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The largest family of membrane receptors, known as G protein-coupled receptors
(GPCRs), are essential to cellular signaling and regulate physiological processes.
Currently, ~35%—-40% of US FDA-approved medications target GPCRs. A subfamily of
GPCRs, Mas-related G protein-coupled receptors (MRGPRs), which belong to the 6-
group of the rhodopsin-like GPCRs, was discovered two decades ago. MRGPRs are
expressed by isolectin-B4-positive (IB4+) small non-myelinated sensory neurons of the
dorsal root ganglia (DRG) and trigeminal ganglia (TG), mast cells, neutrophils, and
macrophages and are known to regulate itch, pain, and pseudo-allergic drug reactions.
In addition, MRGPRs have been identified as mediators in the renin-angiotensin system
(RAS) and cardiovascular biology. Moreover, literature suggests that MRGPRs are also
involved in inflammatory processes and the release of cytokines. Despite the fact that
humans express eight MRGPRs (MRGPRD to G and X1-X4), information about their
activation, signaling pathways, and role in inflammation is insufficient, and most of
them are still classified as orphans. Since MRGPRs are involved in inflammation, which
is an important physiological process, one goal of this PhD was to investigate whether
B-alanine or alamandine-activated MRGPRD induces interleukin-6 (IL-6) release. To
investigate that, MRGPRD-expressing Hela cells were stimulated with either B-alanine
or alamandine. Subsequently, it was observed that B-alanine activated MRGPRD-
induced IL-6 release via the Gag/Phospholipase C/NF-kB signaling pathway. Moreover,
it was observed that the IL-6 release could be blocked by the Gagq inhibitor (YM-254890),
the NF-kB signaling inhibitor (IKK-16), and partially by the PLC inhibitor (U-73122).
Additionally, it was discovered that the MRGPRD was constitutive (ligand-independent)
active, and the basal activity observed may have been caused by unidentified ligands
present in the fetal bovine serum (FBS) in the culture medium. Therefore, the
observation that MRGPRD mediates the release of IL-6 in vitro hints at its role as an
inflammatory mediator and supports the notion that IL-6 can be used as a marker for
MRGPRD activation for drug screening assays.

Recent reports suggest that amphiphilic molecules like bilirubin and bile acids (BAs)
activate MRGPRX4 and contribute to cholestatic itch. However, the effect of sterols and
their derivatives, i.e., BAs, on the activation of MRGPRD has not been demonstrated.
Therefore, we evaluated the effect of sterol derivatives, i.e., cholesterol (CLR) and bile
acids (BAs), on the activation of MRGPRD. To this end, MRGPRD-mediated IL-6 release
was utilized as a screening platform. The most significant IL-6 release was observed from
MRGPRD-expressing cells treated with BAs such as deoxycholic acid (DCA) and
chenodeoxycholic acid (CDCA), which indicates the activation of MRGPRD. Furthermore,
we found that methyl-B-cyclodextrin (MBCD), which is known to remove sterols from
the plasma membrane, triggered the IL-6 release from MRGPRD-expressing Hela cells.
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Taken together, these observations point to the allosteric modulation of MRGPRD by
BAs, or alternatively, modulation of plasma membrane plasticity indirectly affects the
structure-function of MRGPRD.

Mechanical stimulation, which was previously underestimated, has now reemerged as
an important regulator of physiological processes. Some of the GPCRs, like apelin, f2-
AR, GPR68, PAR2, M3, H1R, etc., are known to be mechanosensitive and activated by
shear stress, cell shrinkage, expansions, etc. Given that MRGPRD is mechanosensitive
and has been implicated in dilated cardiomyopathy as well as cytokine regulation, our
goal was to determine whether shear stress could activate MRGPRD, leading to the
release of IL-6. In order to achieve this objective, Hela cells expressing MRGPRD were
exposed to shear stress by orbital shaking, the release of IL-6 suggested the activation
of MRGPRD. The implications of these results suggest that mechanically actuated
MRGPRD could regulate IL-6 release.

Furthermore, in an effort to deorphanize MRGPRs, in accordance with the involvement
of cysteine proteases in the activation of some MRGPRs, an initial in silico investigation
was conducted on the N-terminus sequences of MRGPRD, MRGPRE, and MRGPRF to
ascertain cysteine protease cathepsin-S (CTSS) sites. The analysis revealed that both
MRGPRD and MRGPRF had a consensus motif cleavage site for CTSS. The cleavage of
the synthetic N-terminus peptides of MRGPRD and MRGPRF by CTSS was validated using
mass spectroscopy. The calcium imaging was performed and used as a readout for CTSS-
mediated MRGPRD and MRGPRF activations, which is a further step in deorphanizing
the MRGPRs.

Lastly, the oligomerization of G protein-coupled receptors (GPCRs) has been known to
alter ligand selectivity, receptor trafficking, promote distinct signaling, etc.
Consequently, an assessment was conducted on the heteromerization of MRGPRD,
MRGPRE, and MRGPRF using split-NanoLuc-based luciferase complementation (LC),
bioluminescence resonance energy transfer (BRET), and co-immunoprecipitation (Co-
IP) assays, and the heteromeric interactions between MRGPRE and MRGPRF were
unambiguously detected with LC, BRET, and Co-IP techniques.

Overall, the result obtained in this PhD thesis was an attempt to better understand the

activation mechanism of MRGPRs, the role of MRGPRs in inflammation biology, and the
oligomeric interaction of MRGPRs.
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Samenvatting






De grootste familie van membraanreceptoren, bekend als G proteine-gekoppelde
receptoren (GPCRs), zijn essentieel voor cellulaire signalering en reguleren fysiologische
processen. Momenteel is ongeveer 35% tot 40% van de door de Amerikaanse FDA
goedgekeurde medicijnen gericht op GPCR's. Een subfamilie van GPCR's, Mas-
gerelateerde G-proteine-gekoppelde receptoren (MRGPR's), die behoren tot de 6-groep
van de rodopsine-achtige GPCR's, werd twintig jaar geleden ontdekt. MRGPR's worden
tot expressie gebracht door isolectine-B4-positieve (IB4+) kleine niet-gemyeliniseerde
sensorische neuronen van de dorsale wortelganglia (DRG) en trigeminale ganglia (TG),
mestcellen, neutrofielen en macrofagen en het is bekend dat ze jeuk, pijn en
adembhalingsproblemen  reguleren.  pseudo-allergische  geneesmiddelreacties.
Bovendien zijn MRGPR's geidentificeerd als mediatoren in het renine-
angiotensinesysteem (RAS) en de cardiovasculaire biologie. Bovendien suggereert de
literatuur dat MRGPRs ook betrokken zijn bij ontstekingsprocessen en de afgifte van
cytokines. Ondanks het feit dat mensen acht MRGPR's tot expressie brengen (MRGPRD
tot G en X1-X4), is informatie over hun activering, signaalroutes en rol bij ontstekingen
onvoldoende, en de meeste van hen worden nog steeds geclassificeerd als
weeskinderen. Omdat MRGPRs betrokken zijn bij ontstekingen, wat een belangrijk
fysiologisch proces is, was één doel van dit doctoraat om te onderzoeken of B-alanine
of alamandine-geactiveerde MRGPRD de afgifte van interleukine-6 (IL-6) induceert. Om
dat te onderzoeken werden Hela-cellen die MRGPRD tot expressie brengen
gestimuleerd met B-alanine of alamandine. Vervolgens werd waargenomen dat B-
alanine-geactiveerde MRGPRD-geinduceerde IL-6-afgifte via de Gag/Phospholipase
C/NF-kB-signaleringsroute. Bovendien werd waargenomen dat de afgifte van IL-6 kon
worden geblokkeerd door de Gag-remmer (YM-254890), de NF-kB-signaleringsremmer
(IKK-16) en gedeeltelijk door de PLC-remmer (U-73122). Bovendien werd ontdekt dat
de MRGPRD constitutief (ligand-onafhankelijk) actief was, en de waargenomen basale
activiteit kan veroorzaakt zijn door niet-geidentificeerde liganden die aanwezig zijn in
het foetaal runderserum (FBS) in het kweekmedium. Daarom duidt de waarneming dat
MRGPRD de afgifte van IL-6 in vitro medieert op zijn rol als ontstekingsmediator en
ondersteunt het het idee dat IL-6 kan worden gebruikt als een marker voor MRGPRD-
activering voor geneesmiddelenscreeningstests.

Recente rapporten suggereren dat amfifiele moleculen zoals bilirubine en galzuren
(BA's) MRGPRX4 activeren en bijdragen aan cholestatische jeuk. Het effect van sterolen
en hun derivaten, dat wil zeggen BA's, op de activering van MRGPRD is echter niet
aangetoond. Daarom evalueerden we het effect van sterolderivaten, dat wil zeggen
cholesterol (CLR) en galzuren (BA's), op de activering van MRGPRD. Voor dit doel werd
MRGPRD-gemedieerde IL-6-afgifte gebruikt als een screeningplatform. De meest
significante afgifte van IL-6 werd waargenomen uit cellen die MRGPRD tot expressie
brengen, behandeld met BA's zoals deoxycholzuur (DCA) en chenodeoxycholzuur
(CDCA), wat de activering van MRGPRD aangeeft. Bovendien ontdekten we dat methyl-
B-cyclodextrine (MBCD), waarvan bekend is dat het sterolen uit het plasmamembraan
verwijdert, de afgifte van IL-6 uit Hela-cellen die MRGPRD tot expressie brengen
teweegbracht. Alles bij elkaar genomen wijzen deze waarnemingen op de allosterische
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modulatie van MRGPRD door BA's, of als alternatief beinvloedt modulatie van
plasmamembraanplasticiteit indirect de structuurfunctie van MRGPRD.

Mechanische stimulatie, die voorheen werd onderschat, is nu opnieuw naar voren
gekomen als een belangrijke regulator van fysiologische processen. Van sommige
GPCR's, zoals apelin, B2-AR, GPR68, PAR2, M3, HIR, enz., is bekend dat ze
mechanosensitief zijn en worden geactiveerd door schuifspanning, celkrimp,
uitzettingen, enz. Gegeven het feit dat MRGPRD mechanosensitief is en geimpliceerd is
bij zowel gedilateerde cardiomyopathie als cytokineregulatie was ons doel om te
bepalen of schuifspanning MRGPRD zou kunnen activeren, wat zou leiden tot de afgifte
van IL-6. Om dit doel te bereiken werden Hela-cellen die MRGPRD tot expressie
brachten blootgesteld aan schuifspanning door orbitaal schudden; de afgifte van IL-6
suggereerde de activering van MRGPRD. De implicaties van deze resultaten suggereren
dat mechanisch geactiveerde MRGPRD de afgifte van IL-6 zou kunnen reguleren.

Bovendien werd, in een poging om MRGPR's te deorphaniseren, in overeenstemming
met de betrokkenheid van cysteineproteasen bij de activering van sommige MRGPR's,
een eerste in silico-onderzoek uitgevoerd op de N-terminussequenties van MRGPRD,
MRGPRE en MRGPRF om cysteineprotease-cathepsine vast te stellen. S (CTSS)-sites. Uit
de analyse bleek dat zowel MRGPRD als MRGPRF een consensusmotief-splitsingsplaats
voor CTSS hadden. De splitsing van de synthetische N-terminuspeptiden van MRGPRD
en MRGPRF door CTSS werd gevalideerd met behulp van massaspectroscopie. De
calciumbeeldvorming werd uitgevoerd en gebruikt als uitlezing voor CTSS-gemedieerde
MRGPRD- en MRGPRF-activeringen, wat een verdere stap is in het deorphaniseren van
de MRGPR's.

Ten slotte is bekend dat de oligomerisatie van G-eiwit-gekoppelde receptoren (GPCR's)
de ligandselectiviteit en het receptorverkeer verandert, duidelijke signalering
bevordert, enz. Daarom werd een beoordeling uitgevoerd van de heteromerisatie van
MRGPRD, MRGPRE en MRGPRF met behulp van split-NanoLuc -gebaseerde luciferase-
complementatie (LC), bioluminescentie-resonantie-energieoverdracht (BRET) en co-
immunoprecipitatie (Co-IP) testen, en de heteromere interacties tussen MRGPRE en
MRGPRF werden ondubbelzinnig gedetecteerd met LC-, BRET- en Co-IP-technieken.

Over het geheel genomen was het resultaat van dit proefschrift een poging om het

activeringsmechanisme van MRGPRs, de rol van MRGPRs in de ontstekingsbiologie en
de oligomere interactie van MRGPRs beter te begrijpen.
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Chapter 1 Introduction
1.1 Background

Archaeological evidence suggests that drug use by humans may have come with the
Neolithic Revolution around 10,000 BC [1]. Since the inception of civilizations, humans
have been experimenting with psychoactive compounds from plants, and people were
intrigued by their ability to affect the brain and treat disease. There is extensive
evidence of opium use in the pre-modern medicine era [2]. The knowledge about their
use in curing diseases, aiding in healing, and abuse was passed on to the next
generation, but little was known about the working mechanisms and preparations of
these chemicals [3, 4]. If we would consider it, the industrial revolution in the 18th
century brought in an era of modern medicine, and Friedrich Sertlirner invented the
first modern medicine in 1804. He extracted the active chemical from opium in his
laboratory, named it morphine, described the process of its isolation and
crystallization and performed pharmacological and systemic studies on dogs and then
on himself [5-8]. Since then, morphine has been used as an effective painkiller and
continues to be so today [9]. Despite knowing the effects of a variety of plant-derived
chemical substances in disease treatment or modulation, the molecular structure of
chemicals and their receptive molecules in the human body were not identified until
the late mid-twentieth century.

Along with the modern medicine era, it was discovered that cells are the building
blocks of all living organisms. Robert Hooke first used the word "cells" in 1665 and was
the first to investigate living things under a microscope. He saw honeycomb-like
structures when he looked at a thin slice of cork. 200 years later, in 1895, Ernest
Overton proposed the theory that lipids constitute the primary component of cell
membranes, which retain the cell components. About three decades later, Evert
Gorter and Francois Grendel discovered that the cell membrane is made of a lipid
bilayer [10]. Another decade later, in 1935, Hugh Davson and James Frederic Danielli
suggested that a phospholipid bilayer lies between two layers of globular proteins
(Figure 1.1 A) [11]. The "Fluid Mosaic Model" of cell membrane was proposed by
Seymour Singer and Garth Nicolson in 1972 as a replacement for the Davson-Danielli
model, which proposed that proteins did not exist as separate layers but were buried
inside the lipid bilayer that forms the cell’s membrane (Figure 1.1 B) [12].

1.2 Cell membrane

The cell membrane separates and protects the interior of the cell from the outside
environment. In the majority of eukaryotic cells, the membrane consists of nearly half
lipids and half proteins by weight. Depending on the needs of the cells, the cell
membrane's lipid, protein, and chemical composition may change. Through the
expression of specialized proteins, the cell membrane is selectively permeable and
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A B
EXTERIOR

Phospholipid Protein film

Globular integral proteins \8 _~ Phospholipid

INTERIOR
Figure 1.1: Danson-Danielli and Fluid Mosaic Model of Cell Membrane. (A) Danson-Danielli
model of cell membrane displaying phospholipid bilayer (lipoid) lying between two layers of
protein (exterior and interior) film. (B) A schematic cross-sectional view of the Fluid Mosaic
Model, where proteins (globular integral proteins) are shown embedded in a phospholipid
bilayer. The figures represented are modified from the original figures of Danielli and Davson
et al. [11] and Singer and Nicolson et al. [12]. Figure created with BioRender.com.

regulates the flow of substances, like organic molecules or ions, into and out of the
cell. The proteins within or attached to the cell membrane are involved in several
biological activities, to list a few, cell adhesion, ion conductivity, and signaling and also
facilitate attachment with various extracellular structures (Figure 1.2).

Extracellular space

Glycolipid

Glycoproteln Glycolipid

Phosphohpld

Globular
protein

Ci holesterol

Integral = =5
membrane Peripheral Surface Protein

protein (IMP) protein protein a-helix channel
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Figure 1.2: Cell membrane schematic representation. The schematic cross-sectional view of
the cell membrane represents the amphipathic phospholipid bilayer; the head of the
phospholipid is hydrophilic, and the tail ends are hydrophobic. The various lipids, such as
glycolipids (attached) and cholesterol (CLR; embedded), are shown in between phospholipids.
The membrane proteins, such as integral [G protein-coupled receptors (GPCRs), ion channel, a-
helix etc.], peripheral, surface, globular, and glycoproteins, are either attached to or embedded
in the phospholipid bilayer. Figure created with BioRender.com.



Chapter 1 Introduction
1.2.1 Cell membrane lipids

The amphipathic lipids, such as phospholipids and sterols (mainly cholesterol),
constitute the major lipid part of the cell membrane [13]. Due to the physiochemical
nature of amphipathic molecules, these lipids assemble into a lipid bilayer whereby
the outsides are hydrophilic, and the core is lipophilic (i.e. hydrophobic). A
phospholipid has a phosphate group (hydrophilic head) that is linked to two fatty acid
chains (hydrophobic tail) via an alcohol backbone. The phospholipids are broadly
categorized into glycerophospholipids and sphingolipids. The glycerophospholipids
contain fatty acid chains linked by ester or alkyl ether to the C1 and C2 carbons of the
glycerol backbone. Depending on the type of group attached to the phosphate,
glycerophospholipids are further categorized as phosphatidylcholine (PC),
phosphatidylethanolamine (PE), phosphatidylserine (PS), phosphatidic acid (PA),
phosphoinositiols [phosphatidylinositol (PI); phosphatidylinositol phosphate (PIP);
phosphatidylinositol bisphosphate (PIP,); phosphatidylinositol trisphosphate (PIPs)].
The phospholipids containing sphingoid bases are categorized as sphingolipids. The
ceramide-containing sphingolipids are further subdivided such as ceramide
phosphorylcholine (CPC), ceramide phosphorylethanolamine (CPE), etc.

Moreover, phospholipids interact non-covalently due to the hydrophobic effect
created by their hydrophobic tail ends, which does in fact hold the cell membrane
together. The fatty acid chain of phospholipids is either saturated (without double
bonds in the hydrocarbon chain) or unsaturated (with double bonds in the
hydrocarbon chain). The saturated fatty acid chains assist in the tight packing of the
membrane, and conversely, the unsaturated fatty acid chains inhibit the tight packing
of the membrane, therefore decreasing the melting temperature of the membrane
and increasing fluidity.

The phospholipids comprise half of the lipids, and the rest of the plasma membrane
lipids consist of cholesterol (CLR) (up to 48%) and glycolipids (2%), but CLR has the
same molar amount as the phospholipids [14]. In fact, about 90% of total cell’s CLR
content is found in the plasma membrane [15]. As CLR positions between the
hydrophobic tails of phospholipids and prevents their interaction, CLR is essential to
maintain membrane biophysical properties such as fluidity, curvature, permeability,
stiffening, strength, and thickness. At high temperatures, CLR reduces the fluidity of
membranes, thus decreasing the permeability to molecules (organic and small
molecules), and vice versa at lower temperatures. CLR is known to directly or indirectly
affect the structure and function of membrane proteins and also takes part in
biochemical interactions. Interestingly, the CLR percentage in cell membranes varies
between cell types, tissues, organisms, and even from one individual to another.
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Although only 2 percent of lipids are glycolipids, they are found on the extracellular

surface of the cell membrane. The glycolipids are essentially carbohydrates
(monosaccharide or oligosaccharide) attached to glycerophospholipids and
sphingolipids by a glycoside covalent bond. Their function is to maintain and facilitate
cell recognition in immune responses as well as provide cellular stability through the
formation of interactions between cells and the extracellular matrix. Overall,
phospholipids, CLR, glycoproteins, and interspersed proteins maintain appropriate
membrane fluidity and biophysical properties.

1.2.2 Membrane proteins

As the lipid bilayers constitute the major structural components of the cell membrane,
proteins are the other key components. Depending on how membrane proteins
associate with the cell membrane, they are divided into two groups: integral
membrane proteins (IMPs) and peripheral membrane proteins (PMPs). IMPs are
proteins that are attached to or embedded in plasma membranes. IMPs represent
approximately 20-30% of the proteins encoded by the human genome [16]. The IMPs
are subdivided into monotopic and polytopic proteins. The monotopic proteins
interact with the plasma membrane but do not span the lipid bilayer, whereas the
polytopic (single-pass or multi-pass) proteins span the entire membrane and are also
termed transmembrane proteins [17, 18]. lon channels, receptors, transporters,
linkers, enzymes, cell adhesion, and energy-accumulating and transducing proteins are
examples of IMPs. Important biological functions like signaling, transport, energy
transfer, and cell adhesion are carried out by IMPs. Considering that, IMPs becomes
an important target for drugs to act on and are the target of 60% of clinically used
drugs [19].

Proteins that are only temporarily associated with the membrane are referred to as
PMPs. PMPs are loosely attached to the peripheral (inner or outer) side of the cell
membrane. Their easy attachment and detachment enable them to take part in cell
signaling. PMPs typically interact with ion channels and transmembrane receptors to
transduce the extracellular signal and control intracellular signaling. These ancillary
proteins may also function as enzymes to facilitate and control the environment of the
cell. IMPs and PMPs work in conjugation to transduce the extracellular signal and
regulate intracellular signaling. Overall, IMPs and PMPs function in the complex
environment of the plasma membrane, where their organization and dynamics of
activation are also influenced by lipids.
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1.3 G protein-coupled receptors (GPCRs)

1.3.1 Receptor history and drug-interaction theories

In parallel to the development of bilipid layer theory, at the beginning of the twentieth
century, John Newport Langley (1905) and Paul Ehrlich (1908) devised the notions of a
“receptive substance” and a “chemoreceptor”, respectively, that would mediate the
drug action in cells, thus establishing the concept of the receptor in cells [20-23]. Even
without knowing the existence of or seeing receptors in cells, various mathematicians,
physiologists, and biophysicists advanced receptor theory and established drug-
receptor interaction theories. Archibald V. Hill (1910), a mathematician turned
physiologist, used mathematical and physiochemical methods to study the mode of
action of nicotine and curari on the skeletal muscles of a frog, in an attempt to
understand the relationship between drug-concentration and response, resulting in
the first quantitative assessment of drug-concentration effect [24-26].

Alfred Joseph Clark (1933) advanced Langley and Hill's work by introducing the
receptor occupancy model, to explain drug activity at receptors and quantified the
relationship between drug concentration and observed biological effects [27-30]. Sir
John Henry Gaddum (1937) advanced the receptor occupancy model by describing a
model for the competitive binding of two ligands to a receptor [31]. The equilibrium
constant for an antagonist binding to receptors was determined by Heinz Otto Schild
(1947). He derived the formula to calculate the dose ratio needed to assess a drug's
potency according to mass law (Figure 1.3 A). The affinity of an antagonist for a
receptor was calculated using the ratio of the ECso (half maximal effective
concentration) of an agonist alone compared to the ECso in the presence of a
competitive antagonist [32-34]. Moving further, the quantitative use of drug
antagonism was described by Arunlakshana and Schild in 1958 [35]. Cumulatively,
Gaddam, Schild, and Arunlakshana developed the competitive inhibition model and
defined the classic theory of drug antagonism, expanding the receptor-drug
interaction theory. Due to the fact that the receptor-occupancy and competitive
inhibition model was inherently flawed and was unable to adequately describe the
concept of a partial agonist, intrinsic activity or efficacy of agonist action was
established by Ariens in 1954 and Stephenson in 1956. Still, a lot of well-known
scientists were skeptical of the presence of receptors in cells and thought the idea of
a receptor was an abstraction, which thwarted the receptor theories from being
further developed.

In spite of the fact that receptor theory came into existence in the first decade of the
20™ century, the presence of receptors was not identified until the 1970s [36, 37]. In
the meantime, the suggestion of Davson-Danielli that proteins are located on the
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membrane was picked up by some scientists, and who theorized that the receptive

substance in cells might be a protein found on the membrane. Moreover, Raymond P.
Ahlquist (1948) demonstrated the differential effects of adrenaline on two probable
distinct receptor populations [38]. Following that, the theory of receptor-drug
interaction gradually gained acceptance. The major breakthrough came due to the
development of radioimmunoassay by Solomon Berson and Rosalyn Yalow in 1955,
which allowed the scientific community to use it to quantify the biomolecules [39, 40].
Using a similar principle, in the 1970s, Robert Lefkowitz and associates used
radioligand binding to identify distinct beta-adrenergic receptors (B-ARs) that couple
to norepinephrine and the adrenergic antagonist propranolol [36, 37, 41]. Once
receptors began to be recognized as specific proteins of the cell membrane, their
composition and conformation were explored.

A Law of mass action B Two state receptor model
. A +R — AR
A +R T\~ AR
Ka = Kon/Koff A + R* # AR* —> Biological

response

Figure 1.3: Law of mass action and two state receptor activity model. (A) The law of mass
action defines that the unbound agonist (A) and receptor (R) are in equilibrium with the agonist-
bound receptor (AR), where kon defines the rate of binding of A to R, and kort defines the rate of
dissociation of A from R, Ka defines the equilibrium constant for R and A. (B) The two state
receptor model suggests that an agonist binds primarily to the R* and subsequently to the R
state receptors, changes receptor conformation, and pushes the equilibrium largely to the AR*
to generate a biological response. A=agonist, R=inactive state receptor, R*=active state
receptor, AR=agonist-bound receptor, AR*= agonist-bound active state receptor. Figure
created with BioRender.com.

The receptor-drug interaction (occupancy and competitive inhibition) models were
deemed insufficient as the receptor started to gain recognition, as well as various types
of ligands for receptors (full, partial, inverse, and antagonist) were discovered. Moving
further, the two-state model originally put forth by Del Castillo and Katz for ligand-
gated ion channels was also applicable to receptors [42]. The receptor is believed to
exist in two interchangeable states: R (inactive) and R* (active), which are in
equilibrium (Figure 1.3 B). Most receptors are in the R state, which produces no or a
negligible signal when there is no agonist present. The agonist in the two-state model
does not activate the receptor, as is assumed in the occupation and competitive
inhibition hypothesis, but instead suggests that agonist selective binding causes a
8
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change in receptor conformation, which changes the receptor from an inactive to an
active state and shifts the equilibrium towards an active state. First, the agonist (A)
binds preferentially to the R* (active state receptor) and then to the R-state receptors
(inactive state receptor), changes conformation, and predominantly pulls the
equilibrium to the R*, and the generated response is dependent on the agonist
concentration. Similarly, due to the inverse agonist's strong affinity for the R state, it
can cause the opposite response and shift the balance in favor of the R state. Even at
saturating doses, a partial agonist with a marginally higher affinity for R* than for R
causes the equilibrium to shift towards R* and causes the submarginal response.
Equilibrium is maintained when an antagonist (B) binds to R and R* with equal affinity
and no reaction is triggered.

Alfred G. Gilman and Martin Rodbell's discovery of the G proteins has been of utmost
significance. Due to their ability to bind guanosine triphosphate (GTP), they earned the
name "G proteins" [43]. As a result, receptors that associate with G protein were called
G protein-coupled receptors (GPCRs). They discovered that G proteins function as
signal transducers in cells, transferring signals received via receptors, combining
various signals, and then regulating essential cell functions. The expansion of receptor
theory was aided by the identification of the receptor-G protein signaling mechanism.
In order to describe the interaction between ligand, an active receptor, and a G protein
that results in signal propagation, Andre De Lean proposed the ternary complex model
(Figure 1.4 A) [44]. The extended ternary complex model was developed from the
ternary model to take into account the active state receptor (R*), also known as the
constitutive active receptor (Figure 1.4. B) [45]. Furthermore, in order to
accommodate G proteins coupling with inactive receptors, the extended ternary
model was once again expanded to the cubic ternary complex model [46].

i Ternary complex model . Extended ternary complex model
. A & R+G,\_L¢R+G
A +R+G—— AR+G J BJ
ak A +/R*+ G B:ka AR/*+ G
A + RG #a ARG " / /] .
4 (1[3kﬁ 4

A+R*G ~ AR*G
Figure 1.4: Ternary and extended ternary models for receptor activation. Biological signal
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propagation is caused by the interaction of an agonist, a receptor, and a G protein (Ternary
model; A). The extended ternary complex model (B) evolved from the ternary model to account
for the active state receptor (R*), also known as constitutive activity. A= agonist, R=inactive
state receptor, R*= active state receptor, G= G protein. The Ka defines the equilibrium constant
for R and A, M is equilibrium constant for R and A, J is isomerzation constant between R and
R*. a defines the cooperative factor between A and G to stabilize the ternary complex, and B
defines the ability of the agonist to facilitate the transition from R to R*. Figure created with
BioRender.com.

Briefly, in parallel to the development of receptor theory, the advancement in
biochemical and biophysical methods and X-ray crystallography helped in determining
the protein structures [47]. John Kendrew established and used the X-ray diffraction
technique to determine the first 3-dimensional structure of muscle myoglobin in 1958
(Figure 1.5) [48]. Richard Henderson and Nigel Unwin were the first to structurally
characterize bacteriorhodopsin, a light-harvesting membrane protein (also called
purple protein) from archaeal bacteria, in 1975, with a resolution of 7 A. Additionally,
they were the first to report the presence of a-helices in membrane proteins (Figure
1.5) [49]. The first high-resolution, 3 A structure of a membrane protein was the
bacterial photosynthetic reaction center protein, which was determined by Hartmut
Michel and colleagues in 1985 [50]. Since, membrane proteins have the inherent
limitation of being difficult to extract, isolate, and stabilize, Euhd M Landau and his
colleagues developed the lipidic cubic phase (LCP) method to facilitate the
crystallization of membrane proteins in 1997 [51] and utilized the method to obtain
the high-resolution structure of bacteriorhodopsin with a resolution of 2.35 A (Protein
Data Bank; PDB: 1AP9). Subsequently, LCP methods have been used to obtain the
structures of multiple membrane proteins. The first crystal structure of 2.80 A of a
mammalian GPCR, bovine rhodopsin, was published in 2000 (PDB: IF88) [52]. The first
X-ray crystal structure of the human B2-adrenergic receptor (B2-AR; 2.40 A) was
reported by Brian Kobilka and colleagues in 2007 (PDB: 2RH1) [53, 54]. A new chapter
in GPCR research was opened in 2011 with the determination of the crystal structure
of the P2AR-Gs protein complex of 3.20 A (PDB: 3SN6; receptor-heterotrimer complex;
B2AR-Gapy) [55]. Thereafter, several X-ray and cryo-EM structures of several GPCRs
have been reported.
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Lipid cubic phase (LCP) method
Figure 1.5: Timeline of protein structure determination. The electron density map of the
muscle myoglobin molecule determined in 1958. The three-dimensional model of a light-
harvesting membrane protein (purple protein) from Halobaterium halobium with a resolution
of 7 A was obtained in 1975 by electron microscopy is shown. A 3 A X-ray structural analysis of
well-ordered crystals of the photosynthetic reaction center Rhodopseudomonas veridis (1985).
The high-resolution structure of bacteriorhodopsin with a resolution of 2.35 A obtained by the
LCP-based crystallization method of a membrane protein in 1997 (PBD: 1AP9). The first high-
resolution crystal structures of 2.80 A of a bovine rhodopsin (mammalian GPCR) and 2.40 A of
a human B2-AR were published in 2000 (PDB: IF88) and 2007 (PDB: 2RH1), respectively. The
3.20 A crystal structure of B2-AR bound to GDP-bound Gs protein (PDB: 3SN6; receptor-
heterotrimer complex; B2AR-Gay) reported in 2011. PDB structures were visualized using
PyMol (Schrodinger Inc.), and figure created using BioRender.com.

1.3.2 Classification of GPCRs

The superfamily of GPCRs is very diverse in structure and function. The human genome
encodes approximately ~800 GPCRs, making them the largest group of membrane
proteins in the human genome. Based on sequence homology, GPCRs are divided into
six classes: class A (rhodopsin receptors), class B (secretin receptors), class C
(metabotropic glutamate receptors), class D (fungal pheromone receptors), class E
(cyclic AMP receptors), and class F (frizzled and smoothened receptors). Class D and E
are the only ones that do not exist in vertebrates [56]. A different classification was
proposed by Fredriksson in 2003, i.e., the GRAFS system, based on phylogenetic
analysis using hidden Markov models, which delineated the inter-relationships among
the receptors (Figure 1.6) [57, 58]. As per the GRAFS system, the vertebrate receptors
were clustered into five main families, which were termed glutamate (23 members),
rhodopsin (¥719 members), adhesion (33 members), frizzled/taste2 (11 members),
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secretin (15 members), and some proteins that could not be assigned to any family

and were sectioned as "other 7-TM receptors".

Human GPCRs (~800)
/ 4 cassm:aton\‘\‘
Glutamate family Rhodopsin family Adhesmn family Fnzzled famlly 590"9“" fam|ly
719

RL 12 RL 3 R|_ 11 RL 15
o8 OR: 30 OR:0 OR: 0
Sensory (olfaction,vision, Non-sensory

taste, pheromone) RL: 197

~435 OR: 87

Figure 1.6: GPCRs classification based on GRAFS system. As per the GRAFS classification, GPCRs
are divided into glutamate (23 members), rhodopsin (~719), adhesion (33), frizzled (11) and
secretin (15) family. The rhodopsin family of GPCRs is further subdivided into sensory (~435)
and non-sensory (284). The ‘RL’ refers to the number of receptors for which the endogenous
ligand has been approved. The ‘OR’ refers to the number of receptors for which an endogenous
ligand still has to be discovered or approved. Figure created with BioRender.com.

The rhodopsin family of GPCRs is by far the most abundant, with ~719 members, 284
of which belong to non-olfactory receptors. The rhodopsin family of GPCRs is further
divided into four groups a, B, y and 6. The &-group of the rhodopsin family of GPCRs
contains the olfactory receptors, which are the largest cluster of receptors [57]. With
regards to the GRAFS classification system, the glutamate family includes
metabotropic glutamate, calcium-sensing, GABAgR, as well as taste type 1 receptors
[59, 60]. The secretin family comprises secretin, calcitonin, parathyroid hormone-
related peptides, and vasoactive intestinal peptide receptors [61, 62]. These receptors
are activated by peptide hormones such as glucagon-dependent insulinotropic
polypeptide (GIP), glucagon-like peptides (GLP-1 and GLP-2), secretin, vasoactive
intestinal peptide (VIP), pituitary adenylate cyclase-activating polypeptide (PACAP),
etc. The adhesion family receptors derive their name from their long N-terminus
domains that have adhesion properties [63]. It is believed that they help cells interact
with each other and with the extracellular matrix. Frizzled and smoothened family
consist of one smoothened (SMO) and 10 frizzled (FZD 1-10) receptors. The FZD
receptors are activated by secreted lipoglycoproteins of the WNT family [64, 65]. The
SMO is activated by CLR and subsequently regulates the Hedgehog-related signaling
pathway [66-68].
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1.3.3 Structure-function of GPCRs

GPCRs are primarily located in the cell membrane, and their main function is to
transduce extracellular signals to the interior of cells, enabling intercellular
communication. GPCRs are known to maintain cellular homeostasis and are implicated
in the physiology of many diseases [69, 70]. GPCRs have discrete structural features
and can be divided into three regions: first, "the extracellular region," which consists
of the extracellular N-terminus and three extracellular loops (ECL1-ECL3). Second, "the
transmembrane region," which has seven hydrophobic transmembrane a-helices
(TM1 to TM7) and third, "the intracellular cytoplasmic region," which comprises three
intracellular loops (ICL1-ICL3), an a-helix (H8), and the intracellular C-terminus (Figure
1.7 A) [71].

The seven hydrophobic membrane-spanning helices organize themselves into a
tertiary structure to form a barrel (Figure 1.7 B), which creates a cavity within the
plasma membrane. In general, the cavity functions as a ligand-binding domain, also
regarded as an orthosteric site. Upon ligand binding to the orthosteric site, or to the
N-terminus or ECLs, or on the surface of the transmembrane domain, the receptor
undergoes conformational rearrangements leading to the interaction with intracellular
signal transducers and downstream effectors, including G proteins, beta-arrestins (B-
arr), G protein-coupled receptor kinases (GRKs), etc [72]. A wide variety of agonists,
including proteins, biogenic amines, photons, sterols, etc., are known to activate
receptors and thereby regulate a wide range of cellular signaling [73].

The rhodopsin family is the largest group of GPCRs, and the Mas-related G protein-
coupled receptors (MRGPRs) subfamily, which is the subject of this thesis, is a member
of the rhodopsin family. Although the rhodopsin family of GPCRs is structurally similar,
not all GPCRs respond to the same ligand [73]. Therefore, understanding the structural
characteristics and activation mechanisms of individual GPCRs is of utmost
significance. According to the family-wide study of the rhodopsin family of GPCRs, the
residues that link the ligand-binding region to the G protein-coupling region are
significantly conserved, although a universal activation mechanism has yet to be
discovered [74]. The ligand-binding region of rhodopsin family GPCRs consists of motifs
such as CWxP (C%47, W848, p&30) and PIF (P>, 1340, F®44) (Figure 1.7 D and E). Notably,
the numbering of amino acid residues in GPCRs is based on the Ballesteros-Weinstein
numbering scheme, which consists of two numbers, where the first denotes the helix
of GPCRs and the second denotes the residue position relative to the most conserved
residue [75, 76]. The Trp®*® residues of the CWxP motif of TM6 operate as a toggle
switch when a ligand binds to the receptor, and the PIF motif, which is made up of the
hydrophobic residues in TM3, TM5, and TM6, initiates a rearrangement of hydrogen-
bonding connections to stabilize the active receptor conformation [72, 77]. The G
13
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protein-binding region of the rhodopsin family of GPCRs consists of motifs such as DRY

(D349, R30, ¥331) and NPxxY (N74%, P70, Y733) (Figures 1.7 F and G). The transition to the
active state is regulated by the conserved Asp>#° of the DRY motif at the cytoplasmic
end of TM3, and the nearby Arg*® is essential for G protein activation [78].
Furthermore, the conserved motif NPxxY on TM7 is known to stabilize the active
conformation of receptors, mediating G protein signaling and receptor internalization
[79]. Additionally, the sodium-binding site is found to be moderately conserved in the
rhodopsin family of GPCRs, and the key residues are D>, $33%, W%48 and N7%°, where
D% controls sodium-binding and the effect of sodium on ligand binding (Figure 1.7 C).
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Figure 1.7: Schematic overview of 2-dimensional and 3-dimensional structures of B2-AR and
evolutionary conserved motifs of the rhodopsin family of GPCRs. (A) The serpentine diagrams
of B2-AR display the N-terminus, extracellular loops (ECL1-ECL-3), transmembrane a-helices
(TMs), intracellular loops (ICL1-ICL3), a-helix (H8), and the intracellular C-terminus. The sodium-
binding residues are colored blue, CWxP motif residues in light red, PIF motif residues in orange,
DRY motif residues in green, and NPxxY residues in yellow. Note that the W88 and N74° residues
of sodium binding sites are common between the CWxP and NPxxY motifs, respectively. (B) The
AlphaFold (AF-P07550) protein structure of B2-AR displays the various parts of the receptor.
The cross-sectional view of B2-AR displays a barrel-like structure formed by TMs. (C) The
sodium-binding residues in B2-AR are shown. The evolutionary conserved motifs in f2-AR of
the rhodopsin family of GPCRs, CWxP (D), PIF (E), DRY (F), NPxxY (G) are represented.
Serpentine diagrams were prepared using https://gpcrdb.org/; AlphaFold PDB structure was
visualized and created using PyMol (Schrodinger Inc.), and BioRender.com.

1.3.4 GPCRs signal transduction

The physiological activities of living beings commence with unique signals that are
received by the cell membrane, transduced, and propagated to the intracellular
environment of cells. These signals are processed in microseconds-hours and
transformed into a precise and unique order for maximum performance and
maintaining homeostasis. Most of the time, the signals are processed by membrane
proteins, of which GPCRs are one of the primary signal transducers. GPCR-mediated
signaling is primarily regulated through either G protein or B-arrestin, and apart from
them, various effectors and regulatory proteins work together to transmit signals [80,
81]. The ability of a receptor to differentially activate downstream signaling pathway
over the other is considered biased signaling [82]. In recent times, it has been observed
that the GPCR, heterotrimeric G proteins and B-arrestin could also form mega-
complexes that could signaling from endosomes [83]. Altogether, the GPCR ligands,
signaling pathways, and their interacting and regulatory cohorts are complex, which
explains the promiscuous nature of GPCRs [84].

1.3.4.1 G protein mediated signaling

The agonist binding to a GPCR causes a conformational change in the receptor, which

initiates canonical G protein-dependent signaling. In general, it is well known that the
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outward displacement of transmembrane helix 6 (TM6) following ligand binding is a

distinctive feature of receptor activation in the majority of the rhodopsin-like GPCRs.
The rearrangements of 7-TM eliminate TM3-TM6 contacts and allow the formation of
contacts between TM3-TM7 and TM5-TM6 [72, 74]. The conformational changes at
the cytoplasmic end of the receptor function as a guanine nucleotide exchange factor
(GEF), which facilitates the exchange of GDP for GTP in the Ga protein subunit [85]. In
brief, the heterotrimeric G proteins are composed of three distinct subunits: Ga, Gf,
and Gy. In mammals, these G proteins are encoded by at least 18 distinct a-subunit
genes, 5 different B-subunit genes, and 12 different y-subunit genes [86-88]. Ga
subunit isoforms are classified into four subfamilies: Gas (Ga stimulatory; subtypes
Gas and Gaolf), Gai/o (Ga inhibitory; subtypes Gail, Gai2, Gai3, GooA, GaoB, Gatl,
Gat2, Gag, Gaz), Gag/11 (Subtypes Gag, Gall, Gal4, Gals, Gal6) and Gal2/13
(subtype Gal2 and Gal3). This exchange causes the Ga subunit (GTP-bound) to
dissociate from the GPy dimer and receptor. The GTP bound-Ga and GBy can then
activate several effectors, while the receptor can activate the subsequent G protein.
The active Ga-subunits then activate various effectors; for example, Gas activate
adenylyl cyclase (AC) which causes cyclic adenosine monophosphate (cAMP)
upregulation, Gai inhibits adenylyl cyclase (AC) which causes cAMP downregulation,
Gaq/11 activate phospholipase C (PLC) and Gal2/13 control the actin cytoskeleton.

Unliganded Receptor G protein coupling GRK-mediated  Arrestin coupling Arrestin-mediated
(apo) receptor activation and activation phosphorylation and activation endocytosis

agonistp

G protein-mediated Arrestin-mediated
signaling signaling

==y |
Bge8 %% .
Lo

Adenylcyclase PLCB RhoGEF GIRK Channels

AC A PI3KB, 1
- P, v PLCBaf{n
ATP cAMP DAG Rho g

Figure 1.8 Canonical GPCRs signaling pathways. The initiation of GPCR signaling occurs when
an agonist binds to the receptor, leading to conformational changes in the transmembrane
domain. These modifications involve an outward displacement of the intracellular tip of
transmembrane domain 6 (TM6, seen in a deeper blue shade). The activation of the receptor
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facilitates the recruitment of heterotrimeric G proteins, which are composed of Ga, GB, and Gy
subunits. The process of G protein coupling to the receptor initiates the exchange of GDP for
GTP in the Ga subunit, leading to the subsequent dissociation of the heterotrimer into the Ga
and GPy subunits. The interaction and modulation of several downstream effectors
are facilitated all the subunits. The activation or inhibition of adenylate cyclase (AC),
phospholipase C (PLC), and Rho guanine exchange factor (RhoGEF) are modulated by different
isoforms of Ga subunits, specifically, the Gas isoform activates AC, the Gai/o isoform inhibits
AC, the Gaq isoform activates PLC, and the Ga12/13 isoform activates RhoGEF. Moreover, GBy
subunits have the capability to regulate the functioning of G protein-coupled inwardly rectifying
potassium (GIRK) channels, phosphatidylinositol 3-kinase (PI3K), and phospholipase C (PLCs).
The activation of G protein-coupled receptors (GPCRs) also facilitates the process of
phosphorylation via the action of G protein-coupled receptor kinases (GRKs), which in turn
enhance the recruitment and activation of arrestin. The process of arrestin coupling results in
the desensitization of receptors and the activation of signaling pathways regulated by arrestin,
including several kinases such as the mitogen-activated protein kinase (MAPK),
phosphoinositide 3-kinase (PI3K), and Src kinase. The process of arrestin coupling may also elicit
receptor endocytosis via clathrin-coated vesicles, subsequently leading to receptor destruction
in lysosomes or recycling of the receptor back to the plasma membrane. ATP, adenosine
triphosphate; PIP2, phosphatidylinositol 4,5-bisphosphate; IPs, inositol triphosphate; DAG,
diacylglycerol (Figure adapted from Hilger et al., 2021 [89]).

Following this, second messengers are produced, that influence additional
downstream effectors [89]. After dissociation, the GBy subunit can also bind to and
control downstream effectors such as ion channels, GRKs etc. [90]. After some time,
Ga protein siganling is terminated by hydrolysis of bound GTP to GDP. This occurs
through the intrinsic GTPase activity of the Ga subunit itself or with the help of GTPase-
activating proteins (GAPs) [91]. The inactive form of the Ga-subunit (Ga-GDP) is
regenerated, which reassociates with the GBy dimer to form the "inactive" G protein
complex, which can again bind to an active GPCR or constitutive receptor (Figure 1.8).

1.3.4.2 GRKs and B-arrestin mediated signaling

The Arrestin (Arr) protein family consists of four members (arrestin-1 to arrestin-4) and
is critical for regulating signal transduction at GPCRs. Arrestins were first discovered as
a regulatory protein of visual rhodopsin and later found to regulate the B2-adreneric
receptors as well [92-94]. The initial step in receptor desensitization is the
phosphorylation of serine and threonine residues in the ICL3 and C-terminus tail of the
receptor by GRKs, which initiates arrestin recruitment [95]. Arrestin attachment to the
receptor inhibits further Ga protein-mediated signaling. Furthermore, the interactions
between the C-terminus tail of the GPCR, arrestin, and the cell membrane endocytic
proteins clathrin and P2-adaptin subunit (AP-2 adaptor complex) promote the
internalization of the receptor-arrestin-AP-2 complex. GPCR-arrestin vesicles are
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internalized and transported either to degradative (lysosomes) or recycling pathways

within the cell via the binding of arrestin to E3 ubiquitin ligases, which control receptor
surface expression [96, 97]. Alternatively, it has been suggested that GPCR, Ga protein,
and arrestin form super-complexes (or megacomplexes), which, when internalized can
cause sustained Ga protein signaling from internalized compartments [83].
Additionally, upon internalization, arrestin is also known to interact with Raf Kinases,
Akt (Protein kinase B), MEK1 (Mitogen-activated protein kinase 1), the tyrosine kinase
c-Src, extracellular protein kinase (ERK)1/2, c-Jun N-terminal kinase 3 (JNK3), etc.

It is worth noting that arrestin-3 (also known as B-arrestin-2) is exclusively found in the
cytoplasm, and arrestin-2 (also known as B-arrestin-1) has been shown to reside in
both the cytoplasm and nucleus [98]. Moreover, it has been suggested that the
rhodopsin family of GPCRs binds B-arrestin 2 higher with high affinity than B-arrestin
1[99].

1.3.5 Role of phospholipids and sterols in GPCR function

GPCRs have been found to be activated not only by their ligands but also by various
cell membrane lipids. Lipids like phospholipids (such as sphingolipids) and sterols
(mainly cholesterol) are emerging as key regulators of GPCR structure and activity. All
these effects are either through lipids altering membrane properties such as thickness,
curvature, or surface tension or through direct binding to GPCRs. According to one
study, it has been demonstrated that phosphatidylglycerol (glycerophospholipid)
strongly favors agonist (isoproterenol) binding and enhances P2-AR receptor
activation, whereas phosphatidylethanolamine (sphingolipids) strongly favors
antagonist (alprenolol) binding and stabilizes the receptor in the inactive state [100].
In another study of B2-AR signaling, phospholipids impacted the receptor preference
to interact with Gai over Gas because of the charge complementarity of lipid-G
proteins [101]. Furthermore, phosphoinositides (PIPs) have been shown to augment
an active conformation of B-arrestin and stabilize GPCR-B-arrestin complexes by
encouraging a fully engaged state of the complex [102].

Cholesterol is a lipid that has been studied a lot in terms of how it changes the structure
and function of GPCRs. One of the proposed mechanisms underpinning cholesterol
control of GPCR activity is the specific interaction of GPCRs with membrane
cholesterol. These GPCR-cholesterol interactions are frequently attributed to
structural characteristics of GPCRs that may enable their preferred affinity with
cholesterol. GPCR ligand binding, G protein coupling, and intracellular signaling have
all been found to be affected by membrane cholesterol [103]. Cholesterol, for
example, influences agonist binding to oxytocin and serotonin receptors, but its
presence allows for dimerization of the NTS1 receptor [104-106].
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The cell membrane has been shown to establish a microenvironment that consists of

highly structured microdomains known as lipid rafts [107]. Lipid rafts are made up of
very tightly packed saturated phospholipids (sphingolipids) and sterols (cholesterol).
GPCRs and other signaling molecules, including heterotrimeric G proteins, key
enzymes like kinases and phosphatases, trafficking proteins, and secondary
messengers, are preferentially compartmented in these lipid rafts. In a recent report,
it has been demonstrated that incubating HSG cells and isolated mouse submandibular
acinar cells with methyl-B-cyclodextrin (MBCD), which depletes cholesterol from cell
membrane and lipid rafts, reduced muscarinic receptor-mediated Ca?* signaling [108].
Altogether, this evidence displays the prominent role of phospholipids and sterols in
GPCR activation and functions though lipid raft or microdomains.

1.4 Orphan GPCRs

GPCRs share a common structural topology, yet not all have been found to be activated
by the same ligand, indicating that GPCRs are very selective in their ligand recognition
[109]. The inherent druggability of GPCRs is due to the availability of multiple binding
sites for molecules to modulate the receptor activity [110, 111]. Currently, for
approximately 238 receptors the endogenous ligands have been recognized, and of
these, 165 are targeted by US Food and drug administration (FDA)-approved drugs
(Figure 1.9 A) [112-115]. In fact, ~35-40% of the US FDA-approved drugs target GPCRs
[112, 113,116, 117]. Until an endogenous ligand is identified for a GPCR, it is regarded
as an "orphan GPCR" [109]. However, molecular biology and pharmacology techniques
have identified ligands for many receptors, but to date, there are still no known ligands
for ~120 receptors [118]. As a result, many receptors remain orphans with poorly
defined physiological functions [119]. The most targeted class is rhodopsin-like GPCRs,
which account for about 94% of approved drugs for GPCRs (Figure 1.9 B). Among the
approved drugs that target GPCRs, 92% and 5% are small molecules and peptides,
respectively (Figure 1.9 C).

Traditionally, ligands were found first and then utilized to characterize receptors
pharmacologically. In the 1980s, with the development of molecular biological
techniques, researchers were able to express orphan GPCRs in cell lines and test their
signal transduction using putative exogenous or endogenous ligands [120].
Concurrently, reverse pharmacology (using clinical observation to define and explore
the leads through transdisciplinary approaches) aided in defining the ligands through
rigorous preclinical and clinical research [121, 122]. Since it has been possible to obtain
the structures of receptors, this enables us to select molecules in a clever way through
structure-based in-silico screening and even design, and then utilize them for testing
on receptors using high-throughput assays [123, 124]. If we are not able to find

endogenous ligands in all ways, we could still utilize surrogate (nonnatural) ligands to
19



Chapter 1 Introduction
activate receptors [125]. This will assist in understanding receptor-related

pathophysiology, and we may well be utilizing it for pharmacological purposes.
Although it is worth mentioning that not all the receptors might associate with
endogenous ligands, some receptors could play a role in receptor trafficking or they
might need oligomerization with other receptors to function [120].
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molecules targeting GPCRs. (D) Mode of action of approved drugs on GPCRs. Figure adapted
from Hauser et al. 2017 and gpcrdb.org and created using BioRender.com.

1.5 Mas-related G protein-coupled receptors (MRGPRs)

Mas-related G protein-coupled receptors (MRGPRs) are known to mediate noxious
sensations, including pain and itching. MRGPRs belong to the 6-group of the rhodopsin
family of GPCRs, which includes glycoprotein receptors, purine receptors, and the
olfactory receptor cluster [57]. In 1986, the first member ‘MAS’ receptor was found
[126] and in 1990, the rat thoracic aorta (RTA) gene, which is now known as the mrgprf
gene, was identified [127]. Notably, the name “Massey” of the individual who donated
the human tumor from which the MAS gene was obtained is shortened to form the
acronym MAS [126]. In the beginning of the 21st century, two distinct groups of
researchers discovered a set of orphan GPCRs that were predominantly expressed in
sensory neurons of the dorsal root ganglia (DRG) and trigeminal ganglia (TG) [128,
129]. Dong and his colleague discovered orphan GPCRs displaying 35% sequence
identity with the Masl receptor [126]. Therefore, receptors were named after the
MAS-receptor as Mas-related genes (Mrgs) [128]. Concurrently, Lembo and his
colleagues discovered a new class of 'orphan' GPCRs and demonstrated that bovine
adrenal medulla 22 peptide (BAM22) as well as its fragments bind to and activate these
receptors with nanomolar affinity. Since this family of GPCRs was discovered in human
and rat small sensory neurons, researchers named them sensory neuron-specific
receptors (SNSRs) [129]. Later on, the HUGO Gene Nomenclature Committee referred
to these proteins as MRGPRs to avoid ambiguity.

MRGPRs are a large family of receptors and are divided into nine distinct subfamilies
(A-H and X) [128, 130]. MRGPR genes are located on chromosome 11 (in humans),
chromosome 1 (in rats), and chromosome 7 (in mice) [128, 130-132]. In rodents,
subfamilies MrgprA (subtype A1-A19), MrgprB (subtype B1-B13), and MrgprC11 are
found [128, 130, 132]. The MRGPRs D to G are found in mammals, including rodents
and primates [130, 132, 133]. The MrgprH is found in rodents and birds only [132]. On
the other hand, MRGPRX1 (SNSR4 [129]), MRGPRX2, MRGPRX3 (SNSR1 [129]) and
MRGPRX4 (SNSR6 [129]) are exclusively found in primates (humans, macaques, rhesus
monkeys, etc.) [128, 132].

Initially, it was believed that all MRGPRs (except MRGPRX2) are expressed by

nociceptive neurons of the trigeminal ganglia and dorsal root ganglia, which hinted at

and lately proved their role in histamine-independent pruritis and pain perception

[128-141]. Several reports now indicate that MRGPRs are also expressed by immune

cells such as mast cells, macrophages, and neutrophils and subsequently contribute to

inflammation [123, 142-158]. Although the MRGPRF was the first member of the
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family, it was discovered in thoracic aortic cells, and lately, the MRGPRD has been

reported in cardiovascular tissues [127, 159].

1.5.1 MRGPRs in itch and pain sensations and their modulators and activators

The noxious sensations of itch and pain cause significant suffering and impairment
[160]. It has been suggested that chloroquine (an antimalarial drug) mediates the itch
via MRGPRX1 [161]. Additionally, in terms of pain, activation of MRGPRX1 with bovine
adrenal medulla 8-22 peptide (BAMS8-22) and ML382 (positive allosteric modulators;
PAMs) reduces spinal nociceptive transmission, which inhibits persistent pain in the
humanized MRGPRX1 mouse model [162]. Furthermore, MRGPRX2 has been known
to mediate the itch induced by various cationic drugs such as morphine, clozapine, etc.
and various endogenous peptide agonists (PAMP-12, cortistatin 14) [123, 163-167].
Moreover, there is compelling evidence that MRGPRX2 mediates the
neuroinflammatory pain that substance P causes [168]. Recent studies have suggested
that bilirubin and bile acids activate MRGPRX4, which might contribute to cholestatic
itch [169, 170]. Compound MS47134 is a strong MRGPRX4 agonist that is 47 times
more selective for MRGPRX4 than the Kir6.2/SUR1 potassium channel; its role in itch
and pain still needs to be discovered [171]. MRGPRs are also known to be activated by
proteases, which also play a role in inducing itch [148, 151]. Recent reports suggest
that MRGPRX4 interacts with receptor activity modifying protein 2, which attenuates
the basal and agonist-dependent signaling of MRGPRX4 [172]. Altogether, these
reports point to the involvement of MRGPRs in the pruritic-nociceptive (itch-to-pain)
axis and inflammation. Considering the above-mentioned facts from various studies,
MRGPR activators can be broadly classified into small molecules, peptides, and
proteases (Figure 1.10). MRGPRs are still considered orphans since only a small
number of endogenous ligands are known for some MRGPRs but none for MRGPRE,
MRGPRF, MRGPRG, and MRGPRX3 [173, 174].
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Figure 1.10: Human MRGPRs in itch and pain perception and their activators. The key
activators of each MRGPR are shown, which have been reported to regulate itch and pain. The
effector Ga (Gaqg and Gai) proteins that MRGPRs signal through are shown. Figure adapted
from Cao, C., & Roth, B. L. (2023) and created with BioRender.com.

1.5.2 Distinct structural features of MRGPRs

Based on an evolutionary perspective, it is known that the human olfactory receptor
O51E2 and the B2-AR are members of the 6-group and a-group of the rhodopsin-like
GPCRs, respectively [57]. Notably, recent literature suggests that shallow ligand-
binding pockets are observed in the 6-group of the rhodopsin family of GPCRs [171,
175-177]. Whereas in the B2-AR receptor, which belongs to the a-group of the
rhodopsin family of receptors, the ligand-binding pocket is much deeper (Figure 1.11)
[53, 178]. Moving further, in B2-AR, the calculated shortest distance between the TM6
toggle switch, i.e., W% residue and ligand (Bl 167107; POG) was 4.4 A. Likewise, the
shortest distance between the F®*® and the ligand (Propionate) in human O51E2 was
11.5 A, which was substantially more than B2-AR (Figure 1.11 B and C). This affirms
that, from an evolutionary point of view, the 6-group of the rhodopsin family of GPCRs
not only differs on the basis of sequence from the a-group of the rhodopsin family of
GPCRs, but also indicates a fundamental difference in the structural and ligand-binding
properties.
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Figure 1.11: The phylogenetic tree of the 6-group of the rhodopsin family GPCRs and the
shallow agonist-binding in the human odorant receptor (O51E2). (A) The phylogenetic tree
representing the close relationship between MRGPRs and olfactory receptors (figure adapted
from Fredriksson et al. 2003 [57]). (B) A cartoon representation of B2-AR (in cyan) Bl 167107
(POG) complex and the human odorant receptor O51E2 (in cyan) propionate complex. The
human odorant receptor O51E2 has a shallow agonist-binding pocket as compared to f2-AR,
which is far away from the toggle switch residue 6.48 in TM6. (C) The closest distance between
the toggle switch residue 6.48 and bound-agonist BI167107 in B2-AR (PBD: 3SN6; 3.20 A X-ray
[179]) and propionate in O51E2 (PDB: 8F76; 3.1 A cryo-EM [176]) are 4.4 A and 11.5 A,
respectively. PDB structures were visualized using PyMol (Schrédinger Inc.), and figures created
using BioRender.com.

Recent developments in the determination of MRGPR structures revealed distinct
structural characteristics and ligand recognition properties in MRGPRs [171, 175, 177,
178]. The majority of the conventional motifs necessary for receptor activation, such
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as the CWxP motif, the PIF motif, and the DRY motif, are either absent or

semiconserved in MRGPRs [178]. It has been suggested that in MRGPRs, the canonical
orthosteric ligand pocket is closed by this helical movement of TM6 towards TM3,
thereby creating a shallow solvent-exposed ligand-binding pocket. This occurs due to
the change in TM6 toggle switch residue W% (like in B2-AR) in the CWxP motif to G548
(in MRGPRX1, MRGPRX2, MRGPRX4, MRGPRE, MRGPRG) or 5%* (MRGPRD, MRGPRF)
in MRGPRs, due to which TM6 and TM3 interact more closely [175, 178]. The crucial
TM3 residue S>3 for sodium binding is also absent from MRGPRs. Several studies have
demonstrated that the sodium ion stabilizes GPCRs in an inactive state and that
mutations of sodium pocket residues can increase the constitutive activity of the
receptor. As a result, it has been suggested that the non-conserved sodium binding
pocket may partially account for the high constitutive activity in MRGPRs [158, 178,
180]. The lack of a sodium binding site may also permit them to be triggered by a mild
'push' by ligand binding [178] or mechanical forces (chapter 5). In addition, the
disulfide bond between TM3-ECL-2 which helps in stabilizing the ECL-2 on top of
ligand-binding pocket and, in turn, increases the retention time and decreases the
dissociation rate of agonist, does not exist in MRGPRs [178]. As suggested, this might
be the reason for the low binding affinity and potencies of endogenous ligands of
MRGPRs. Until now, inactive-state MRGPR structures have not been discovered.

In terms of ligand pockets, size, and charge of the ligand binding pocket, it is quite
diverse in nature in the MRGPR family. In the case of MRGPRD, B-alanine carboxyl
groups interact with the positively charged R10333° on the TM3 and amino groups with
the negatively charged D179>%” on the TM5 (Figure 1.12 B and 1.14 C) [175]. In
MRGPRX1, the binding of the BAMS8-22 agonist peptide is governed by R20 of the
BAMS8-22 peptide, which interacts with negatively charged D177°% and E157%%°
(Figure 1.12 D). The interaction of BAM8-22 with MRGPRX1 is further strengthened by
the interaction of ML382 (a positive allosteric modulator) with BAMS8-22 [177].
Cortistatin-14 binds to the negatively charged sub-pocket 1 of MRGPRX2 (Figure 1.12
F). The interaction between cortistatin-14's positively charged residues (mainly lysine
and arginine) and MRGPRX2 is governed by the negatively charged residues D184>3¢
and E164%%[171]. Conversely, the sub-pocket 1 of MRGPR4 is inaccessible due to the
ECL2 loop covering it, and the sub-pocket 2 of MRGPRX4 has an overall positive
electrostatic potential surface that is accessible to MS47134 (Figure 1.12 H) [171].

26



Chapter 1 Introduction

A B
MRGPRD MRGPRD

a/p-alanine

B-alanine
3 i -~ Sub-pocket 1

Sub-pocket 2

2~

B-alanine

Palmmc Acid

MRGPRX1 MRGPRX1

% BAMS-22
“-ML382 3

-Sub-pocket 2

BAMS-22

“~Sub-pocket 1

Gly(G)

Asp(D)
BAMS-22
VGRPEWWMDYQKRYG
E F b ke
MRGPRX2 MRGPRX2 Subipocket],
Cortistatin-14 ]
\,// Cortistatin-14 .
o .
N ‘ ‘i‘*Sub-pocketZ
Lys(K)
Y
Lys(K)
Cortistatin-14
PCKNFFWKTFSSCK
G H
MRGPRX4 MRGPRX4 Sub-pocket 1

MS47134

"* Sub-pocket 2

MS47134

Figure 1.12: Various structures of MRGPRs. The cartoon (in cyan) representation of (A)

MRGPRD-B-alanine complex (3.1 A; PDB: 7Y12; cryo-EM [175]), (C) MRGPRX1-BAM8-22-ML382

complex (2.71 A; PDB: 8DWG; cryo-EM [177]), (E) MRGPRX2-Cortistatin-14 complex (2.45 A;
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PDB: 7S8L; cryo-EM [171]), (G) MRGPRX4-MS47134 complex (2.6 A; PDB: 7S8P; cryo-EM [171]).
Electrostatic surface charge representation of the MRGPRD (B), MRGPRX1 (D), MRGPRX2 (F),
and MRGPRX4 (H) generated using ChimeraX [181, 182]. The cross-sectional view of MRGPRD,
MRGPRX1, MRGPRX2, and MRGPRX4 show a nice fit of B-alanine in sub-pocket 1 of MRGPRD
(B), BAMS8-22 peptide in sub-pocket 1 and ML382 in sub-pocket 2 of MRGPRX1 (D), Cortistatin-
14 peptide in sub-pockets 1 and 2 (F), MS47134 in sub-pocket 1 of MRGPRX4 (H), respectively.
Red and Blue colors represent negative and positive charges, respectively. PDB structures were
visualized using PyMol (Schrodinger Inc.), and figures created with BioRender.com.

1.5.3 Mas-related G protein-coupled receptor D (MRGPRD)

MRGPRD is also known as MrgD and TGR7 [128, 130, 183]. The protein sequence
analysis revealed 58.6% and 62.4% sequence identity between human-mouse and
human-rat MRGPRD, respectively, which indicates the sequence is not highly
conserved between mammals (Appendix |) [183]. MRGPRD was discovered to be
expressed by the majority of isolectin-B4- positive (IB4+), small non-myelinated
sensory neurons of the dorsal root ganglia (DRG) and trigeminal ganglia (TG) [128, 130,
135]. MRGPRD neurons are known to selectively innervate the superficial layers of the
epidermis [135]. Later, MRGPRD expression was also discovered in mouse colonic DRG
afferents [184] and lung cancer tissues [185]. Furthermore, some studies indicate that
MRGPRD mRNA transcripts have been identified in aortic endothelial cells, arterial
smooth muscle cells, and cardiomyocytes [159, 186, 187]. MRGPRD has also been
reported to be expressed by neutrophils and macrophages [187, 188]. Another study
localized the MRGPRD in osteocytes [189]. Overall, MRGPRD has been found to play a
role in itch, pain, cardiovascular disease, and cancer. Elaborated functions of MRGPRD
are covered in the introduction of chapters 3, 4, and 5.

It is well known that a wide range of agonists, including small molecules and peptides,
can activate MRGPRD (Figure 1.10). Small molecules such as B-alanine [183] (the first
discovered agonist of the MRGPRD), 3-aminoisobutyric acid (BAIBA) [190], y-
aminobutyric acid (GABA) [190, 191], diethylstilbesterol (DEC) [190], glycine [191], and
5,7-dihydroxytryptamine creatinine sulphate [191] can activate the MRGPRD receptor.
The MRGPRD is also known to be activated by a polyunsaturated acid (PUFA), 5-Oxo-
eicosatetraenoic acid (5-oxoETE) [184]. Additionally, the heptapeptide angiotensin 1—
7 and alamandine have been reported to activate the MRGPRD receptor [192]. Of all
the ligands reported above, B-alanine is the most potent and has been studied
extensively. On the other hand, several compounds, such as chlorpromazine [191],
thioridazine [191], (R)-propylnorapomorphine [191], PD123319 (an AT-2 receptor
antagonist) [193], and the peptide D-Pro7-Ang(1-7) [194], have been reported as
antagonists of MRGPRD. MU-6840, a possible anticancer drug, also exhibited
antagonistic action [190].
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Recently, the cryo-EM structures of the MRGPRD-Gai complex with B-alanine and apo

state (ligand independent) with a resolution of 3.1 A (PDB: 7Y12) and 2.8 A (PDB: 7Y15),
respectively, were determined (Figure 1.13 A and B) [175]. Interestingly, it was
observed that B-alanine bound shallowly to the extracellular orthosteric ligand-binding
pocket. Additionally, upon ligand binding, the MRGPRD TMG6 tilts substantially towards
the TM3, which is opposite of what is seen in the a-group of the rhodopsin family of
GPCRs. This could be attributed to the lack of conserved toggle switch residue W54
which is replaced with a small residue G in MRGPR family. This hints that MRGPRs
might have a different mode of activation altogether.

A B
MRGPRD-Gi complex MRGPRD-Gi complex

Apo state B-alanine bound

Palmitic Acid
Palmitic Acid 2

Figure 1.13: MRGPRD-Gai complex structures. The cryo-EM structures of B-alanine bound (A)
and apo state (B) MRGPRD-Gai complex. The MRGPRD is shown in cyan, Gai is in magenta, GB1
in blue and Gy2 is in blue. Palmitic acid is in orange. PDB structures were visualized using PyMol
(Schrodinger Inc.), and figures were created with BioRender.com.

According to a recent study, in the human olfactory receptor O51E2, the volatile fatty
acid propionate shallowly binds to the orthosteric binding pocket. This is also observed
with B-alanine's shallow binding to MRGPRD. On further analysis, it was observed that
in the human olfactory receptor O51E2, the shortest distance between the toggle
switch residue of TM6 Y&*8 and the ligand propionate was 11.5 A. Similarly, the shortest
distance between toggle switch residue S%% and the ligand B-alanine in human
MRGPRD was 14.1 A, which was comparable to O51E2 (Figure 1.14 A and B). The
shallow binding of ligand in O51E2 and MRGPRD leads us to think that this is a classical
feature of the 6-group rhodopsin family of GPCRs. If we look, there is only one amino
group difference between propionate and B-alanine, which gives rise to the possibility
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that MRGPRD can also be activated by volatile short-chain fatty acids such as

propionate.
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Figure 1.14: Human olfactory receptor O51E2 and MRGPRD characteristic features. (A) A
cartoon representation of human olfactory receptor O51E2-Propionate (PPI) and the human
MRGPRD-B-alanine complex. The human odorant receptor O51E2 has a shallow agonist-
binding pocket, which is comparable to the MRGPRD. (B) The closest distance between the
toggle switch residue 6.48 on TM6 to bound-agonist propionate in O51E2 (PDB: 8F76; 3.1 A
cryo-EM) and B-alanine in MRGPRD (PDB: 7Y12; 3.1 A cryo-EM) are 11.5 A and 14.5,
respectively. (C) B-alanine carboxyl groups interact with the positively charged R10333 on the
TM3 and amino groups with the negatively charged D179%37 on the TM5. (D) Comparison of
sodium binding residues between B2-AR, MRGPRD, MRGPRE, and MRGPRF and on the right,
MRGPRD displays the lack of conserved-sodium binding residues. (E) Residues of hydrogen-
bond network i.e., Y109333, S234%% and $2687“°, which mediates constitutive activity of
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MRGPRD. (F) Residues of D(Q)RY(C) motif of MRGPRD. PDB structures were visualized using
PyMol (Schrodinger Inc.), and figure created with BioRender.com.

It has been reported that in HEK-293 cells, MRGPRD constitutively (without ligand
induction) couples with the highest affinity to Gai, Gal5, Gal3 and Gag, respectively,
and exhibits marginal coupling to B-arrestin 2 [195]. Although the mechanism behind
the constitutive activity of MRGPRD has not yet been established. MRGPRD lacks the
conserved sodium-binding sites (D*°°, S>3, W848, and N’”7°) which are known to
stabilize GPCRs (Figure 1.14 D) [196]. Additionally, MRGPRD has a modification to the
DRY motif (Figure 1.14 F). The D**° in the DRY motif is replaced with Q3#° in MRGPRD,
which might hinder the ionic lock formation with R**. The mutation of D3>*° has been
reported to increase basal activity [78]. Also, Y333, S5 and S7*° form a network of
hydrogen bonds, and Y109A and S234A mutations decreased the base activity (Figure
1.14 E) [175]. Considering the observed modifications in the MRGPRD, it would be
reasonable to think that these modifications alter the conformational properties of the
MRGPRD and maintain it in an active state.

1.5.4 Mas-related G protein-coupled receptor E (MRGPRE)

The MRGPRE is expressed in the dorsal root ganglia, spinal cord, and several parts of
the brain [134, 197]. The protein sequence analysis showed that the human-mouse
MRGPRE had 73.2% sequence identity and the human-rat MRGPRE had 72.5%
sequence identity (Appendix 1). It has been reported that genetic ablation of MrgprE
in mice alters pain-like behavior and influences the expression of MrgprF in the spinal
cord [136]. Furthermore, the rat MrgprE is reported to form a functional heterodimer
with the rat MrgprD, which increases the potency of B-alanine to phosphorylate ERK1
and ERK2, as well as inhibits B-alanine-induced internalization of rMrgprD [198].
Functionally, MRGPRE has been hypothesized to be expressed in pain-related cells.
Nevertheless, studying MRGPRE has been difficult due to a lack of plausible ligands for
the receptor (Figure 1.15) [178].
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Figure 1.15: Characteristic features of human MRGPRE. (A). A cartoon representation of
MRGPRE (AF_MRGPRE_Q86SM8) structure generated from the Alpha-Fold Protein Structure
Database representing the N-terminus, TMs, H8-a-helix, and C-terminus of MRGPRE [199, 200].
(B) Electrostatic surface charge representation of the MRGPRE generated using ChimeraX [181,
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182]. The cross-sectional image displays possible ligand binding pockets 1, 2 and 3. Red and
Blue colors represent negative and positive charges, respectively. Figure created with
BioRender.com.

1.5.5 Mas-related G protein-coupled receptor F (MRGPRF)

The rat thoracic aorta (RTA) gene, which is now known as the MRGPRF gene, was first
identified in 1990 [127]. The protein sequence of the mouse and rat MRGPRF displays
nearly 86% and 85.1% sequence identity to that of the human MRGPRF, respectively,
which indicates that the sequence is highly conserved in mammals (Appendix I).
Initially, MRGPRF was reported to be expressed in the trigeminal ganglia and dorsal
root ganglia [130, 136, 197]. Nevertheless, MRGPRF expression is not limited to
neurons; at the mRNA level, MRGPRF is expressed in tissues, such as the human
gastrointestinal tract, smooth muscle, testis, colon, and aorta [197, 201, 202]. It has
also been found that, at the mRNA level, MRGPRF is expressed by monocytes and
macrophages, and the level of MRGPRF increases substantially during monocyte-to-
macrophage differentiation [145]. Nevertheless, whether MRGPRF is expressed at the
protein level in these cells is yet to be determined.
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Figure 1.16: Characteristic features of human MRGPRF. (A). A cartoon representation of
MRGPRF (AF_MRGPRF_Q96AM1) structure generated from the Alpha-Fold Protein Structure
Database representing the N-terminus, TMs, H8-a-helix, and C-terminus of MRGPRF. (B)
Electrostatic surface charge representation of the MRGPRF generated using ChimeraX. The
cross-sectional image displays possible ligand binding pockets 1 and 2. Red and Blue colors
represent negative and positive charges, respectively. Figure created with BioRender.com.

Recently, it has been demonstrated that MRGPRF plays a crucial role in inhibiting
tumor cell proliferation, migration, xenograft tumor growth, and metastasis [203].
Therefore, MRGPRF is not only expressed by many cells and tissues, but it also plays a
role in regulating cancer. However, so far, no endogenous ligand or activator has been
identified for MRGPRF, due to which it remains orphan and understudied (Figure 1.16)
[178].
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Chapter 2 Aims of the study
MRGPRs are known to play a crucial role in itch and pain mediation and in pseudo-

allergic drug reactions. In recent years, MRGPRs have begun to emerge as mediators in
cardiovascular biology. Despite the fact that there is information available on some
MRGPRs activation, signaling pathways, their role in inflammation is highly awaited.
Furthermore, it is known that GPCRs form complex oligomers, which are known to
regulate receptor activation, modulation of signaling, receptor trafficking, etc.
Therefore, many physiologists and pharmacologists are trying to discover ligands for
MRGPRs to define the mode of activation and associated signaling of MRGPRs. Even
though many scientists have tried to understand the role of MRGPRs, progress has been
limited as most MRGPRs are still orphans, and very few ligands are known to activate
some MRGPRs. This limits the progress in understanding the pathophysiological role of
MRGPRs. In this PhD thesis, | aimed to get a better understanding of MRGPRs by
addressing three points: 1) deciphering the activation mechanism of MRGPRs; 2) the
role of MRGPRs in inflammation biology; and 3) elucidating the oligomeric interaction
of MRGPRs.

Chapter 3: Constitutive, basal and B-alanine-mediated activation of the human Mas-
related G protein-coupled receptor D induces release of the inflammatory cytokine IL-
6 and is dependent on NF-kB signaling

MRGPRs are expressed by sensory neurons, mast cells, macrophages, cardiovascular
tissue, etc., and are known to regulate pruritus, nociception, and pseudo-allergic drug
reactions. Some literature suggests that MRGPRs are also involved in inflammatory
processes and the release of cytokines. Given the lack of evidence that MRGPRD can
induce interleukin-6 (IL-6) release, we aimed to investigate if B-alanine- or alamandine-
activated MRGPRD can release IL-6 and, if so, which cellular signaling pathways are
involved.

Chapter 4: Bile acids-mediated activation of human Mas-related G protein-coupled

receptor D induces release of the inflammatory cytokine IL-6

The majority of MRGPRs are still classified as orphan receptors since only a few
endogenous or synthetic ligands for them are known. As a result, identifying and
discovering the ligands like agonists, inverse agonists, allosteric modulators, and
antagonists for MRGPRs is critical in order to deorphanize, recognize their associated
signaling, and understand their role in pathophysiology. According to reports,
amphiphilic molecules like bilirubin and bile acids (BAs) cause cholestatic itch via
activating the MRGPRX4 receptor. Consequently, we aimed to investigate whether
MRGPRD might also be activated by amphiphilic molecules. Therefore, we performed
the counter-screening of cholesterol (CLR) and BAs against selected MRGPRs.
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Chapter 5: Mas-related G protein-coupled receptor D senses fluid shear stress and
induces the release of IL-6

MRGPRD has emerged as a player in the cardiovascular system, possibly regulating
vascular tone and the development of dilated cardiomyopathies. Additionally, in
nociceptive neurons, MRGPRD displays mechanosensitivity. Some of the GPCRs, like
apelin, B2-AR, GPR68, PAR2, M3, H1R etc., are known to be activated by shear stress,
cell shrinkage, and expansions. Given the significance of MRGPRD in mechanosensitivity
and the regulation of cytokines, we aimed to determine if shear stress could regulate
and activate MRGPRD, leading to the production of IL-6.

Chapter 6: The neglected N-terminus of human Mas-related G protein-coupled

receptors: could cysteine protease cathepsin-S (CTSS) activate them?

Despite the fact that MRGPRs are known to regulate nociception, mediate drug-allergy
reactions, and play a role in inflammation, the ligands and activation mechanisms that
could aid in understanding receptor pathophysiology are scarce. Given that CTSS is
expressed by a variety of inflammatory cell types and plays a role in the activation of
primate-specific MRGPRX2 and mouse MrgprCll, the CTSS-linked activation
mechanism for MRGPRD, MRGPRE, and MRGPRF was evaluated, additionally, aiming to
deorphanize MRGPRE and MRGPRF.

Chapter 7: Identification of heteromeric interactions of human Mas-related G protein-

coupled receptors

GPCR oligomerization can cause changes in ligand selectivity, unique coupling to signal
transducers, and even receptor trafficking. This gives GPCRs a provision to fine-tune
receptor-mediated signaling to regulate pathophysiological processes and opens the
possibility for potential novel targets for pharmaceutical therapies. Therefore, the
heteromerization of human MRGPRD, MRGPRE, and MRGPRF was evaluated, guided by
the fact that rat MrgprD and MrgprE have been demonstrated to form heterodimers
and regulate MrgprD trafficking and signaling.

Finally, a thorough summary of the research and findings from chapters 3 to 7 is
provided in chapter 8, along with recommendations for further research.
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Chapter 3 MRGPRD mediated release of IL-6
Abstract

GPCRs have emerged as key players in regulating (patho)physiological processes
including inflammation. Members of the Mas-related G protein-coupled receptors
(MRGPRs), subfamily of GPCRs are largely expressed by sensory neurons and known to
modulate itch and pain. Other members of MRGPRs are also expressed in mast cells,
macrophages as well as in cardiomyocytes, linking them to pseudo-allergic drug
reactions and to a pivotal role in the cardiovascular system. However, involvement of
Mas-related G protein-coupled receptor D (MRGPRD) in the regulation of the
inflammatory mediator interleukin-6 (IL-6) has not been demonstrated to date. By
stimulating human MRGPRD-expressing Hela cells with the agonist B-alanine, we
observed a release of IL-6. B-alanine-induced signaling through MRGPRD was
investigated further by probing downstream signaling effectors along the
Gaqg/Phospholipase C (PLC), which results in a IkB kinases (IKK)-mediated canonical
activation of nuclear factor kappa-B (NF-kB) and stimulation of IL-6 release. In
agreement with the MRGPRD-Gaq/PLC/NF-kB/IL-6 pathway, the IL-6 release could be
blocked by the Gagq inhibitor (YM-254890), the IKK (IKK-16) complex inhibitors and
partly by the PLC inhibitor (U-73122). Additionally, we investigated the constitutive
(ligand-independent) and basal activity of MRGPRD and conclude that the observed
basal activity of MRGPRD is suggestive of hitherto unrecognized ligands in the fetal
bovine serum (FBS) in the culture medium. Consequently, the dynamic range for IL-6
detection as an assay for B-alanine-mediated activation of MRGPRD is substantially
increased by culturing the cells in serum free medium before treatment. Overall, the
observation that MRGPRD mediates the release of IL-6 in vitro hints at a role as
inflammatory mediator and supports the notion that IL-6 can be used as a marker for
MRGPRD activation in in vitro drug screening assays.

Keywords: GPCRs, B-alanine; MRGPRD; Constitutive receptor; Gq inhibitor; NF-kB;
Interleukin-6
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3.1 Introduction

The G protein-coupled receptors (GPCRs) are the largest family of membrane receptors
that play a key role in cellular signaling and regulate physiological processes. Apart from
the classical complement and innate immunity pathways, we now know that GPCRs
significantly contribute to acute and systemic chronic inflammations [204]. In the early
2000s, a novel subfamily of rhodopsin-like GPCRs was discovered in rodents and
humans, showing a substantial sequence homology with the MAS oncogene and
therefore named Mas-related genes (Mrgs) [128, 130]. Initially, these Mrg receptors
were thought to be mainly expressed by nociceptive neurons, where they are known to
be involved in modulating itch and pain and were therefore also referred to as SNSRs
[131, 132, 205]. Later on, the nomenclature Mrgs and SNSRs was replaced by Mas-
related G protein-coupled receptors (MRGPRs) [118]. Recent studies demonstrated that
MRGPRs are also involved in hypersensitivity [206, 207] and reported the presence of
MRGPRs in other cell and tissue types, such as mast cells, macrophages and
cardiovascular tissue [146, 150, 153, 154, 156, 157, 186, 208]. Several peptides and a
few small molecules have been proposed as ligands for MRGPRs [123, 131, 132, 149].
However, many of these ligands activate multiple receptors and share a significant
physiological overlap with other rhodopsin family GPCRs, causing the majority of
MRGPRs to still be classified as orphan receptors [118]. As such, the pharmacological
characterization of and insight into the physiological roles of the majority of MRGPRs
remain elusive.

One member of the MRGPR family, MRGPRD, is predominantly expressed in isolectin-
B4- positive (IB4+), small non-myelinated sensory neurons in dorsal root ganglia (DRG)
and trigeminal ganglia (TG) of animals [128, 135]. The B-alanine-activated MRGPRD
inhibits KCNQ/M K* currents in DRG neuronal cultures, which points to MRGPRD
involvement in modulating neuronal excitability [209]. Similarly, the activation of rat
MrgprD in Xenopus oocytes by B-alanine demonstrated the functional link between
MrgprD and calcium-activated chloride channels, which was mediated via the
Gq/PLC/IPs/Ca%* pathway [210]. In addition, activation of the MRGPRD receptor by B-
alanine also has a regulatory impact on the transient receptor potential cation channel-
A1l (TRPA1) and induces histamine-independent neuropathic itch and pain [211]. Recent
study suggest that allantoin, also known as 5-ureidohydantoin or glyoxyldiureide,
induces pruritus by activating MRGPRD in chronic kidney disease [212]. Moreover, in a
recent publication, 5-oxoETE, a polyunsaturated fatty acid (PUFA) metabolite, has been
shown to induce somatic and visceral hyperalgesia without inflammation via the
MRGPRD pathway, in this way triggering noxious symptoms in constipated irritable
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bowel syndrome (IBS) patients [184]. Altogether, MRGPRD seems to be involved in
regulating nociception in neurons [213].

Additionally, MRGPRD has also been linked with the renin-angiotensin system (RAS)
cascade of the cardiovascular system. It was found that angiotensin Il (Ang ),
angiotensin (1-7) and a derivative, alamandine, can activate MRGPRD and regulate
signaling by Gas/cAMP/PKA pathway [192, 214, 215]. Angiotensin Il (Ang Il) induces
upregulation of cAMP, triggers phosphorylation of p-38 and induces fibrosis of rat
vascular smooth muscle cells [216]. Intriguingly, these effects are mitigated by
alamandine, which attenuates Ang ll-associated hypertension and cardiac remodeling.
Alamandine-activated MRGPRD also induces NO release, suggesting that MRGPRD
could also be involved in cardioprotection, controlling vasodilation and fibrosis in the
heart [217, 218]. Genetic ablation of MRGPRD in mice led to a reduced thermal and
mechanical nociception ability of sensory neurons and caused dilated cardiomyopathy
[139, 186].

MRGPRD involvement is not limited to neuron and cardiovascular tissues; high
expression levels of MRGPRD have also been reported in lung cancer tissues, where it
promotes cell proliferation and tumorigenicity [185]. Also, L-BAIBA, a structural analog
of B-alanine and a secretory metabolite of muscle cells, promotes the survival of
MRGPRD-expressing osteocytes by maintaining mitochondrial integrity, hence
improving bone formation [189].

Several lines of evidence now indicate that MRGPR-mediated signaling is linked to
increased production and release of inflammatory cytokines. Cells expressing
MRGPRX1, another member of the MRGPR family, have been shown to release the pro-
inflammatory cytokine IL-6 upon activation of the receptor through cleavage of its N-
terminus by cysteine protease Der pl [151]. In another study, alamandine-activated
MRGPRD reduced the levels of the pro-inflammatory cytokines tumor necrosis factor-
alpha (TNF-a) and interleukin-1 beta (IL-1B) in lipopolysaccharide (LPS)-stimulated
macrophages [154]. Furthermore, a recent study hinted at MRGPRD involvement in LPS-
induced inflammatory pain and activation of the NF-kB signaling pathway mediated via
IkB kinases (IKKa and IKKB) [157]. Therefore, the MRGPRD-mediated activation of NF-
kB as well as the release of inflammatory cytokines (TNF-a and IL-1B), largely suggests
a much broader role of MRGPRs in inflammation and immune biology than assumed so
far. Given the lack of experimental proof that agonist-activated MRGPRD could mediate
the release of pleiotropic cytokine IL-6, in the present study, the release of IL-6 from
MRGPRD-expressing cells was analyzed.
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3.2 Materials and Methods

3.2.1 Materials

DNA oligonucleotides were obtained from IDT (Leuven, Belgium). Plasmid preparations
were performed using either the plasmid miniprep or maxiprep kit from Macherey-
Nagel (Diiren, Germany). The PCR/gel clean-up kit used to purify PCR-amplified products
was from Macherey-Nagel. Agar, LB broth (high salt), SOC medium, ampicillin and
kanamycin were purchased from Sigma-Aldrich (Merck; Kenilworth, NJ, USA).
Restriction enzymes and T4 DNA ligase were acquired from New England Biolabs
(Ipswich, MA, USA). XL2-Blue ultracompetent cells used for transformation were
purchased from Stratagene (San Diego, CA, USA). Pfu DNA polymerase was obtained
from Promega (Madison, WI, USA). Human MRGPRD cDNA (pENTR223.1-MRGPRD; Cat#
HsCD00080297) was obtained from the DNASU [219] plasmid repository (Tempe, AZ,
USA), plasmid pcDNA3.1(+)-PAR2 was a generous gift from Dr. Rithwik Ramachandran,
plasmid p-NCS-Antares (Cat#f 74279) coding Nanoluc (NLuc) was obtained from
Addgene (Cambridge, MA, USA), and pCMV-ECFP-N1 (plasmid-cytomegalovirus
promoter-Enhanced cyan fluorescent protein-N1) was from Clontech (Palo Alto, CA,
USA). Dulbecco’s Modified Eagle Medium (DMEM) (Cat# 41966029), FBS (Cat# 10270-
106), penicillin-streptomycin, and Dulbecco’s phosphate-buffered saline (DPBS; Cat#
14190169) were purchased from Gibco (Waltham, MA, USA). 100 mm cell culture dishes
(CELLSTAR; Cat# 664160), 6 well cell culture plates (CELLSTAR; Cat# 657160) and 96 well
black well plate (CELLSTAR; Cat# 655090) were purchased from Greiner Bio-One
(Frickenhausen, Germany). B-alanine (Cat# 05160) was purchased from Sigma-Aldrich.
Human PAR2 agonist (SLIGKV-NH,; Cat# 3010) was obtained from Tocris (Abingdon, UK).
The PLC inhibitor (U 73122; Cat# 1268) was purchased from Tocris, the Gagq inhibitor
YM 254890 (Cat# 10-1590-0100) from Focus Biomolecules (Plymouth, PA, USA) and the
IKK complex inhibitor (IKK-16; Cat# $2882) from Selleck Chemicals GmbH (Germany).
Quantikine ELISA human IL-6 (Cat## D6050) was purchased from R&D Systems
(Minneapolis, MN, USA). IP-One-Gq Homogeneous Time Resolved Fluorescence (HTRF),
phospho-NF-kB (Ser536) cellular HTRF, Total NF-kB cellular HTRF kits and HTRF 96 well
low volume white plate (Cat# 66PL96025) were acquired from Cisbio (Codolet, France).
The Bradford assay kit (Cat#f 23246), pierce IP lysis buffer (Cat# 87787), halt protease
inhibitor cocktail (Cat# 87786), Geneticin (G418 Sulphate; Cat#f 10131027) and
Lipofectamine 2000 (Cat# 11668019) were obtained from Thermo Fisher Scientific
(Waltham, MA, USA). The antibodies used in this study were: anti-HA rat high affinity
IgG (Roche, Cat# 11867432; Sigma-Aldrich), anti-rat IgG conjugated with horseradish
peroxidase (HRP) (Cat #9037; Sigma-Aldrich) and a B-actin rabbit monoclonal antibody
(Cat# 4970S; Cell Signaling Technology), anti-Rabbit IgG conjugated to HRP (Cat# NBP1-
75283; Novus Biologicals). NUPAGE novex 4-12% Bis-Tris gels (Cat# NP0321), NuPAGE
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MOPS running buffer (Cat# NP001), NUPAGE transfer buffer (Cat# NP00061), NuPAGE

LDS sample loading buffer (Cat# NP0O7), Restore Plus western blot stripping buffer (Cat#
46430), Pierce enhanced chemiluminescence plus western blotting substrate (Cat#
32132) and BenchMark pre-stained protein ladder (Cat# 10748010) were purchased
from Thermo Fisher Scientific. Amersham Hybond-P-polyvinylidene difluoride (PVDF)
membrane (Cat# RPN303F) was obtained from GE Healthcare (Boston, MA, USA).

3.2.2 Plasmid Preparation

Human MRGPRD cDNA was Polymerase chain reaction (PCR)-amplified from
PENTR223.1-MRGPRD using Pfu DNA polymerase. The amplified PCR fragment was
digested with the restriction enzymes Hindlll/BamHI and ligated by T4 DNA ligase in
pCMV-ECFP-N1 to generate the pCMV-MRGPRD-ECFP-N1 plasmid. A stop codon was
introduced at the C-terminus of MRGPRD by site-directed mutagenesis to generate the
pCMV-MRGPRD plasmid. Subsequently, MRGPRD was genetically tagged at its C-
terminus with a human influenza hemagglutinin (HA; YPYDVPDYA) just before the stop
codon to generate the pCMV-MRGPRD-HA plasmid. Similarly, human Protease-
activated receptor 2 (PAR2) cDNA was PCR-amplified from pcDNA3.1(+)-PAR2 and
inserted in-frame in pCMV-MRGPRD-HA (replacing MRGPRD) to generate pCMV-PAR2-
HA. A blank/empty vector was generated by first introducing a Xhol restriction enzyme
(RE) recognition site into pCMV-EYFP (enhanced yellow fluorescent protein)-N1 at the
C-terminus end of EYFP to generate pCMV-EYFP-Xho1-N1. Subsequently, the pCMV-
EYFP-Xhol-N1 plasmid was digested with Nhel/Xhol and an annealed oligonucleotide
was inserted to generate the pCMV-GS (pCMV-MCS-GS-MCS-GS-MCS) plasmid, having
multiple cloning sites connected by a flexible linker of glycine and serine residues
(2xGGGGS). The NLuc gene sequence without start codon was PCR amplified from p-
NCS-Antares and inserted in-frame between BamHI/Xhol to generate pCMV-GS-NLuc
plasmid. The human MRGPRD cDNA was PCR-amplified from the pCMV-MRGPRD-HA
plasmid and inserted in-frame between EcoRI/Sall sites to generate the pCMV-
MRGPRD-NLuc plasmid. All plasmids were verified by Sanger sequencing at the VIB
Genomic core (VIB-Centre for Molecular Neurology, University of Antwerp). Plasmid are
listed in Appendix II.

3.2.3 Cell culture, transfections, treatments, and IL-6 detection

Hela cells were cultured in 100 mm dishes in a humidified incubator at 37°C with 5%
CO; using DMEM supplemented with 10% FBS and 1% penicillin-streptomycin. For the
ELISA experiments, Hela cells were collected by trypsinization and 2.5x10° cells/well
were seeded in a 6 well cell culture plate. Sixteen hours post-seeding, medium was
removed, and cells were washed once with 1 ml phosphate-buffered saline (PBS). Cells
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were transfected with 2 pg plasmid cDNA using Lipofectamine 2000 as per the

manufacturer’s instructions. After 4 h, transfection medium was replaced with 2 ml
DMEM supplemented with 10% FBS and 1% penicillin-streptomycin and the plates were
returned to a incubator. Whenever necessary to obtain 2 pg of plasmid/well for
transfection, the remaining amount was compensated with the pCMV-GS (empty)
plasmid during transfection.

Twenty-four hours post-transfection, cells supernatant medium was removed. At every
medium removal, cells were washed once with 1 ml PBS. Experiment timeline and
treatment conditions are shown in each figure where appropriate. Two milliliters of
DMEM with or without 10% FBS was added to each well containing the desired
concentration of B-alanine, SLIGKV-NH,, or FBS. The plates were returned to the
incubator for another 24h before sample collection.

After the desired incubation, cell supernatant medium was collected in a 2 ml
microcentrifuge tube and spun at 1,000 g for 5 min at 4°C to pellet down debris. Without
disturbing the pellet, the supernatant medium was transferred into a fresh
microcentrifuge tube and stored at -80°C until assayed by ELISA. For IL-6 assessment the
frozen supernatant medium was thawed on ice and samples were diluted (1:200) in
assay diluent buffer and IL-6 estimation was performed using an IL-6 ELISA kit as per the
manufacturer’s instructions. For protein sample collection, cells were first washed with
1 ml of PBS followed by addition of 300-500 ul IP-lysis buffer (supplemented with 1%
protease inhibitor) to each well. Subsequently, the plates were maintained on ice for 20
min with intermittent shaking every 5 min. Lysate was collected in a microcentrifuge
tube, spun at 13,000 g for 10 min at 4°C; the resulting protein supernatant was
transferred into a new microcentrifuge tube and stored at -80°C for further analysis with
a Bradford assay, as per the vendor’s instructions. The calculated IL-6 (ng/ml)
concentrations from collected supernatant medium were normalized to the protein
concentrations (mg/ml) from the respective well. IL-6 release is represented in ng/mg.

3.2.4 Immunoblotting

The protein samples collected as described in section 3.3 were utilized for
immunoblotting. Protein estimation was performed using Bradford reagent. Samples
were prepared in IP-lysis buffer, supplemented with 5 ul of 4x NUPAGE LDS sample
loading buffer and heated at 95°C for 3 min. Protein samples (20 ug) were resolved on
a NUPAGE 4-12% Bis-Tris gel using NuPAGE MOPS SDS running buffer (200V for 50 min).
Proteins were transferred onto PVDF membrane by wet blotting using NUPAGE transfer
buffer (100V for 1 h). The blots were incubated overnight in blocking buffer (5%
skimmed milk dissolved in PBS with 0.1% Tween 20) at 4°C and subsequently probed
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with anti-HA rat 1gG (1:1,000 in blocking buffer) for 1 h at room temperature (RT),

followed by incubation with anti-rat IgG conjugated with HRP (1:2,000 in blocking
buffer) for 1 h at RT. Chemiluminescence signals were detected using ECL plus substrate
in an Amersham Imager 600. Subsequently, the blots were stripped using 5 ml restore
plus western blot stripping buffer, washed once with PBS, and incubated overnight in
blocking buffer at 4°C. On the next day, the blots were probed with anti-f-actin rabbit
monoclonal antibody (1:2,000 in blocking buffer) for 1 h at RT, followed by incubation
with anti-rabbit 1gG conjugated to HRP (1:10,000 in blocking buffer) for 1 h at RT and
the chemiluminescence signals were recorded again using ECL plus substrate in an
Amersham Imager 600.

3.2.5 MRGPRD stable cell preparation and IL-6 inhibition

MRGPRD-NLuc stable cells were developed by transfecting pCMV-MRGPRD-NLuc
plasmid in Hela cells, followed by antibiotic selection of stable clones using Geneticin
(1000 pg/ml).

Hela (mock) and Hela cells stably expressing fusion protein MRGPRD-NLuc were
collected by trypsinization and 2.5x10° cells/well were seeded in a 6 well cell culture
plate. At 16 h post-seeding, the medium was removed, and the cells were washed once
with 1 ml PBS. Subsequently, the medium was replaced by 2 ml DMEM (overnight
starvation) and the plates were returned to incubator (37°C with 5% CO,). After 24 h of
serum starvation, the medium was replaced again by either with 2ml DMEM containing
vehicle control (percentage of dimethyl sulfoxide; DMSO was 0.1%) or 2 ml DMEM
containing the desired concentration of inhibitor (inhibitor dissolved in DMSO; 0.1%),
plates were kept in incubator for 1 h. Afterwards, the cells were stimulated with vehicle
(percentage of milli-Q was 0.2%) or B-alanine (dissolved in milli-Q; 0.2%). The final
concentration of B-alanine was 100 uM. The plates were then returned to the incubator
for another 8 h before sample collection (supernatant and protein collection, as
described in section 3.3). The collected supernatant samples were thawed on ice,
diluted (1:5) and IL-6 estimation was performed using the IL-6 kit as per the
manufacturer’s instruction. Protein estimation was done using Bradford reagent. IL-6
concentration was normalized to protein concentration, calculated to ng/mg. The
relative fold change (AF) was derived by normalizing IL-6 (ng/mg) to that of its respective
controls i.e., vehicle-treated (DMSO) or inhibitor-treated (inhibitor dissolved in DMSO,
without B-alanine). The fold-change (AF) was further normalized to the AF of B-alanine-
stimulated MRGPRD-expressing cells (i.e., AFmax) and expressed as percentage.
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3.2.6 NF-kB detection and inhibition assay

Hela (mock) and Hela cells stably expressing fusion protein MRGPRD-NLuc were
collected by trypsinization and 3x10* cells/well were seeded in 96 black well plates. At
24 h post seeding, the medium was removed and replaced with 100 pl DMEM (overnight
serum starvation). The next day, i.e. 48 h from seeding, the medium was replaced again
with either with 50 ul DMEM containing vehicle control (percentage of DMSO was 0.1%)
or 50 ul DMEM containing desired concentration of inhibitor (dissolved in DMSO; 0.1%)
for 1h before stimulation with 50 ul DMEM containing vehicle control (DMSO; 0.1%) or
inhibitor (dissolved in DMSO; 0.1%) with vehicle (percentage of milli-Q was 0.1%) or -
alanine (dissolved in milli-Q; 0.1%). The final concentration of B-alanine was 1 mM/well.
Plates were then returned to the incubator (37°Cwith 5% CO,) for another 10 min. After
the desired treatment, the medium was removed and 50 pl of lysis buffer supplemented
with blocking buffer was added to the wells. The plates were kept on a shaker at 100
rpm for 30 min. Then, 16 pl cell lysate was transferred to a HTRF 96-well low volume
white plate (Cisbio) for phospho-NF-kB (Ser 536) and total NF-kB estimation using Cisbio
HTREF kits. Briefly, 4 pl of pre-mixed donor and acceptor antibodies were added to 16 pl
of cell lysate and incubated overnight at 25°C. On the next day, plates were read using
an EnVision multimode plate reader. The calculated phospho-NF-kB HTRF ratios were
normalized to that of total NF-kB HTRF ratios. The relative fold change (AF) was obtained
by normalizing phospho-NF-kB/total NF-kB to that of its respective control, i.e., vehicle-
treated (DMSO) or inhibitor-treated. The fold-change (AF) was further normalized to the
AF of B-alanine-stimulated MRGPRD-expressing cells (i.e., AFmax) and expressed as
percentages.

3.2.7 Data and Statistical Analysis

Data analysis was performed using Microsoft Excel and GraphPad Prism 6. The
concentration-effect curve and graphs were generated using GraphPad Prism 6. The
ECso values were obtained by fitting the concentration-effect curve with a Hill function.
To determine the dynamic range, the limit was set to ECipand ECqo. Hereto, the ECip and
ECo were calculated using equation 1, whereby F was set to either 10 or 90,
respectively. All values are represented as the mean * s.e.m with ‘n’ the number of
experiments. Statistical significance was determined using one-way analysis of variance
(ANOVA) and Sidak’s post hoc test was applied for multiple comparisons. P values:
*p<0.05, **p<0.01, ***p<0.001 and ****p<0.0001 were considered significant and
p>0.05 was considered non-significant (ns).

1 F
= - — [ 1
LogEC50 = LogECF (Hillslope) *Log (100 - F) @)
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3.3 Results

3.3.1 B-Alanine-Mediated Activation of MRGPRD Induces Release of IL-6

MRGPRD can be activated by B-alanine [183, 190], a derivative of degraded carnosine.
Carnosine (B-alanyl-L-histidine) is a dipeptide molecule that is largely stored in
mammalian skeletal muscles and, to some extent, in brain neurons and heart muscles
[220, 221]. Carnosine, acts as a physiological buffer and scavenges reactive oxygen
species to maintain cell homeostasis [222]. Carnosinase breaks down carnosine into B-
alanine and L-histidine and elevates the concentration of B-alanine in plasma.

B-alanine-activated MRGPRD expressing cells predominantly upregulate inositol
phosphates (IP3/1P1), presumably by the activation of the G protein ‘Gaq’, which further
activates phospholipase C (PLC) that hydrolyses phosphatidylinositol 4,5-biphosphate
(PIP,) to generate diacylglycerol (DAG) and inositol 1,4,5-triphosphate (IPs). In addition,
up to a limited extent, the stimulation of MRGPRD with B-alanine also inhibits adenylyl
cyclase activity and reduces cAMP production, which hence is most likely mediated by
the G protein ‘Gai’ [183, 209]. However, the role of the MRGPRD-activated ‘Gag’
signaling cascade in regulating cytokine release has not been demonstrated. Here, we
sought to determine whether B-alanine-mediated activation of MRGPRD triggers the
release of IL-6. To this end, MRGPRD expressing Hela cells were treated either with -
alanine (100 uM) or vehicle control. A significant, nearly 7-fold higher release of IL-6 was
observed from MRGPRD-expressing cells treated with B-alanine, compared to B-
alanine-treated control cells (transfected with empty vector; pCMV-GS). In addition, IL-
6 levels of non-treated MRGPRD-expressing cells were nearly 4-fold higher than those
of non-treated control cells (Figure 3.1). The difference in IL-6 release between B-
alanine-treated and non-treated MRGPRD-expressing cells was 1.6-fold, which was
found to be non-significant. These findings are indicative of high basal activity of
MRGPRD.

Evidence from various reports suggests that IL-6 cytokines release is not limited to Hela
cells. Taking this into account, we further tested whether B-alanine mediated activation
of MRGPRD expressed in another cell type, i.e., HT1080, could also induce IL-6 release
[223]. To this end, HT1080 cells expressing MRGPRD were treated with either B-alanine
(100 uM) or vehicle control. IL-6 release was observed from MRGPRD-expressing
HT1080 cells treated with B-alanine, compared to B-alanine-treated control cells
(Supplementary figure S3.1).
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Figure 3.1. Activation of MRGPRD mediates IL-6 release. Hela cells transiently expressing empty
vector (pCMV-GS) or MRGPRD-HA were stimulated with either vehicle control or f-alanine (100
uM; final concentration/well). The normalized IL-6 release is represented in ng/mg. B-alanine- or
vehicle-treated cells expressing MRGPRD released high and intermittent levels of IL-6,
respectively. Whereas vehicle- or B-alanine-treated cells expressing the empty vector did not
release significant amounts of IL-6 (n=3). On the right, a representative western blot of whole
cell lysates from Hela cells transiently transfected with either empty vector (pCMV-GS) or
MRGPRD-HA plasmids are displayed. Expression of the MRGPRD-HA receptor (~37 kDa) was
observed in both vehicle and B-alanine (100 uM)-treated MRGPRD-transfected cells, whereas
cells transfected with the empty vector showed no expression (i.e., absence of a protein band of
~ 37 kDa).

3.3.2 Demonstration of Basal Activity of MRGPRD and Assay Optimization to
Maximize the IL-6 Detection Window

Many GPCRs display elevated basal activity under physiological conditions, which poses
challenges in terms of understanding the regulatory mechanisms of receptors and
hinders drug discoveries for therapeutic purposes [195, 224, 225]. Our data indicate that
MRGPRD was basally active and induced IL-6 release (Figure 3.1).

To further elucidate the IL-6 release from non-treated MRGPRD-expressing cells (Figure
3.1), i.e., basal activity of MRGPRD, we transiently transfected Hela cells with gradually
increasing amounts of plasmid cDNA per well. Our data revealed a MRGPRD expression-
dependent release of IL-6 (Figure 3.2 A), which confirms the high basal activity of
MRGPRD. Further stimulation of the MRGPRD expressing Hela cells with the agonist B-
alanine did not show a significant increase in IL-6 release above the basal levels. As a
control, human PAR2 was utilized, to demonstrate that, in contrast to MRGPRD-
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transfected cells, PAR2-transfected cells did not show a PAR2 expression-dependent
release of IL-6 (Figure 3.2 B). Since it is known that the PAR2-activating peptide SLIGKV-
NH; induces the release of IL-6 from PAR2-expressing cells [151], our experimental
control consisted in treating PAR2-expressing cells with the agonist SLIGKV-NH,, which
clearly shows the PAR2 expression-dependent release of IL-6 into the medium (Figure
3.2 B).
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Figure 3.2. Basal activity of MRGPRD. Hela cells expressing increasing concentration of
MRGPRD-HA and PAR2-HA receptors (transfected with 0.03, 0.1, 0.3, 1 and 2 pg of cDNAs per
well), when treated with vehicle control only, the MRGPRD-transfected cells did show an
MRGPRD expression-dependent release of IL-6 (A) while the PAR2-transfected cells did not show
PAR2 expression-dependent release of IL-6 (B). Furthermore, when cells expressing increasing
concentrations of MRGPRD-HA or PAR2-HA were treated with their respective agonists, B-
alanine (100 puM) or the PAR2-agonist SLIGKV-NH2 (100 uM), a receptor concentration-
dependent gradual IL-6 release was noticed (A, B). The release of IL-6 from vehicle-treated
MRGPRD-HA cells points to a basal activity of the receptor (n=3). Below the graphs,
representative western blot analysis of whole cell lysates from stimulated and non-stimulated
Hela cells transiently expressing increasing concentrations of MRGPRD-HA and PAR2-HA are
displayed.

Having observed that MRGPRD displays high basal activity and that the effect of B-
alanine stimulation on MRGPRD-expressing cells under normal physiological conditions
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(i.e. in the presence of FBS) was marginal as compared to non-treated MRGPRD, we first

investigated whether this activity originated from traces of unrecognized MRGPRD
ligand in the FBS, which constitutes 10% of the cell culture medium [183]. Traces of
ligands in FBS may keep the receptors engaged in an active state of signaling. To address
this, we modified the stimulation protocol and exchanged the cell culture medium for
medium without FBS after transfection. We found that MRGPRD expression was
impaired when cells were cultured immediately in medium without FBS upon
transfection. Therefore, in an adapted protocol we allowed the cells to express MRGPRD
for 24 h before switching to medium without FBS. The first adapted protocol consisted
of stimulating the MRGPRD-expressing cells with B-alanine at the time of switching to
medium without FBS, i.e., 24 h post-transfection, and collecting samples for IL-6 analysis
24 h later, i.e., 48 h post-transfection (Figure 3.3 A). The fold change observed between
vehicle-treated and B-alanine-treated MRGPRD-expressing cells was approximately a 2-
fold, which was significantly higher as compared to the protocol using medium with FBS
(displayed in Figure 3.1). Since the IL-6 readout for MRGPRD activation is very
downstream of the signaling cascade, the cells most likely need to be cultured for a
longer period in medium without FBS in order to reduce the high basal activity of
MRGPRD. To test this, the protocol was adjusted a second time, and the cells were kept
in medium without FBS (starvation) for 24 h prior to being stimulated with B-alanine. As
such, the medium was replaced by medium without FBS at 24 h post-transfection and
the cells were cultured for another 24 h. Subsequently, the medium was refreshed by
medium without FBS and B-alanine was added. Following this protocol, stimulation of
the cells was initiated at 48 h post-transfection. After another 24 h of incubation, i.e.,
72 h post-transfection, the samples were collected, and IL-6 analysis was performed
(Figure 3.3 B). Interestingly, the fold change observed between only vehicle-treated and
B-alanine-treated MRGPRD-expressing cells increased to approximately a 5-fold, which
is significantly higher and offers a good range of detection for IL-6 as an assay for
activation of MRGPRD. Additionally, comparison of the two protocols revealed that the
release of IL-6 from non-treated cells expressing MRGPRD was reduced by a 2.4-fold
when culturing the cells for a longer period in medium without FBS (Figure 3.3 Avs. 3.3
B). These data indicate that basal activity of MRGPRD can indeed be attributed to
unidentified ligands present in FBS, which is why we decided to use the adapted
protocol for further experiments.

52



Chapter 3 MRGPRD mediated release of IL-6

A Hour -16 [} 24 48 B Hour -16 [ 24 48 72

Cell Transfection Media Sample Cell Transfection Media Media Sample
seeding change collection seeding change change collection
(w/o FBS) (w/oFBS)  (w/oFBS)
+ +
Treatment Treatment

4.9x
fad
 EEE——
8.2x

167 g pCMV-GS st 81 m pCcMV-GS —
B MRGPRD-HA - BB MRGPRD-HA
-
13.5x
—_ 121 —E - 61
o) [
£ £
. E.
£ 8 4.6x £ M
('] l_.| o
= 2
- - 1.9x
4 21 ns
| — |
_ - i
0 0
B-ala - - + + B-ala - - + +
< < < <
z T ¥ =
w a %) %) (7] A
& g2 8 2 ¢ 2 0 g
> = > a > [ > o
o [C] Y U]
kba 2 s 2 s kba @ s 2 s
37_ T - 'HA 37_ 'HA

=
o
(2]
(=
=1

55— S W —— 2ct 55—
B-ala - - + + B-ala - -

+
+

Figure 3.3. IL-6 assay optimization. To achieve a high detection window for the IL-6 assay, the
experiment timeline was optimized. (A) At 24 h post-transfection, medium was replaced by FBS-
free medium, and cells were treated with vehicle or B-alanine (100 uM). At 24 h post-treatment,
i.e., at 48 h post-transfection, samples were collected for IL-6 detection. IL-6 levels from B-
alanine-treated MRGPRD-HA cells were 2-fold higher when compared to those from vehicle-
treated MRGPRD cells. (B) Similarly, at 24 h post-transfection, medium was replaced by FBS-free
medium for another 24 h and at 48 h the medium was once again replaced by FBS-free medium,
and cells were treated with vehicle or B-alanine (100 uM). Samples were collected for IL-6
detection after 24 h of treatment, i.e., at 72 h post-transfection. IL-6 levels from B-alanine-
treated MRGPRD cells were ~5-fold higher when compared to those from only vehicle-treated
MRGPRD cells, which is substantially higher than for the protocol used in (A). The cells expressing
empty vector (pCMV-GS), treated with B-alanine or vehicle, did not show IL-6 release above the
basal level (A, B) (n=3). Below the graph, representative western blot of cell lysates from Hela
cells transiently transfected with empty vector or MRGPRD-HA plasmid, showing receptor
expression in vehicle or B-alanine (100 uM)-treated MRGPRD transfected cells subjected to the
experiment timeline protocols illustrated in (A) and (B), respectively.
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3.3.3 FBS is Associated with Activation of MRGPRD and Induces Release of IL-6

Having optimized the assay, we next investigated the agonistic effect of FBS on MRGPRD
using the above-described protocol (Figure 3.3 B). The Hela cells expressing MRGPRD
were treated with 10%, 3% or 1% FBS-containing DMEM and FBS concentration-
dependent increase in IL-6 release was observed. The MRGPRD cells stimulated with
10% and 3% FBS displayed a significant, 2.4-fold increase in IL-6 release compared to
control cells (pCMV-GS transfected cells) treated with similar percentages of FBS (Figure
3.4). Cells expressing MRGPRD and treated with 1% FBS, as expected, exhibited lower
IL-6 levels as compared to cells cultured in 10% and 3% FBS medium. Compared to
pCMV-GS transfected control cells cultured in 1% FBS medium, the MRGPRD-expressing
cells displayed a 2.1-fold higher IL-6 production. Moreover, the MRGPRD-expressing
cells incubated without (0%) FBS released the lowest amount of IL-6, which was still a
1.5-fold higher than that of its respective control cells. Together these findings indicate
that, in addition to being activated by FBS, MRGPRD also displays constitutive activity,
which is in agreement with a recent publication [195].
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Figure 3.4. Agonistic effect of FBS and constitutive activity of MRGPRD. Hela cells expressing
MRGPRD-HA or empty vector (0CMV-GS) were challenged with medium containing 10%, 3 %, 1%
FBS and FBS-free (0%) medium. Significantly increased IL-6 levels were observed with increasing
concentration of FBS in cells expressing MRGPRD-HA as compared to control cells (empty
vector). B-alanine (100 uM)-treated MRGPRD-HA cells served as positive control for this
experiment. B-alanine- or vehicle-treated cells expressing the empty vector (pCMV-GS) did not
show IL-6 release above the basal level (n=3). On the left, representative western blot of whole
cell lysates from Hela cells transiently transfected with empty vector or MRGPRD-HA plasmids,
treated with vehicle or B-alanine (100 uM) under FBS (10%, 3% and 1%) or FBS-free (0%)
conditions.
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Having demonstrated that the high basal activity of MRGPRD is due to unidentified

ligands or modulators present in FBS (Figure 3.4), we next examined whether presence
or absence of FBS affects the potency of B-alanine and alters the concentration-effect
curve. In all published reports of B-alanine concentration-effect curves and ECso values,
FBS containing medium was used to culture cells and/or the cells were starved in
medium without FBS for only 1 h [190, 191, 215]. Therefore, we used our optimized
timeline protocol described in Figure 3.3 B to define the ECso of B-alanine for IL-6
release. Stimulation of Hela cells expressing MRGPRD with different concentrations of
B-alanine in the presence (Figure 3.5 A) or absence (Figure 3.5 B) of FBS yielded an ECs
of 151+ 14 uM (n=3)and 125+ 10 uM (n = 4), respectively. Furthermore, no IL-6 release
was observed in cells expressing empty vector (pCMV-GS) when treated with B-alanine
in the presence or absence of FBS. Although MRGPRD exhibited a higher basal activity
in FBS conditions compared to the FBS-free condition, the obtained ECso values were
comparable. However, comparison of the dynamic range by limiting the output to 10%
(EC10) and 90% (ECqo) of the maximal response revealed a higher dynamic range for IL-6
detection in FBS-free conditions. The dynamic range detected for IL-6 as an assay for
MRGPRD activation with FBS and in the FBS-free condition was 2.9 and 4.6, respectively
(Figure 3.5 Cand 3.5 D).
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Figure 3.5. Concentration-effect curves of B-alanine obtained in the presence or absence of
FBS. Hela cells expressing the empty vector (pCMV-GS) and MRGPRD-HA were treated with
increasing concentrations of B-alanine in the absence or presence of FBS. Cells expressing
MRGPRD induced the release of IL-6 in a concentration-dependent manner when treated with
B-alanine with FBS (A) or without FBS (B). Higher basal activity of MRGPRD was observed in cells
treated under FBS conditions as compared to non-FBS conditions. No significant IL-6 release was
observed from cells expressing the empty vector (pCMV-GS) (A, B). The dynamic range obtained
when cells were treated in FBS (C) conditions was 2.85, whereas it increased to 4.62 when cells
were treated in FBS-free conditions (D). All data represented in this figure originate from at least

(n=3) experiments.

3.3.4 Inhibiting MRGPRD-Gaq/PLC/IKK/NF-kB Signaling Impedes the Release of IL-6
B-alanine-activated MRGPRD predominantly couples to Gaq protein, which upon
activation stimulates PLC. Activated PLC further catalyzes the hydrolysis of PIP; into IP;
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and DAG. IPs is, subsequently, dephosphorylated to generate IP; (supplementary figure

$3.2) [190]. In several studies, it has been demonstrated that inhibition of PLC is able to
block the activation of the NF-kB signaling cascade, which regulates inflammatory gene
transcriptions. In order to validate this assumption in our experimental setting, we
created a Hela cell line stably expressing MRGPRD. We first investigated whether 8-
alanine-mediated activation of MRGPRD could induce NF-kB phosphorylation in Hela
cells. Stimulation of the MRGPRD-expressing Hela cells with B-alanine increased NF-kB
phosphorylation, whereas no upregulation of NF-kB phosphorylation was observed in
control Hela cells (Figure 3.6 A). Before moving further, an assessment of various NF-
KB pathway inhibitors was performed (supplementary figure S3.3). Furthermore,
MRGPRD-expressing Hela cells treated with a Gaq protein inhibitor (YM-254890), a
pan-PLC inhibitor (U-73122) or an IKK complex inhibitor (IKK-16) [226-230] for 1 h prior
to stimulation with B-alanine, blocked the phosphorylation of NF-kB as compared to
vehicle-treated MRGPRD-expressing cells (Figure 3.6 A).

Likewise, we examined whether the IL-6 release resulting from the B-alanine-activated
MRGPRD-Gag/PLC/NF-kB canonical axis could be prevented by the Gaq inhibitor, the
pan-PLC inhibitor or the IKK complex inhibitor. To this end, Hela cells stably expressing
MRGPRD were treated either with vehicle or with the respective inhibitors for 1 h prior
to stimulation with B-alanine. The MRGPRD-expressing cells pre-incubated with Gaq
protein inhibitor or IKK complex inhibitor revealed a significant decrease in IL-6 release,
whereas the PLC-inhibitor equally showed a reduced but less prominent effect (Figure
3.6 B).
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Figure 3.6. B-alanine-stimulated MRGPRD-induced IL-6 release is dependent on NF-kB
activation. (A) Hela cells stably expressing fusion protein MRGPRD-NLuc were pre-treated with
either vehicle control or the Gaq inhibitor (YM-254890; 10 uM), the pan-PLC inhibitor (U-73122;
10 uM) or the IKK inhibitor (IKK-16; 5 uM) for 1 h before being stimulated with B-alanine (1ImM).
B-alanine-stimulated MRGPRD-expressing Hela cells induced NF-kB phosphorylation, whereas
no induction was observed in cells pre-treated with either of the three applied inhibitors. (B)
Similarly, Hela cells stably expressing fusion protein MRGPRD-NLuc were pre-treated with either
vehicle control or Gaq (YM-254890; 10 uM) or pan-PLC (U-73122; 10 uM) or IKK (IKK-16; 5 uM)
inhibitors for 1 h before being subjected to B-alanine (100 uM). MRGPRD-expressing cells upon
stimulation with B-alanine showed a strongly reduced IL-6 release after being pretreated with
either YM-254890 or IKK-16 and a less prominent but still significant reduced IL-6 release
compared to B-alanine stimulated MRGPRD expressing cells that were not pre-exposed to the
inhibitor. The data represented in this figure are from at least (n=3) experiments.

3.4 Discussion

GPCRs are capable of transducing extracellular signals into the regulation of
downstream signaling pathways that control cellular responses and regulate gene
expressions. As such, GPCRs have become a major target of therapeutic interventions
[112]. Nevertheless, our knowledge of the GPCR-mediated inflammatory responses is
still limited. In this study, we demonstrate that Hela cells expressing MRGPRD induced
the release of the pleiotropic cytokine IL-6 when activated by its agonist B-alanine
(Figure 3.1).

Considering that MRGPRD has been reported as constitutively active in physiological
conditions [190], we tried to further define the constitutive (ligand-independent)
(Figure 3.4) and basal activity of MRGPRD (Figure 3.2 A). Our results showed that
MRGPRD expressing Hela cells in ligand-independent conditions (i.e., in the absence of
agonist or FBS) release IL-6 and that IL-6 release in these cells was increased in normal
physiological conditions (i.e., in the presence of FBS). The high basal activity could be
attributed to the FBS, which may contain physiological concentrations of unrecognized
MRGPRD-activating ligands such as B-alanine, L-BAIBA, GABA, etc. [190]. Assessment of
the concentration-effect curves obtained in the medium with and without FBS did not
reveal a significant difference between B-alanine ECsovalues (Figure 3.5 A and 3.5 B),
although the dynamic window for IL-6 detection increased in the medium without FBS
(Figure 3.5 C and 3.5 D). Taken advantage of increased dynamic window for IL-6
detection, the assay could be utilized for screening allosteric modulators in presence
and absence of ligand for the receptor.

In Hela cells, B-alanine preferentially activates the MRGPRD-Gagq signaling pathway (IP;
induction; supplementary Figure S3.2), which leads to IL-6 release (Figure 3.6 B). Several

58



Chapter 3 MRGPRD mediated release of IL-6
studies have revealed that cytokine expression is dependent on nuclear translocation

of phosphorylated NF-kB to regulate inflammatory gene transcriptions [231].
Accordingly, our results demonstrate the activation of NF-kB (Figure 3.6 A), which was
blocked by a Gaq protein inhibitor, a pan-PLC inhibitor and an IKK complex inhibitor
(IKKa and IKKB inhibitor).

The IKK complex is the key regulator of the NF-kB cascade, which consists of the IKKa
and IKKB kinases, as well as of the regulatory subunit IKKy/NEMO. Activated IKK kinases
phosphorylate inhibitory IkBa (Inhibitor of NF-kB) protein, which leads to ubiquitination
and degradation of IkBa to unmask the activated NF-kB to translocate to the nucleus.
Our results demonstrated that IKK-16 inhibitor decreased the activation of NF-kB, which
in turn reduced the IL-6 release from B-alanine-stimulated MRGPRD-expressing Hela
cells. Moreover, the observed attenuation of IL-6 release by the Gaq protein inhibitor
and the intermittent inhibition of IL-6 release by the pan-PLC inhibitor (Figure 3.6 B),
hint at involvement of other signaling pathways that ultimately converges into the NF-
kB cascade. A contribution of for example G protein-coupled receptor kinases (GRKs),
B-arrestin mediated signaling or IL-6 mediated positive feedback loops regulating in IL-
6 release from MRGPRD expressing Hela cells cannot be excluded [83, 232-234].
Altogether, our results unambiguously demonstrate the importance of MRGPRD-
Gaq/PLC/NFKB signaling in the regulation of this pro-inflammatory cytokine IL-6 (Figure
3.7).

In summary, several recent studies as well as our data clearly show the regulatory role
of the MRGPRD in inflammatory cytokine release. Hence, a more profound insight into
the molecular mechanisms and scaffold proteins regulating the inflammation through
MRGPRD might present an opportunity for further development of targeted therapeutic
interventions.
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Figure 3.7. Schematic representation of B-alanine-stimulated MRGPRD-induced IL-6 release.
The B-alanine activated MRGPRD-Gaq/PLC/IKK/NF-kB induces IL-6 release could be blocked
using Gg (YM-254380), PLC (U-73122) and IKK/NF-kB (IKK-16) inhibitors. Figure created with
BioRender.com.

3.5 Supplementary materials and figures
3.5.1 B-Alanine-Mediated Activation of MRGPRD Induces release of IL-6 from HT1080
cells
HT1080 cells were cultured in 100 mm dishes using DMEM supplemented with 10% FBS
and 1% penicillin-streptomycin in incubator (37°C with 5% CO,). HT1080 cells were
trypsinised, 2.5x10° cells/well were seeded in a 6 well cell culture plate. After 16 h,
medium was removed, and cells were washed once with 1 ml phosphate-buffered saline
(PBS). Cells were transfected with 2 ug plasmid cDNA (i.e., pCMV-GS or pCMV-MRGPRD-
HA) using Lipofectamine 2000 as per the manufacturer’s instructions. After 4 h,
transfection medium was replaced with 2 ml DMEM supplemented with 10% FBS and
1% penicillin-streptomycin and the plate were returned to incubator. Following 24 h,
medium was removed and replaced with 2 ml DMEM (overnight starvation) and plate
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was returned to incubator. Next day, after 24 h, i.e., 48 h from transfection, cells were
washed once with 1 ml PBS and 2 ml DMEM was added to each well containing the
either vehicle control (percentage of milli-Q was 0.2%) or B-alanine (dissolved in milli-
Q; 0.2%). The final concentration of B-alanine was 100 uM. After treatment plate was
returned to the incubator. After incubation of 24 h, i.e., 72 h post-transfection, cell
supernatant medium was collected in a 2 ml microcentrifuge tube and spun at 1,000 g
for 5 min at 4°C to pellet down debris. The supernatant medium was transferred into a
fresh microcentrifuge tube and stored at -80°C until assayed by ELISA. For IL-6
assessment the collected supernatant medium was thawed on ice and sample was
diluted (1:100 and 1:10) in assay diluent buffer and IL-6 estimation was performed using
an IL-6 ELISA kit as per the manufacturer’s instructions. Interpolated IL-6 concentrations
from collected supernatant medium were represented as ng/ml.
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Figure S3.1. Activation of MRGPRD mediates IL-6 release in HT1080 cells. HT1080 cells
transiently expressing empty vector (pCMV-GS) or MRGPRD-HA receptor were stimulated with
either B-alanine (100 puM; final concentration/well) or vehicle control. A significant, 1.9-fold
higher release of IL-6 was observed from MRGPRD-expressing cells treated with B-alanine as
compared to vehicle-treated MRGPRD-expressing cells. Also, IL-6 levels of B-alanine treated
MRGPRD-expressing cells were nearly 2.2-fold higher than those of vehicle-treated empty vector
expressing control cells. The IL-6 release is represented in ng/ml (average of n=2 experiments).
All values are represented as the mean + s.e.m. Statistical significance was determined using
one-way analysis of variance (ANOVA) and Sidak’s post hoc test was applied for multiple

comparisons.
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3.5.2 B-Alanine-Mediated Activation of MRGPRD Induces IP; Accumulation in Hela

cells

HelLa (mock) cells and Hela cells stably expressing fusion protein MRGPRD-NLuc (with
1000 pg/ml Geneticin) were cultured in 100 mm dishes using DMEM supplemented with
10% FBS and 1% penicillin-streptomycin in incubator (37°C with 5% CO,). The cells were
trypsinised and 2x10* cells/well were seeded in 96 white, flat, opaque bottom well plate
(CELLSTAR; Cat# 655083). 24 h post seeding, the medium was removed and replaced
with 100 pl DMEM for overnight starvation. The next day, i.e., 48 h from seeding, the
medium was replaced with 100 pl stimulation buffer (without B-alanine) containing
either vehicle control (final concentration of DMSO was 0.1%) or desired concentration
of inhibitor (dissolved in DMSO; 0.1%), and plate was kept in incubator for 1 h. Post-
incubation, cells were stimulated with 40 pl stimulation buffer containing vehicle
control (DMSO; 0.1%) or inhibitor (dissolved in DMSO; 0.1%) with vehicle control
(percentage of milli-Q was 0.1%) or B-alanine (dissolved in milli-Q; 0.1%). The final
concentration of B-alanine was 1 mM/well. Plate was then returned to the incubator
(37°C with 5% CO,) for 1 h. After the desired treatment, briefly, 30 ul of donor (IP;-
cryptate antibody) and 30 pl acceptor (IP;-d2) was added to wells as per the
manufacturer’s instructions (Cisbio; IP-One-Gq HTRF assay). After 1 h, plate was read
using an EnVision multimode plate reader. Using standard curve, HTRF ratios were
interpolated to IP; [nM]. The relative fold change (AF) was obtained by normalizing 1P,
[nM] to that of its respective control i.e., vehicle-treated (DMSO) or inhibitor-treated.
The fold-change (AF) was further normalized to the AF of B-alanine-stimulated
MRGPRD-expressing cells (i.e., AFmax) and expressed as percentages.
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Figure S3.2. Activation of MRGPRD increased inositol monophosphate (IP1) accumulation in
Hela cells. HeLa (mock) and Hela cells stably expressing fusion protein MRGPRD-NLuc were pre-
treated with either vehicle control or the Gaq inhibitor (YM-254890; 10 uM) or the pan-PLC
inhibitor (U-73122; 10 uM) for 1 h before being stimulated with B-alanine (1mM). B-alanine-
stimulated MRGPRD-expressing Hela cells induced IP1 accumulation. No induction was observed
in cells pre-treated with Gagq inhibitor, whereas partial reduction was observed for PLC inhibitor.
The IP1 accumulation is represented in percentage of AF/Fmax (average of n=2 experiments). All
values are represented as the mean + s.e.m. Statistical significance was determined using one-
way analysis of variance (ANOVA) and Sidak’s post hoc test was applied for multiple comparisons.

3.5.3 Assessment of NF-kB pathway inhibitors

We examined whether the IL-6 release resulting from the B-alanine-activated MRGPRD-
Gog/PLC/NF-kB canonical axis could be prevented by NF-kB pathway inhibitors. To this
end, Hela cells stably expressing MRGPRD were treated either with vehicle or with the
respective inhibitors for 1 h prior to stimulation with B-alanine. The MRGPRD-expressing
cells pre-incubated with IKK-16 i.e., IKK complex inhibitor revealed a significant decrease
in IL-6 release, whereas inhibition by MG-132 and TPCA-1 was found to be non-
significant (Figure S3.3). Therefore, in further studies, we decided to use IKK-16 as NF-
KB pathway inhibitor.
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Figure S3.3. Screening of NF-KB pathway inhibitor. Hela cells stably expressing fusion protein
MRGPRD-NLuc were pre-treated with either vehicle control or the NF-kB pathway MG-132 (10
pUM), TPCA-1 (10 uM) or the IKK-16 (5 uM) for 1 h before being subjected to B-alanine (100 uM).
MRGPRD-expressing cells upon stimulation with B-alanine showed a strongly reduced IL-6
release after being pretreated with IKK-16 inhibitor, a less potent IL-6 reduction was observed
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with TPCA-1 (non-significant) and no IL-6 reduction was observed with MG-132 (non-significant).

The data represented in this figure are from at least (n=3) experiments. All values are

represented as the mean * s.e.m. Statistical significance was determined using one-way analysis

of variance (ANOVA) and Sidak’s post hoc test was applied for multiple comparisons.

3.5.4 Evaluation of IL-6 release from MRGPRD-expressing cells upon stimulation with
alamandine

Since alamandine-mediated activation of MRGPRD induces release of NO, we also evaluated
whether alamandine-mediated activation of the MRGPRD triggers the release of IL-6. To this end,
Hela cells (mock, transfected with pCMV-GS) and Hela cells transiently expressing MRGPRD were
treated with either vehicle, B-alanine (100 uM), or alamandine (100 uM). The release of IL-6 was
observed from B-alanine treated MRGPRD-expressing cells; however, no significant release of IL-
6 was observed from alamandine-treated MRGPRD-expressing cells and Hela (mock) cells
(Figure S3.4).
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Figure S3.4. Assessment of IL-6 release from MRGPRD-expressing cells upon stimulus with
alamandine. Hela cells transiently expressing MRGPRD or transfected with empty vector (pCMV-
GS) were stimulated with either vehicle, B-alanine (100 uM) or alamandine (100 puM). Substantial
release of IL-6 was observed from B-alanine treated MRGPRD cells, while no significant IL-6
release was seen from alamandine-treated MRGPRD-expressing cells compared to vehicle
treated. The mock transfected cells did not display IL-6 release above the basal level upon B-
alanine-, alamandine- or vehicle-treatment. The data represented in this figure are from at least
(n=2) experiments. All values are represented as the mean + s.e.m. Statistical significance was
determined using one-way analysis of variance (ANOVA) and Sidak’s post hoc test was applied
for multiple comparisons.
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Abstract

Mas-related G protein-coupled receptor D (MRGPRD) has been reported to mediate the
nociceptive itch, pain, and the release of inflammatory cytokines. MRGPRD was initially
found in sensory neurons of the dorsal root ganglion and has been known to regulate
nociception. However, MRGPRD has emerged as a pivotal player in the regulation of the
renin-angiotensin system (RAS) and dilated cardiomyopathy. The activation of MRGPRD
by the ligand B-alanine and cell membrane piercing/integrating lipopolysaccharides
(LPS) induces cytokine secretions. Similarly, several GPCRs are modulated and activated
by plasma membrane integrating sterols and their derivatives. However, the effect of
sterols and their derivatives on the activation of MRGPRD has not been demonstrated.
Therefore, we evaluated the effect of sterol derivatives, i.e., cholesterol (CLR) and bile
acids (BAs), in the activation of MRGPRD. To this end, Hela cells stably expressing
human MRGPRD were stimulated with CLR and BAs. The IL-6 release was observed from
MRGPRD-expressing Hela cells treated with BAs, indicating the activation of MRGPRD.
Interestingly, MBCD, which is known to extract sterols from the plasma membrane, also
induced the IL-6 release. Furthermore, the IL-6 release upon MRGPRD activation is
mediated by the canonical nuclear factor kappa-B (NF-kB) signaling pathway. This IL-6
release could be strongly blocked by a Gaq inhibitor (YM-254890), partially blocked by
an IKK complex inhibitor (IKK-16), and nominally by a PLC inhibitor (U-73122). Taken
together, both the addition BAs and depletion of sterols using MBCD activates MRGPRD
expressing cells and releases IL-6. These results point to the allosteric binding of BAs to
MRGPRD. Alternatively, modulation of plasma membrane plasticity indirectly affects
the structure-function of MRGPRD.

Keywords: GPCRs, MRGPRD, sterols, bile acids, Gq inhibitor, NF-kB, interleukin-6
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4.1 Introduction

GPCRs are one of the integral membrane proteins (IMPs), which consist of seven
membrane-spanning helices that respond to various stimuli and trigger diverse cellular
signaling pathways [17, 235]. In the late 1990s, it was discovered that CLR modulates
the ligand binding and signal transduction abilities of GPCRs [236, 237]. Despite the fact
that CLR modulates GPCR signaling, the binding of CLR to receptors remained
speculative until Kobilka's lab obtained the first high-resolution human B.-AR crystals
using the cholesterol-doped monoolein cubic phase method, which helped in stabilizing
the B2-AR structure and facilitated the determination of CLR interaction with B,-AR.
Furthermore, the structure analysis of PB2-AR revealed CLR binding sites on
transmembrane interfaces between the two associating receptors [238-240].
Thereafter, several GPCR structures and in-silico studies provided evidence of CLR
binding sites and regulation of receptors by CLR [241-245]. The cholesterol conserved
motif (CCM; W/Y*0, 1/V/L4%, K/R 439443 and Y/F/W?*!) is conserved in 21% of the
rhodopsin family of GPCRs, and the first CCM was observed in 32-AR (PDB: 2RH1 and
3D4S) [239, 240]. The CCM site in B2-AR comprises W*%°, 14.46, R**3, K*3° on TM4, and
Y241 on TM2, which binds to CLR as shown in (Figure 4.1 A). The aromatic Trp (W) residue
at position 4.50 in TM4 of the rhodopsin family of GPCRs is the most conserved (94%)
residue and appears to be involved in the most significant interaction with the
cholesterol ring. Additionally, various cholesterol recognizing/interaction amino acids
(CRAC/CARC; L/V-X15-Y-X1.5-R/K) also commonly observed on GPCR TMs [103].
Interestingly, 92% of CLR binding sites are found at 12 CLR network clusters, although
there is no consensus on the location and composition of these sites [103, 246]. It has
been discovered that CLR binds to TM4 and TM2 of MRGPRX1 (PDB: 7VUY; cryo-EM),
indicating for presence of CCM site (Figure 4.1 B) [166].

In fact, about 90% of total cell CLR is found in the plasma membrane [15], and these
high physiological levels of CLR in the plasma membrane are essential to maintain
membrane biophysical properties such as fluidity, curvature, permeability, and
thickness and are known to directly or indirectly affect the structure-function of IMPs,
including GPCRs [247]. As a result, changes in membrane CLR causes IMPs modulation,
hence regulating cellular signaling [248, 249].

It is known that, in hypercholesterolemia, CLR accumulates in macrophages,
inflammatory cells, and coronary endothelial cells and promotes inflammatory
responses [250]. During cholestasis the BAs flow and excretion is hampered, which
increases BAs in the systemic circulation and promotes their accumulation in body
tissues. The increased BAs in body tissues somehow causes the sensation of itching
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[251]. The mechanism of cholestasis-mediated pruritus is not very well understood,
largely due to an inadequate understanding of molecular mechanisms.

A Cholesterol Consensus Motif [CCM]
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Figure 4.1: Cholesterol conserved motif in 2-AR and MRGPRX1. Specific cholesterol conserved
motif in B2AR is displayed. The conserved CCM motif in B2-AR comprises W50, |46 R443 K439 gp
TM4 and Y>#! on TM2 (PDB: 2RH1; X-ray). Similarly, the cholesterol binding has been observed
in MRGPRX1 (PDB: 7VUY; cryo-EM) as well, the CCM site most likely comprises of W30, C446, A%43
on TM4 and V24! on TM2. Receptor represented in cyan, CLR in light red and palmitic acid in
orange. PDB structures were visualized using PyMol (Schrodinger Inc.), and figures created using
BioRender.com.

71



Chapter 4 Bile acids activate MRGPRD
It is reported that Bilirubin and BAs activate the receptor MRGPRX4 and induce

cholestatic itch [169, 170]. In our previous study, it was observed that the ligand B-
alanine activates the MRGPRD-Gaq/PLC/NF-kB signaling cascade and induces the
release of IL-6 [154, 157, 158, 175, 183]. Considering the high bioavailability of BAs
(circulatory and tissues) in cholestasis conditions and MRGPRD playing a role in neuro-
and cardio-pathophysiology [186, 252], we deployed an in vitro approach to identify
whether BAs could activate MRGPRD and induce the release of the pleotropic cytokine
IL-6.

4.2 Materials and methods

4.2.1 Materials

DMEM (Cat# 41966029), FBS (Cat# 10270-106), penicillin-streptomycin, and Dulbecco’s
phosphate-buffered saline (DPBS; Cat# 14190169) were purchased from Gibco
(Waltham, MA, USA). 100 mm cell culture dishes (CELLSTAR; Cat# 664160), 6 well cell
culture plates (CELLSTAR; Cat# 657160) were purchased from Greiner Bio-One
(Frickenhausen, Germany). B-alanine (Cat# 05160), Cholesterol (CLR.; Cat# C4951),
Deoxycholic acid (DCA; Cat# D2510), Chenodeoxycholic acid (CDCA; Cat# C9377),
Ursodeoxycholic acid (UDCA; Cat# U5127), nateglinide (Cat# N3538) and DMSO were
purchased from Sigma-Aldrich. Proadrenomedullin N-terminal 9-20 peptide (PAMP 9-
12; Cat# 6551) agonist was obtained from Tocris (Abingdon, UK). The PLC inhibitor (U
73122; Cat# 1268) was purchased from Tocris, the Gq inhibitor YM 254890 (Cat# 10-
1590-0100) from Focus Biomolecules (Plymouth, PA, USA) and the IKK complex inhibitor
(IKK-16; Cat# S2882) from Selleck Chemicals GmbH (Germany). Human IL-6 Duoset ELISA
kit (Cat## DY-206-05) was purchased from R&D Systems (Minneapolis, MN, USA). The
Bradford assay kit (Cat# 23246), pierce IP lysis buffer (Cat# 87787), halt protease
inhibitor cocktail (Cat# 87786), Geneticin (G418 Sulphate; Cat# 10131027) were
obtained from Thermo Fisher Scientific (Waltham, MA, USA).

4.2.2 Stable cell line preparation

Hela cells stably expressing NLuc alone and fusion protein MRGPRD-NLuc were
prepared as described in chapter 3. Similarly, Hela cells stably expressing fusion protein
MRGPRX2-NLuc and MRGPRX4-NLuc were generated using the protocol described in
chapter 3.

4.2.3 Cell culture, treatments, and IL-6 detection

Cells stably expressing receptors were collected by trypsinization and 2.5x10° cells/well
were seeded in a 6 well cell culture plate. At 16 h post-seeding, the medium was
removed, and the cells were washed once with 1 ml PBS. Afterwards, the medium was

replaced by 2 ml DMEM (overnight starvation), and the plates were returned to
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incubator (37°C with 5% CO,). After 24 h of serum starvation, the medium was replaced

again by either with 2ml DMEM containing vehicle control (DMSO 1%) or 2 ml DMEM
containing the desired concentration of compound (maintaining final DMSO
concentration to 1%). For inhibition assay, prior to treatment with compounds, cells
were treated with desired concentration of inhibitor for 1h. The plates were then
returned to the incubator for another 8 h before sample collection (supernatant and
protein collection). After the desired incubation, cell supernatant medium was collected
ina 2 ml microcentrifuge tube and spun at 1,000 g for 5 min at 4°C to pellet down debris.
Without disturbing the pellet, the supernatant medium was transferred into a fresh
microcentrifuge tube and stored at -80°C until assayed by ELISA. For IL-6 assessment the
frozen supernatant medium was thawed on ice and samples were analyzed using an IL-
6 ELISA kit as per the manufacturer’s instructions.

For protein sample collection, cells were first washed with 1 ml of PBS followed by
addition of 300 pl IP-lysis buffer (supplemented with 1% protease inhibitor) to each well.
Subsequently, the plates were maintained on ice for 20 min with intermittent shaking
every 5 min. Lysate was collected in a microcentrifuge tube, spun at 13,000g for 10 min
at 4°C; the resulting protein supernatant was transferred into a new microcentrifuge
tube and stored at -80°C for further analysis with a Bradford assay, as per the vendor’s
instructions. The calculated IL-6 (ng/ml) concentrations from collected supernatant
medium were normalized to the protein concentrations (mg/ml) from the respective
well. IL-6 release was further extrapolated to ng/mg.

4.2.4 Data and Statistical Analysis

Data analysis and graphs were prepared using Microsoft Excel and GraphPad Prism 6.
All values are represented as mean + s.e.m. Statistical significance was determined using
one-way analysis of variance (ANOVA) and multiple comparison was performed using
Sidak’s post hoc test. P values: *p<0.05, **p<0.01, ***p<0.001 and ****p<0.0001 were
considered significant and p>0.05 was considered non-significant (ns).

4.3 Results

4.3.1 Bile acids activate MRGPRD and induce IL-6 release

The human body relies on CLR production and catabolism as an important process for
preserving CLR homeostasis [253]. In the liver, the cytochrome P450 enzymes, primarily
CYP7A1, catabolize CLR to BAs. The body then excretes extra BAs through feces. This
mechanism prevents the accumulation of CLR and BAs in body cells and tissues. In liver
function abnormalities, the catabolism of CLR is hampered, which leads to
hypercholesteremia. The hypercholesteremia condition affects the formation of CLR,
BAs, and triglyceride micelles, which causes a decrease in BAs excretion; therefore, the
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bioavailability of circulatory BAs increases in plasma. Overall, the reduction or

obstruction of bile flow is clinically called as cholestasis [254].

Cholesterol Deoxycholic acid (DCA) Chenodeoxycholic acid (CDCA) Ursodeoxycholic acid (UDCA)
(Chol.) Secondary Primary Secondary

Hydrophilicity

Figure 4.2. Structure of Cholesterol and Bile acids. (A). Planar structure representation of
amphiphilic molecules of CLR, BAs such as deoxycholic acid (DCA), Chenodeoxycholic acid (CDCA)
and Ursodeoxycholic acid (UDCA). Different hydroxyl groups (red) linked to the sterol backbone
are visible in the molecular structures of BAs. DCA and UDCA are secondary BA, while CDCA is
the primary BA. (B) 3-dimensional disk model of cholesterol, DCA, CDCA and UDCA; hydroxyl
group represented in red, carbon in cyan and central hydrogen in blue. The hydrophilicity of
molecules increase as follows; CLR, DCA, CDCA, UDCA. The figure was created using ChemSketch.

Itching is a frequent complaint among patients suffering from cholestasis. The evidence
from the literature suggests that MRGPRs play a role in cytokine release.[151, 155, 157,
158]. Furthermore, a family member of the MRGPR family, MRGPRX4, is known to be
activated by amphiphilic molecules such as bilirubin and BAs [169, 170]. Considering
that we hypothesized that amphiphilic molecules such as CLR (an essential component
of cell membranes), deoxycholic acid (DCA), chenodeoxycholic acid (CDCA), and
ursodeoxycholic acid (UDCA) (Figure 4.2 A and 4.2 B) [255], could activate human
MRGPRD, MRGPRX2, and MRGPRX4 and cause the release of IL-6. To that end, B-
alanine, BAs, and nateglinide (an anti-diabetic drug that is also an agonist of MRGPRX4
[256]) were used to activate Hela cells stably expressing MRGPRD, as measured by IL-6
release. Overall, it was discovered that DCA and CDCA significantly activated MRGPRD.
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Although UDCA and nateglinide were discovered to have an effect, it was found to be
non-significant as compared to DCA and CDCA (Figure 4.3 B).

PAMP-12 is a strong MRGPRX2 ligand that is known to cause the release of IL-6 when
MRGPRX2 is activated [147]. When MRGPRX2-expressing stable cells were treated with
PAMP-12, they released IL-6 (Figure 4.3 C). As such, no IL-6 release was detected from
MRGPRX2 cells treated with BAs and nateglinide. Likewise, cells stably expressing
MRGPRX4 when treated with Nateglinide, BAs, and PAMP-12 did not induce IL-6.
Although nateglinide and BAs have been identified as MRGPRX4 ligands, we did not see
IL-6 induction (Figure 4.3 D) [169, 170, 256]. This difference could be attributed to
ligand-dependent, biased signaling [257]. Furthermore, as an experiment control, Hela
cells were also treated with BAs, nateglinide and PAMP-12 but no IL-6 release was
observed (Figure 4.3 A). Intriguingly, we saw CLR crystal formation when treating the
cells, since CLR is insoluble in the aqueous phase (medium). Therefore, the role of CLR
in the activation of MRGPRs remains unclear or non-conclusive.
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Figure 4.3. Screening of bile acids as ligand for MRGPRs activation. Hela cells stably expressing
NLuc (pCMV-NLuc) or MRGPRD-NLuc or MRGPRX2-NLuc or MRGPRX4-NLuc were stimulated
with either vehicle control (DMSO; final concentration per well 1%), deoxycholic acid (DCA; 30
uM), chenodeoxycholic acid (CDCA; 30 uM), ursodeoxycholic acid (UDCA; 30 uM), CLR (Chol.;
100 puM), nateglinide (30 uM), B-alanine (100 uM) and PAMP-12 (10 uM). The normalized IL-6
release is represented in percentage of control i.e., PAMP-12 treated MRGPRX2. The graph
represented in this figure originates from at least two independent experiments.

Serum cholic acid (CA) to CDCA ratios are frequently used to diagnose intrahepatic
cholestasis [258]. The two principal BAs, CA and CDCA, are formed in the liver, while
secondary BAs, DCA and UDCA, are created in the intestine through biotransformation
by gut bacteria [259]. For the treatment of primary biliary cirrhosis and gallbladder
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stones, the CDCA is frequently employed [260]. Therefore, we chose CDCA to be used

in our experiments out of all BAs activating MRGPRD. First, increasing amounts of CDCA
were used to activate Hela cells that were expressing the MRGPRD (Figure 4.4).
Surprisingly, we noticed cell death as the concentration increased over 30 uM; as a
result, the typical concentration-response curve could not be generated. Furthermore,
when Hela (mock) cells were treated with CDCA, cells were healthy, and no IL-6
secretion was seen.
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Figure 4.4. Concentration-response curve of Chenodeoxycholicacid (CDCA). Hela cells stably
expressing NLuc alone or fusion protein MRGPRD-NLuc were treated with increasing
concentrations of CDCA. MRGPRD-expressing cells induced the release of IL-6 in a concentration-
dependent manner when treated with CDCA. No significant IL-6 release was observed from cells
expressing NLuc only. The graph represented in this figure originates from two independent
experiments.

4.3.2 Cholesterol depletion from cell membrane activates MRGPRD

MBCD is a cyclic heptasaccharide generally used in the delivery of hydrophobic lipid-
based molecules or drugs. MBCD is also used to dissolve CLR [261]. At higher
concentrations, MBCD could deplete CLR from the cell membrane [262]. Surprisingly,
we discovered that MBCD-treated MRGPRD-expressing cells induced IL-6 release in a
concentration-dependent manner, whereas Hela (mock) cells did not (Figure 4.5).
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Figure 4.5. Cholesterol depletion using MBCD activates MRGPRD. Hela cells stably expressing
NLuc alone or fusion protein MRGPRD-NLuc were treated with increasing concentrations of
MBCD. MRGPRD-expressing cells induced the release of IL-6 in a concentration-dependent
manner. The cells that were just expressing NLuc did not release any IL-6 in a substantial amount.
The graph represented in this figure is from at least two independent experiments.

4.3.3 Inhibiting MRGPRD-Gaq/IKK/NF-kB signaling cascade prevents the release of IL-
6

In a previous study, we discovered that the NF-kB signaling pathway regulates IL-6
release from B-alanine-activated MRGPRD (chapter 3). Next, we examined whether
CDCA-mediated activation of MRGPRD follows the Gaq/IKK/NF-kB canonical axis [157,
158]. To this end, MRGPRD-expressing cells were treated for 1 h with either a vehicle or
the corresponding inhibitor before being stimulated with CDCA (Figure 4.6 A). When
MRGPRD-expressing cells were pre-incubated with Goq protein inhibitors or IKK
complex inhibitors, IL-6 release was significantly reduced, while PLC inhibitors had an
equivalently diminished but less pronounced effect.

As we observed that MBCD-mediated CLR depletion from the cell membrane also
induced IL-6 release from MRGPRD-expressing cells, we further investigated whether
the IL-6 release follows the Gaq activated NF-kB canonical pathways. When MRGPRD-
expressing cells were pre-incubated with a Gaq protein inhibitor, a PLC inhibitor, or an
IKK complex inhibitor, IL-6 release was significantly reduced (Figure 4.6 B). Surprisingly,
the reduction in IL-6 release was found to be limited to approximately half of the MBCD-
only treated cells, indicating that MBCD most likely activates the NF-kB pathway in a
non-specific manner.
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Figure 4.6. Bile acids and MBCD mediated activation of MRGPRD are dependent on Gaq
activated NF-kB canonical signaling pathway. MRGPRD-expressing Hela cells were pre-treated
with either vehicle control (DMSO; 0.1%) or with the inhibitor dissolved in 0.1% DMSO, the Gaq
inhibitor (YM-254890; 10 uM), the pan-PLC inhibitor (U-73122; 10 uM) or the IKK inhibitor (IKK-
16; 5 uM) for 1 h before being subjected to treatments. (A) The cells were treated either with
vehicle control (DMSO; 1%) or CDCA (30 uM; DMSO 1%). When MRGPRD-expressing cells were
stimulated with CDCA, they showed a significantly reduced IL-6 release after being pretreated
with either YM-254890 or IKK-16 and a less significant but still significant reduced IL-6 release
from U-73122 when compared to CDCA-stimulated MRGPRD-expressing cells that had not been
pre-exposed to the inhibitor. (B) Cell was either treated with a vehicle control (Milli-Q 1%) or
with 3 mM MBCD (dissolved in Milli-Q 1%). MBCD showed a reduced IL-6 release after being
pretreated with either YM-254890, U-73122, or IKK-16 as compared to only MBCD-treated cells
that were not pre-exposed to the inhibitor. The data represented in this figure is from at least

two independent experiments.

4.4 Discussion

In this study, we demonstrate that sterol (CLR and BAs) and the membrane CLR-
depleting agent MBCD activate MRGPRD and cause the release of the pleiotropic
cytokine IL-6 (Figure 4.3 and 4.5; and schematics Figure 4.8). The GPCRs constitute the
largest family of IMPs and are embedded into the plasma membrane, which is
comprised of a phospholipid bilayer, where CLR generally occupies the interstitial space
between hydrophobic tails of phospholipids. Growing evidence from the literature
suggests that various lipids, such as sterol backbone-based molecules, modulate,
activate, and influence the ligand-binding on the GPCRs [169, 170, 236, 237, 245].
However, we still know very little about how sterols mediate inflammation and play a
role in immunity [250].
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Most of the GPCRs demonstrate co-crystallization with CLR, occupying various distinct

sites among many receptors [103, 240, 246]. The plasma membrane's high physiological
levels of CLR are necessary to preserve its biophysical and functional characteristics.
Functionally, it has been reported that when CLR levels are low, the 2-AR couples more
strongly to Gas [263]. This suggests that CLR may play a role in regulating receptor-
effector interactions [54, 243]. Depletion of CLR from the membranes of neonatal
cardiac myocytes alters the signaling behavior of endogenous 2-AR [264]. In our
results, we also observed the captivating biphasic behavior of MRGPRD. The depletion
of membrane CLR by MBCD induced the production of IL-6 from MRGPRD-expressing
cells, which was antagonized by replenishing the CLR (Figure 4.5 and Figure S4.1). This
indicates that depleting membrane CLR by using MBCD could push receptors into a state
of activation. This possibly indicates that i) either binding of CLR to MRGPRD, keeps
receptors in an inactive state (Figure 4.7; probable CCM site on MRGPRD), or ii) the
depletion of CLR from the plasma membrane, alters plasma membrane mechanics and
cytoskeleton structure, thereby regulating MRGPRD-Gq signaling [265].

Cholesterol Consensus Motif [CCM]
MRGPRD

&

W150%°

Palmitic acid

R1 39439

Figure 4.7: Probable CCM site in MRGPRD. Structural analysis of MRGPRD (PDB: 7Y12 [175])
reveals the conserved Try 4.450 residue on MRGPRD TM4. The observed CCM site on MRGPRD
(W439, C446, A%43 on TM4 and V%! on TM2) is similar to MRGPRX1. Receptor represented in cyan,
CLR in light red and palmitic acid in orange. PDB structures were visualized using PyMol
(Schrodinger Inc.), and figures created using BioRender.com.
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BAs are amphipathic molecules, and they are synthesized from CLR catabolism in the

liver. It is important to note that liver dysfunction is linked to neurological and
cardiological disorders [266, 267]. An imbalance due to a metabolic disorder of the liver
or an obstructive bile secretion can lead to cholestasis, which is known to cause systemic
diseases like pruritus (itch) and inflammation [250, 268]. It has been observed that
increased BAs in the serum cause perturbations in the plasma membrane of the RBC
and lyse them, which in turn release bilirubin, thus increasing the bilirubin level in the
serum[269, 270]. The recent literature suggests that bilirubin activates another member
of the MRGPR family, MRGPRX4, and causes itch. Given that MRGPRD is expressed by
DRG nociceptive neurons and has been linked to dilated cardiomyopathy, and after
realizing that CDCA mediates activation of MRGPRD (Figure 4.3 and 4.4), investigating
the role of BAs in activating MRGPRD and controlling inflammatory mediators in
neurological and cardiovascular diseases has become critical.

Taken together, our findings indicate that BAs might bind allosterically to MRGPRD and
activate it. The MBCD could affect membrane fluidity due to the extraction of CLR from
the plasma membrane or the removal of CLR bonded to MRGPRD, resulting in MRGPRD
activation. To ascertain this, additional experiments will be required to determine how
relevant the association of these sterols is to MRGPRD and how depletion of these
affects the packing within membrane microdomains, causing activation of MRGPRD.
Altogether, these results demonstrate the importance of sterols such as BAs in
regulating MRGPRD-Gaqg mediated NF-kB signaling and inducing the inflammatory
cytokine IL-6 (Figures 4.6 A and 4.6 B). Hence, a deeper insight into the structure and
molecular mechanisms of MRGPRD activation will present a chance for further
development of targeted therapeutics. It may also be able to create non-opioid
painkillers and itch relievers using a structure-based drug design approach.
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Figure 4.8. Schematic representation of MRGPRD activation by bile acids and MBCD. The BAs
and MBCD activate MRGPRD-Gag and mediate NF-kB signaling to induce the release of the
inflammatory cytokine IL-6. Figure created with BioRender.com.

4.5 Supplementary Materials and figures

Since we observed that MBCD-mediated depletion of CLR from plasma membranes
induced the expression of IL-6 from MRGPRD expressing cells, we further questioned
whether this effect could be reversed by replenishing the CLR in plasma membranes.
The MRGPRD cells were pre-treated with 3 mM MBCD for an hour and then exposed to
anincreasing concentration of CLR for 8 h (Figure S4.1). Interestingly, with the increasing
concentration of CLR, we observed a decline in MBCD-mediated activation of MRGPRD,
as measured by IL-6 release. This also indicates the MBCD treatment shifts the receptor
to a high state of activation, and CLR can also work as an inverse agonist/allosteric
modulator or agonist to bring the receptor into a steady state.
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Figure S4.1. Cholesterol reduces IL-6 induction from MBCD activated MRGPRD. Hela cells stably
expressing NLuc alone or fusion protein MRGPRD-NLuc were treated for 1 h with 3 mM MBCD
before being exposed to increasing concentrations of CLR (maintaining 3 mM MBCD). With the
increasing concentration of CLR, the IL-6 induction from MBCD-activated MRGPRD was reduced.
The cells that were just expressing NLuc did not release any IL-6. The data represented in this
figure is from an experiment performed only once.
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Chapter 5 MRGPRD activation by fluid shear stress
Abstract

GPCRs are known for their chemosensory function. Mechanical stimulation is now
known to regulate cellular, biochemical, and biological processes. Unwanted cellular
responses are induced when mechanical homeostasis is compromised, which is known
to result in fibrosis in tissues or organs and transform them into pro-inflammatory
phenotypes. During the developmental and adult stages, mechanotransduction plays an
important role in neuro- and cardiovascular biology. MRGPRD plays a role in dilated
cardiomyopathy and is known to be mechanosensitive. However, it is yet unclear what
function a potential direct mechanical activation of MRGPRD might serve. Therefore,
we sought to evaluate whether physical forces, i.e., shear stress, applied to MRGPRD
could regulate the ligand-independent activation of MRGPRD and induce the release of
IL-6. To this end, Hela cells stably expressing human MRGPRD were subjected to shear
stress. The IL-6 release was observed in MRGPRD-expressing Hela exposed to shear
stress, indicating the activation of MRGPRD. Overall, it was discovered that the NF-kB
canonical signaling pathway was necessary for the shear stress-activated MRGPRD-
related IL-6 release. These findings imply that MRGPRD is mechanosensitive, and
mechanically activated MRGPRD could regulate inflammatory cytokines.

Keywords: GPCRs, MRGPRD, mechanosensory, shear stress, NF-kB, interleukin-6

87



Chapter 5 MRGPRD activation by fluid shear stress
5.1 Introduction

Cells and tissues sense and interpret various physical forces such as shear, tensile, and
compression stress in order to perceive and integrate environmental cues [271].
Mechanotransduction is the process through which cells respond to physical forces and
convert them into biochemical and biological responses [272]. The mechanism of
mechanotransduction is known to be involved in numerous physiological processes,
such as hearing, balance, touch, nociception, etc. However, the precise molecular
mechanism involved during mechanical stimulation to elicit physiological responses has
not been fully elucidated.

Primarily, it was thought that mechanosensitivity was regulated by piezo receptors
[273-275]. A growing body of evidence suggests that ion channels and transporters, as
well as GPCRs, are now expanding the repository of plasma membrane-associated
mechanosensitive receptors [276, 277]. The GPCRs, which were largely considered to
be chemosensory in function, are now known to be involved in mechanotransduction
[278, 279]. The angiotensin Il type 1 receptor (AT-1R) was the first reported GPCR to
exhibit shear stretch-induced activation. The AT-1R is prominently expressed by
cardiomyocytes, and when exposed to high pressure, it induces hypertrophy [280]. AT-
1R is also known to be expressed by other cells, such as endothelial cells (ECs), when
activated by stretch and shear stress-induces physiological processes including
hypertension [281, 282]. Similarly, other receptors like apelin, B2AR, GPR68, PAR2, M3,
H1R and many more are known to be activated by shear stress, cell shrinkage, and
expansions [277, 283, 284].

Genetic ablation of Mrgprd has been reported to reduce behavioral sensitivity to
noxious mechanical stimuli and cause dilated cardiomyopathy [139, 186]. Additionally,
activated MRGPRD is known to release inflammatory cytokines and nitrous oxide (NO)
[158, 218]. The results from our previous study hint at the possibility that modulation
of the MRGPRD by CLR removal or addition of BAs is an indirect consequence of changes
in the plasma membrane fluidity and flexibility (Figure 5.1 A and B). Considering the
involvement of MRGPRD in neuron and cardiovascular biology and its role in regulating
inflammatory cytokines, we sought to evaluate whether physical forces, i.e., shear
stress, applied to MRGPRD-expressing Hela cells could regulate the structure-function
of MRGPRD and activate it to induce the release of IL-6.
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Figure 5.1. Schematic representation of proposition. (A) The sterol depletion and sterol
replenishment caused the release of IL-6 from MRGPRD-expressing cells. This indicated that
MRGPRD can also be activated by a change in membrane’s biophysical properties, which could
cause MRGPRD to adopt the active conformational state and induce the IL-6 release (B) IL-6
response during sterol depletion and replenishment is depicted on a predicted IL-6 response
graph. Figure created with BioRender.com.

5.2 Material and methods

5.2.1 Materials and Instruments

DMEM (Cat# 41966029), FBS (Cat# 10270-106), penicillin-streptomycin, Dulbecco’s
phosphate-buffered saline (DPBS; Cat# 14190169), geneticin (G418 sulphate; Cat#
10131027) were purchased from Gibco (Waltham, MA, USA). 100 mm cell culture dishes
(CELLSTAR; Cat#f 664160) were purchased from Greiner Bio-One (Frickenhausen,
Germany). The PLC inhibitor (U 73122; Cat# 1268) was purchased from Tocris, the Gq
inhibitor YM-254890 (Cat# 10-1590-0100) was purchased from Focus Biomolecules
(Plymouth, PA, USA), and the IKK complex inhibitor (IKK-16; Cat# S2882) from Selleck
Chemicals GmbH (Germany). Duoset ELISA human IL-6 was purchased from R&D
Systems (Minneapolis, MN, USA). SLA-OS-200 orbital shaker was from SciTech LabApp
(Micklefield, Leeds, UK).

5.2.2 Cell culture, shear stress induction, and IL-6 detection

Hela cells stably expressing NLuc alone and fusion protein MRGPRD-NLuc were
prepared as described in Chapter 3. Cells stably expressing receptors were collected by
trypsinization, and 1.0x10° cells/well were seeded in a 100 mm cell culture plate. At 24
h post-seeding, the medium was removed, and the cells were washed once with 2 ml
PBS. Afterwards, the medium was replaced by 10 ml DMEM (overnight starvation), and
the plates were returned to the incubator (37°C with 5% CO,). After 24 h of serum
starvation, the medium was replaced again with 7 ml of DMEM. The plates were then
returned to the incubator (37°C with 5% CO.), either kept stationary or on an orbital
shaker at 100 rpm for 8 h before sample collection. Cell supernatant medium was

89



Chapter 5 MRGPRD activation by fluid shear stress
collected in a 2 ml microcentrifuge tube and spun at 1,000 g for 5 min at 4°C to pellet

debris. Without disturbing the pellet, the supernatant medium was transferred into a
fresh microcentrifuge tube and stored at -80°C until assayed by ELISA. For IL-6
assessment, the frozen supernatant medium was thawed on ice, and samples were
analyzed using an IL-6 ELISA kit as per the manufacturer’s instructions. For the inhibition
assay, prior to the induction of shear stress by orbital shaking, cells were treated with
the desired concentration of inhibitor for 1h (DMSO 1%). The calculated IL-6
concentrations from the collected supernatant medium were represented in pg/ml
(Figure 5.2).

= —p > = —» ELISA
m/ Seeding .- Medium — Medium Sample IL-6
oh y " change o o N change collection
{ (Overnight ]
Cell culture = starvation) ,
Incubation Incubation
24h 48h

*Incubation
32h

Figure 5.2. Schematics representation of the experiment procedure. Procedure to study the
shear-stress induced release of IL-6 from MRGPRD-expressing cells. A detailed procedure is
provided in materials and methods (section 5.2.2). Figure created with BioRender.com.

5.2.3 Data and Statistical Analysis

Data analysis and graphs were prepared using Microsoft Excel and GraphPad Prism 6.
All values are represented as mean + s.e.m. Statistical significance was determined using
one-way analysis of variance (ANOVA), and multiple comparisons were performed using
Sidak’s post hoc test. P values of *p<0.05, **p<0.01, ***p<0.001 and ****p<0.0001
were considered significant, and p>0.05 was considered non-significant (ns).

5.3 Results

5.3.1 Shear stress activates MRGPRD and induces IL-6 release

As we observed that CLR depletion and replenishment of the plasma membrane
modulated MRGPRD activity (Figure 4.5 and S4.1). We hypothesized that this effect
could be a result of strain induced on the plasma membrane. In other words, pull and
push-mediated structural rearrangements of the receptor could activate it. To explore
this, we first tested whether shear stress might perhaps activate the MRGPRD. For that
reason, MRGPRD-expressing Hela cells were subjected to shear stress induced by
orbital shaking. The shear stress induced a 1.4x higher release of IL-6 from MRGPRD-
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expressing cells as compared to MRGPRD-expressing cells that were maintained

stationary (Figure 5.3). Moreover, Hela cells expressing NLuc-only did not induce IL-6
release under shear stress or stationary conditions. These findings indicate shear stress-
induced activation of MRGPRD mediates IL-6 release.
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Figure 5.3. Activation of the MRGPRD by shear stress. Hela cells stably expressing NLuc alone
or fusion protein MRGPRD-NLuc were cultured in control(stationary) or under shear stress
conditions induced by orbital shaking. The shear stress-induced IL-6 release was observed from
MRGPRD-expressing cells, and no detectable IL-6 release was observed from cells expressing
NLuc only. The cells maintained at stationary (no shear stress) did not induce IL-6 release. The
graph represented in this figure is from at least two independent experiments.

5.3.2 Shear stress-activated MRGPRD-induced IL-6 release is dependent on NF-kB
signaling

We previously discovered that B-alanine, BAs, and plasma membrane sterol deficiency
activated the NF-kB signaling pathway, which regulated IL-6 release in MRGPRD-
expressing cells. Therefore, we next examined whether IL-6 release from shear stress-
induced activation of MRGPRD depends on the MRGPRD-Gaq mediated NF-kB canonical
axis and can be prevented by the Gaq inhibitor, the pan-PLC inhibitor, or the IKK
complex inhibitor. To this end, MRGPRD-expressing cells were treated either with
vehicle or with the respective inhibitors for 1 h before being subjected to shear stress.
The MRGPRD-expressing cells treated with the Gaq protein inhibitor or the IKK complex
inhibitor revealed a substantial reduction in IL-6 release, whereas cells treated with the
PLC inhibitor showed a marginal reduction in IL-6 release (Figure 5.4).
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Figure 5.4. The Gaq-activated NF-kB signaling pathway is required for IL-6 release from shear
stress-activated MRGPRD. Hela cells stably expressing fusion protein MRGPRD-NLuc were pre-
treated with vehicle control (DMSO; 1%) or the Gaq inhibitor (YM-254890; 1 uM), the pan-PLC
inhibitor (U-73122; 10 uM) or the IKK inhibitor (IKK-16; 5 uM) for 1 h before being subjected to
shear stress. Under shear stress conditions, MRGPRD-expressing cells released more IL-6 than
stationary MRGPRD-expressing cells. The reduced IL-6 release was observed from MRGPRD-
expressing cells pretreated with either YM-254890 or IKK-16 and a less significant reduction of
IL-6 release from U-73122 when compared to shear stress-stimulated MRGPRD-expressing cells
that had not been pre-exposed to the inhibitor. The data represented in this figure is from at
least two independent experiments.

5.4 Discussion

One of the primary roles of the plasma membrane is to provide fluidity to several
membrane-associated proteins to allow lateral diffusion, contacts, and signaling [247].
In humans, hemodynamic shear stress is one of the prominent forces that affect the
membrane tension of the plasma membrane, and the shear stress applied depends on
the cell’s shape, size, lipid, and protein composition of the plasma membrane, thus
regulating various functions and pathophysiology [278, 285, 286].

GPCRs primarily respond to a wide range of extracellular signals. Several GPCRs also
show ligand-independent constitutive activity, indicating that GPCRs can spontaneously
assume an active conformation [224]. Several lines of evidence now support the notion
that alteration of plasma membrane characteristics by applied shear, stretch, and
compression forces modulated plasma membrane properties, which in turn control the
GPCRs functions. It is also well understood that GPCR interactions with lipid molecules
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have a significant impact on their structure-function and modulate the GPCR's ability to

adopt different conformational states [247]. Therefore, it is very apparent that GPCRs
are activated by ambiguous mechanisms.

In this study, we demonstrate that Hela cells expressing MRGPRD induce the release of
IL-6 when subjected to shear stress (Figure 5.3). Having observed shear stress-induced
activation of MRGPRD, we further demonstrated the IL-6 release is dependent on the
NF-kB canonical signaling pathway (Figure 5.4). Altogether, our results establish the
importance of MRGPRD-Gag/NF-kB signaling in the regulation of IL-6 under shear
stress. The results are suggestive of MRGPRD being mechano-sensitive.

The finding that MRGPRD is mechano-sensitive and responds to shear stress might
explain its role in several pathophysiological conditions. It has been reported that
disruption of a cell’'s mechanical homeostasis can evolve towards pro-
inflammatory/pro-fibrotic phenotypes, leading to tissue or organ fibrosis [287]. If
MRGPRD activation also stimulates IL-6 release in vivo, then this data might highlight
MRGPRD as a regulator of the pro-inflammatory fibrotic process. However, no
conclusions can be drawn yet as the exact expression of MRGPRD in cardiovascular
tissue is still unknown.
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Abstract

Cathepsin-S(CTSS) is a thiol-containing cysteine protease found in endo-lysosomes and
is known to participate in antigen processing and to mediate inflammation. The CTSS
enzyme retains its activity over a broad pH range (from 2 to 9), making it a one-of-a-
kind enzyme. Recent literature suggests that cysteine proteases activate PAR2 and some
MRGPRs. Consistent with the prominent role of cysteine proteases in the activation of
MRGPRs, we first performed an in-silico analysis of the N-terminus sequences of
MRGPRD, MRGPRE, and MRGPRF. The analysis revealed that both MRGPRD and
MRGPRF contain a consensus motif cleavage site for CTSS. Mass spectroscopy analysis
confirmed the cleaving of synthetic N-terminus peptide of MRGPRD and MRGPRF by
CTSS. To evaluate the cleavage of complete receptors expressed in Hela cells, MRGPRD,
MRGPRE, and MRGPRF were tagged at their N-terminus with Nanoluc luciferase. By
assessing the bioluminescence activity of the collected supernatant after incubation
with CTSS, the N-terminus cleavage of the receptors MRGPRD and MRGPRF was
confirmed. In calcium imaging, receptor activation is indicated by the calcium-induced
fluorescence flux in human MRGPRD and MRGPRF-transfected cells after CTSS
treatment (preliminary results). These results are indicative for CTSS-linked activation
mechanisms of MRGPRD and MRGPRF and are a possible step towards deorphanization
of the human MRGPRF receptor.

Keywords: MRGPRs, MRGPREF, cysteine protease, cathepsin-S, calcium imaging
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6.1 Introduction

Two percent of the human genome codes for proteolytic enzymes (proteases) or their
inhibitors [288, 289]. Given the significant genetic investment, it is not surprising that
protease are used physiologically to perform a variety of biologic functions. For
example, proteases aid in food digestion and nutrient absorption. Their physiological
role is further highlighted by their involvement in a variety of pathologies, including
irritable bowel disease, neuropathic pain, arthritis, myocarditis, systemic muscle pain,
and the healing process after surgery [290-293]. The proteases work by producing or
processing molecules through proteolytic cleavage. The molecules generated or the
proteolytic cleave itself can activate or deactivate effectors; in this way, proteases
regulate cellular signaling in a multifaceted way [289].

It has been demonstrated that protease can activate GPCRs by cleaving the receptor's
N-terminus directly or through the release of a tethered ligand peptide that is generated
or unmasked by protease cleavage. In the early 1990s, it was discovered that serine
proteases (such as thrombin and trypsin) activate the GPCR family member protease-
activated receptor (PAR; the PAR family includes PAR1, PAR2, PAR3, and PAR4) [294,
295]. Furthermore, some adhesion family of GPCRs, known as ADGRs, are activated by
a tethered ligand in @ manner similar to PARs [296]. Some studies now suggest that
cysteine proteases, such as cathepsins, can also activate GPCR in a similar manner to
the serine proteases. For example, CTSS activates and evokes pain in a mouse model of
inflammatory bowel disease via PAR2 activation [297]. Additionally, PAR2 activation by
CTSS causes itch in humans [298, 299]. Similarly, CTSS activates mouse MrgprC11 and
human MRGPRX2 [148] . Furthermore, Der pl1, another cysteine protease and a major
allergen from house dust mites, activates the human PAR2, MRGPRX1, as well as the
mouse MrgprC11 [155].

The cysteine proteases contain a thiol group that has to be in the reduced form for
autocatalytic activation as well as for catalytic activity. Thus, the cysteine proteases
require a rather reducing environment to be physiologically active [148, 300]. The CTSS
enzyme is expressed by a variety of inflammatory cell types, including lymphocytes,
dendritic cells, macrophages, etc. The CTSS enzyme is stored in these cells and released
when an appropriate signal is received by the inflammatory cells, this ensures site-
specific release of the enzyme [301]. CTSS promotes homeostasis while also
contributing to a variety of diseases, such as inflammation, lungs, cardiovascular
disease, itch, and pain [302-308]. Therefore, we set out to discover cleavage sites on the
N-terminus of MRGPRs in order to determine the CTSS-linked activation mechanism for
MRGPRD, MRGPRE, and MRGPRF and, moreover, to deorphanize MRGPRE and
MRGPRF.
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6.2 Material and methods

6.2.1 Materials

DMEM (Cat# 41966029), FBS (Cat# 10270-106), penicillin-streptomycin, and Dulbecco’s
phosphate-buffered saline (DPBS; Cat# 14190169) were purchased from Gibco
(Waltham, MA, USA). Cathepsin-S (Cat# BML-SE453-0010) was purchased from Enzo Life
Sciences (NY, USA). E-64 protease inhibitor (Cat# 78432) was purchased from Thermo
Fisher Scientific. 100 mm cell culture dishes (CELLSTAR; Cat# 664160) and 6 well plates
were purchased from Greiner Bio-One (Frickenhausen, Germany). Nano-Glo Live cell
substrate (Cat# N205A) was purchased from Promega (Madison, WI, USA). Synthetic
DNA oligonucleotides were obtained from IDT (Coralville, IA, USA). Restriction enzymes
were purchased from New England Biolabs (Ipswich, MA, USA). The plasmid miniprep
or maxiprep kit was used to prepare the plasmids (Macherey-Nagel, Duren, Germany).
The purification of PCR-amplified and gel-extracted restriction-digested products was
done using a PCR/gel clean-up kit (Macherey-Nagel). Agar, LB broth (high salt), SOC
medium, ampicillin and kanamycin were purchased from Sigma-Aldrich (St. Louis, MO,
USA). XL2-Blue ultracompetent cells used for transformation were purchased from
Stratagene (San Diego, CA, USA).

6.2.2 Preparation of NanoLuc-MRGPRs fusion cDNAs

A Xhol RE site was introduced at the C-terminus of EYFP by site-directed insertion PCR
in the p-CMV/EYFP-N1 plasmid (Clontech, Palo Alto, CA, USA). The p-CMV/EYFP-Xhol-
N1 plasmid was re-engineered by inserting annealed oligonucleotide (Nhel-Flexi-Fwd:
CTAGCAAGCTTACCGGTGGTGGTGGCAGTGAATTCAGATCTGTCGACGGTGGTGGAGGCAGT
GGTGGAGGTGGCAGTGGATCCGAGCTCC, Xhol-Flexi-Rev: TCGAGGAGCTCGGATCCACT-
GCCACCTCCACCACTGCCTCCACCACCGTCGACAGATCTGAATTCACTGCCACCACCACCGGTA
AGCTTG) between Nhel/Xhol RE sites to generate the flexi-linker plasmid p-CMV/GS,
which has multiple cloning sites connected by a flexible linker of glycine and serine
residues (GGGGSGGGGS). The gene sequences coding mOrange without start codon
were PCR-amplified from p-mOrange-N1 (Addgene #54499) and inserted in-frame
between BamHI/Xhol of pCMV-GS to generate the pCMV-GS-mOrange plasmid
backbone. Subsequently, human MRGPRD (Cat# HsCD00080297), MRGPRE (Cat#
HsCD00509189), MRGPRF (Cat# HsCD00509354) obtained from the DNASU plasmid
repository [219] (Tempe, AZ, USA) and mouse MrgprC11 coding gene sequence were
PCR-amplified using Pfu DNA polymerase (Promega, Madison, WI, USA) were inserted
in-frame between the EcoRI/Sall sites of the pCMV-GS-mOrange plasmid to generate
the pCMV-MRGPRD-mOrange, pCMV-MRGPRE-mOrange, pCMV-MRGPRF-mOQOrange
and pCMV-MrgprC11-mOrange plasmids. Furthermore, the gene sequences coding
NanoLuc with start codon was PCR-amplified from p-NCS-Antares (Addgene #74279,
Cambridge, MA, USA) and inserted in-frame between Hindlll/EcoRI of pCMV-MRGPRD-
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mOrange, pCMV-MRGPRE-mOrange, pCMV-MRGPRF-mOrange and pCMV-MrgprC11-

mOrange plasmids to generate the pCMV-NLuc-MRGPRs-mQrange plasmids. All plasmid
cDNA constructs were verified by Sanger sequencing. Unless stated otherwise, all
products were used following the manufacturer’s instructions.

6.2.3 Cell culture and NanoLuc release assay

Hela cells were cultured in 100 mm dishes in a humidified incubator at 37°C with 5%
CO, using DMEM supplemented with 10% FBS and 1% penicillin-streptomycin. In the 1.5
ml Eppendorf tube, 10 pug of DNA were diluted into 0.5 ml of DMEM, and in another
Eppendorf tube 10 ul of Lipofectamine 2000 transfection reagent was diluted into 0.5
ml of DMEM and kept at room temperature for 5 min. Afterwards, reagents of both the
tubes were mixed and incubated at room temperature for 20 min. Hela cells were
trypsinized, and 1x 10° cells were pelleted in a 15 ml tube by centrifugation at 300 rcf
on 4°C for 5 min. The supernatant media was removed, and 1 ml of DMEM-
Lipofectamine DNA mixture was added to 1.0x10° pelleted cells, mixed well and
incubated for 20 min at room temperature with intermittent shaking. The cells were
then seeded into a 100 mm cell culture plate containing 9 ml of DMEM (without serum).
The media was gently removed 4 h after seeding, 10 ml of DMEM containing 10% serum
was added, and the plates were returned to the incubator at 37°C with 5% CO.. After 48
h of transfection, the cells were washed twice with PBS, scraped, and pelleted. Pelleted
cells were resuspended in 300 pl PBS, and 50 pl of it was either incubated with 50 ul of
PBS or 50 pl of CTSS at a final concentration 5 nM or 50 ul of CTSS (5 nM; Enzo Life
Sciences Cat# BML-SE453-0010; Batch# 05011829) inactivated with 10 uM protease
inhibitor E-64 or 50 pl of E-64 at final concentration of 10 uM for 15 min at 37°C. CTSS
activity was stopped by adding protease inhibitor E-64 to each tube at final
concentration of 20 puM. Cells were pelleted, and supernatants were collected.
Bioluminescence assays were performed in triplicate with 10 pl of the supernatants
according to the instructions of the manufacturer (Nano-Glo Live cell substrate;
Promega, Madison, WI, USA) using IVIS imaging system.

6.2.4 Cathepsin-S digestion of the MRGPRs N-terminus peptide

The  synthetic  N-terminus  peptides of human  MRGPRs; MRGPRD
(MNQTLNSSGTVESALNYSRGSTV; M.W. 2416), MRGPRE (MMEPREAGQHVGAAN; M.W.
1599) and MRGPRF (MAGNCSWEAHPGNRNKMCPGLSEAPELYSRGFLTIEQIAML; M.W.
4525) were purchased form CASLO ApS (Lyngby, Denmark). The peptides were dissolved
in 50 mM Tris, pH 7.0, 0.1 M NaCl and 0.1 mM EDTA to obtain a 100 mM final
concentration. 50 ul of peptide solution was incubated with 0.25 uM CTSS (Enzo Life
Sciences Cat# BML-SE453-0010; Batch# 05011829) at 37°C for 15 min. The reaction
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samples were analysed using MALDI-TOF MS by the Centre for Proteomics (CEPROMA),

University of Antwerpen.

6.2.5 Data and Statistical Analysis

Data analysis and graphs were prepared using Microsoft Excel and GraphPad Prism 6.
All values are represented as mean * s.e.m. Statistical significance was determined using
unpaired two tailed student’s t-test. P values of *p<0.05, **p<0.01, ***p<0.001 and
****H<0.0001 were considered significant and p>0.05 was considered non-significant
(ns).

6.3 Results

6.3.1 In-silico analysis of cathepsin-S site on N-terminus of MRGPRs

The cysteine proteases are primarily stored by the endosomes and lysosomes of
immune cells and plays an important role in innate and adaptive immune responses
[304, 309]. CTSS is expressed by macrophages and has been found to be upregulated in
cardiovascular and inflammatory bowel disease conditions [297, 308]. Most cysteine
proteases are autocatalytically activated at low pH in a reducing environment and can
work in a wide pH range [310]. It has been proposed that cysteine proteases activate
PAR2 and some MRGPRs [148, 155, 297, 299, 311]. The CTSS cleavage site and
mechanism of CTSS-mediated activation for MRGPRD, MRGPRE, and MRGPRF are
unknown. First, an in-silico analysis was performed using the MEROPS 2.0 database on
the N-terminus sequences of MRGPRD, MRGPRE, and MRGPRF. As per the MEROPS
database, the most preferred amino acids for cleavage by CTSS were leucine at position
2, and serine and glycine were the preferred amino acids at position 1, including but not
limited to serine and glycine. Interestingly, the analysis indicated that MRGPRD and
MRGPRF have consensus motifs for CTSS recognition at L5-S7 and L21-E23, respectively
(Figure 6.1 A and C). The consensus motifs for CTSS recognition were not found on the
MRGPRE N-terminus sequence (Figure 6.1 B).
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Figure 6.1. Predicated cathepsin-S cleavage site on N-terminus of MRGPRs. The N-terminus and
TM1 of MRGPRD (A), MRGPRE (B), and MRGPRF (C) are represented. In-silico analysis was
performed using the MEROPS 2.0 database on the N-terminus sequences of MRGPRD, MRGPRE,
and MRGPRF. The putative cleavage substrate for CTSS (Cat-S) are marked in red. The N-terminus
and TM1 are from serpentine diagrams obtained from https://gpcrdb.org/ and figure created
with BioRender.com.

6.3.2 Cathepsin-S cleaves the N-terminus of MRGPRD and MRGPRF

Following in silico analysis, we investigated whether proteases could cleave the
extracellular N-terminus of receptors in vitro. To this end, Hela cells transiently
expressing MRGPRs constructs tagged with NanoLuc at their N-terminus were treated
with CTSS. The N-terminus cleavage of the receptor was assessed by measuring the
luminescence level in the supernatant (Figure 6.2 A). As predicted, CTSS induced
significant cleavage of the MRGPRD and MRGPRF N-terminus as determined by
measurement of luminescence (Figures 6.2 B and D), whereas no cleavage of the N-
terminus was observed from MRGPRE-expressing cells (Figure 6.2 C). In samples where
CTSS was pretreated with the protease inhibitor E-64, no protease-mediated cleavage
of the N-terminus of MRGPRD and MRGPRF was observed, confirming the role of CTSS
in receptor N-terminus cleavage. The mouse MrgprC11, which has been reported to be
cleaved by CTSS, did not show significant cleavage of the N-terminus (Figure 6.2 E) [148].
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However this could be attributed to decreased receptor expression in human cells or
receptor misfolding, resulting in receptors not being localized at the cell membrane.

Sample
collection
Bioluminescence imaging
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Figure 6.2. Cathepsin-S cleaves the N-terminus MRGPRs. (A) A schematic representation of the

assay design. MRGPRs with NanoLuc on the N-terminus and mOrange on the C-terminus; CTSS

(Cat-S) cleaves the receptor's N-terminus. BioRender.com was used to create this figure (B) Hela

cells transiently expressing pCMV-NLuc-MRGPRs were treated with CTSS (5 nM; Enzo Life

Sciences Cat# BML-SE453-0010; Batch# 05011829). The supernatant collected after treatments

was analyzed for bioluminescence. The data are presented as meanzs.e.m of three independent
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experiments. P values of *p<0.05, **p<0.01, ***p<0.001 and ****p<0.0001 were considered
significant and p>0.05 was considered non-significant (ns). Figure created with BioRender.com.

6.3.3 Cathepsin-S cleaves the synthetic N-terminus peptides of MRGPRs

To determine the specific protease cleavage sites, peptides corresponding to the N-
terminus residues of MRGPRD (MNQTLNSSGTVESALNYSRGSTV), MRGPRE
(MMEPREAGQHVGAAN) and MRGPRF (MAGNCSWEAHPGNRNKMCPGLSEAPELYSRGFL-

TIEQIAML) were synthesized and subjected to CTSS. The peptides were incubated with
the CTSS before being analyzed by mass spectrometry (MALDI-TOF) for peptide
cleavage. For the MRGPRD N-terminus synthetic peptide, the CTSS cleaves between S7
and N6 with L5 at the P2 position. Similarly, the cleavage of MRGPRF occurred between
E23 and S22, with L21 at the P2 position (Table 6.1, fragments generated are shown).
There was no cleavage in the MRGPRE peptide, therefore, no new fragment was
observed.

Table 6.1. MALDI-TOF mass spectroscopy data of cathepsin-S cleaved human MRGPRD and
MRGPRF N-terminus peptides

MRGPRD MRGPRF

MNQTLN MAGNCSWEAHPGNRNKMCPGLS

NSSGTVESALNYSRGSTV EAHPGNRNKMCPGLS

SALNYSRGSTV WEAHPGNRNKMCPGLS
EAPELYSRGFLT

6.4 Discussion

Cysteine cathepsins were formerly thought to be important for non-specific bulk
proteolysis in the lysosomal system [304]. This perception has since sharply altered, and
cathepsins are now recognized as actors in a wide range of (patho)physiological
processes, including those involved in conditions like cancer, rheumatoid arthritis, and
several inflammatory disorders [312, 313]. The serine proteases (trypsin and thrombin)
were the main activators of PAR receptors; however, the literature now suggests that
non-serine proteases are now able to activate and regulate the PARs, as well as MRGPRs
[148, 155, 297, 311].

In this study, we show that CTSS cleaves the synthetic N-terminus of MRGPRD and
MRGPRF receptors, but as such, no cleavage was observed for MRGPRE (Table 6.1). It
was confirmed that the leucine at the P2 position is the preferred amino acid for CTSS-
mediated cleavage of the N-terminus peptides, and this is consistent with the MEROPS
2.0 database (Figure 6.1). Furthermore, CTSS mediated cleavage of the N-terminus of
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MRGPRD and MRGPRF receptors released the Nanoluc luciferase tagged to the N-

terminus of the receptor (Figure 6.2), indicating that it may function similarly in in vivo.
Although we tried to further delineate the activation of receptors using calcium imaging
(Figure S6.2), after initial success and due to changes in the batch of enzyme obtained
from the supplier, the results were variable, and thus we were not able to draw concrete
conclusions. Additionally, we also observed cleavage of the N-terminus of 1 adrenergic
receptor (B1-AR) and B2 adrenergic receptor (B2-AR) receptors by CTSS, which released
the NanoLuc luciferase tagged to the N-terminus of the receptors, indicating CTSS might
also activate and regulate B1-AR and B2-AR receptors (Figure S6.1).

Although no functional role could be ascribed yet, we hypothesize that cleavage of the
N-terminus of MRGPRD, MRGPRF, $1-AR and B2-AR may result in conformational
changes that may change the exposure of cytoplasmic domains relevant to signal
transduction and regulate downstream signaling pathways. Alternatively, a peptide
generated by N-terminus cleavage can itself activate the receptor or transactivate
(paracrine) another receptor. Proteolytic activation of receptors is irreversible, and
recent research suggests that cleavage of the N-terminus improves recycling of
receptors to the membrane, or receptors are retained in endosomes, allowing them to
associate with signaling partners and form "signalosomes" that generate signals in
subcellular compartments [314-316].

In summary, the data indicate CTSS-mediated cleavage of the N-terminus of MRGPRD,
MRGPRF, B1-AR and B2-AR, but not MRGPRE. More research is needed to determine
how CTSS-mediated cleavage affects their dynamics (conformational change,
internalization, and trafficking), as well as how G proteins and B-arrestin mediate
cellular signaling. Consequently, these observations are a first step towards alternative
mechanisms of activation for human MRGPRD, B1-AR and B2-AR and deorphanization
of human MRGPRF and warrant the need for further investigations to determine
whether cleavage of the extracellular N-terminus of MRGPRD, MRGPRF, B1-AR and B2-
AR contributes to receptor activation or regulation, given the role of MRGPRD, B1-AR
and B2-AR in cardiovascular biology [186, 218, 317]. Continuous scientific endeavors are
needed to understand how these receptors are activated and subsequently control
cellular signaling, as well as if they can be targeted for therapeutic purposes.

6.5 Supplementary materials and figures

6.5.1 Cathepsin-S cleaves the N-terminus of human B1-AR and 2-AR

The human B1-AR (ADRB1-Tango; Cat# 66219) and $2-AR (ADRB2-Tango; Cat# 66220)
were obtained from the Addgene (Cambridge, MA, USA) [256]. The gene sequence was
PCR-amplified using Pfu DNA polymerase (Promega, Madison, WI, USA) were inserted

in-frame between the EcoRI/Sall sites of the pCMV-GS-mOrange plasmid to generate
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the pCMV-B1-AR-mOrange and pCMV-B2-AR-mOrange plasmids. Furthermore, the
gene sequences coding NanolLuc with start codon was PCR-amplified from p-NCS-
Antares (Addgene #74279, Cambridge, MA, USA) and inserted in-frame between
Hindlll/EcoRIl of pCMV-B1-AR-mOrange and pCMV-B2-AR-mOrange to generate the
pCMV-NLuc-B1-AR-mOrange and pCMV-NLuc-B2-AR-mOrange plasmids. All plasmid
cDNA constructs were verified by Sanger sequencing. Unless stated otherwise, all
products were used following the manufacturer’s instructions.

The NanoLuc release assay was performed as described in Section 6.3.2. Briefly, Hela
cells transiently expressing human B1-AR and B2-AR, tagged with NanolLuc at their N-
terminus were treated with CTSS. The N-terminus cleavage of the receptor was assessed
by measuring the luminescence level in the supernatant (Figure S6.1). As predicted,
CTSS induced significant cleavage of the B1-AR and P2-AR [148] N-terminus as
determined by measurement of luminescence. In the sample, where CTSS was
pretreated with the protease inhibitor E-64, no cleavage of the N-terminus of B1-AR and
B2-AR was observed, confirming the specificity of CTSS in receptor N-terminus cleavage.
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Figure S6.1. Cleavage of the N-terminus of human B1-AR and B2-AR by cathepsin-S. Serpentine
diagrams of human B1-AR (A) and B2-AR (C) are represented. In-silico analysis was performed
using the MEROPS 2.0 database on the N-terminus sequences of B1-AR and B2-AR. The cleavage
substrate for CTSS (Cat-S) on the B1-AR and B2-AR N-terminus is marked in red. Hela cells
transiently expressing pCMV-NLuc-B1AR-mOr and pCMV-B2-AR-mOr were treated with CTSS (5
nM; Enzo Life Sciences Cat# BML-SE453-0010; Batch# 05011829). The supernatant collected
after treatments was analyzed for bioluminescence. The data are presented as meants.e.m of
three independent experiments. P values of *p<0.05, **p<0.01, ***p<0.001 and ****p<0.0001
were considered significant and p>0.05 was considered non-significant (ns). Serpentine diagrams
were prepared using https://gpcrdb.org/ and figure created with BioRender.com.

6.5.2 Cysteine protease cathepsin-S activate MRGPRs

To access the receptor activation by CTSS, live cell calcium imaging was performed.
Briefly, Hela cells were cultured in DMEM with high glucose (4.5g/L) and L-glutamine
(Lonza, Basel, Switzerland) supplemented with 10% FBS (Gibco, Waltham, MA, USA) and
1% penicillin-streptomycin (Gibco), at 37°C under 5% CO,. Cells were harvested with
0.25% trypsin-EDTA solution (Gibco) and re-seeded in a 12-well plate (Nalgene Nunc,
Rochester, NY, USA) at 1.2 10° cells/well. Approximately 16 h after seeding, cells were
transfected with 700 ng of plasmid cDNA (pCMV-MRGPRD or pCMV-MRGPRE, or p-
CMV-MRGPRF) mixed with 4 pl of Lipofectamine 2000 (Invitrogen, Waltham, MA, USA)
in total of 1 ml of DMEM. After 4 h, DMEM was replaced by culture medium (with 10%
FBS). For co-transfections, an equal amount of plasmid cDNA was transfected (i.e., ~700
ng of pCMV-MRGPRD and ~70 ng pCMV-MRGPRF). Cells were harvested 24 h after
transfection with 0.25% trypsin-EDTA solution (Gibco) and re-seeded in black 96-well
plates (Cat# 655090; Greiner Bio One) at 15,000 cells/well suspended in 100 pl of culture
medium. Re-seeded cells were maintained at 37°C under 5% CO, for 14-16 h and
subsequently used for live cell calcium imaging.

The spent medium was aspirated after 16 h of seeding, and cells were washed twice
with 20 mM HEPES-buffered Hank’s balanced Salt Solution (HBSS) (1M HEPES, Cat#
12630080; HBSS, calcium, magnesium, no phenol red, Cat# 14025092 were from Gibco).
The 100 pl of complete DMEM (with 10% FBS) containing 1 uM of Fluo-4 (an
intensiometric calcium indicator; Fluo-4 AM Cat# F23917, Invitrogen) were added to
each well and left at room temperature for 20 min. Following the loading of cells with
Fluo-4, the medium was aspirated, the cells were washed once with 100 pl of 20 mM
HEPES-buffered HBSS, and 90 ul of 20 mM HEPES buffered HBSS was added, and the
cells were used immediately for calcium imaging. Calcium imaging was performed using
a PerkinElmer Ultraview Vox spinning disc confocal microscope. The baseline
fluorescence was recorded for 1 min before the addition of 10 ul of CTSS (final
concentration of CTSS: 10 nM/well; Enzo Life Sciences Cat# BML-SE453-0010, Batch#
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12011569). Images were taken every 0.5 seconds, and recordings were made for a total
of 5 min. The Image J software was used for image analysis. Hela cells transfected with
MRGPRD and MRGPRF following treatment with CTSS elicit the calcium response (Figure
$6.2 B and D), whereas no response was observed in MRGPRE-expressing cells (Figure
$6.2 C) or non-transfected Hela cells (Figure S6.2 A).
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Figure S6.2. Cathepsin-S activates human MRGPRs in heterologous cells. Calcium imaging in
non-transfected Hela cells (A) and transfected with human MRGPRD (B), MRGPRE (C), and
MRGPRF (D) following treatment with CTSS (Cat-S; 10 nM; Enzo Life Sciences Cat# BML-SE453-
0010; Batch# 12011569). Fluo-4 based averaged fluorescence traces on CTSS treatment are
shown by dashed lines. Each dashed line represents response from a single cell.

Contributions

R.A conceived the idea to deorphanize MRGPRs using cathepsin-S, proposal was
approved by R.B., A.J.L. and J-P.T. The experiments were designed and performed by
R.A.; R.A. analysed the data; MS data was acquired and analysed by G.V.R., J.Q. and G.B.
R.A. wrote the chapter and A.J.L. and X.V.O. provided valuable input and edits.

111



Chapter 6 Cathepsin-S activate MRGPRs
Funding

This research was funded by a grant of the Flemish Foundation for Scientific Research
(FWO GO019314N to J-P.T.); and by a grant of the University of Antwerp, Belgium
(DOCPRO1 BOF 34867 to R.A. and J.-P.T.); BOF funding of Ghent University
(BOF/STA/202009/013 to A.J.L.).

Acknowledgments
We would like to thank the Laboratory for Microbiology, Parasitology and Hygiene
(University of Antwerp, Belgium) for providing access to the PerkinElmer IVIS Spectrum.

112



Chapter 7
Identification of heteromeric interactions of human Mas-related G protein-
coupled receptors
Rohit Aroral?, Samuel Van Remoortel?, Alain J. Labro?3, Dirk J. Snyders?, Roeland

Buckinx! and Jean-Pierre Timmermans?.
ILaboratory of Cell Biology and Histology, Department of Veterinary Sciences, University of Antwerp, 2610

Antwerp, Belgium.
Zlaboratory for Molecular, Cellular and Network Excitability, University of Antwerp, 2610 Antwerp,

Belgium.
3Department of Basic and Applied Medical Sciences, Ghent University, 9000 Ghent, Belgium

113



114
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Abstract

GPCRs can interact to create hetero-oligomer and homo-oligomer, or higher-order
structures. Specifically, heteromerization affects how receptors function. Here we
reveal hitherto undiscovered heteromeric interactions between human MRGPRs using
biophysical and  biochemical techniques. Split-NanoLuc-based luciferase
complementation (LC), bioluminescence resonance energy transfer (BRET; NanoLuc-
mOrange), and co-immunoprecipitation (Co-IP) assays were employed to screen for
heteromeric interactions between human MRGPRD, MRGPRE, and MRGPRF. The results
of LC and BRET suggested a heteromeric interaction between MRGPRD and MRGPRF,
but Co-IP could not confirm this. While Co-IP revealed an interaction between MRGPRD
and MRGPRE, neither the LC assay nor the BRET assay detected it. On the other hand,
heteromeric interactions between MRGPRE and MRGPRF were unambiguously
detected with LC, BRET, and Co-IP techniques. Our results demonstrate the use of a
split-NanoLuc-based LC (NanoBiT) approach for GPCR oligomerization studies, which
could be adapted for high-throughput screening of oligomerizations.

Keywords: GPCR, oligomerization, heteromerization, luciferase complementation,
NanoBiT, BRET, Co-immunoprecipitation.
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7.1 Introduction

GPCRs comprise the largest, most versatile, and most dynamic superfamily of
membrane receptors. They are widely involved in the transduction of various
extracellular stimuli to regulate cellular signaling [235, 318]. While GPCRs have long
been assumed to exist and function as monomers, several studies over the last two
decades have revealed oligomerization and crosstalk between GPCRs [319-321]. It is
now well accepted that the glutamate family of GPCRs, such as GABAB and
metabotropic glutamate (mGlu) receptors, are obligate hetero-oligomers, which are
required for receptor activation, trafficking, and modulation of intracellular signaling
pathways [322, 323]. Similarly, heteromerization has been demonstrated for multiple
members of the rhodopsin family of GPCRs, including B-ARs, opioid receptors,
melatonin receptors, dopamine receptors, angiotensin AT1, and Bradykinin B2, each of
which has a distinct pharmacological, signal transduction, and trafficking profile when
compared to their monomeric receptors [321, 324, 325]. Although oligomerization has
also been reported in a couple of in vivo studies correlating with the in vitro data [326-
328], it should be noted that the majority of this evidence comes from studies using
biochemical and biophysical tools to investigate the ectopic expression of GPCRs in
heterologous cells [329-331].

The phylogenetic analysis revealed more than 75% sequence similarity between the
human and rodent receptors D, E, and F, respectively. Given that rat MrgprD and MrgprE
have been shown to form heterodimers and modulate MrgprD trafficking and signaling
[198], and since the human MRGPRs have not been studied thus far, we set out to
investigate the heteromerization of human MRGPRD, MRGPRE, and MRGPRF and, if
they interact, whether that could alter the signaling profiles of the interacting receptors.
To assess the heteromeric interactions of the selected MRGPRs, luciferase
complementation (LC)-based NanolLuc binary technology (NanoBiT; Promega) was
employed [332]. NanoBiT assay was validated by comparison with proximity-dependent
assays based on resonance energy transfer (RET), such as bioluminescence resonance
energy transfer (BRET) [333, 334], and lastly, the heteromerization of MRGPRs was
assessed by co-immunoprecipitation [335].

7.2 Materials and methods

7.2.1 Materials

Synthetic DNA oligonucleotides were obtained from Eurogentec (Seraing, Belgium) or
IDT (Coralville, IA, USA). Plasmid preparations were performed using either the plasmid
miniprep or maxiprep kit (Macherey-Nagel, Duren, Germany). A PCR/gel clean-up kit
was used to purify PCR-amplified and gel-extracted restriction digested products
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(Macherey-Nagel). Agar, LB broth (high salt), SOC medium, ampicillin, kanamycin, and
spectinomycin were purchased from Sigma-Aldrich (St. Louis, MO, USA). XL2-Blue
ultracompetent cells used for transformation were purchased from Stratagene (San
Diego, CA, USA). All plasmid cDNA constructs were verified by Sanger sequencing.
Unless stated otherwise, all products were used following the manufacturer’s
instructions.

7.2.2 Cell culture and transfections

Hela cells were cultured in DMEM with high glucose (4.5g/L) and L-glutamine (Lonza,
Basel, Switzerland) supplemented with 10% FBS (Gibco, Waltham, MA, USA) and 1%
Penicillin-Streptomycin (Gibco), at 37°C under 5% CO,. For NanoBiT and NanoLuc-BRET
assays, 1.2x10° cells/well were seeded in a 12-well plate (Nalgene Nunc, Rochester, NY,
USA) and transfected after 16h. To each well total of 1.5mg plasmid cDNA mixed with 4
ml Lipofectamine 2000 (Invitrogen, Waltham, MA, USA) in 1 ml DMEM was added, after
4h DMEM was replaced by culture medium (with 10% FBS). For co-transfections, an
equal amount of plasmid cDNA was transfected (i.e., ~750ng of each receptor plasmid).
When a single receptor was transfected (for example MRGPR-D-LgBiT alone), total
amount of cDNA transfected was kept constant by adding 750 ng of empty p-BiT1.1-
C[pHSVTK-SmBIT] (for the NanoBiT assay) or p-CMV/GS plasmids (for the NanoLuc-BRET
assay) to the transfection mixture. Twenty-four hours post-transfection, cells were
harvested using 0.25% trypsin-EDTA solution (Gibco) and re-seeded at 20,000 and
10,000 cells/well suspended in 100 pl of culture medium, in black 96-well plates
(Cat#655090; Greiner Bio One) for the NanoBIT assay and BRET assay, respectively. Re-
seeded cells were maintained at 37°C under 5% CO, for 14-16h and subsequently used
for NanoBiT and BRET assay imaging.

7.2.3 MRGPR NanoBiT plasmid library construction and assay

MRGPRs coding gene sequences were PCR-amplified from human MRGPRD (Cat
#HsCD00080297), MRGPRE (Cat# HsCD00509189) and MRGPRF (Cat# HsCD00509354)
obtained from the DNASU plasmid repository (Tempe, AZ, USA)[219] using Pfu DNA
polymerase (Promega, Madison, WI, USA). The amplified PCR fragments were digested
with the restriction enzymes EcoRI/Xhol (New England Biolabs, Ipswich, MA, USA) and
ligated by T4 DNA ligase (New England Biolabs) in-frame into p-BiT1.1-C[pHSVTK-LgBiT]
and p-BiT2.1[pHSVTK-SmBIT] (Promega), to generate the MRGPR NanoBiT plasmid
library (C-terminus of MRGPR linked to the N-terminus end of LgBiT or SmBIT). To
express LgBiT and SmBIT independently, a start codon was introduced at the N-terminus
beginning of LgBiT and SmBIT by site-directed insertion PCR as in these plasmids
(designed for creating fused proteins), the start codon was not present. The generated
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plasmids were used for transfection of cells for the NanoBiT MRGPR heteromerization

assay.

Using an IVIS Spectrum imaging system (PerkinElmer, Waltham, MA, USA), the cells
were imaged 2 min after the addition of 50 pl substrate (1 pl Furimazine diluted in 1000
pl of culture medium). All scans were performed in luminescence mode (open lens) for
30 s and expressed as photon/sec/cm2/steradian (p/s/cm2/sr). Signal intensity was
quantified by drawing regions of interest (ROIs) around each well of a 96-well plate using
Living Image software (version 4.3.1). Bioluminescence intensity was normalized to the
luminescence of co-transfecting LgBiT and SmBiT monomers (luminescence originating
from random LgBiT-SmBIT association), and data were expressed as relative
luminescence units (RLU).

7.2.4 MRGPR NanoLuc-BRET plasmid library construction and assay

A Xhol RE site was introduced at the C-terminus of EYFP by site-directed insertion PCR
in the p-CMV/EYFP-N1 plasmid (Clontech, Palo Alto, CA, USA). The p-CMV/EYFP-Xhol-
N1 plasmid was re-engineered by inserting an annealed oligonucleotide (IDT) between
Nhel/Xhol RE sites to generate the flexi-linker plasmid p-CMV-GS, which has multiple
cloning sites connected by a flexible linker of glycine and serine residues
(GGGGSGGGGS). The gene sequences coding for NanoLuc and mOrange with or without
a start codon were PCR-amplified from p-NCS-Antares (Addgene Cat#74279,
Cambridge, MA, USA) and p-mOrange-N1 (Addgene Cat#54499) and inserted in-frame
between BamHI/Xhol of p-CMV-GS to generate the p-CMV-GS-NLuc (donor) and pCMV-
GS-mOrange (acceptor) plasmid backbones. Subsequently, PCR-amplified MRGPRs were
inserted in-frame between the EcoRl/Sall sites of the p-CMV-GS-NLuc and pCMV-GS-
mOrange plasmids to generate the MRGPR NanolLuc-BRET plasmid library (C-terminus
of MRGPR linked to the N-terminus of NanoLuc or mOrange). The control BRET vector
was made by inserting PCR-amplified NLuc in-frame into EcoRl/Sall digested pCMV-GS-
mOrange to yield pCMV-NLuc-GS-mOrange (the C-terminus of NLuc is linked to the N-
terminus of mOrange). These plasmids were used for transfection of cells for the
NanolLuc-BRET MRGPRs heteromerization assay as described in Section 7.2.2.

For the NanoLuc-BRET MRGPR heteromerization assay, cells were imaged immediately
after addition of 50 pl substrate (1 pl Furimazine diluted in 1000 ul culture medium) by
an IVIS Spectrum imaging system using appropriate donor (500 + 20 nm) and acceptor
(560 + 20 nm) band-pass filters, with 1 s acquisition at each filter. The donor and
acceptor filter signal intensities were quantified for each well using Living Image
Software. The data obtained were expressed as the net BRET ratio and calculated as per
equations 1 and 2 [336].
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As per the above equation, bioluminescence emission (BL emission) is the average
radiance recorded at the acceptor and donor filters, when acceptor and donor are co-
expressed (eq. 1); the correction factor ‘C¢ represents the BRET signal from donor-only
expressing cells (eq. 2) and hence accounts for the correction of donor-emission bleed-
through in the acceptor filter. The net BRET ratios were calculated as previously
described and multiplied by 1000 to give milli BRET units (mBU).

7.2.5 Co-immunoprecipitation of MRGPRs

For Co-IP experiments, the MRGPR genes were genetically tagged at their C-terminus
with either a human influenza hemagglutinin (HA; YPYDVPDYA) or a c-myc (EQKLISEEDL)
tag, i.e., tags were introduced just before the STOP codon. Hela cells were cultured in
75 cm? culture flasks (Greiner Bio One) and transfected with ~5 pg of cmyc- and HA-
tagged plasmids each (at a 1:1 molar ratio) using Lipofectamine 2000 (Invitrogen). Forty-
eight hours post-transfection, cells were washed three times with ice-cold 1x Dulbecco’s
phosphate buffer saline (DPBS) and then scraped gently with 10 ml of ice-cold 1x DPBS
using cell scrapers (Cat# 353086; BD Falcon, Franklin Lakes, NJ, USA). Collected cells
were pelleted and dissolved in 250 ul ice-cold Pierce Lysis buffer (25mM Tris, 150 mM
NaCl, 1 mM EDTA, 1% NP-40, 5% glycerol), supplemented with pierce protease inhibitor
(Cat#t 88666; Thermo Fisher Scientific, Waltham, MA, USA). Cells were lysed for 1h on
ice with intermittent shaking every 15 min and afterwards centrifuged at 15,000g at 4°
C for 30 min. The collected soluble cell fraction was incubated with 3 ug of anti-cmyc
antibody (Cat# C3956; Sigma-Aldrich) for 1h at 4° C on rotor. Precipitation of the
antibody-protein complex from the cell fraction was performed using Protein A/G plus
agarose beads (Cat# sc-2003; Santa Cruz Biotechnology, Dallas, TX, USA). Subsequently,
the protein complex was eluted by incubating the beads with 25 ml of 4x NUPAGE LDS
sample buffer (Invitrogen) for 3 min at 37° C. Next, eluted protein complexes were
separated on a NuPAGE 4-12% Bis-Tris gel (Invitrogen) and transferred to a
polyvinylidene difluoride (PVDF) membrane (Amersham Hybond, GE Healthcare,
Chicago, IL, USA) for Western blotting. The blot was incubated in blocking buffer (5%
skimmed milk dissolved in 1x DPBS with 0.1% Tween 20) overnight at room
temperature. Anti-HA IgG (1:1000 in blocking buffer; Roche, Basel, Switzerland) was
used to probe immunoprecipitated proteins for 2 h at room temperature, followed by
incubation with anti-rat 1gG conjugated with horseradish peroxidase (Cat# 1:2000 in
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blocking buffer; Sigma-Aldrich) for 1 h at room temperature, and detected using
enhanced chemiluminescence substrate, Pierce enhanced chemiluminescence plus
western blotting substrate (Cat#32132; Thermo Fischer Scientific).

7.2.6 Data and statistical analysis: Data analysis and graphs were prepared using
Microsoft Excel and GraphPad Prism 6. For statistical comparison, two-tailed unpaired
student’s t-test with Welch’s correction was used for determining significance among
test and control group. P values of *p<0.05, **p<0.01, ***p<0.001 and ****p<0.0001
were considered significant and p>0.05 was considered non-significant (ns) ‘*’ p<0.05
was considered statistically significant.

7.3 Results

7.3.1 Assessment of human MRGPRs heteromerization using NanolLuc binary
technology (NanoBiT) cell-based assay

In this study, the split-NanoLuc-based protein-fragment complementation assay was
utilized for receptor heteromerization. NanolLuc is a small (19kDa) and stable luciferase
protein that has been split into two subunits, namely LgBiT (18kDa) and SmBiT (1.3kDa),
which were further optimized for low intrinsic subunit-subunit affinity. Unlike
previously developed Renilla and firefly luciferase-based complementation assays,
NanoBiT (LgBiT and SmBIT) low intermolecular affinity and reversible subunit
association allows researchers to investigate the dynamic state of receptor-receptor
and receptor-protein interactions [332, 337]. Moreover, pHSVTK-LgBiT and pHSVTK-
SmBIT plasmids are driven by the herpes simplex virus thymidine kinase promotor
(HSVTK), which is known to express proteins at near physiological levels [338].
Additionally, to secure flexibility between the protein of interest and reporter tags, a
linker of glycine and serine repeats has been used in the NanoBiT assay system [339].

To determine the heteromerization between MRGPRs, fusion constructs linking the C-
terminus of MRGPRs with either LgBiT or SmBIiT were transiently co-expressed in cells
(schematic representation of the principle shown in Figure. 7.1 A). Upon receptor-
receptor interaction, LC-based enzymatic activity of split-luciferases (LgBiT and SmBIT)
was observed after substrate (Furimazine) addition. Luminescence is dependent on the
proximity of reporter subunits, therefore indicative of interaction between reporter
tagged receptors [332]. The cells co-expressing MRGPRE-LgBiT/MRGPRF-SmBIT and
MRGPRD-LgBiT/MRGPRF-SmBIT displayed a strong (i.e., ~19-fold higher, p<0.05) and a
moderate (i.e., ~2.5-fold higher) luminescence signal, respectively, when compared to
randomly interacting subunits of NanoBiT (LgBiT and SmBIT) (Figure 7.1). The cells co-
transfected with MRGPRD-LgBiT/MRGPRE-SmBIT showed little or a near-background
luminescent signal. Of note, the luminescence emitted from randomly interacting
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NanoBIT subunits after substrate addition (evaluated by co-expressing LgBiT and SmBiT

in cells) was not substantially higher than that from non-transfected cells. Furthermore,
the baseline luminescence from cells expressing only a LgBiT or SmBIT tagged receptor
was comparable to that of non-transfected cells, pointing to a very low background
signal from split reporter subunits. Overall, these results suggest heteromeric
interactions between MRGPRE and MRGPRF. As a further step, considering the
intensiometric nature of the LC assays, it was decided to compare and validate the
obtained results with widely used proximity-dependent RET techniques, i.e., BRET.
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Figure 7.1: Assessment of MRGPR heteromeric interaction in living cells using NanoLuc binary
technology (NanoBiT). (A) Schematic representation of the NanoBiT-based MRGPR
heteromerization assay. Non-interacting receptors keep the tagged subunits of NanoBiT (LgBiT
& SmBIT) apart, preventing LgBiT and SmBiT complementation and no luminescence is produced
upon substrate (Furimazine) addition (left panel). When receptors interact, both NanoBiT
subunits are brought in proximity allowing reconstitution of an active enzyme, which produces
luminescence upon substrate addition (right panel). NanoBiT subunit representation adapted
from the Protein Data Bank (PDB) 5IBO. (B) The MRGPRD, MRGPRE and MRGPRF tagged with
LgBiT /or SmBIT are denoted as D-Lg, D-Sm, E-Lg, E-Sm, F-Lg and F-Sm, respectively. Cells co-
expressing MRGPRE-LgBiT/MRGPRF-SmBIT displayed significantly higher luminescence signals.
The results are expressed as relative luminescence unit (RLU) in mean * s.e.m from three
independent experiments; each experiment was performed in quadruplets.
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7.3.2 Characterization of NanoLuc-BRET system

The BRET phenomenon follows Forster resonance energy transfer principles, where the
donor is excited through an enzymatic reaction between the luciferase enzyme and the
substrate, but not via an external excitation source as in FRET (Fluorescence resonance
energy transfer). This results in improved sensitivity and a better signal-to-noise ratio in
BRET compared to FRET [333, 334]. Exploiting the principle of RET, where improved
quantum vyield of the donor is known to increase the photon-efficiency of the BRET
fusion protein, we utilized NanoLuc luciferase, which has high quantum yield compared
to Renilla or firefly luciferases [337]. The BRET system was developed using NanolLuc
(Emmax 460 nm) as an energy donor paired with the monomeric-fluorescent protein
mOrange (mOr; 26kDa; EXmax/EMmax: 548/562 nm) as an energy acceptor [340], providing
a spectral resolution of ~105 nm between donor and acceptor emission peaks. The basic
principle is schematically represented in Figure 7.3 A.

To check the efficiency of energy transfer between donor and acceptor, a BRET fusion
protein linking the C-terminus of NanoLuc to the N-terminus of mOrange by means of a
flexible linker composed of glycine and serine repeats was constructed. To test the
NanoLuc-BRET system, cells were transiently transfected with plasmids, and the both
donor and acceptor emissions were measured using 20-nm bandpass donor (490 — 510
nm) and acceptor (550 - 570 nm) filters following substrate (Furimazine) addition. The
percentage photon fluxes at the donor emission filter relative to the total flux output
for (1) the donor alone, (2) the donor co-expressed with the acceptor, and (3) the BRET
fusion proteinwas 21.8 £ 0.1 %, 21.4 £ 0.1% and 17.0 £ 0.1%, respectively. Similarly, the
percentage photon flux at the acceptor emission filter relative to the total flux output
were 1.69 + 0.02%, 1.66 £ 0.02% and 5.98 + 0.14%, respectively (Figure 7.2). The
decrease in donor emission and the increase in acceptor emission for the BRET fusion
protein imply a non-radiative energy transfer from donor to acceptor [341]. The energy
transfer efficiency between donor and acceptor is calculated as acceptor to donor
emission and is expressed as the average BRET ratio (Figure 7.3 B). The average BRET
ratio calculated for the BRET fusion protein was statistically higher, i.e., 0.35+£0.01
(p<0.0001) compared to 0.08+0.00 for the donor alone (NLuc) or the donor co-
expressing with the acceptor, which points to an energy transfer between donor and
acceptor and hence is not a consequence of random collisions between the pairs. Thus,
the average BRET ratio for the BRET fusion protein was ~4.4-fold higher than that for
the donor only (NLuc), providing a sufficient dynamic range for detecting receptor-
receptor, receptor-protein, or protein-protein interactions (PPIs).
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Figure 7.2: Characterization of the NanoLuc-BRET fusion construct in living cells. Percentage
photon flux to total photon output from the luminescent donor (NanoLuc; NLuc); the donor co-
expressed with the acceptor (mOrange; mOr) and the BRET fusion protein (NLuc-mOr; C-
terminus of NLuc fused to the N-terminus of mOrange by a flexible linker of glycine and serine)
at the donor (490-510 nm) and acceptor (550-570 nm) emission filters are shown. A concomitant
decrease and increase were seen for NLuc-mOr in the donor and acceptor filters, respectively,
indicating an energy transfer from donor to acceptor, which is not observed in uncoupled donor
and acceptor. The results are expressed as mean + s.e.m, n = 6, each experiment was performed

in quadruplets.

7.3.3 Heteromeric interaction studies of MRGPRs by BRET assay

The MRGPR heteromeric interaction results, obtained from the NanoBiT assay, were
further analysed with the BRET assay. The BRET assay is ratio-metric in nature and
therefore not susceptible to variability in cell number, assay volume, or data acquisition
time [336]. To this end, a plasmid library was generated by tagging the C-terminus of
the receptors with the donor (NLuc) or acceptor (mOrange), connected by a flexible
linker (composed of glycine and serine residues). Cells co-expressing MRGPRE-mOrange
and MRGPRF-NLuc produced a significantly higher BRET signal (23.7 + 2.8 mBU)
compared to the other receptor combinations, confirming the heteromerization of
MRGPRE and MRGPRF (Figure 7.3 C). Furthermore, MRGPRD-mQOrange co-expressed
with MRGPRF-NLuc or MRGPRE-NLuc also yielded moderate net BRET signals, i.e., 10.9
+0.9mBU and 6.9 £ 0.4 mBU, respectively. The obtained BRET signals point to proximity
between donor and acceptor chromophores, thus specifying interaction between
chromophore tagged receptors.
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Figure 7.3: Assessment of MRGPR heteromeric interaction in living cells using NanoLuc-BRET
assay. (A) Schematic representation of the NanoLuc-BRET-based MRGPR heteromerization
assay. Non-interacting receptors keep the two chromophores at a sufficiently large distance
(distance; d>10 nm) to prevent the donor (NanolLuc; NLuc)-produced resonance energy (upon
substrate addition) from exciting the acceptor (mOrange; mOr) by non-radiative energy transfer
(left panel). However, when the receptors interact, the two chromophores are brought in
proximity (d<10 nm) and the resonance energy from the donor (NLuc) excites the acceptor (mOr)
resulting in a BRET signal (right panel). Left inset: emission peak of the donor (NLuc; in blue) in
the absence of BRET. Right inset reduced donor (NLuc; in blue) signal in the presence of BRET,
together with an increase in the emission of the acceptor (mOr; in mOrange). Double-headed
arrow represents a spectral resolution of 105 nm between donor and acceptor peak emission.
The NanoLuc and mOrange structures were adapted from PDB 5IBO and 2H50 [342],
respectively. (B) Characterization of the BRET fusion pair. Cells transiently expressing donor
(NLuc) alone, donor co-expressed with acceptor (mOr) and BRET fusion (NLuc-mOr) proteins
were imaged after substrate (Furimazine) addition. The average BRET ratio for NLuc-mOr was
significantly higher than that for donor alone or donor co-transfected with an acceptor. The
results are presented as mean + s.e.m (n = 6, each experiment performed in quadruplets). (C)
Determination of MRGPR heteromerization by the BRET assay. MRGPRD, MRGPRE, and MRGPRF
tagged with NLuc or mOrange are denoted as D-mOr, D-NLuc, E-mOr, E-NLuc, F-mOr and F-NLuc,
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respectively. The BRET signal was most prominent for the MRGPRE-mOr/MRGPRF-NLuc
combination. Results in the graph are presented as mean * s.e.m (n=3, each experiment
performed in quadruplets).

7.4.4 Co-immunoprecipitation of MRGPRs

Lastly, the physical interaction between different MRGPRs was evaluated by Co-IP using
a standard protocol [343]. The MRGPRE-HA was co-immunoprecipitated with MRGPRF-
cmyc (Figure 7.4; lane 5), as evidenced by a ~28kDa immunoblot band of MRGPRE-HA,
thus, confirming heteromeric complex formation of MRGPRE and MRGPRF. Similarly,
co-immunoprecipitation of MRGPRD-HA with MRGPRE-cmyc (lane 3, ~33kDa) was
observed, while co-immunoprecipitation of MRGPRD-HA with MRGPRF-cmyc (lane 4) is
ambiguous. Additionally, cells expressing the dual epitope-tagged MRGPRD (HA-
MRGPRD-cmyc; ~33kDa; lane 2) and lysate from cells expressing MRGPRE-HA (lane 6)
were used as positive controls for immunoprecipitation and immunoblotting,
respectively. It is worth noting that MRGPRE-HA at ~28 kDa corresponds to the
molecular weight for MRGPRE tagged with HA, whereas HA-MRGPRD-cmyc at ~33 kDa
indicates posttranslational modification of MRGPRD [198].
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Figure 7.4: Determination of heteromerization of MRGPRs by co-immunoprecipitation.
MRGPRs tagged with HA or cmyc epitopes were expressed in Hela cells. At 48 h post-
transfection, lysates from cells co-expressing MRGPRE-cmyc/MRGPRD-HA (lane 3), MRGPRF-
cmyc/MRGPRD-HA (lane 4) and MRGPRF-cmyc/MRGPRE-HA (lane 5) were subjected to
immunoprecipitation (IP) using anti-cmyc and further immunoblotted (IB) with anti-HA
antibodies. Lysate from cells expressing the dual epitope-tagged receptor HA-MRGPR-D-cmyc
(~33 kDa; lane 2) was used as positive control for IP. MRGPRE-HA (~28 kDa; lane 6) transfected
cell lysates were used as control for IB. Lysates from non-transfected Hela cells were equally
subjected to IP (lane 1) to check the cross-reactivity of the anti-cmyc antibody towards
endogenous cell proteins. The IB results demonstrate Co-IP of MRGPRF-cmyc-MRGPRE-HA (~28
kDa) and MRGPRE-cmyc-MRGPRD-HA, indicative of physical interaction between receptor pairs.
A molecular mass marker is expressed in kDa (lane L). The immunoblot shown is representative
of at least three independent experiments (n=3).

7.4 Discussion

MRGPRs are expressed in sensory neurons and have been linked to nociception, neuro-
immune modulation, and mast cell activation. They have also emerged as a key player
in cardiovascular biology [131, 132, 186, 198, 344, 345]. Specifically, the expression of
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MRGPRD, MRGPRE and MRGPRF was detected in DRG neurons [136]. Considering the

growing evidence of the functional importance of GPCR oligomerization in regulating
signaling [346], the heteromeric interaction between human MRGPRD, MRGPRE, and
MRGPRF was evaluated using a set of complementary techniques.

The high-throughput protein-protein interaction assay, i.e., the split-NanoLuc-based
protein-fragment complementation assay (NanoBiT, Promega [332]) was applied to
evaluate the heteromerization of MRGPRD, MRGPRE, and MRGPRF. Our results indicate
a significantly higher luminescence for the MRGPRE-MRGPRF pair over the other
combinations. It should be noted that the NanoBiT assay is a qualitative luminescence-
based assay. As such, the high intensities observed with this technique point to an
interaction. Heteromerization was further studied using established RET-based
approaches such as BRET. Given the fact that RET relies on the proximity between donor
and acceptor fluophores (distance between donor and acceptor needs to be less than
10 nm), these RET-based techniques are regarded as ‘molecular yardstick’ and, hence,
are appropriate for the detection of similar order protein-protein proximities.

The NanoLuc-mOrange BRET pair employed revealed the highest BRET signal for
heteromeric interaction between MRGPRE and MRGPRF, which isin line with the results
of the NanoBiT-based assay. We also used a Co-IP approach to further demonstrate the
physical association of MRGPRs. MRGPRs tagged with -HA or -cmyc epitopes subjected
to Co-IP revealed the physical association of MRGPRE and MRGPRF. In contrast to the
association of MRGPRE with MRGPRF, evidence for interactions between MRGPRD-
MRGPRE and MRGPRD-MRGPRF was either observed in the cell imaging techniques or
biochemically with Co-IP. The MRGPRD-MRGPRE pair was detected by Co-IP and is in
line with the observation for the rat orthologs, suggesting rMrgprD and rMrgprE
heteromerization [198]. On the other hand, data from the cell-based NanoBiT and RET
based technique points towards an interaction between MRGPRD and MRGPREF, but this
interaction could not be confirmed with Co-IP. Since the experimental conditions of the
cell imaging techniques and Co-IP are different, several explanations can be provided
for the absence or presence of interaction in either of the approaches. With NanoBiT
and BRET the interaction is studied with the receptors embedded, in the membrane
allowing the detection of lipid-dependent or transient receptor pairs. However, these
techniques detect the proximity between reporter tags attached to receptors, thus,
when the distance between the tags is greater than 10 nm or the orientation of the
reporter tags is unfavorable for RET, interactions are not detected with these
techniques. Conversely, Co-IP screens for physical interactions between proteins and
require the receptors to be extracted from their lipid environment. Consequently,
membrane-dependent receptor interactions might be lost during solubilization, and
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receptor interactions are undetected. On the other hand, non-specific association due

to hydrophobic domains of receptors can be promoted during solubilization [319].
Based on the limitations of the applied techniques, firm conclusions regarding the
presence or absence of heteromeric interactions of MRGPRD-MRGPRE and MRGPRD-
MRGPRF cannot be made.

Overall, our results demonstrate the heteromeric interaction of MRGPRE and MRGPRF
in in vitro. The knocking of MrgprE influences the expression of MrgprF in the spinal
cord of mice [136]. Additionally, homology analysis revealed high evolutionary
conservation of MRGPRF between humans and rodents, which hints at a prominent role
for MRGPRF in pathophysiology. Altogether, the observed heteromerization between
MRGPRE and MRGPREF is likely to be of physiological relevance and will provide new
insights when receptors are deorphanized.

In  conclusion, the split-NanoLuc-based LC approach utilized for MRGPRs
heteromerization studies, provides single-step real-time relative quantification of
interacting receptors, high signal-to-noise ratios, and hence may be regarded as a valid
alternative tool for medium- to high-throughput GPCR oligomerization screening. In
addition, using this technique, the present study unequivocally revealed heteromeric
interactions between MRGPRE and MRGPRF.
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The seven-transmembrane (7-TM) structures in prokaryotes like halorhodopsin,

proteorhodopsin, and bacteriorhodopsin are some of the oldest 7-TM. Even though
these 7-TMs have changed over time, they have maintained the 7-TM structural
topology and are comparable to the 7-TMs found in eukaryotes today, which are called
GPCRs [51, 347, 348]. GPCRs are receptors for several external ligands, such as bitter
compounds, odorants, pheromones, photons, sweets, amino acids, glycoproteins,
amines, proteases, peptides, fatty acids, lipids, ions, pH changes, etc., and this list is
continuously growing. Although GPCRs have evolved through lineage-specific
diversifications [349], despite their great variability and complexity, it was humans who
learned to exploit them for medicinal or recreational purposes, and this practice
continues. MRGPRs are rhodopsin-like orphan GPCRs that only have a small number of
potential ligands for their activation [131, 132, 173]. MRGPRs have been recognised to
mediate histamine-independent itch, pain, and pseudo-allergic drug responses, and
they have recently emerged as mediators in inflammation, cardiovascular, and cancer
biology [128, 130, 136, 137, 148, 154-156, 158, 186, 344, 350, 351]. As a result, the
research undertaken in this PhD focuses on elucidating the activation mechanisms of
MRGPRD, MRGPRE, and MRGPRF, as well as their roles in inflammation and interactions
with one another.

8.1 Conclusions, significance, and functional implication from MRGPRD studies
MRGPRD is known to regulate non-histamine-dependent neuropathic itch and pain and
has demonstrated a pivotal role in the cardiovascular system [208, 211]. The results
illustrated in chapter 3 demonstrate that activating MRGPRD-Gaq signaling with the
ligand B-alanine causes the release of IL-6 in Hela cells via the IKK-complex-dependent
NF-kB activation [158]. To draw firm conclusions about in vivo relevance, it is necessary
to study the MRGPRD-mediated IL-6 response in native cells and tissues. It is reported
that IL-6 levels are increased in neuropathic pain and cardiovascular disease [352, 353].
Since MRGPRD is expressed in nociceptive neurons, aortic endothelial cells, neutrophils,
and macrophages, it is tempting to speculate that what we discovered with Hela cells
could be similar in native cells and tissues, and the release of IL-6 could be a positive
feedback mechanism to attract, activate, and differentiate monocytes to the site of
injury or inflammation or to stimulate resident monocyte or macrophage cells for host
defence or repair [354, 355]. Although the mechanism or internal cause that triggers
the MRGPRD and may initiate a cascade of such reactions remains unanswered, an
attempt was made to explain it with data from chapters 4 and 5.

Though several putative ligands, such as [B-alanine, B-AIBA, GABA, DEC, L-AIBA,
alamandine, etc., are recognised to activate MRGPRD, it was noted by the results from

chapter 3 that MRGPRD was found to be basally active. This basal activity appeared to
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be due to the presence of FBS in the culture medium. Therefore, it is obvious to look for

an active component in FBS or human serum that can activate MRGPRD, just like it was
performed for MRGPRX4 [170]. An endogenous ligand that could activate MRGPRD at
submicromolar concentrations would prove beneficial in understanding the
pathophysiology related to MRGPRD.

Elevated IL-6 levels are also associated with liver dysfunction [356, 357] and during
cholestatic liver disease, itch has been reported as a prominent symptom [251]. Recent
literature demonstrates that CLR derivatives, i.e., BAs, activate another member of the
MRGPR family, MRGPRX4 (SNSR6), and cause cholestatic-mediated itch [169, 170].
Consequently, the experiment in chapter 4 illustrated that sterol derivatives, i.e., BAs
such as CDCA and DCA, activate MRGPRD and induce the release of IL-6 from MRGPRD-
expressing Hela cells. We reasoned that the hepatic system and the cardiovascular
system are inextricably linked, and antagonising MRGPRD improves portal hypertension
in cirrhotic mice [358], as our results demonstrate that BAs can activate MRGPRD, it has
become important to find out how BAs control inflammatory mediators in native
tissues, where MRGPRD is expressed.

In addition, we attempted to demonstrate the activation of MRGPRD using CLR.
Nonetheless, we could not draw any conclusions about the results, as it was not possible
to dissolve CLR in aqueous solution (DMEM medium or even in the MBCD beyond a
certain concentration) and prevent it from forming crystals again. However, our results
illustrate that when MRGPRD was treated with MBCD, IL-6 release from MRGPRD-
expressing Hela cells was observed. The results may partly be explained by the fact that
MBCD is known to remove CLR from cell membranes or disrupt the CLR-containing lipid
rafts (microdomains), where GPCRs can be localised [107, 359]. Taken together, it allows
us to speculate that CLR may bind to MRGPRD and keep it in an inactive, stable state
(R), and when CLR is removed, it becomes active (R*) (please refer to Figure 4.5).
Alternatively, the high activity of MRGPRD could be due to cell membrane shrinkage or
a change in membrane fluidity because of CLR removal, allowing MRGPRD to interact
with Gaq proteins in proximity and allowing ligand-independent MRGPRD-Gag signaling
to occur. Furthermore, our results demonstrate that MBCD-activated MRGPRD when
treated with the MBCD-CLR complexes, the release of IL-6 was reduced (please refer to
Figure S4.1). These results are opposite to those reported above, which reinforces the
possibility that there is an interaction between MRGPRD and sterols (BAs and CLR) or
that membrane fluidity is regulating the MRGPRD-Gagq interaction. As sterols activate
MRGPRD and induce IL-6 release, it would be possible to assume that either sterols and
B-alanine act synergistically as allosteric modulators of MRGPRD or they compete, and
this feature can be exploited for drug design or delivery. Altogether, we could postulate
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that this assay can also be utilized to discover the inverse agonists or negative allosteric

modulator for MRGPRD. In summary, if we may speculate, during hypercholesteremia,
cholestatic liver disease, or accumulation of bile acids in the body, the high level of
sterols might activate MRGPRD-expressing endothelia, resident cardiac macrophages,
or even DRG neurons, stimulating the release of IL-6.

Hypercholesteremia leads to plaque buildup, which is known to affect the flow of blood
in the arteries [360]. It has been reported that various receptors, such as AT-1R, 2-AR
etc., can be mechanically activated and are all expressed in the cells of the
cardiovascular system [278, 279]. Assuming that MRGPRD is expressed in endothelial
cells, cardiac resident neutrophils, or macrophages, they will face hemodynamic forces.
Therefore, the preliminary results of chapter 5 shed light on the fluid shear stress-
induced mechanoactivation of MRGPRD and its functional role in the production of IL-
6. It is reported that binding of the meningococcal (Neisseria meningitidis) to the N-
terminus glycans of the B2-AR enhances a mechanical stimulus, resulting in biased
activation of B-arrestin-mediated signalling pathways [283]. Considering this, we could
speculate that there is a possibility of N- or O-glycosylation on the N-terminus of
MRGPRD (Figure 8.1 A). Therefore, it is possible that N-terminus glycosylation could
help in sensing the mechanical forces, which might induce a change in receptor
structure conformation, leading to receptor activation. Even though MRGPRD is nearly
conserved, with ~75% sequence similarity between rodents and primates, surprisingly,
the N-terminus of MRGPRD differs between gorillas and humans. In gorillas, the N-
terminus of MRGPRD was extended as compared to humans (Figure 8.1 B). This raises
the question of whether the N-terminus of MRGPRD as reported in humans is truncated,
due to alternative splicing, differential expression of different isoforms, or a species-
specific change. Seeing the extended N-terminus of gorillas, we might postulate that an
extended N-terminus might provide additional traction for mechanical forces to act,
which might enhance the mechanical activity of the MRGPRD receptor.
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Figure 8.1. Serpentine diagram of human MRGPRD displaying the N-terminus with possible
glycosylation sites and comparison of protein sequence homology between human and gorilla
MRGPRD. (A) Human MRGPRD serpentine diagram with asparagine (N) highlighted in red and N-
linked glycosylation. (B) Protein sequence alignment of the N-terminus of human MRGPRD
(NP_944605.2) and gorilla(g) MRGPRD (XP_004051732.3), displaying the extended N-terminus
in gorilla MRGPRD. The serpentine diagram of MRGPRD is from https://gpcrdb.org/ and figure
created with BioRender.com.

Lastly, | would like to draw attention to the fact that in chapter 3, we discovered
MRGPRD to be constitutively active (ligand-independent) in MRGPRD-expressing Hela
cells. However, constitutive activity could be explained in several ways: either it is
dependent on CLR, which may differ from one cell types to another like for
cardiomyocytes or neurons, etc.; or, in addition, the difference in membrane potential

among various cell types due to the variable composition of the membrane (variability
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of proteins, phospholipids, CLR etc.) might modulate receptors [361]. The resting

membrane potentials of Hela cells, neurons, and cardiomyocytes are -50 mV, -80 mV
and -90 mV, respectively. Therefore, the same receptor expressed in a different cell type
could behave differently and might be predisposed to a specific heterotrimeric Ga
subunit and regulate different downstream signalling. Additionally, MRGPRs lack the
key TM3 residue S>3 for sodium binding sites (loss of ionic lock, which is known to keep
the receptor in inactive conformation [180]), and this might be enabling the receptor to
adopt an active state when gently pushed by shear-stress or by the binding of a ligand
[178].

8.2 Conclusions, significance, and functional implication from Cathepsin-S
MRGPRs studies

Proteases have been known to activate GPCRs by cleaving the N-terminus of the
receptor or by releasing or exposing a tethered ligand peptide by protease cleavage. It
was revealed in the early 1990s that serine proteases (such as thrombin and trypsin)
activate the family of PARs [289, 295]. For long time, the upregulation of cathepsins
during inflammation was recognized, which were classically believed to drive the
proteolytic cleavage of extracellular matrix proteins [312]. In addition, it has also been
reported that the expression of cathepsins increases during neuropathic itch, pain,
arthritis, myocarditis, etc. [148, 362, 363]. Nevertheless, how cathepsins regulate
pathophysiology is still not very well understood [364]. Some recent research indicates
that the CTSS, a member of the cathepsin family, activates MRGPRs by cleaving their N-
terminus, which ultimately causes itch [148, 151]. Therefore, the results illustrated in
chapter 6 demonstrate that cysteine protease CTSS can cleave the N-terminus of
MRGPRD and MRGPRF. This cleavage might activate the receptor and transduce signals
via G protein or B-arrestin mediated signaling. The angiotensin Axx receptor (AaR)-C
terminus was recently demonstrated to be a substrate of Cathepsin D (CTSD), and it has
also been shown that blocking CTSD activity improves the density and cell surface
expression of A;aR in macrophages [365]. Similarly, considering that N-terminus
cleavage of MRGPRD and MRGPRF could be a mechanism for receptor desensitization
to curtail the receptor-associated signaling. Additionally, the tethered peptide
generated after proteolytic cleavage of the N-terminus of the receptor can either
activate the receptors themselves, activate the receptor it is interacting with (trans-
activation), or even activate a remotely situated receptor. In addition, we observed that
CTSS can cleave the N-terminus of B1-AR and B2-AR receptors, but what role it might
play remains unanswered.
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Macrophages secrete cathepsins during inflammation [366]. Considering the above-
described results in chapters 3-5, activation of MRGPRD causes IL-6 secretion, and
proinflammatory cytokines such as IL-6 could prime and polarise monocytes and
macrophages and induces differentiation of M1-type to M2-type macrophages [355].
The M2-type macrophages are then able to control inflammation [367, 368]. This leads
us to assume that CTSS secretion by M2-type macrophages might cleave the N-terminus
of MRGPRs, either activating or desensitizing them, acting as a negative feedback loop,
and potentially inhibiting MRGPRD-Gagq signalling (Figure 8.2). Right now, research on
cathepsins is limited. Given how cathepsins work by increasing or decreasing
inflammation and the role they could play in fibrosis, itch, etc., there is a need for
research in this direction to understand it. In conclusion, the work performed was an
attempt to elucidate the alternative mechanism of activation for MRGPRD and to
deorphanize MRGPRE and MRGPRF.
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Figure 8.2. Schematic overview of the proposition for MRGPRs associated signaling. The
activation of MRGPRD with its ligand B-alanine, sterols, and shear stress, induces NF-kB
dependent IL-6 release. The IL-6 would most likely prime the monocytes and resident
macrophages and might polarize M1 to M2 macrophages and sensitize them for cathepsin-S
release. The cathepsin-S (Cat-S) could then cleave the N-terminus of MRGPRs or B1/B2-AR or
even more GPCRs to activate them or desensitize to curtail the MRGPRD-associated siganling.
Figure created with BioRender.com.
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8.3 Conclusions, significance, and functional implication from oligomerization
of MRGPRs studies

The GPCRs are not only regulated by ligand-mediated activation but are also dependent
on their interacting partners. The oligomeric interactions of GPCRs have been proposed
to affect receptor function and play a critical role in fine-tuning receptor-associated
signaling [319, 320, 346, 369]. The co-expression of rat MrgprE with rat MrgprD
enhances the potency of B-alanine induced pERK1/2 signaling while the B-alanine
induced rat MrgprD internalization in presence of rat MrgprE was found to be reduced
[198]. Furthermore, ablation of the orphan receptor MrgprE in mice was found to alter
pain-like behaviour and influence expression of MrgprF in the spinal cord [136].
Therefore, the chapter 7 results illustrate the putative oligomeric interactions between
MRGPR members MRGPRD, MRGPRE and MRGPRF. The most prominent interaction
was discovered between MRGPRE-MRGPRF. Nevertheless, the findings still must be
validated first by changing the orientation of tags on receptors, as well as by deploying
the BRET saturation assay, competitive FRET assay etc. [370-373]. Additionally,
MAmmalian Protein-Protein Interaction Trap (MAPPIT) system can be adopted for
studying MRGPRs interactions [374]. Finally, the function of interaction needs to be
explored in vitro and in vivo.

Literature suggests that receptor-receptor interaction is also mediated by CLR [54].
Interestingly, we observed that MRGPRD-MRGPRF interaction could be seen using
NanoBiT and NanolLuc-BRET assay, but this result could not be confirmed with Co-IP.
This leads us to speculate that the interactions detected in NanoBiT or NanoLuc-BRET
assays, which are essentially performed in live cells, are cell-membrane dependent
MRGPRD-MRGPRF interactions where CLR might be promoting the interaction, and
when the membrane is solubilized by lysis for Co-IP sample preparations, the interaction
was disrupted.

MRGPRs are known to regulate the itch-pain axis. It is now becoming clear that itch and
pain are closely interlinked. It has also been found that itch and pain antagonize each
other; for example, the reduction of pain by opioids can sometimes induce itch [375,
376]. Furthermore, deletion of MRGPRs displays prolonged mechanical and thermal
pain hypersensitivity [137]. Some reports suggest that MRGPRS and opioid receptors
such as MRGPRX1(SNSR-4)-6-opioid and MrgprC11-p-opioid form heterodimers [316,
377]. The heteromerization of MRGPRX1(SNSR-4)-6-opioid display reduced coupling to
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Figure 8.3. Schematic overview of the proposition for the MRGPRs-OPRs itch-pain axis. (A) The
Cathepsin-S (Cat-S) associated MRGPRs activation or degradation during inflammatory condition
might cause itch. The degradation of MRGPR could disrupt the possible interaction between
MRGPRs and OPRs, which may increase OPR membrane retention, recycle OPRs to the cell
membrane, or which may decrease opioid tolerance. Conversely, when Cathepsin-S is inhibited,
the degradation of MRGPR is inhibited, which in turn could maintain the interaction between
MRGPR-OPR and keep a positive feedback check on each other's signalling. (B) The proposed
plan for screening MRGPR-OPR interactions using the NanoBiT Library (listed in Appendix Il).
Figure created with BioRender.com.
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Gai/ and 6-opioid antagonist naltrexone trans-inhibit SNSR-4 [377]. Furthermore, the
peptide-mediated activation (BAM8-22) of MrgprC11 improved p-opioid recycling, thus
improves morphine's analgesic effects. Additionally, MrgprC11 activation reduced the
coupling of py-opioid to B-arrestin 2 and improved the morphine-dependent suppression
of cAMP synthesis [316]. At the same time, we should note that pain can be relieved by
inhibiting CTSS [378]. This leads us to speculate that if MRGPRs are cleaved or degraded
by CTSS, this could free the opioid receptor (to signal for pain) from the MRGPR-Opioid
heteromers complex, thus causing pain. In view of this, it is necessary that we now
explore the heteromeric interactions between all the opioid receptors and MRGPRs
(Figure 8.3).

8.4 Final comments and future prospect

The research contained in this PhD thesis provides alternative activation (BAs, CLR and
mechanical mediated) mechanisms for the understudied MRGPRD and the role of the
MRGPRD-Gagq/IKK/NF-kB signaling axis in regulating the inflammatory cytokine IL-6.
Simultaneously, | tried to deorphanize the MRGPRE and MRGPRF and illuminate the
interactions between the MRGPRD, MRGPRE, and MRGPRF. As we know, GPCR signaling
is complex and regulated by multiple signal transducers and effector proteins. It will be
interesting to determine the association of MRGPRD with G proteins and B-arrestin
using orthogonal BRET, LC assays, etc. to ascertain the signaling pathways and its role in
pathophysiology.
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Appendix I: Protein sequence analysis
Protein sequence analysis of mouse, rat, and human MRGPRD, MRGPRE and MRGPRF

hMRGPR-D

mMrgpz-D

VERGPERHQPRGEPT!
LRVERGPERHQPRGFPTL
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mMrgpz-E
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I
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VSL:
TN DOk G T T G55 S b a i S

IHNYFCMPLGHEAPGTH
LSFLVTSIHNYF CMFLGHE
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Figure A.1: Protein sequence analysis of MRGPRD, MRGPRE, and MRGPRF. Protein sequence
alignments of mouse, rat, and human MRGPRD, MRGPRE and MRGPRF. Identical residues were
shaded in black, while similar residues were shaded in grey. Multiple sequence alignments of
protein sequences were performed using the T-Coffeel program and further shaded by
BOXSHADE (https://embnet.vital-it.ch/software/BOX_form.html).
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Appendix ll: Plasmid Libraries Prepared
NanoBiT Plasmid Library

1. P HSVTK-MCS- Lg BiT (Gift from Promega to RA)

3. pHSVTK-MCS-sLgBiT

5. pHSVTK-MRGPRD-LgBIT

2. pHSVTK—M CS-SmBIT (Gift from Promega to RA)

4. pHSVTK-MCS-sSmBIT

6. pHSVTK-MRGPRD-SmBIT

7. pHSVTK-MRGPRE-LgBIT

8. pHSVTK-MRGPRE-SmBIT

9. pHSVTK-MRGPRF-LgBIiT

10. pHSVTK-MRGPRF-SmBIT

11. pHSVTK-MRGPRG-LgBIiT

12. pHSVTK-MRGPRG-SmBIT

13. pHSVTK-MRGPRX1-LgBiT

14. pHSVTK-MRGPRX1-SmBiT

15. pHSVTK-MRGPRX2-LgBiT

16. pHSVTK-MRGPRX2-SmBIiT

17. pHSVTK-MRGPRX3-LgBiT

18. pHSVTK-MRGPRX3-SmBIiT

19. pHSVTK-MRGPRX4-LgBiT

21. pHSVTK-OPRD1-LgBiT

20. pHSVTK-MRGPRX4-SmBIT

22. pHSVTK-OPRD1-SmBIT

23. pHSVTK-OPRK1-LgBiT

24. pHSVTK-OPRK1-SmBIT

25. pHSVTK-OPRL1-LgBiT

26. pHSVTK-OPRL1-SmBIT

27. pHSVTK-OPRM1-LgBiT

28. pHSVTK-OPRM1-SmBiT

29. pHSVTK-OPRAM1-LgBiT

30. pHSVTK-OPRAM1-SmBIT

31. pHSVTK-ADRB1-LgBiT

32 pHSVTK-ADRB1-SmBIT

33. pHSVTK-ADRB2-LgBiT

35. pHSVTK-PAR2-LgBiT

34. pHSVTK-ADRB2-SmBIT

36. pHSVTK-PAR2-SmBIT
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BRET Plasmid Library

1. pCMV-GS (MCS-GS Flexi Linker) (prepared in lab)

2. pCMV-MCS-NLuc 3. pPCMV-MCS-mOrange

4. pCMV-MCS-sNLuc 5. pCMV-MCS-smOrange

6. pCMV-sNLuc-mQOrange

7. pCMV-MRGPRD-NLuc 8. pCMV-MRGPRD-mOrange

9. pCMV-MRGPRE-NLuc 10. pCMV-MRGPRE-mQrange

11. pCMV-MRGPRF-NLuc 12. pCMV-MRGPRF-mOrange

13. pCMV-MRGPRX1-NLuc

14. pCMV-MRGPRX1-mOrange

15. pCMV-MRGPRX2-NLuc

16. pCMV-MRGPRX2-mOrange

17. pCMV-MRGPRX4-NLuc

19. pCMV-ADRB1-NLuc

18. pCMV-MRGPRX4-mOrange

20. pCMV-ADRB1-mOQOrange

21. pCMV-ADRB2-NLuc

22. pCMV-ADRB2-mOQOrange

23. pCMV-MrgprC11-NLuc

24. pCMV-MrgprC11-mOrange

1. pCMV-ECFP-N1 2. pCMV-EYFP-N1

FRET Plasmid Library

3. pCMV-MRGPRD-ECFP

4. pCMV-MRGPRD-EYFP
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5. pCMV-MRGPRE-ECFP

6. pCMV-MRGPRE-EYFP

7. pCMV-MRGPRF-ECFP

8. pCMV-MRGPRF-EYFP

9. pCMV-MRGPRX1-ECFP

10. pCMV-MRGPRX1-EYFP

11. pCMV-MRGPRX2-ECFP

13. pCMV-ADRB1-ECFP

12. pPCMV-MRGPRX2-EYFP

14. pCMV-ADRB2-ECFP

16. pCMV-PAR2-ECFP

15. pCMV-ADRB2-EYFP

17. pCMV-PAR2-EYFP

18. pCMV-MrgprC11-ECFP

19. pCMV-MrgprC11-EYFP

FRET Plasmid Library (monomeric fluorescent protein)

20. pCMV-mCFP-N1

22. pCMV-MRGPRD- mCFP-N1

21. pCMV-mYFP-N1

23. pCMV-MRGPRD- mYFP-N1

24. pCMV-MRGPRE- mCFP-N1

25. pCMV-MRGPRE- mYFP-N1

26. pCMV-MRGPRF- mCFP-N1

27. pCMV-MRGPRF- mYFP-N1

Small ‘s’ denotes the start codon. Small ‘m’ denotes monomeric. NanoLuc and mOrange
are nanoluciferases (Promega), and monomeric Orange is a fluorescent protein,

respectively.
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Co-Immunoprecipitation Plasmid Library

HA-tagged plasmids

1. pCMV-HA-MRGPRD-ECFP

2. pCMV-HA-MRGPRD-EYFP

3. pCMV-MRGPRD-HA

4. pCMV-MRGPRE-HA

5. pCMV-MRGPRF-HA

6. pCMV-PAR2-HA

7. pCMV-HA-MRGPRD

cmyc-tagged plasmids

8. pCMV-MRGPRD-cmyc

9. pCMV-MRGPRE-cmyc

10. pCMV-MRGPRF-cmyc

11. pCMV-cmyc-MRGPRE

12. pCMV-cmyc-MRGPRF

13. pCMV-cmyc-MRGPRD-HA
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Plasmid Library: NanoLuc Tagged on the N-terminus of the Gene

1. pCMV-NLuc-MRGPRD-mOrange

2. pCMV-NLuc-MRGPRE-mQrange

3. pCMV-NLuc-MRGPRF-mQOrange

4, pCMV-NLuc-MRGPRX1-mOrange

5. pCMV-NLuc-MRGPRX2-mOQOrange

6. pCMV-NLuc-ADRB1-mOrange

7. pCMV-NLuc-ADRB2-mQOrange

8. pCMV-NLuc-MrgprC11-mOrange

9. pCMV-NLuc-MRGPRD-EYFP

10. pCMV-NLuc-MRGPRE-EYFP

11. pCMV-NLuc-MRGPRF-EYFP
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Miscellaneous Plasmids

1. pPCMV-MRGPRX1

2. pCMV-MRGPRX2

3. pCMV-MRGPRX4

4. pCMV-ADRB2

5. pPCMV-MRGPRD(E12H)-mOQOrange

6. pCMV-MRGPRD

7. pCMV-MRGPRE

8. pCMV-MRGPRF

9. pCMV-ADRB2

10. pCMV-PAR2

11. pCMV-MRGPRD(E12H)-EYFP

11. pCMV-MRGPRD(E12H)-EYFP
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