 

and 6-LgBiT in GRK2/3/5/6 293 cells with GSK 938 

As the signal reductions of GRK5 and GRK6 with hGPR35 were still evident, I 

changed the cell line from lacking expression of G-protein to lacking presence of 

all the ubiquitously expressed GRKs. I also added CID-2745687, the hGPR35 

antagonist to block the effects of the potent agonist. 

In this assay, basal luminescence was again initially low after transiently 

transfecting either GRK2 or GRK3 with hGPR35a-SmBiT into GRK2/3/5/6 293 

cells. Luminescence was then modestly increased, in a concentration-dependent 

manner, by the addition of GPR35 agonist GSK 938, with pEC50 = 7.9 for GRK2 and 

7.9 for GRK3 (Figure 6.12(i)). On the other hand, basal luminescence was notably 

elevated after co-expression of the receptor hGPR35a-SmBiT with LgBiT-tagged 

versions of GRK5 or GRK6 but decreased significantly and concentration-

dependently for GRK6 (pEC50 = 7.8) and, particularly for GRK5 (pEC50 = 7.8) (Figure 

6.12(i)). Furthermore, it was evident from this experiment that there are still 

signal reductions of GRK5 and GRK6 even when utilising GSK 938 as an agonist in 

GRK2/3/5/6 293 cells. 

The luminescence for GRK2 and GRK3 did not significantly change after applying 

the suggested concentration of the GRK2/3 inhibitor, compound 101, for 30 min 
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followed by a constant amount of GSK 938 (100 nM, 5 min.) (Figure 6.12(ii)). 

However, the luminescence for GRK5 and GRK6 was significantly increased when 

the specified amount of the GRK5/6 inhibitor, compound 19, was administered for 

30 min, followed by a fixed concentration of GSK 938 (100 nM, 5 min) (Figure 

6.12(ii)). 

The luminescence for GRK2 and GRK3 changed dramatically this time compared 

to the GSK 938 alone curve after 15 min of treatment with the hGPR35a antagonist 

CID-2745687 at the prescribed concentration followed by a steady dose of GSK 938 

(100 nM, 5 min) (Figure 6.12(iii)). The probable cause is the ability of CID-2745687 

to counteract the effects of GSK 938 in the recruitment of GRK2 and GRK3. 

Moreover, the luminescence for GRK5 and GRK6 also differed substantially from 

the curve of GSK 938 alone when the antagonist CID- 2745687 was administered 

as directed for 15 min, followed by a fixed concentration of GSK 938 (100 nM, 5 

min) (Figure 6.12(iii)). As GSK 938 is very potent, antagonism by CID-2745687 is 

also clearly visible. 

 

c 

Figure 6.12 Assessment of interaction between hGPR35a-SmBiT and GRK 2,3,5 and 6-LgBiT 

in GRK2/3/5/6 293 cells with GPR35 potent agonist GSK 938 

GRK2/3/5/6 cells were transfected to co-express either hGPR35a SmBiT and GRK 2 (red circles),3 

(blue circles),5 (green circles) and 6 (orange circles) each tagged with LgBiT. (i) Cells were exposed 
to the indicated concentrations of GSK 938 for 5 min and after substrate addition luminescence was 
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measured. (ii) Prior to the addition of GSK 938 (100 nM, 5 min), cells were pre-treated for 30 min 
with varying concentrations of either compound 19 (GRK5 and GRK6) or compound 101 (GRK2 and 
GRK3). (iii) Cells were also treated with different concentrations of hGPR35a antagonist CID-
2745687 for 15 min before adding GSK 938 (100 nM, 5 min). Data are presented as % of the effect 
of GSK 938 (300 nM) in GRK3 co-transfected cells. The experiment was performed once only (n=1). 

 

 

6.2.5 Validation of luciferase complementation assay by 
deliberately introducing other GRKs with GPR35 

6.2.5.1 Measurement of interaction between hGPR35a-SmBiT and GRK 1,4,5 

and 7- LgBiT in GRK2/3/5/6 293 cells with lodoxamide 

In our recent study described in chapter 5, we employed different novel 

techniques and tools, such as combinations of mass spectrometry, [32P] labelling, 

mutagenesis to specify the contribution of an individual or a family of GRKs for 

phosphorylation of GPR35. I also took the help of the combinations of GRK subtype 

knock-out cell lines, reconstitution of function with individual GRKs, human and 

mouse GPR35 directed antiserum and group of selective small molecule GRK 

inhibitors and proved that GRK5 and GRK6 are the key mediators of both the 

phosphorylation of Ser300 and Ser303 in human GPR35 and of the efficient 

connections between this receptor and arrestins, which is a key step in the 

internalisation of the receptor. 

Now, I want to ensure that the same findings are also reproducible with the 

nanoluciferase based complementation assay. For this, the visual GRKs (GRK1 and 

GRK7) and GRK4 (limited presence in certain regions of the body like testis, 

cerebellum, and kidney), each with LgBiT tag at the N-terminal were transfected 

with hGPR35a-SmBiT in GRK2/3/5/6 293 cells. GRK5 with LgBiT tag was also used 

as a reference. Lodoxamide, a standard agonist, was used in this experiment. 

Here, for the full spectrum of agonist lodoxamide concentrations, there was 

almost no luminescence or signal either for GRK1, GRK4 or GRK7 (Very limited). 

On the other hand, basal luminescence was significantly increased when the 

receptor was co-expressed with GRK5 tagged with LgBiT and then decreased 

gradually with increasing concentration of lodoxamide (pEC50 = 7.9) (Figure 6.13). 

This experiment clearly validates the accuracy of the luciferase-based 

complementation assay system for direct and systematic profiling of GPCR-GRK 

interaction 
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Figure 6.13 Validation of interaction between hGPR35a-SmBiT and GRK 1,4,5 and 7-LgBiT in 

GRK2/3/5/6 293 cells  

Arrestin-2 and arrestin-3 knock-out cells were transfected to co-express hGPR35a SmBiT and GRK 
1 (maroon circles),4 (pink circles),5 (green circles) and 7 (light blue circles) each tagged with LgBiT. 
Cells were exposed to the indicated concentrations of lodoxamide for 5 min and after substrate 
addition luminescence was measured. Data are presented as % of the effect of lodoxamide (300 nM) 
in GRK5 co-transfected cells. Interaction between hGPR35a SmBiT and GRK5 LgBiT was used as 
a reference. The experiment was performed once only (n=1). 
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6.2.6 Investigating the interaction between mouse GPR35 with 
GRKs 

GPR35 is a unique receptor in several aspects that make translation difficult. 

Rodents only express one version of a protein, whereas humans express two 

different protein isoform sequences. The pharmacology of the GPR35 orthologues 

in humans and rodents are significantly different from one another, with 

differences between rat and mouse GPR35 being just as noticeable as those 

between either of these species and human versions. For this reason, I was very 

keen to investigate the GRKs recruitment profile of mouse orthologues of GPR35 

using a highly potent mouse GPR35 agonist GSK 938 and pemirolast 

6.2.6.1 Assessment of interaction between mGPR35-SmBiT and GRK 2,3,5 

and 6-LgBiT in GRK2/3/5/6 293 cells 

In this test, recruitment of all ubiquitously expressed GRKs was investigated with 

mouse orthologue of GPR35. Initially, upon transient transfection of either GRK2 

or GRK3 (LgBiT tagged) with mGPR35-SmBiT into GRK2/3/5/6 293 cells resulted 

in very low basal luminescence. The addition of the GPR35 agonist GSK 938 then 

slightly increased luminescence in a concentration-dependent manner, with pEC50 

values of 8.9 for GRK2 and 8.5 for GRK3 (Figure 6.14(i)). The basal luminescence, 

on the other hand, was markedly increased following co-expression of the receptor 

mGPR35-SmBiT with LgBiT-tagged versions of GRK5 or GRK6, but it also decreased 

significantly and concentration-dependently for GRK6 (pEC50 = 8.5) and, 

particularly, for GRK5 (pEC50 = 8.6) (Figure 6.14(i)). Most importantly, it is 

noticeable that luminescence signal reduction of GRK5 and GRK6 are also 

prevalent in mouse orthologue of GPR35. 

After using the recommended concentration of the GRK2/3 inhibitor, compound 

101, for 30 min and then a constant amount of GSK 938 (100 nM, 5 min), the 

luminescence for GRK2 and GRK3 did not significantly alter (Figure 6.14(ii)). 

Nevertheless, when the prescribed dose of the GRK5/6 inhibitor, compound 19, 

was applied for 30 min, followed by a fixed concentration of GSK 938 (100 nM, 5 

min), the luminescence for GRK5 and GRK6 was dramatically increased (Figure 

6.14(ii)). 
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The luminescence for GRK2 and GRK3 did not change at all this time compared to 

the GSK 938 alone curve after 15 min of treatment with the GPR35 antagonist CID-

2745687 at the prescribed concentration followed by a steady dose of GSK 938 

(100 nM, 5 min) (Figure 6.14(iii). The probable cause may be the human receptor 

selective nature of the antagonist CID-2745687. Moreover, the luminescence curve 

for GRK5 and GRK6 were also almost flat line upon treatment with CID-2745687 

for 15 min, followed by a fixed concentration of GSK 938 (100 nM, 5 min) (Figure 

6.14(iii)) suggesting that the potent hGPR35 antagonist CID-2745687 is not active 

at mouse orthologue, thereby again validating the complex pharmacology of the 

receptor between humans and rodents. 

 

 

Figure 6.14 Assessment of interaction between mGPR35-SmBiT and GRK 2,3,5 and 6-LgBiT 

in GRK2/3/5/6 293 cells with GPR35 potent agonist GSK 938 and validation of species 

selectivity of antagonist CID-2745687 

GRK2/3/5/6 cells were transfected to co-express either mGPR35 SmBiT and GRK 2 (red circles),3 

(blue circles),5 (green circles) and 6 (orange circles) each tagged with LgBiT. (i) Cells were exposed 
to the indicated concentrations of GSK 938 for 5 min and after substrate addition luminescence was 
measured. (ii) Prior to the addition of GSK 938 (100 nM, 5 min) cells were pre-treated for 30 min with 
varying concentrations of either compound 19 (GRK5 and GRK6) or compound 101 (GRK2 and 
GRK3). (iii) Cells were also treated with different concentrations of GPR35 antagonist CID-2745687 
for 15 min before adding GSK 938 (100 nM, 5 min). Data are presented as % of the effect of GSK 
938 (300 nM) in GRK3 co-transfected cells. The experiment was performed once only (n=1). 
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6.2.6.2 Measurement of interaction between mGPR35 PDM-SmBiT and GRK 

2,3,5 and 6-LgBiT in GRK2/3/5/6 293 cells 

During the assessment of mouse GPR35 interaction with GRK5 and GRK6, signal 

reduction was retained. So, an attempt was made to use phosphorylation deficient 

version of mouse GPR35 (mGPR35 PDM). 

Using the mGPR35 PDM, the recruitment of all GRKs that are ubiquitously 

expressed was examined in this assay. LgBiT tagged GRK2 or GRK3 were 

transfected with SmBiT tagged mGPR35 PDM into GRK2/3/5/6 293 cells. These 

initially led to very little basal luminescence with pEC50 values of 6.5 for GRK2 and 

6.7 for GRK3. After the addition of the mGPR35 agonist pemirolast, the 

luminescence boosted marginally in a concentration-dependent manner (Figure 

6.15(i)). The basal luminescence, on the other hand, was initially very high as 

usual and then dramatically decreased in a concentration-dependent manner for 

both GRK5 and GRK6 (pEC50 = 7.6 and 6.9, respectively) upon co-expression of the 

receptor mGPR35 PDM-SmBiT with these LgBiT-tagged variants of the GRK5 and 

GRK6 (Figure 6.15(i)). 

After using the recommended concentration of the GRK2/3 inhibitor, compound 

101, for 30 min and then a constant amount of pemirolast (3 μM, 5 min), the 

luminescence for GRK2 and GRK3 did not significantly alter (Figure 6.15(ii)). 

Nevertheless, when the prescribed dose of the GRK5/6 inhibitor, compound 19, 

was given for 30 min., followed by a fixed concentration of pemirolast (3 μM, 5 

min), the luminescence for GRK5 and GRK6 was increased dramatically (Figure 

6.15(ii)). 

After 15 min of treatment with the GPR35 antagonist CID-2745687 at the 

recommended concentration, followed by a steady dose of pemirolast (3 μM, 5 

min), the luminescence for GRK2 and GRK3 did not change at all this time 

compared to the pemirolast alone curve (Figure 6.15(iii). The selectivity of 

antagonist CID-2745687 for human receptors is thought to be the probable cause. 

A further indication that the potent hGPR35 antagonist CID-2745687 is inactive at 

mouse orthologues was confirmed by observing the luminescence curves for GRK5 

and GRK6, which were nearly flat after being treated with CID-2745687 for 15 min, 

followed by a fixed concentration of pemirolast (3 μM, 5 min) (Figure 6.15(iii)). 



                                                  Chapter 6 

238 
 

This further validates the complex pharmacology of the receptor between mice 

and humans. 

 

 

 

Figure 6.15 Measurement of interaction between mGPR35 PDM SmBiT and GRK 2,3,5 and 6 

LgBiT in GRK2/3/5/6 293 cells with mGPR35 potent agonist pemirolast  

GRK2/3/5/6 cells were transfected to co-express either mGPR35 PDM SmBiT and GRK 2 (red 

circles),3 (blue circles),5 (green circles) and 6 (orange circles) each tagged with LgBiT. (i) Cells were 
exposed to the indicated concentrations of pemirolast for 5 min and after substrate addition 
luminescence was measured. (ii) Prior to the addition of pemirolast (3 μM, 5 min) cells were pre-
treated for 30 min with varying concentrations of either compound 19 (GRK5 and GRK6) or 
compound 101 (GRK2 and GRK3). (iii) Cells were also treated with different concentrations of 
GPR35 antagonist CID-2745687 for 15 min before adding pemirolast (3 μM, 5 min). Data are 
presented as % of the effect of pemirolast (10 μM) in GRK3 co-transfected cells. The experiment 
was performed once only (n=1). 
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6.2.7 Investigation of ligand mediated signal reduction of GRK5 

6.2.7.1 Comparison of luminescence between full length and truncated GRK5 

In this chapter I employed many different techniques to find out the actual cause 

of signal reduction of GRK5 (in particular) and GRK6.  Approaches include 

generating a phosphorylation deficient receptor model, using genome editing cell 

lines, or alternative use of different ligands with distinct pharmacology. Now, I 

wanted to specifically focus on GRK5. GRK5 is localised in plasma membrane 

(Ribas et al., 2007). I have found from another study that a short C-terminal 

stretch of amino acids of GRK5 mediates plasma membrane localisation. A portion 

of GRK5's amino acids 546–565 may form an amphipathic helix, according to 

secondary structure predictions. The amphipathic helix is thought to have a 

hydrophobic patch on one face, hydrophilic amino acids on the other, and a 

number of basic amino acids around the hydrophobic patch. It is also found that 

amino acids 546–565 of GRK5 are sufficient to target the cytoplasmic green 

fluorescent protein (GFP) to the plasma membrane, and the hydrophobic amino 

acids are necessary for membrane targeting of GFP-546–565 (Thiyagarajan et al., 

2004). As the region contained within amino acids 546–565 of GRK5 forms an 

amphipathic helix, I was keen to truncate this portion from the GRK5 to eliminate 

its membrane anchoring nature. 

In this assay, hGPR35a SmBiT was transfected with full length GRK5 LgBiT and 

truncated GRK5 LgBiT. The basal signal of full length GRK5 was low as usual and 

decreased with increasing concentration of lodoxamide with pEC50 value of 8.2. 

But, when the same experiment was conducted with a truncated version of this 

GRK5, there was no significant signal generated (Figure 6.16(i)). This may be 

because of the dissociation of GRK5 from the plasma membrane.  

When the prescribed dose of the GRK5/6 inhibitor, compound 19, was given for 30 

min, followed by a fixed concentration of lodoxamide (100 nM, 5 min.), the 

luminescence for full-length GRK5 was dramatically increased, but for truncated 

GRK5, there were no effects (Figure 6.16(ii)). 
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Figure 6.16 Comparison of luminescence between full length versus truncated GRK5 LgBiT 
with hGPR35a SmBiT  

Studies akin to Figure 6.3, GRK2/3/5/6 cells were transfected to co-express either hGPR35a SmBiT 

and GRK5 full length (green circles) and GRK5 truncated (purple circles) each tagged with LgBiT. (i) 
Cells were exposed to the indicated concentrations of lodoxamide for 5 min and after substrate 
addition luminescence was measured. (ii) Before the addition of lodoxamide (100 nM, 5 min) cells 
were pre-treated for 30 min with varying concentrations of compound 19 (GRK5). Data are presented 
as % of the effect of lodoxamide (300 nM) in GRK5 co-transfected cells. The experiment was 
performed once only (n=1). 

 

6.2.7.2 Comparison of luminescence between full length and mutated GRK5 

To further investigate the GRK5 signalling and its plasma membrane localisation, 

I have found that full-length GRK5-GFP is localised to the plasma membrane. 

However, when four basic residues (Lys 547, Lys 548, Lys 556, and Arg 557) that are 

assumed to border the hydrophobic patch were mutated to alanines, the resulting 

GRK5(basic)-GFP was located across the cytosol of cells with no noticeable plasma 

membrane association (Thiyagarajan et al., 2004). For this reason, I intentionally 

mutated the following residues (Lys 547, Lys 548, Lys 556, and Arg 557) to alanine. 

Moreover, mutated GRK5 has additional benefit as the integrity of GRK5 is 

maintained whereas in truncated GRK5, the membrane binding domain in the C-

terminus has been deliberately eliminated. Although there is much possibility that 

the short C-terminal stretch of amino acids of GRK5 mediates only plasma 

membrane localisation, so truncation method is also useful unless this region has 

other functions. 

In this assay, hGPR35a SmBiT was transfected with all commonly expressed GRKs 

with LgBiT (GRK2, GRK3, GRK5 and GRK6) and mutated GRK5. For all the 

ubiquitously expressed GRKs, the pattern was similar to that of the previous study. 

The luminescence signal of mutated GRK5 is not significantly different from the 
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original curve. pEC50 value of lodoxamide were 7.8 for GRK2, 7.6 for GRK3, 8.3 for 

GRK5, 8.5 for GRK6 and 7.9 for mutated GRK5 (Figure 6.17(i)). 

After using the recommended concentration of the GRK2/3 inhibitor, compound 

101, for 30 min and then a constant amount of lodoxamide (100 nM, 5 min), the 

luminescence for GRK2 and GRK3 did not significantly alter (Figure 7.15 (ii)). 

Nevertheless, when the prescribed dose of the GRK5/6 inhibitor, compound 19, 

was given for 30 min, followed by a fixed concentration of lodoxamide (100 nM, 5 

min), there was a sharp increase of luminescence for GRK5 and moderate increase 

for GRK6. Most importantly, for mutated GRK5, there was a very marginal increase 

(Figure 6.17(ii)). 

As it is difficult to interpret the result with the raw data, I planned to analyse the 

data in a different way. When I considered the fold change over vehicle mode for 

GRK5 and GRK5 (mutated), their signals were almost the same, and they still 

moved in a downward direction. This strongly suggested that signal reduction was 

not because of plasma membrane localisation. It may be because of the pre-

coupling of the GRK5 with the receptor GPR35 and that is why there is always a 

high basal signal. The high signal again reduced with the increasing concentration 

of ligand, suggesting that the ligand mediated effects disrupted this pre-coupling 

(Figure 6.17(iii)). 

When I also looked at the fold change over vehicle values of the inhibitors with 

different GRKs, I noticed that the signal generated by mutated GRK5 was the 

highest. This finding is very significant because, in this case, mutated GRK5 can 

be directly comparable to cytosolic GRK2 and GRK3, as mutated GRK5 is no longer 

in the plasma membrane. The high signal generated by mutated GRK5 also 

supports the predominant role of GRK5 in GPR35 phosphorylation and arrestin 

recruitment (Chapter 5). As I have previously found that GRK6 is also equally 

important for GPR35 phosphorylation and subsequent recruitment of arrestin, I 

anticipate the idea that if mutated GRK6 with LgBiT can be generated, this would 

also yield a similar high signal to mutated GRK5 in the luciferase complementation 

assay (Figure 6.17 ((iv)). 
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Figure 6.17 Comparison of luminescence between full length versus mutated GRK5 LgBiT 
with hGPR35a SmBiT 

Studies akin to Figure 6.3, GRK2/3/5/6 cells were transfected to co-express either hGPR35a SmBiT 

and GRK 2 (red circles),3 (blue circles),5 (green circles), mutated 5 (maroon circles) and 6 (orange 
circles) each tagged with LgBiT. (i) Cells were exposed to the indicated concentrations of lodoxamide 
for 5 min and after substrate addition luminescence was measured. (ii) Prior to the addition of 
lodoxamide (100 nM, 5 min) cells were pre-treated for 30 min with varying concentrations of either 
compound 19 (GRK5, mutated GRK5 and GRK6) or compound 101 (GRK2 and GRK3). (iii) Fold 
change over vehicle luminescence value of GRK5 and mutated GRK5. (iv) Fold change over vehicle 
luminescence value of kinase inhibitor compounds for (GRK2,3,5, mutated 5 and 6). Data are 
presented as % of the effect of lodoxamide (300 nM) in GRK3 co-transfected cells. The experiment 
was performed once only (n=1). 

 

6.3 Discussion 

The precise contribution of various G protein-coupled receptor kinases (GRKs) has 

frequently been understudied and poorly defined, even though it is generally 

recognised that they are crucial for the phosphorylation and control of several 

GPCRs (Sulon and Benovic, 2021). As GPR35 is a therapeutically important orphan 

GPCR and a potential target for lower gut inflammation to non-alcoholic 

steatohepatitis (Milligan, 2023), a thorough comprehension of how GRK isoforms 

regulate GPR35 is essential. As multiple GRK isoforms are often routinely co-

expressed and there is an obvious scarcity of well-characterised small molecules 

kinase inhibitors, a battery of complementary approaches, including the creation 

of genome-edited cell lines devoid of expression of GRK2, GRK3, GRK5, and GRK6, 

the ubiquitously expressed GRK isoforms (Drube et al., 2022), development and 
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utilisation of both selective small molecule GRK inhibitors (Uehling et al., 2021, 

Varney et al., 2022), generation of phosphorylation-specific antisera that identify 

GPR35 phosphorylation-regulated locations have been applied successfully and 

ultimately found that GRK5 and 6 are the key mediators of both the 

phosphorylation and arrestin recruitment for GPR35. Although the study of the 

role of a single or multiple GRKs in the phosphorylation of GPR35 has been greatly 

benefited from all these new tools and innovative methodologies, a standardised 

method to reveal the GPR35-GRK interaction pattern directly and methodically is 

still required. For this, in this chapter, the direct and systematic profiling of 

GPR35-GRK interaction was carried out using the split nanoluciferase-based 

complementation assay. 

This system is based on two small subunits, large BiT (LgBiT) and small BiT 

(SmBiT), of the very bright NanoLuc® luciferase (Hall et al., 2012). The LgBiT and 

SmBiT subunits are expressed as fusions to target proteins of interest and have 

each been individually optimised for stability and minimal self-association (Dixon 

et al., 2016). Target protein interaction makes it easier for subunit 

complementation to recreate a luminescent enzyme. 

At first, this technique was applied to investigate the direct interaction between 

human GPR35 and different GRKs in a parental 293 derived cell line that is genome 

edited to lack expression of all the ubiquitous GRKs. The reason for using 

GRK2/3/5/6 293 cells is to eliminate the possibility of interference by 

endogenous GRKs. From this study, it was found that, initially, the basal signal 

was low for GRK2 and 3, but the signal increased modestly in an agonist mediated 

manner. On the other hand, the basal signal was very high for GRK5 and 6 but 

there was a marked concentration dependent reduction of signal upon the 

addition of ligand. Upon applying selective kinase inhibitors, the signal was almost 

unchanged for GRK2 and 3, but the signal increased significantly for GRK5 and 6. 

As all the kinase inhibitors like compound 101 (GRK2 and 3) and compound 19 

(GRK5 and 6) target the ATP for their inhibitory action, they have no direct 

relation or antagonism with the agonist of GPR35. For this reason, for GRK2 and 

GRK3, there were no effects produced by compound 101. After carefully observing 

the data of compound 19, it was found that the increasing trend of the signal is 

obvious although it was almost reverse to the agonist mediated response curve. 
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The probable reason for this is possible pre-coupling of GRK5 and 6 with GPR35 

initially and subsequent agonist mediated disruption of such interaction and 

thereby signal reduction with increasing agonist concentration. As hGPR35 has two 

isoforms (hGPR35a and hGPR35b), I found almost similar results for the long 

isoforms compared to the short one, although the intensity of the signal is lower 

for hGPR35b with different GRKs 

The same set of experiments were also conducted in the parental 293 cell line. As 

the receptor hGPR35 is tagged with SmBiT and different GRKs are tagged with 

LgBiT, again complementation worked between the two protein subunits upon 

adding luciferase substrate. Here, similar results were obtained, although the raw 

luminescence values were significantly lower in HEK 293 cells compared to 

genome edited cells. These may be because of the possible interference of the 

endogenous kinase to the introduced GRKs. The signal difference between the two 

isoforms of hGPR35 was maintained in the parental 293 cell line. 

When I made the phosphodeficient version of this receptor to interact with GRKs, 

I found the similar outcome compared to the wild type form of the receptor. The 

possible reason behind this is in the PDM mutant of the hGPR35, all five amino 

acids (4 serine and 1 threonine) in the C-terminal chain have been mutated to 

alanine only. But from my recent study (Ganguly et al., 2023), when I attempted 

to predict the GPR35-GRK interaction using the ‘Alphafold’ deep learning 

algorithm (Jumper et al., 2021, Mirdita et al., 2022), this approach suggests that 

GRK5 and GRK6's extreme N-terminal regions reside in the same methionine 

pocket as the Ga13 C-terminal helix (Duan et al., 2022). As GRK5 and 6 do not 

interact with the C-terminal chain of GPR35, the response generated by the PDM 

form of the receptor is alike to the wild type GPR35. 

As there are some reports that totally phosphorylation deficient mutant of 

receptor can still recruit arrestin protein and thereby can be internalised 

(Sánchez-Fernández et al., 2013), I used a cell line that is deliberately genome 

edited to lack expression of both arrestin-2 and arrestin-3. This was done to rule 

out a single possibility of phosphorylation, internalisation, and therefore, signal 

reduction. But unfortunately, the outcomes did not change. 
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As described above, in the split luciferase system, the LgBiT can be tagged with 

GRKs in both N-terminal and C-terminal. After switching the LgBiT tag from N to 

C-terminal, I found almost no luminescence for GRK2 and 3 and the GRK6 signal is 

slightly greater than GRK5 for both wild type and PDM version of hGPR35. These 

outcomes were different from the previous study and might be because of the 

conformational change of the LgBiT fragments in GRKs, thereby, affecting 

interaction between GRKs and GPR35. 

As there are some published reports where genome edited knock down of Gq cause 

signal increase of GRK5 and GRK6 (Kawakami et al., 2022), I attempted to use a 

parental 293 derived cell line that is genome edited to lack expression of Gq, G11, 

G12 and G13. As GPR35 signals through G12 and G13 (Quon et al., 2020), the 

hypothesis was that probably G12 and G13 cause  signal reduction of GRK5 and GRK6. 

However, the results from the experiment did not match the hypothesis, and 

signals generated by GRK5 and GRK6 still were in a downward direction. 

After that, I decided to use a partial agonist of GPR35 known as pamoic acid 

instead of the full agonist lodoxamide. After analysing the data, I found that there 

was still a signal reduction of GRK5 and GRK6 although the reduction intensity was 

less than lodoxamide. This may be due to partial agonism of pamoic acid to 

hGPR35a. 

I again used the partial agonist pamoic acid to measure interaction with all 

commonly expressed GRKs with hGPR35b. The raw luminescence levels in this 

series of tests, which were transfected with hGPR35b-SmBiT, were noticeably 

lower because it is evident that the long isoform of GPR35 produces a weaker 

signal. When pamoic acid was used in place of the full agonist lodoxamide, the 

overall raw luminescence was also reduced, as anticipated. 

After using the standard agonist lodoxamide and partial agonist pamoic acid, I 

utilised a new potent agonist of GPR35, developed by a company called 

GlaxoSmithKline pharmaceutical industry company. After conducting this assay 

initially in Gq/11/12/13 cells, I did not find any different result compared to the 

reference agonist lodoxamide. 
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Then I decided to use the GRK2/3/5/6 293 cell to assess the interaction between 

different GRKs with hGPR35a with GSK 938. I also used CID-2745687, a potent 

hGPR35a antagonist, in this study. After completing this experiment, I found that 

there is still a reduction of the signal of GRK5 and GRK6 even when utilising GSK 

938 as an agonist in GRK2/3/5/6 293 cells. Upon the addition of the antagonist 

CID-2745687, the curve generated by GSK 938 became almost reversed, justifying 

the potent antagonism of CID-2745687 for hGPR35a. 

I also validated this assay by deliberately introducing other uncommon GRKs like 

(GRK1, GRK4 and GRK7) with hGPR35a. GRK5 with an LgBiT tag was also used as a 

reference. Lodoxamide, a standard agonist, was used in this experiment. From 

this assay, I did not find any interaction with all the above GRKs with hGPR35, 

although GRK5 still generated a signal. This experiment clearly justifies the 

accuracy of the luciferase-based complementation assay system for direct and 

systematic profiling of GPCR-GRK interaction. 

As there are distinct pharmacology between the human and rodent orthologues of 

GPR35 (Quon et al., 2020), translation of this receptor is problematic. For this 

reason, I measured the interaction between mouse GPR35 with different GRKs 

using this complementation approach. I again used the hGPR35 specific antagonist 

CID-2745687 in this assay to check whether it can work in the mouse orthologue 

of the receptor. From the experiment results, I noticed that luminescence signal 

reduction of GRK5 and GRK6 were also prevalent in mouse orthologue of GPR35. 

In case CID-2745687, the antagonism was very poor, suggesting its human 

orthologue selectivity and thereby establishing the complex pharmacology of the 

receptor between humans and rodents. 

After observing the signal reduction also in the mouse orthologue of the receptor, 

I employed the PDM version of this receptor. But again, there was no change of 

signalling in the PDM version of mouse GPR35 compared to wild type receptor. The 

antagonist CID-2745687 was unable to exert its antagonistic effects in this 

situation, validating the intricate pharmacology of the GPR35 receptor in both 

mice and humans. 

Finally, I was very much eager to investigate the ligand mediated signal reduction 

of GRK5 and GRK6. After careful observation of the results and a literature search, 
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I studied the plasma membrane localisation of GRK5 (Ribas et al., 2007). From 

research from another group, I discovered that the GRK5's short C-terminal stretch 

of amino acids regulates plasma membrane localisation. The amino acids 546-565 

of GRK5 may comprise a piece of an amphipathic helix, inferred from secondary 

structure calculations. On one face of the amphipathic helix, there may be a 

hydrophobic patch, whereas on the other, there may be hydrophilic amino acids, 

covered by a number of basic amino acids. Green fluorescent protein (GFP) in the 

cytoplasm can be directed to the plasma membrane by the amino acids 546-565 

of GRK5; however, the hydrophobic amino acids are required for GFP-546-565 to 

be directed to the membrane (Thiyagarajan et al., 2004). As the region contained 

within amino acids 546–565 of GRK5 forms an amphipathic helix, I was keen to 

truncate this portion from the GRK5 to eliminate its membrane anchoring nature. 

After conducting this experiment with full-length GRK5 and truncated GRK5 with 

hGPR35a, I found that full-length GRK5 again generated a high signal and was 

decreasing with increasing concentration of ligand lodoxamide. On the other 

hand, the truncated version of GRK5 yielded no response. This may be because of 

the dissociation of truncated GRK5 from the plasma membrane. In the truncated 

version of GRK5, only the short C-terminal stretch of amino acids of GRK5 has been 

removed.  

Although the truncated GRK5 is effective in its displacement from the plasma 

membrane, I decided to switch to mutating some amino acids of GRK5 and then 

run an experiment. In the mutated form GRK5, the GRK5 is still in full-length and 

there is no possibility of losing any function of the original full-length GRK5. Here, 

four basic residues that are projected to surround the hydrophobic patch (Lys 547, 

Lys 548, Lys 556, and Arg 557) were changed to alanines, and the resulting 

GRK5(basic)-GFP was found throughout the cytoplasm of cells with no discernible 

plasma membrane attachment (Thiyagarajan et al., 2004). For this reason, I 

intentionally mutated the following residues (Lys 547, Lys 548, Lys 556, and Arg 557) 

to alanine. In this assay, all other GRKs produced similar responses compared to 

previous studies, but the luminescence signal of mutated GRK5 was not at all 

significant from the original curve. After using the GRK5/6 specific inhibitor 

compound 19, for mutated GRK5, there was a very marginal increase. As it is 

difficult to interpret the result with the raw data, I analysed the data in a different 

way. When GRK5 and GRK5 (mutated) were compared in terms of fold change over 
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vehicle mode, their signals were nearly identical and continued to proceed in a 

downward way. This strongly implied that plasma membrane localisation was not 

the cause of the reduction of signal. There may be a pre-coupling between the 

GRK5 and the GPR35, as a result of which the basal signal is always strong. As 

ligand concentration rises, the reduction of high signal was visible, and this once 

more indicates that the effects of the ligand have disrupted the pre-coupling. 

When I also looked at the fold change over vehicle mode values of the inhibitors 

with different GRKs, I noticed that the signal generated by mutated GRK5 is the 

highest. This observation was particularly important because, since mutant GRK5 

is no longer found in the plasma membrane, it can be directly compared to 

cytosolic GRK2 and GRK3. The strong signal produced by mutant GRK5 further 

confirms that GRK5 plays a key role in arrestin recruitment and GPR35 

phosphorylation (Chapter 5). As GRK6 is also essential for the phosphorylation of 

GPR35 and subsequent recruitment of arrestin, as I have previously discovered, I 

predict that if mutated GRK6 can be produced, it will similarly provide a strong 

signal like mutated GRK5. 

Overall, from the above luciferase-based complementation assay, it was clearly 

proved that GRK5 (most obviously) and also GRK6 can greatly interact with GPR35. 

The cytosolic GRK2 and GRK3 can also interact with GPR35 to a moderate extent. 

These findings strongly support my previous outcomes obtained in chapter 5. In 

conclusion, I can claim that split luciferase-based complementation assay is a 

useful technique to systematically measure the GPCR-GRK interaction and for 

GPR35, this novel technology has accurately determined the preferential role of 

GRK5 and also GRK6 for receptor phosphorylation.  

 

 

 

 



 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Chapter 7 Final discussion 
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Class A G protein-coupled receptor GPR35 is thought to be an orphan receptor; its 

exact physiological role and endogenous ligand are still uncertain (Otkur et al., 

2023b, Milligan, 2023). Although GPR35 is still poorly characterised, it has great 

therapeutic utilities in a spectrum of conditions ranging from fatty liver diseases 

to inflammatory bowel disorders and different cancers (Milligan, 2023, Otkur et 

al., 2023b). The pharmacology of the GPR35 orthologues in humans and rodents 

differs substantially and in human orthologue, 2 isoforms are transcribed and 

translated from 3 variants of the human GPR35 gene (Quon et al., 2020). Although 

the 2 isoforms of human GPR35 display comparable pharmacology, the agonist 

response efficacy is significantly different in pharmacological assays (Quon et al., 

2020). Most importantly, there are clear contradictions in findings about the 

isoform function between different groups (Marti-Solano et al., 2020, Schihada et 

al., 2022) that should be resolved. Although the role of agonist-mediated 

phosphorylation of GPR35 in activating GRKs and subsequent interaction with 

arrestin is frequently observed in the context of GPCR regulation, there is a 

paucity of information regarding the precise locations of these post-translational 

regulatory regions and the potential contribution of each altered amino acid to 

the outcome. A clear understanding of GPR35 phosphorylation was attained using 

mass spectrometry, [32P] tagging, mutagenesis, and phospho-site-specific antisera 

(Divorty et al., 2022). It is also crucial to identify the exact role played by each 

GRK in the phosphorylation and regulation of this receptor. To elucidate the 

specific role of individual or group of GRKs, combinations of GRK subtype knock-

out cell lines (Drube et al., 2022), reconstitution of function with specific GRKs, 

a human GPR35a-directed antiserum, and a collection of selective small molecule 

GRK inhibitors (Uehling et al., 2021, Varney et al., 2022) were all used in this 

thesis. Finally, a complementation experiment using split nanoluciferase was 

carried out to systematically and directly disclose the GPR35-GRK interaction 

pattern. 

In the first result chapter of my thesis (Chapter 3), studies were undertaken to 

investigate the pharmacology of two isoforms of human GPR35. In contrast to the 

31 amino acid extended version, which is known as hGPR35b or (‘GPR35 long’), 

the original polypeptide, which contains 309 amino acids, is called hGPR35a or 

(‘GPR35 short’). The Gα13 activation and arrestin-3 signalling of the two isoforms 

were comparable, despite the longer isoform's significantly lower maximum signal 
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intensity. However, along both isoforms, the agonist ligand's potency remained 

comparable (Marti-Solano et al., 2020). After comparing the sequences of the two 

hGPR35 isoforms, it was shown that hGPR35b could create one more extracellular 

disulphide bond than hGPR35a. However, this possibility—or any potential 

consequences—have not yet been thoroughly investigated. Using site-directed 

mutagenesis, the pharmacology and function of two human GPR35 isoforms were 

thoroughly investigated, and the interactions of these isoforms with arrestins and 

G proteins were later identified. 

With the pharmacological experiments followed by mutagenesis, it was found that 

in hGPR35a, two cysteines (position 8 and position 248) may form a disulphide 

bonding, and alteration of either of these cysteines can eliminate arrestin 

interaction capacity and G protein activation in response to ligands. In the longer 

isoform (hGPR35b), there might be a disulphide bond between cysteine at position 

27 and 279 in addition to the hGPR35a comparable disulphide bond between 

cysteine at position 39 and 279. The experimental outputs again showed that 

mutation of either of the cysteine at position 39 or 279 of hGPR35b greatly 

reduced the efficacy of the agonist while alteration of the long isoform specific 

cysteine at position 27 increased the agonist function significantly. This clearly 

indicated that a second disulphide bond prevents hGPR35b agonist-induced 

activation. The efficacy of agonist at hGPR35b might be equalised to that of 

hGPR35a due to the mutation of this cysteine (position 27) to serine. To better 

understand the role of the N-terminal extension of the hGPR35b protein, ten 

additional mutants were made with cysteine in place of various residues in the 

Cys27Ser hGPR35b backbone. Experimental results with these additional mutants 

proved that their arrestin-3 recruitment potential and Gα13 activation were nearly 

identical to the extent that was demonstrated by hGPR35b WT. None of the novel 

mutants could induce an arrestin-3 or Gα13 response that was higher than hGPR35a 

WT or hGPR35b C27S. The most plausible explanation for this was the formation 

of additional disulphide bonds between extracellular loop 3 and various places of 

the hGPR35b N-terminal domain. Molecular modelling and maybe knowledge of 

atomic level structures are absolutely important to fully understand the relevance 

of the organisation of the N-terminal domain of hGPR35b. 
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In (Chapter 4), studies were conducted to selectively detect the post-translational 

states of GPR35. Here, novel phospho-site-specific antibodies were created that 

ultimately served as activation state-specific biosensors by utilising the knowledge 

of the full scenario of GPR35 phosphorylation and the contribution of individual 

amino acids for arrestin recruitment and phosphorylation (Divorty et al., 2022). 

Due to the importance of Ser303 (as well as Ser300) in arrestin recruitment to 

hGPR35a, phospho-specific antibodies to these amino acid pairs in the human 

receptor sequence and their equivalents in the mouse orthologue of GPR35 

undoubtedly detected phosphorylated GPR35 on these residues in physiologically 

relevant settings. Initially, for characterising the novel antisera, different cell 

lines were generated that can stably express human and mouse GPR35 

orthologues. After validating the cell lines, several agonists were employed to 

stimulate the Flp-In TREx 293 cells stably expressing mGPR35-HA. The phospho 

specific antisera were very successful in identifying the phosphorylation signals 

caused by various agonists. When a similar study was carried out on mouse 

receptors lacking phosphorylation, mGPR35-pSer298/pSer301 was unable to detect 

anything, proving that phosphorylation is fully dependent on phospho serine and 

phospho threonine residues in the mouse GPR35's C-terminal tail. For investigating 

whether GPR35 phosphorylation is agonist-mediated or not, cell lines expressing 

receptors were activated with both agonist and vehicle. Here, phospho-site-

specific antisera could detect only the receptors stimulated by the agonist but not 

the vehicle, indicating that phosphorylation of GPR35 is agonist regulated 

(particularly for mouse orthologues). Similar to mouse phospho antisera, hGPR35a-

pSer300/pSer303 antisera were characterised upon treatment with different 

agonists, partial agonist and antagonist in cell lines stably expressing human form 

of GPR35. In this case, almost equivalent outcomes were found compared to 

mouse form of the receptor. Later, it was attempted to produce the same 

outcomes in an immunocytochemical assay with these antibodies after 

immunoblotting techniques were proven successful in characterising the 

phosphorylation site specific antisera for both orthologues of GPR35. Here, both 

the hGPR35a-pSer300/pSer303 and mGPR35-pSer298/pSer301 clearly identified 

phosphorylation signals of hGPR35a-HA and mGPR35-HA in an 

immunocytochemical based test. 
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Due to the use of phosphorylation site-specific antibodies to determine the post-

activation status of GPR35 in immunoblot and immunocytochemical studies 

throughout this (Chapter 4), an appropriate control was necessary to confirm that 

the antibodies are, in fact, recognising the pSer300, pSer303, or both sites. For this 

purpose, an enzyme known as Lambda protein phosphatase was used. This enzyme 

typically removes or chops phosphate groups from the receptor protein's 

phosphorylated serine or threonine, thereby, completely eliminating the 

possibility of further phosphorylation. Upon treatment with λ-PPase, hGPR35a-

pSer300-pSer303antisera failed to detect the receptor. This clearly validated that 

the amino acid residues Ser300 and Ser303 need to be phosphorylated to be detected 

by these antisera, thereby proving their specificities. 

From the overall outcomes of  (Chapter 4), it should be noted that in both 

immunoblotting and immunocytochemical assays, phospho-site-specific antisera 

against the region encompassing Ser303 in human GPR35a (Ser301 in mouse) were 

useful sensors for assessing the activation status of the receptors. Additionally, 

these antibodies only detected fully matured forms of GPR35. It is safe to say, 

based on the results of all the experiments in this chapter, that these antibodies 

could be useful tools for evaluating target engagement in drug discovery and 

target validation operations. 

After obtaining a comprehensive analysis of GPR35 phosphorylation and the 

contribution of novel phospho specific antisera as useful reagents for addressing 

pathophysiological roles of this receptor, I was keen to investigate the specific 

contribution of an individual or a sub-set of GRKs that predominantly controls the 

phosphorylation of the receptor and thereby promoting desensitisation and 

internalisation. In (Chapter 5) of my thesis, it was established at the outset that 

the involvement of one or more GRK isoforms was required for agonist-induced 

interactions between arrestin proteins and human GPR35a. Additionally, the 

existence of cell lines derived from 293 lacking expression of different GRKs 

showed that while the absence of both GRK2 and GRK3 did not impede agonist-

induced receptor-arrestin interactions, the absence of both GRK5 and GRK6 

blocked such interactions to a nearly complete extent. Furthermore, 

reconstitution investigations with individual GRK isoforms were made possible by 

the GRK2/3/5/6 HEK293 cells, and these showed that GRK5 and GRK6 were 
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virtually equally effective. Molecular level and mechanistic study utilising the 

'Alphafold' deep learning method (Jumper et al., 2021, Mirdita et al., 2022) 

showed that GRK5 and GRK6 interacted with hGPR35a more strongly and 

effectively than GRK2 and GRK3, corroborating our experimental findings. 

Compound 101 is a selective inhibitor of GRK2 and GRK3 that has been well studied 

and proved to work (Thal et al., 2011); however, there have just lately been more 

choices for selective small molecule inhibition of GRK5 and GRK6. Uehling et al 

addressed this issue by collecting quinazoline-based inhibitors (Uehling et al., 

2021). Compound 19 and others from this series efficiently prevented agonist-

induced interactions of human GPR35a with either arrestin-2 or arrestin-3 as well 

as detection of agonist-mediated phosphorylation of both the human and mouse 

orthologue by the hGPR35a pSer300/pSer303 antiserum and the equivalent mouse 

directed antiserum in both immunoblotting and immunocytochemistry studies. 

Compound 101, a known inhibitor molecule, was ineffective in suppressing 

receptor-arrestin association or preventing GPR35 phosphorylation, respectively. 

This clearly justified the predominant involvement of GRK5/6 in the regulation of 

GPR35. For further confirmation of the direct involvement of GRK5 and GRK6 in 

the phosphorylation of human GPR35, I transiently introduced LgBiT-tagged 

versions of GRK2, GRK3, GRK5, or GRK6 coupled with hGPR35a-HA into 

GRK2/3/5/6 293 cells. The presence of GRK5 and, in particular, GRK6, increased 

the phosphorylation of these sites, whereas GRK2 and GRK3 had no appreciable 

influence, according to immunoblotting using anti-hGPR35a pSer300-pSer303. It was 

further evident that these effects would have been entirely blocked if compound 

19 had been administered to cells before being treated with agonists. 

Overall, the cell-based research presented in this chapter (Chapter 5) showed 

significant roles for GRK5 and 6, with little to no contribution from GRK2 or GRK3 

to either the phosphorylation of these specific locations or the interaction of 

GPR35 with arrestins. The findings in this chapter provide unique and thorough 

insights into GPR35 regulation, a receptor that plays a crucial role in colon cancer 

and inflammatory bowel disorders (IBD). 
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With the aid of a variety of complementary methods, such as the creation of 

genome-edited cell lines devoid of the widely expressed GRK isoforms GRK2, 

GRK3, GRK5 and GRK6, as well as the development and use of both selective small 

molecule GRK inhibitors and the production of phospho-site specific antisera that 

detect sites of regulated phosphorylation within GPR35, I discovered a remarkable 

role for GRK5 and 6 as the key mediators of both the phosphorylation and arrestin 

recruitment for GPR35. Even though all these cutting-edge techniques and tools 

are highly helpful, a standardised approach to expose the GPR35-GRK interaction 

pattern directly and methodically is still needed. To do this, the split 

nanoluciferase-based complementation assay was used in (Chapter 6) to profile 

the interaction directly and systematically between GPR35 and GRK. 

This split luciferase-based assay was initially used to examine the direct 

interaction between human GPR35 and several GRKs in a parental 293-derived cell 

line that was genome edited to eliminate the expression of every common GRK. 

GRK2/3/5/6 293 cells were employed to rule out the likelihood of interference 

from endogenous GRKs. According to the results of this investigation, the basal 

signal for GRK2 and 3 was initially weak but gradually grew via agonist-mediated 

mechanisms. On the other hand, the GRK5 and 6 had very strong basal signals, but 

the addition of the ligand resulted in a significant concentration-dependent 

reduction of the signal. Similar results with my experiments were also reported 

by (Palmer et al., 2022). For further looking into the incidence of GRK5/6 signal 

reduction, I undertook a series of approaches, including the use of 

phosphodeficient version of receptor GPR35, the use of a cell line that is 

deliberately genome edited to lack expression of both arrestin-2 and arrestin-3 

and utilisation of cells that are genetically modified to miss the expression of Gq, 

G11, G12 and G13. In every experiment with the above-mentioned cell lines, agonist-

mediated signal reduction of GRK5/6 continued. Initially, it was thought that as 

GRK5 and 6 are membrane associated protein (Ribas et al., 2007), their plasma 

membrane localisation is responsible for probable bystander effects and high basal 

signals. In order to investigate the signal reduction of GRK5 in detail, I generated 

a mutated version of GRK5 where four basic residues (Lys 547, Lys 548, Lys 556, 

and Arg 557) that are anticipated to surround the hydrophobic patch and are 

responsible for membrane localisation were converted to alanines (Thiyagarajan 

et al., 2004). As a result, it was anticipated that the ensuing mutant GRK5 would 



                                                  Chapter 7 

256 
 

be distributed throughout the cytoplasm of cells with no obvious plasma 

membrane connection. After experimental study and analysis, it was found that 

the signals of full-length GRK5 and mutated (cytoplasm localised GRK5) were 

almost similar and they both went in a downward direction. This strongly 

suggested that signal reduction was not due to plasma membrane localisation. The 

basal signal may always be strong because of a pre-coupling between the GRK5 

and the GPR35. The pre-coupling has been disrupted by the impacts of the ligand, 

as seen by the lowering of the high signal as ligand concentration increased. Upon 

concentrating on the inhibitor’s effects on GRKs, the signal generated by mutated 

GRK5 was significantly higher. This finding was particularly significant since 

mutant GRK5 can be directly compared to cytosolic GRK2 and GRK3 because it is 

no longer present in the plasma membrane. The robust signal generated by mutant 

GRK5 provides additional evidence that GRK5 is essential for arrestin recruitment 

and GPR35 phosphorylation. I previously found that GRK6 is also necessary for the 

phosphorylation of GPR35 and the consequent recruitment of arrestin. Thus, I 

predict that if mutated GRK6 can be created, it will similarly deliver a potent 

signal like altered GRK5. 

Overall, it was demonstrated with the luciferase-based complementation assay 

mentioned above that GRK5 and GRK6 could interact with GPR35  significantly, 

with GRK5 being the most prominent example. Additionally, GPR35 could interact 

modestly with the cytosolic GRK2 and GRK3. These results firmly backed up my 

earlier findings from Chapter 5 of this thesis in every way. Finally, I can conclude 

that the split luciferase-based complementation assay is a practical method for 

measuring the GPCR-GRK interaction and that for the GPR35 receptor, this 

cutting-edge technology has precisely identified the predominant function of 

GRK5 and GRK6 for receptor phosphorylation. 
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In conclusion, throughout this thesis, multiple approaches like BRET, immunoblot, 

immunocytochemistry and luciferase complementation assays were employed to 

investigate the pharmacology, signalling, function, and regulation of the orphan 

receptor GPR35. As human GPR35 contains two isoforms, and long isoform 

hGPR35b is more frequently connected with carcinogenesis because of its 

expression in gastric and colon cancer cells, the in-depth investigation of this 

isoform is vital. Although I did extensive site-directed mutagenesis and 

pharmacological studies with this long isoform, there are still needs for accurate 

molecular level analysis and modelling experiments. As GPR35 is currently gaining 

attention for its involvement with a variety of diseases like nonalcoholic 

steatohepatitis, inflammatory bowel disease and colon cancers, proper knowledge 

of the regulation of this receptor is very crucial. From my thesis outcomes, it was 

evident that GRK5 and GRK6 mainly promoted phosphorylation and thereby 

regulated the human and mouse orthologues of GPR35. As all of my experimental 

protocols were based on wild type and genome-edited HEK293- derived cells, the 

focus of future research must now be on determining whether these changes are 

truly produced in physiologically relevant tissues and, if so, how they might affect 

the types of cells and tissue function. A summary figure is drawn at the end to 

outline the most important aspects of this thesis. 

 

Figure 7.1 A summary figure demonstrating the mutagenesis, phosphorylation, GRK 
mediated regulation and nanoluciferase based pairing of GRKs with GPR35 



                                                  Chapter 7 

258 
 

GPR35 is a 7-TM domain orphan receptor whose human orthologue has two isoforms. As hGPR35b 
has an additional disulphide bond and exhibits reduced efficacy than hGPR35a in pharmacological 
assays, mutagenesis and functional studies were done to investigate the issues. For selectively 
detecting the phosphorylation states of GPR35, hGPR35a pSer300/pSer303 and mGPR35 
pSer298/pSer301 were employed. These antibodies were useful sensors for assessing the post-
translational status of GPR35 in both immunoblotting and immunocytochemical assays. GRK5/6 
were proven more effective than GRK2/3 in the phosphorylation, interaction with arrestins and 
internalisation of GPR35 using a variety of experiments. In luciferase-based complementation assay, 
GPR35-GRK interaction was measured using NanoBit experiments where GPR35 was fused with 
SmBiT and GRKs were tagged with LgBiT. This figure was created with BioRender.com. 
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