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ABSTRACT

THE EFFECT OF BFPP MUTATIONS ON TRAFFICKING, SIGNALING
AND FUNCTION OF ADGRG1/GPR56 RECEPTOR

Demir, Nil
Master of Science, Biology
Supervisor: Assoc. Prof. Dr. Cagdas Devrim Son
Co-Supervisor: Dr. Orkun Cevheroglu

September 2022, 61 pages

Bilateral frontoparietal polymicrogyria (BFPP) is a hereditary brain abnormality
characterized by defects on the brain cortex surface in the form of smaller (micro-)
and multiplexed (poly-) gyri and sulci. More than 20 mutations in the
ADGRG1/GPR56 gene have contributed to BFPP in various clinical studies,
including in Turkish patients. ADGRG1/GPR56 receptor belongs to the adhesion G
protein-coupled receptor family (aGPCR). Even though some of these mutations
were found to reduce cell surface expression of the receptor, structural properties and
molecular mechanisms of BFPP mutations that affect ADGRG1/GPR56 function are
yet unknown. The study aims to (i) visualize the cell surface expression of tagged
ADGRG1/GPR56 receptors carrying BFPP mutations using a laser scanning
confocal microscope, (ii) investigate the effects of BFPP mutations on the receptor
and Gal2 interactions, and (iii) investigate the effects of BFPP mutations on the
receptor and [-arrestin interactions using Bioluminescence Resonance Energy
Transfer (BRET) biosensors in live cells. Herein, eight missense BFPP mutations
were introduced on ADGRG1/GPR56 receptor by using site-directed mutagenesis.



The results showed mutant receptors had decreased cell surface expression compared
to the wild-type. GB/y and GRK, based BRET biosensors were used to investigate
the coupling of ADGRG1/GPR56 with Ga12. C346S, W349S, and L640R mutations
decreased the interaction of the receptor with Gal2 with respect to the wild-type.
Arrestin-based BRET biosensor was used to investigate [B-arrestin recruitment
following receptor activation. All mutations tested in this study showed decreased

beta-arrestin recruitment to the plasma membrane compared to the wild-type.

Keywords: BFPP, BRET, GPR56, ADGRG1, Adhesion GPCR
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0z

BFPP MUTASYONLARININ ADGRG1/GPR56 RESEPTORUNUN
TRAFIGI, SINYALIiZASYONU VE iSLEVi UZERINDEKIi ETKIiSi

Demir, Nil
Yuksek Lisans, Biyoloji
Tez Yoneticisi: Dog. Dr. Cagdas Devrim Son
Ortak Tez Yoneticisi: Dr. Orkun Cevheroglu

Eylul 2022, 61 sayfa

Iki Tarafli Frontoparietal Polimikrojiri, beyin korteks yiizeyinde normalden daha
kiigiik (mikro) ve ¢ok sayida (poli-) girus ve sulkus seklinde kusurlarla karakterize
kalitsal bir beyin anormalligidir. ADGRGI1/GPR56 genindeki 20°den fazla
mutasyonun, Tiirk hastalar da dahil olmak tizere cesitli klinik arastirmalarda BFPP
gelistirdigi gosterilmistir. ADGRG1/GPR56 reseptorii adezyon G proteinine kenetli
reseptor ailesinin (aGPCR) bir Uyesidir. Bu mutasyonlarin bazilarinin reseptoriin
hiicre ylizeyi ekspresyonunu azalttigi bulunmus olsa da, ADGRGI1/GPR56
fonksiyonunu etkileyen BFPP mutasyonlarimin yapisal 6zellikleri ve molekiiler
mekanizmalari heniiz bilinmemektedir. Calismanin amaci (i) BFPP mutasyonlari
tasiyan ADGRG1/GPR56 reseptorlerinin hiicre yizeyi ekspresyon profilini lazer
taramali konfokal mikroskop ile (ii) mutant reseptorler ile Gal2 arasindaki ve (iii)
mutant reseptorler ile B-arrestin proteini arasindaki etkilesimleri Biyoliiminesans
Rezonans Enerji Transferi (BRET) temeline dayali biyosensorler yolu ile canli
hiicrelerde arastirmaktir. Bu baglamda, sekiz farkli yanlis anlamli mutasyon, bolgeye

yonelik  mutajenez  yontemi ile ADGRG1/GPR56 reseptorii  Uzerinde

vii



olusturulmustur. Sonuc¢lar mutant reseptorlerin dogal fenotip ile karsilastirildiginda,
reseptOriin hiicre yiizeyi ekspresyonunu azalttigini gostermektedir. GB/y ve GRK
temelli BRET biyosensorleri, reseptoriin Gal2 ile eslesmesini arastirmak igin
kullanilmigtir. Sonuglar C346S, W349S ve L640R mutasyonlarinin, dogal fenotip ile
karsilagtirildiginda, reseptoriin Gal2 ile etkilesimini azalttifin1 gdstermektedir.
Arrestin temelli BRET biyosensorleri ise, reseptor aktivasyonu neticesinde beta-
arrestin molekiilinlin hiicre zarindaki birikimini arastirmak icin kullanilmistir.
Sonuglar, tim BFPP mutantlarinin, dogal fenotip reseptor ile karsilastirildiginda

beta-arrestin molekiiliiniin hiicre zarinda birikimini azalttigin1 géstermektedir.

Anahtar Kelimeler: BFPP, BRET, GPR56, ADGRG1, Adhezyon GPCR
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CHAPTER 1

INTRODUCTION

1.1 G Protein Coupled Receptors

Since their discovery, followed by intense classification studies, the biggest and most
diverse class of cell surface receptors are guanine nucleotide-binding protein (G-
protein)-coupled receptors (GPCRs) (Hill, 2006). In eukaryotes, they operate an
evolutionarily conserved mechanism to perceive extracellular signals (Pierce,
Premont, & Lefkowitz, 2002). The activation of intracellular signaling cascades by
G-proteins mediated by a variety of agonists and ligands, including
neurotransmitters, odorants, photons, cytokines, hormones, and even mechanical
stimuli (Sanders, Brian, & Maze, 2008). Moreover, most biological processes
incorporate GPCRs, making them the primary therapeutic target for numerous
pathologies, like diabetes, hypertension, cardiovascular disease, and drug
dependence (Hauser et al., 2018). Therefore, around 40% of all prescribed medicines
target GPCRs (GPCRdb, 2022, June 23) and put these receptors in the spotlight for

clinicians, academic researchers, and pharmaceutical manufacturers.

1.2 Molecular Organization and Activation of G Protein Coupled

Receptors

With their plasma membrane anchored seven transmembrane helices (7-TM), three
intracellular, and three extracellular loops, GPCRs constitute the largest family of
integral membrane proteins. They feature a cytosolic C-terminal domain penetrating
the surface of the cytosolic membrane and an N-terminal domain that is located on

the outer surface of the cell membrane (Stenkamp, Teller, & Palczewski, 2002).



Interacting with a ligand result in a conformational change on GPCR leading to an
active state to couple with heterotrimeric G proteins, GPCR kinases (GRK) and
arrestins (Kobilka, 2007; Lefkowitz, 2000). In the G protein-dependent activation
mechanism, ligand binding promotes the replacement of GDP attached to Ga subunit
with GTP. Since GTP-bound Ga dissociates from Gy, both Ga and Gy subunits
separately regulate intracellular downstream signaling processes (Duc, Kim, &
Chung, 2015). GPCRs can also signal through arrestin proteins, which are thought
to be actors in switching off the G protein signaling (Kuhn, 1978; Kuhn, Hall, &
Wilden, 1984; Pfister et al., 1985). In addition, upon ligand binding, the C-terminal
of the receptor is phosphorylated by GRKSs, leading to arrestin recruitment.
Subsequently, this precludes G protein interaction, facilitating receptor
internalization (Kuhn, 1978; Kuhn et al., 1984).

1.3  Classification of G Protein Coupled Receptors

Formerly, GPCRs were classified upon their structural and physiological
characteristics. However, after the Human Genome Project, the classification of
GPCRs was shaped around genetic information. Upon intense phylogenetic analyses,
GPCRs were classified into five fundamental families named as GRAFS: Glutamate,
Rhodopsin, Adhesion, Frizzled/Taste2, and Secretin (Fredriksson, Lagerstrom,
Lundin, & Schioth, 2003).

1.4 Adhesion G Protein Coupled Receptors

Adhesion GPCRs (aGPCRs) are one of the GPCR families with unique physical
characteristics in addition to their riveting functional properties. With 33 members
in humans (Fredriksson, Gloriam, Hoglund, Lagerstrom, & Schioth, 2003), aGPCRs
are evolutionary conserved and ancient proteins that are found in many organisms
from single-celled eukaryotes to most animals (Schioth, Nordstrom, & Fredriksson,

2010). Intriguingly, it is reported that aGPCRs have various splice variants which is



uncommon in most other GPCR families (Bjarnadottir et al., 2007). These splice
variants lead to greater structural and functional variation in aGPCRs, which may
have an impact on signaling pathways in the majority of human tissues (Knierim et
al., 2019).

1.5  Biological Characteristics of Adhesion G Protein Coupled Receptors

151 Classification

aGPCRs were classified into nine different groups according to their specific
domains on extracellular N-terminus and DNA sequence similarity corresponding to
the seven-transmembrane domain. Except for ADGRA1/GPR123, all aGPCRs
possess a unique GPCR Autoproteolysis INducing (GAIN) domain (Arac et al.,
2012), which can be considered as a signature for this family. This specific domain
contains GPCR Proteolysis Site (GPS) motif, where the receptor splits into two and
stays non-covalently bound as C-terminus and N-terminus heterodimer (Langenhan,
Aust, & Hamann, 2013). As shown in Figure 1.1, each group has different

ectodomains giving them functional variety.

Figure 1.1 Nine groups of aGPCRs. Each ectodomain is showed in different shapes
and colors. Taken from (Liebscher et al., 2021).



1.5.2 Structure

As in other GPCR families, aGPCRs have extracellular N-terminus, membrane-
anchored seven-transmembrane domains, and an intracellular C-terminus. Uniquely,
their extracellular N-terminal is much larger and contains various domains besides
the aGPCR specific GAIN domain compared to other GPCRs (Liebscher et al.,
2021). GAIN domain consists of A and B subunits. A subunit associates with N-
terminus, while B subunit associates with the seven transmembrane domain of the
receptor. B subunit also has a conserved sequence called the GPS motif, where
autoproteolysis occurs and allows separation of the B subunit into Bn (N-terminus
of B subunit) and B¢ (C-terminus of B subunit). Depending on these features, there
are two different classifications of aGPCRs: topology-based and cleavage-based
(Figure 1.2). Topology-based compartmentation divides the receptor into three
sections as extracellular (1), transmembrane (2), and intracellular (3). In contrast,
cleavage-based compartmentation divides the receptor into two sections: N-terminal
(1) and C-terminal (11) fragments. Accordingly, N-terminal fragment consists of An
and Bn subunits of GAIN domain besides N-terminal domain of the whole receptor,
while C-terminal fragment consists of Bc subunit of GAIN domain besides
transmembrane and C-terminal domain of the whole receptor (Langenhan et al.,
2013).

Topology-based Cleavage-based
compartmentation compartmentation
1 |

GPS A GAIN

e
2 I
3

Figure 1.2 Structural compartmentalization of aGPCRs. Left hand side shows
topology-based compartmentation. Right hand side shows cleavage-based
compartmentation. Adapted from (Langenhan et al., 2013).



153 Function

Functional variety within aGPCRs is mediated by extremely varied N-terminal
domains. Highly diverse adhesion domains on this structure may also have an
important contribution to the functional variety among aGPCRs (Langenhan et al.,
2013). ADGRG1/GPR56 has been associated with bilateral frontoparietal
polymicrogyria (BFPP), which is a severe brain abnormality caused by a number of
mutations in the GPR56/ADGRG1 gene (Piao et al., 2005). ADGRE5/CD97 is
known for its role in the activation of leukocytes (Hamann et al., 1995). Additionally,
it has a significant impact on adherens junctions, which affects the ability of
intestinal epithelial cells to serve as barriers (Becker et al., 2010). Recent studies
indicate that the recognition of pathogensis facilitated by ADGRE1/EMRL1 in
macrophages (Waddell et al.,, 2018). ADGRE2/EMR2 modulates systemic
inflammation via elevating the activation of neutrophiles (Yona et al., 2008).
ADGRG3/GPR97 is also involved in neutrophiles' antimicrobial activation (Hsiao et
al., 2018). ADGRF5/GPR116 plays a crucial role in the homeostasis of pulmonary
surfactants (Bridges et al., 2013). ADGRF1/GPR110 is involved in neuron
development as well as spatial memory and recognizing objects (Lee et al., 2016).
ADGRC1/CELSRL1 has a specific role in brain development and is mostly engaged
with planar cell polarity (L. Wang et al., 2018). ADGRC3/CELSR3 also plays a role
in planar cell polarity via controlling axonal guidance (Lindenmaier, Parmentier,
Guo, Tissir, & Wright, 2019). In peripheral nerves, especially during nerve healing
(Mogha et al., 2016), ADGRG6/GPR126 plays a role in the development of myelin
by Schwann cells (Monk, Oshima, Jors, Heller, & Talbot, 2011). In addition to being
present in endothelial cells, ADGRL4/ELTD1 also functions as a pro-angiogenic
factor. Besides, it is highly expressed in tumors and correlated with vascular
maturation (Favara, Banham, & Harris, 2014). ADGRB1/BAIL inhibits angiogenesis
in the brain (Kaur, Brat, Devi, & Van Meir, 2005).



154 Activation

aGPCRs simply have four different receptor activation models: basal state,
orthosteric (tethered-peptide) agonism, allosteric activation, and allosteric inhibition
(Kishore, Purcell, Nassiri-Toosi, & Hall, 2016; Salzman et al., 2017; Stoveken,
Hajduczok, Xu, & Tall, 2015; Vizurraga, Adhikari, Yeung, Yu, & Tall, 2020; Zhu
et al., 2019). Depending on the unique properties of each receptor, aGPCRs display
varying levels of basal activity. Many aGPCRs exhibit basal activity in the absence
of ligands, which activates G proteins. This was explained by the fact that certain
receptor molecules randomly assume an active conformation (Milligan, 2003).
Another model of receptor activation called orthosteric agonism relies on the aGPCR
tethered agonist activity. The seven residues next to the C-terminus of GPS domain
are the most crucial ones and make the frame of the tethered agonist. The consensus
sequence for these residues is TXFAVLM which overlaps with p-strand 13, and T,
F, M amino acids are the most conserved among all aGPCRs (Vizurraga et al., 2020).
Stachel sequence peptides, which are generated from this area, can activate the
relevant receptor (Demberg et al., 2017). The orthosteric agonism model postulates
that effective GAIN domain cleavage, followed by separation of the N-terminal
fragment from C-terminal fragment, is necessary for signaling action (Zhu et al.,
2019). However, another study shows that, G-protein mediated signaling is still
possible with engineered receptors incapable of cleavage via autoproteolysis
(Kishore & Hall, 2017). Overall, tethered agonist activation is highly complex and
still needs to be understood. Allosteric activation and inhibition models postulate
that ligand binding causes a conformational change in the receptor structure without
dissociating its N-terminal and C-terminal fragments. Thus, the conformational
change leads to the activation or inhibition of downregulated signaling pathways
(Vizurraga et al., 2020).



1.6 Diseases Related to Adhesion G Protein Coupled Receptors

The physiological significance of the aGPCR family is revealed by the expression of
aGPCRs in many different parts of the human body, including the central nervous
system, immune system, reproductive organs, and kidneys, as well as by the direct
relationship between these receptors and development (Liebscher et al., 2021). So
far, three aGPCRs have been linked to monogenetic diseases. ADGRG1/GPR56
monogenetically causes bilateral frontoparietal polymicrogyria (BFPP) (Piao et al.,
2005). ADGRV1/VLGRL1 is found to be involved in type Il Usher syndrome
(Weston, Luijendijk, Humphrey, Moller, & Kimberling, 2004). It is reported that
autosomal dominant vibratory urticaria patients carry an ADGRE2/EMR2 variant
(Boyden, Desai, et al., 2016; Boyden, Metcalfe, & Komarow, 2016).
ADGRL3/LPHNS variants have been associated to attention deficit hyperactivity
disorder (ADHD) (Arcos-Burgos & Muenke, 2010). Preclinical studies and human
genetics demonstrate associations between aGPCRs and cancer (Gad & Balenga,
2020). Molecular impact of ADGRG1/GPR56 (Chiang et al., 2017; Xu, Begum,
Hearn, & Hynes, 2006; Yang et al., 2011), ADGRA2/GPR124 (Cherry et al., 2019),
ADGRA3/GPR125 (Y. Wu et al., 2018), ADGRB1/BAI1 (D. Zhu & Van Meir,
2016), ADGRES5/CD97 (Li et al., 2015), and ADGRF5/GPR116 (Tang et al., 2013)
in carcinogenesis is well understood. On the other hand, ADGRL/LPHN (Meza-
Aguilar & Boucard, 2014), ADGRD1/GPR133 (Bayin et al., 2016) and
ADGRV/VLGRL1 (Y. Wang et al., 2015) are involved in cancer through the change

in expression pattern or receptor activity.

1.7 Overview of ADGRG1/GPR56

Human ADGRG1/GPR56 gene is located on chromosome 16921 and covers about
45 kb of DNA. It has 14 exons and a coding region that is 2082 bp long from exon 2
to exon 14. Various tissue types express this receptor, such as thyroid glands, skeletal

muscles, testicles, kidneys, pancreas, and brain (Liu et al., 1999). Accordingly, it



plays various roles in muscle hypertrophy, neural and hematopoietic stem and
progenitor cell maintenance, stress and depression, synaptic remodeling in the
central nervous system, and cytotoxic lymphocytes steady state (Singh & Lin, 2021).
ADGRG1/GPR56 possesses four different proteins resulting from alternative RNA
splicing (Bjarnadottir et al., 2007; Salzman et al., 2016), and the first non-coding
exon contains 17 different translation initiation sites. Each of them has unique
expression patterns in humans. The PLL (Pentraxin/Laminin/neurexin sex-hormone
binding globulin-Like) and GAIN domains are two distinct protein domains found
in the extracellular region of ADGRG1/GPR56. The PLL domain is specific to
ADGRG1/GPR56, which weakens the basal activity of the receptor. Autoproteolysis
takes place between Leu-382 and Thr-383 at the GPS domain, which is a part of the
GAIN domain (Singh & Lin, 2021). ADGRG1/GPR56 receptor can be activated by
numerous mechanisms: autoproteolysis dependent (Zhu et al., 2019), autoproteolysis
independent (Kishore & Hall, 2017), tethered peptide agonist dependent (Stoveken
et al., 2015), and tethered peptide agonist independent (Salzman et al., 2017).
Transglutaminase 2 (TG2) (Xu, Begum, Hearn, & Hynes, 2006) and collagen I11
(Col3A1) (Luo et al., 2011) are known ligands that activate ADGRG1/GPR56. In
response to interaction with the tetraspanins CD9 and CD81, it is shown that
ADGRG1/GPR56 couples to Gag/11 (Little, Hemler, & Stipp, 2004). In response to
ligand binding, ADGRG1/GPR56 also couples to the Gal2/13 and activates the
RhoA and mTOR pathways (Ackerman, Garcia, Piao, Gutmann, & Monk, 2015;
Iguchi et al., 2008; Luo et al., 2011; White et al., 2014).

1.8 Bilateral Frontoparietal Polymicrogyria

A cortical malformation known as polymicrogyria, an autosomal recessively
inherited condition, is characterized by improper cortical lamination and excess
number of small gyri (Piao et al., 2005). The BFPP gene is located on chromosome
16q12-21 (Piao et al., 2002). There are 11 different identified mutations involved in
BFPP patients. One of them is a deletion mutation that results in frameshift through



translation and termination of proteins without being matured. Two of them are
splicing mutations located on Intron 9. Last eight of them are missense mutations
located on GPR56 gene 16g21. Four of these eight mutations (R38Q, R38W, Y88C,
C91S) present on N-terminal region; two of them (C346S, W349S) are located on
GPS domain; one of them (R565W) is at the second extracellular loop, and the last
one is at the third extracellular loop of GPR56 protein (Piao et al., 2005).
ADGRG1/GPR56 is known to mediate cell-cell and cell-matrix interactions, thereby
controlling various aspects of brain development in a cell type specific manner
(Langenhan, Piao, & Monk, 2016; Singer, Luo, Jeong, & Piao, 2013). During
embryonic brain development, ADGRG1/GPR56 has been shown to be expressed in
neural progenitor cells and migrating nerve cells and interact with an extracellular
matrix protein, Col3Al, to regulate cortical lamination by activating the Rho
signaling pathway via Ga12/13 (Jeong, Luo, Li, Strokes, & Piao, 2012; Luo et al.,
2011). Various studies have shown that ADGRG1/GPR56 is highly expressed in
astrocytes, oligodendrocyte cell lines and microglia from glial cells during the later
stages of brain development and postnatal life (Bennett et al., 2016; Zhang et al.,
2014). In addition to these studies, ADGRG1/GPR56 is shown to control
developmental myelination and myelin repair via the Gal2/13-Rho signaling
pathway by interacting with TG2, a ligand produced by microglia, and laminin, an
extracellular matrix protein, in oligodendrocyte precursor cells (Ackerman et al.,
2015; Gieraetal., 2015; Gieraet al., 2018). ADGRG1/GPR56 expressed in Schwann
cells in the peripheral nervous system (PNS), interacts with Plectin, a large
cytoskeleton-binding protein, activating the Gal2/13-Rho signaling pathway and
remodeling the cytoskeleton, which plays a role in myelination of PNS neurons
(Ackerman et al., 2018). ADGRG1/GPR56 positively regulates cell proliferation in
oligodendrocyte progenitor cells (OPC), and negatively regulates differentiation of
OPCs into oligodendrocytes. It is also shown that ADGRG1/GPR56 colocalizes with
a3p1 integrin, which binds to laminin-511 in radial glial cells and rostal prepalte
neurons (Jeong et al., 2013). This coupling indicates that the a3p1 integrin regulates

cortical development in coordination with ADGRG1/GPR56. A recent study has



shown that an ADGRG1/GPR56 splice isoform is required for microglia-mediated
synapse healing by binding to phosphatidylserine via the GAIN domain (Li et al.,
2020). In addition to defining the microglial cell type, ADGRG1/GPR56 is one of
the few genes whose expression requires appropriate ontogeny and environmental
influences. To summarize, ADGRG1/GPR56 shows brain cortical pattern and
healthy development of the cerebral cortex, rostral cerebellar development, neuron
axon myelination and myelin repair in both the CNS and PNS, OPC proliferation,
inhibition of OPC differentiation in the CNS to oligodendrocytes, and proper radial

sorting in Schwann cells.

1.9  Bioluminescence Resonance Energy Transfer (BRET)

Bioluminescence energy transfer (BRET) is a biophysics tool to investigate protein-
protein interactions, and its theory is based on non-radiative resonance energy
transfer between a bioluminescent donor molecule and a fluorescent acceptor
molecule. In this method, the bioluminescent donor molecule is activated by its
substrate. This activation is achieved by oxidation of the substrate by the
bioluminescent enzyme (donor). The energy produced by this reaction results in
bioluminescent photon emission. If there is an acceptor molecule nearby (less than
10 nm) bioluminescent molecule could transfer part of its energy non-radiatively to
the accepter instead of emitting a photon. Then, transferred energy excites the
acceptor molecule if its excitation spectrum overlaps with the bioluminescence
spectrum of the donor. Thus, the excited acceptor can now emit a photon if it is a
fluorescent molecule. Therefore, resonance energy transfer can be calculated by the
ratio of light emitted by the acceptor to the donor (Kobayashi & Bouvier, 2021; Wu
& Brand, 1994).
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1.10 BRET Biosensors

BRET is an effective technique for shedding light on the dynamics of protein-protein
interactions between GPCRs, G proteins, B-arrestins, and their various other binding
partners. In this technique, one protein of interest will be tagged with a
bioluminescent donor, and the other one will be tagged with a fluorescent acceptor.
This traditional method modifies the protein by tagging, thus may change the normal
signaling of the protein of interest, especially GPCRs. In order to overcome this
obstacle, G protein biosensors based on BRET were constructed over the last decade
(Donthamsetti, Quejada, Javitch, Gurevich, & Lambert, 2015; Gales et al., 2006;
Masuho, Skamangas, & Martemyanov, 2020; Salahpour et al., 2012; Schihada,
Shekhani, & Schulte, 2021; Yano et al., 2017).

1.10.1 GRK and GBy mediated BRET sensors

The coupling between GPCRs and Ga12 protein mediated by GRK can be measured
using biosensors based on resonance energy transfer and without the necessity of
tagging the receptor (Masuho et al., 2020). Using untagged receptors is advantageous
because it eliminates the possible interaction problems between GPCR and Gal2
protein caused by tagging. As shown in Figure 1.3, these sensors are constructed by
tagging Gy with the first 155 amino acids of Venus, G with 156-239 amino acids
of Venus, and GRK with NLuc. In the inactive state of the receptor, the Go and
GP/Gy subunits form a heterotrimeric structure and do not interact with the
membrane-localized GRK3 protein. Therefore, low BRET values are measured in
the inactive state of the receptor. In the active state of the receptor, the GB/Gy
subunits separate from Ga, and approach the GRK3 protein, and higher BRET values
are measured. Herein, BRET occurs between the donor NLuc and the acceptor
Venus. Thus, receptor-G protein interactions can be measured in this way. The
reason for using split Venus for tagging Gy instead of just tagging G or Gy with
intact Venus is to show tagging did not prevent GB/Gy coupling.
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Figure 1.3 Illustration showing the working principle of GB/y and GRK mediated
BRET sensors. Taken from (Masuho et al., 2020).

1.10.2 Arrestin-mediated BRET sensors

Recruitment of beta-arrestin to the cell membrane can be measured by using beta-
arrestin mediated BRET sensors (Donthamsetti et al., 2015). As shown in Figure 1.4,
these sensors are constructed by tagging arrestin with bioluminescent protein Rluc8
and tagging GAP43 with fluorescent protein citrine. In the inactive state of the
receptor, beta arrestin is not recruited to the plasma membrane and does not interact
with membrane marker GAP43. Therefore, low BRET values are measured in the
inactive state of the receptor. In the active state of the receptor, beta-arrestin is
recruited to the receptor located on the cell membrane. This increases the bystander
BRET between beta-arrestin and membrane protein GAP43 due to random

proximity. Therefore, higher BRET values are measured.

receptor

Figure 1.4 Illustration showing the working principle of beta-arrestin mediated
BRET sensors. Taken from (Donthamsetti et al., 2015).
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1.11  Aim of the Thesis

This thesis aims to investigate the effects of BFPP mutations on ADGRG1/GPR56
receptor trafficking using EGFP tagged receptor constructs and imaging them with
Laser Scanning Confocal Microscopy; and to investigate the effects of BFPP
mutations on the receptor signaling by measuring the coupling with Ga and beta-

arrestin using BRET based biosensors.
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CHAPTER 2

MATERIALS AND METHODS

2.1  Construction of EGFP Tagged ADGRG1/GPR56

The plasmid contains human ADGRG1/GPR56 receptor cDNA is a kind gift from
Assoc. Prof. Dr. Demet Ara¢ (University of Chicago). pEGFP-N1, a plasmid
containing EGFP cDNA, was used to construct cassettes with linker sequence (Gly-
Ser-Ser-Gly) in pcDNA3.1+, which will be referred to as "L" throughout the text.
Construction of L-EGFP tagged ADGRG1/GPR56 with the linker was done using
the insertional PCR method. This method consists of two consecutive PCRs. First-
PCR aims to amplify L-EGFP by using a primer pair containing its 5' and 3'
homologous L-EGFP sequences and flanking sequences homologous to C-terminus
of ADGRG1/GPR56. The product from the first-PCR was used in second-PCR as a
tandem primer to fuse L-EGFP with ADGRG1/GPR56 in pcDNA 3.1+, using high
fidelity DNA polymerase. Primer pair for first-PCR was shown in Table 2.1;

components and reaction conditions were shown in Table 2.2.

Table 2.1 Sequences of primers used first PCR.

Primer Sequence

AG1-Ct-L-E-F 5' cccatcagctcgggcagcacctcgtccagecgcatc GGCAGCAGCGGCGTGAGCAAGGGC 3

AG1-Ct-L-E-R 5' cagcgggtttaaacgggccctctagactcgagectaCTTGTACAGCTCGTCCATGCCG 3
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Table 2.2 Components and reaction conditions of first PCR.

Component Volume in pL. | Final Concentration in 20 pL.
pEGFP-N1 plasmid X 100 ng

AG1-Ct-L-E-F 0.5 0.5 uM

AG1-Ct-L-E-R 0.5 0.5 uM

Nuclease Free Water 12.6-x

5x Phire High Fidelity Buffer 4 1X

Phire Hot Start I1 DNA Polymerase 0.4 0.02 U/ pL

2 mM dNTPs 2 200 uM of each

98°C
98°C
54°C
72°C
72°C

30s
10s

30s
15-30s s/kb
60s

Purification of first-PCR was done by using Thermo Scientific™ GeneJET

Purification Kit, as recommended by the manufacturer. The purified product of the

first-PCR was used in the second-PCR as a primer. The molar ratio of the first-PCR
product and template plasmid (ADGRG1/GPR56 in pcDNA 3.1+) is 1:20.
Components and reaction conditions of the second-PCR is shown in Table 2.3.

Table 2.3 Components and reaction conditions of second PCR.

Component

Volume in pL

Final Concentration in 20 pL

ADGRG1/GPR56 in pcDNA 3.1+

X

200 ng

Fist PCR Product y

Q5 High Fidelity DNA Polymerase 0.2 0.02 U/ puLL
5x Q5 Reaction Buffer 4 1x

5x Q5 High GC Enhancer 4 1x
Nuclease Free Water 9.8-(x+y)

2 mM dNTPs 2 200 uM of each
98°C 30s

98°C 10s

54°C 30s x35 cycle

72°C 30s s/kb

72°C 120s
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Afterward, second-PCR reaction mixture was treated with Fast Digest Dpnl (Thermo
Scientific™, USA) restriction enzyme, as recommended by the manufacturer. In this
reaction, Dpnl enzyme digests methylated parental template DNA
(ADGRG1/GPR56 in pcDNA 3.1+). As a result, the newly synthesized L-EGFP
tagged ADGRG1/GPR56 pcDNA 3.1+ plasmid remains in the PCR tube. For
isolating the constructed plasmids, competent DH5a E. coli cells were transformed
using the Dpnl treated PCR mixture. Accordingly, 50 puL of competent cells were
mixed with 2 pL of the reaction mixture under aseptic conditions, followed by
incubation for 30 minutes on ice. Afterward, cells were heat shocked for 45 seconds
at 42°C and, immediately after, incubated for 5 minutes on ice again. Then, cells
were mixed with 950 puL of Super Optimal Broth with catabolite repression and
incubated for 1 hour at 37°C and 330 rpm with constant shaking. Afterward, cells
were centrifuged for 3 minutes at 6000 rpm, and 800 pL of supernatant was removed.
Cell pellets were resuspended with the remaining 200 pL supernatant. Since pcDNA
3.1+ has Ampicillin resistance, transformed cells were seeded onto agar plates
containing ampicillin and incubated overnight at 37°C. Next day, colonies on the
plate were picked up and seeded in Luria-Bertani broth containing ampicillin,
followed by overnight incubation at 37°C and 330 rpm with constant shaking.
Plasmids were isolated with Thermo Scientific™ GeneJET Plasmid Miniprep Kit as

recommended by the manufacturer.

2.2 Induction of BFPP Mutations on ADGRG1/GPR56

Eight missense mutations, found in BFPP patients, were introduced to wild-type, and
L-EGFP tagged ADGRG1/GPR56 by using site-directed mutagenesis with double
primer method (Figure 2.1). This method based on amplifying the entire vector with
both forward and reverse primers containing the bases that need to be changed at
certain positions. Although the 5' ends of the primers overlap, the differences in the
3' ends allow the plasmid to be replicated efficiently by carrying the mutation of
interest. Since the entire vector was amplified, Q5® High-Fidelity DNA Polymerase
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(NEB, USA) with low error rate and high sensitivity was used in this reaction. Details
about BFPP mutations and primers used in site-directed mutagenesis were given in
Table 2.4; PCR components and conditions for site-directed mutagenesis was shown
in Table 2.5.

point
mutation

R

forward
primer

reverse
primer

g peDNA 3.1 + |-
g carrying =
| ADGRGI1/GPRS6

Figure 2.1 Schematic representation of site-directed mutagenesis method.

Table 2.4 BFPP mutations on ADGRG1/GPR56 and primers to induce these
mutations.

Amino acid change Base change Primer Sequence
Reaw M2C>T o 5 aagtocsbigecaresa s
Yeec 263A>C |G rine R |5 pastaseeteae T
cors ekl ¥ T ST T
cares ] VT IS TR
oS 1096>C | ¢ irsass |5 goncmosimpaesescageagagese
Rsoow 1693C> T | oo |5 eaegoooeegceageasgoenga T
Lo40R 1919726 [ o T+ gt rpmepeggar e T
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Table 2.5 Components and conditions of site-directed mutagenesis PCR to induce
BFPP mutations on ADGRG1/GPR56.

Component Volume in pL. | Final Concentration in 20 pL
ADGRG1/GPR56 in pcDNA 3.1+ 1 100 ng

20 uM Forward Primer 0.5

20 uM Reverse Primer 0.5

5x Q5 High Gc Enhancer 4 1x

5X Q5 Reaction Buffer 4 1x

Q5 High Fidelity DNA Polymerase 0.2 0.02 U/ puLL

2 mM dNTPs 2 200 uM of each
Nuclease Free Water 7.8

98°C 30s

98°C 10s

59°C 30s x35 cycle

72°C 5min

72°C 120s

Plasmids carrying ADGRG1/GPR56 cDNA with BFPP mutations were verified with
Sanger sequencing. Sequencing primers for each mutation was shown in Table 2.6.
Sequencing results were analyzed by using Basic Local Alignment Search Tool
(BLAST).

Table 2.6 Sequencing primers to detect BFPP mutations on ADGRG1/GPR56.

Mutation | Primer Sequence

R38W

Y88C seqp31-1f GTGTACGGTGGGAGGTCTAT

C91S

C346S

W3405 h56_GAIN_BH3_GR | CCGAGGAGACCATCAGCACTGCAAAG
R565W h56S1p2 3.1GF CAGGAGGAAACCTCGGGACTAC
L640R seqp31-1r AGGAAAGGACAGTGGGAGTG
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2.3 Cell Culture

23.1 Maintenance of HEK293 cell line

Complete growth medium for HEK293 cells was prepared by using Dulbecco's
Modified Eagle Medium (90 %) (ThermoFisher Scientific, USA); Fetal Bovine
Serum (10 %) (ThermoFisher Scientific, USA), and Penicillin/Streptomycin (1 %)
(ThermoFisher Scientific, USA). Cells were grown in T25 cell culture flask under
humidified atmosphere conditions containing 5 % CO. at 37°C. Cells were
maintained under aseptic conditions in laminar flow, and all reagents used in cell
culture procedures were stored in sterile conditions. When 1 x 10® HEK293 cells
were seeded in T25 cell culture flask, these cells reached ~90 % confluency in three
days. Hence, cells were sub-cultured twice a week. On the sub-culture day, the
growth medium was removed, and cells were washed with pre-warmed 1x
Dulbecco's Phosphate Buffered Saline, (Biological Industries, Israel) and treated
with 1x TrypLE™ (ThermoFisher Scientific, USA) to detach adherent cells from the
surface of cell culture flask. When the cell monolayer was disappeared, the flask
surface was washed with a complete growth medium, and detached cells were
centrifuged at 900 rpm for 5 minutes. Following that, the supernatant was removed,
and the cell pellet was gently resuspended in a pre-warmed complete growth
medium. Cells were counted by using hemocytometer under ZEISS Axio Vert.Al
inverted microscope (Zeiss, Germany), and 1 x 10° cells were seeded to a new T25

cell culture flask containing a pre-warmed fresh complete growth medium.

2.3.2 Transient transfection of HEK?293 cells

Transient transfection of plasmid DNA was done by using Invitrogen™
Lipofectamine™ LTX Reagent with PLUS™ Reagent, as recommended by the
manufacturer's protocol. Details about the transfection were shown in Table 2.7.

When the confluency of seeded cells reached to ~85 %, the recommended amount
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of PLUS Reagent and DNA was mixed within OptiMEM Reduced Serum Medium
with phenol red (ThermoFisher Scientific, USA). Independently, the recommended
amount of LTX was mixed with OptiMEM. LTX-OptiMEM mixture was added to
PLUS-DNA-OptiMEM mixture and incubated for 30 minutes at room temperature.
Following that, the growth medium on the cells was replaced with a pre-warmed
fresh growth medium, and transfection reagent was gently added to it. Then, cells
were incubated under humidified atmosphere conditions containing 5 % CO for 24
hours at 37 °C.

Table 2.7 Cell numbers and amounts of reagents used in transient transfection of
HEK?293 cells in accordance with culture vessels.

Culture vessel Cells per well OptiMEM | DNA PLUS LTX

35 mm glass bottom | 500000 100 uL 2500 ng | 1 pL/1 png DNA 5 ul/1 ug DNA
35 mm plastic dish 500000 100 L 2500 ng | 1 pL/1 ug DNA 5 uL/1 ng DNA
24 well plate 200000 50 uL 500 ng 1 ul/1 ng DNA 5 uL/1 ng DNA

2.4 Imaging with Laser Scanning Confocal Microscope

HEK?293 cells were seeded on glass bottom culture dish and double-transfected with
GAP43-mCherry as a plasma membrane marker and L-EGFP tagged
ADGRG1/GPR56 plasmids. Cells were imaged using Zeiss LSM880 Laser Scanning
Confocal Microscope. The objective used in imaging is 63x/1.4 Plan Apochrome Qil
DIC. Excitation of EGFP and mCherry was performed by Argon laser (488nm for
EGFP, 594 nm for mCherry), while emissions were measured at 493-586 nm for
EGFP and 599-754 nm for mCherry.
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2.5  Western Blot Analysis

25.1 Lysis and sample preparation

HEK?293 cells were seeded on 35 mm plastic cell culture dish and transfected with
wild-type and constructed ADGRG1/GPR56 plasmids. 24 hours after transfection,
cells were transferred on ice, and all reagents and microcentrifuge tubes were
meanwhile pre-chilled. The growth medium was removed, and cells were washed
with 1x cold PBS. Following that, 500 pL of 1x Radioimmunoprecipitation (RIPA)
buffer (see Appendix) was added to the cells. Cells were detached and lysed by a cell
scraper and transferred to microcentrifuge tubes. Tubes were incubated for 30
minutes on ice and vortexed every 5 minutes during incubation. Then, cells were
centrifuged at 4°C and 16000 x g for 20 minutes to remove the cell debris. The
supernatant, containing the proteins, was carefully transferred to new
microcentrifuge tubes. Protein concentrations were measured using Pierce™ BCA
Assay Kit (ThermoFisher Scientific, USA) using Berthold Mithras?® LB 943
Multimode Microplate Reader (Berthold Technologies, Germany). Protein
concentration calculation (in pug/uL) was done with protein standards supplied by the
kit, using the regression line and extrapolating the unknown by GraphPad Prism 9
software. Whole-cell proteins were mixed with 4x Laemmli Buffer with DTT (see

Appendix) before loading to gel.

2.5.2 Gel preparation and running

In the preparation of hand-cast gel, 40% Acrylamide/Bis Solution (BIO-RAD
Laboratories, USA), TEMED (Sigma-Aldrich, USA), Tris-HCI, SDS, and APS (see
Appendix) were used. 10 % separating and 4% stacking gels were prepared
according to Table 2.8. Protein samples were loaded to the gel as 20 pg protein per
well, and Precision Plus Protein All Blue Pre-Stained Protein Standard (BIO-RAD
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Laboratories, USA) was loaded as 2.5 uL per well. Afterward, gel was run at 100V

for 2 hours within 1x Running Buffer (see Appendix).

Table 2.8 Components used in preparation of hand-cast gel.

Components 10% Separating Gel Components 4% Stacking Gel
40% Acrylamide / Bis Solution | 1.5 mL 40% Acrylamide / Bis Solution | 196 uL
1.5 M Tris-HCI pH 8.8 1.5 mL 0.5 M Tris-HCI pH 8.8 504 puL
10% SDS 60 ul 10% SDS 20 ul
H20 2.91 mL H20 1.27 mL
TEMED 3uL TEMED 2L
10% APS 30 uL 10% APS 10 uL
253 Protein transfer

Transfer of the proteins from the gel to PVDF membrane was done by using Hoefer
Wet Transfer System (Hoefer Inc, USA). One sponge was placed on the cathode face
of transfer module, and a Whatman paper was put on that. Then the gel was placed
on Whatman paper followed by carefully positioning of PVDF membrane on top of
it. One more Whatman paper was put on membrane, and air bubbles were gently
removed by roller. Lastly, three sponges were put on Whatman paper, and the anode
face of the transfer module was closed up. All components were soaked in 1x
Transfer Buffer (see Appendix) before being aligned in the transfer module. The
module was placed within the transfer tank filled with pre-chilled 1x Transfer Buffer.
The transfer was done at 400 mA for 1 hour at 4°C.

25.4 Antibody probing

Before primary antibody probing, the PVDF membrane was incubated with Blocking
Solution (see Appendix) at room temperature for 1 hour on a rocker. After blocking,
the membrane was briefly washed with 1x TBST (see Appendix) and incubated at
4°C in primary antibody (GPR56 Antibody (G-6) 200 pg/ml or anti-GFP (B-2)
(Santa Cruz BT, USA) in TBST (1:500)), overnight on a rocker. Next day, membrane
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was washed with TBST 3 times and incubated for 1 hour in secondary antibody m-
IgGk BP-HRP 200 pg/0.5 m in TBST (1:7500) on a rocker at room temperature.
After that, the membrane was incubated with SuperSignal™ West Pico PLUS
Chemiluminescent Substrate (ThermoFisher Scientific, USA) in the dark for 5
minutes. Finally, the PVDF membrane was imaged by using BIO-RAD ChemiDoc
MP Imaging System (BioRad, USA).

2.6 Bioluminescence Resonance Energy Transfer with GRK and G/y

Sensors

Tethered peptide agonist (P7) is a kind gift from Assoc. Prof Dr. Salih Ozgubukgu,
and BRET sensors (Venus 156-239-Gf1, Venus 1-155-Gy2 and masGRK3ct-
NanoLuc) are kind gifts from Prof. Dr. Kirill Martemyanov. HEK293 cells were
seeded on 24 well plate (see Table 2.7) and transfected with plasmids (see Table 2.9)
by using Invitrogen™ Lipofectamine™ LTX Reagent with PLUS™ Reagent. Next
day, cells were detached by using pre-warmed BRET Buffer (see Appendix) and
centrifuged at 500 x g for 5 minutes. The supernatant was removed, and the cell
pellet was gently resuspended in 100 pL of pre-warmed BRET Buffer. Following
that, 25 pL of resuspended cells were seeded on a white 96 well microplate as
triplicate. Meanwhile, BRET Buffer containing Furimazine (Promega, USA) was
prepared with 1:500 ratio, and 25 pL of it was added to each well. Hence, the final
Furimazine and BRET Buffer ratio was 1:1000. Immediately after, the Basal BRET
value was measured by using Berthold Mithras? LB 943 Multimode Microplate
Reader. Light emitted from Venus was collected by using 540m40BREThs filter,
while light emitted from NLuc was collected by using 460m70nanoBRET filter.
Basal BRET value was calculated as the ratio of emission signal of Venus to NLuc.
After that, 50 uL of BRET Buffer containing Furimazine with 1:1000 ratio and
Stachel (P7) peptide with 1 mM concentration was added to each well. Thus, the
final concentration of Stachel was 500 pM., and the Experimental BRET value was

measured. The Experimental BRET value was calculated in the same way as the
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Basal BRET value. Then, the Net BRET value was calculated by subtracting the
Basal BRET value from the Experimental BRET value. Statistical analysis and
graphical representation of the results were performed by using GraphPad Prism 9

software.

Table 2.9 Ratio and amounts of plasmids used in transfection.

Plasmid GPCR Gol2 Venus 156-239-Gf1 Venus 1-155-Gy2 masGRK3ct-NanoLuc
Ratio 1 3 1 1 1
Amount 71 ng 213 ng 71 ng 71 ng 71ng

2.7 Bioluminescence Resonance Energy Transfer with Beta-Arrestin

Sensor

BRET sensors (Rluc8-Arrestin-3-Sp1l and mem-linker-citrine-SH3) are kind gifts
from Prof. Dr. Nevin A. Lambert. HEK293 cells were seeded on 24 well plate (see
Table 2.7) and transfected with plasmids (see Table 2.10) by using Invitrogen™
Lipofectamine™ LTX Reagent with PLUS™ Reagent. The next day, cells were
detached using pre-warmed BRET Buffer and centrifuged at 500 x g for 5 minutes.
The supernatant was removed, and the cell pellet was gently resuspended in pre-
warmed PBS containing 5mM D-glucose. 25 pL of resuspended cells were seeded
on a white 96 well microplate as triplicate. Meanwhile, 10 uM Coelenterazine (Gold
Biotechnologies, USA) was prepared in PBS containing 5mM D-glucose, and 25 pL
of it was added to each well. Hence, the final concentration of Coelenterazine was 5
UM. Following thtat, the Basal BRET value was measured similar to previous BRET
measurement by using Berthold Mithras? LB 943 Multimode Microplate Reader.
Light emitted from Citrine was collected by using 540m40BREThs filter, while light
emitted from RLuc8 was collected by using 4880m20BREThs filter. Basal BRET
value was calculated as the ratio of emission signal of Venus to NLuc. Stachel (P7)

mediated activation and Experimental BRET measurement was done similar to

25



explained in section 2.7 (Bioluminescence Resonance Energy Transfer with Beta-

Arrestin Sensor).

Table 2.10 Ratio and amounts of plasmids used in transfection.

Plasmid Rluc8-Arrestin-3-Spl | mem-Inker-citrine-SH3 | GPCR GRK2 pcDNA 3.1+
Ratio 1 20 10 20 20
Amount 5ng 100 ng 50 ng 100 ng 100 ng
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CHAPTER 3

RESULTS

3.1 Laser Scanning Confocal Microscopy

HEK293 cells were co-transfected with ADGRG1-L-EGFP tagged and GAP43-
mCherry plasmids. The laser scanning confocal microscope images of the cells are
shown in Figure 3.1-7. Compared to ADGRG1-L-EGFP, which was assumed to
traffic like wild-type receptor as supported by previous functional assays and
immunofluorescence images from the literature (Murat, 2021), membrane
localization of the receptors carrying BFPP mutations was observed to be decreased.
GAP43-mCherry was used to mark the plasma membrane on the cells. Figure 3.1
shows ADGRG1-L-EGFP carrying R38W mutation, located on the N-terminus of
the receptor. Comparing to the wild-type, trafficking and colocalizing of R38W

mutant with membrane marker GAP43 was disrupted.

EGFP mCherry Bright-Field
Channel Channel Channel

WT

R38W

Figure 3.1 Laser Scanning Confocal Microscope images of HEK293 cells transfected
with R38W mutant. (A) EGFP tagged ADGRG1/GPR56 receptor; (B) mCherry
tagged GAP43 protein; (C) merged bright field image of the cells (C). Scale bar
shows 2 um.
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Figure 3.2 shows ADGRG1-L-EGFP carrying Y88C mutation which is also located
on the N-terminus of the receptor. Similar to R38W mutant, correct trafficking and

colocalizing with membrane marker GAP43 disrupted compared to the wild-type.

EGFP mCherry Bright-Field
Channel Channel Channel

Y88C

Figure 3.2 Laser Scanning Confocal Microscope images of HEK293 cells transfected
with Y88C mutant. (A) EGFP tagged ADGRG1/GPR56 receptor; (B) mCherry
tagged GAP43 protein; (C) merged bright field image of the cells (C). Scale bar
shows 2 um.

Figure 3.3 shows ADGRG1-L-EGFP carrying C91S mutation which is the last
mutation located on the N-terminus of the receptor. Likewise other mutations located
on the N-terminus, this mutation also disrupts the colocalization of the receptor with
membrane marker GAP43, compared to the wild-type receptor.

EGFP mCherry Bright-Field
Channel Channel Channel

WT

A
C91S

Figure 3.3 Laser Scanning Confocal Microscope images of HEK293 cells transfected
with C91S mutant. (A) EGFP tagged ADGRG1/GPR56 receptor; (B) mCherry
tagged GAP43 protein; (C) merged bright field image of the cells (C). Scale bar
shows 2 um.
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Figure 3.4 shows ADGRG1-L-EGFP carrying C346S mutation, located on the GAIN
domain of the receptor. C346S mutation found to disrupts trafficking to the cell
membrane and colocalizing with the membrane marker GAP43 when comparing to

the wild-type.

EGFP mCherry Bright-Field
Channel Channel Channq] )

~
b

WT
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Figure 3.4 Laser Scanning Confocal Microscope images of HEK293 cells transfected
with C346S mutant. (A) EGFP tagged ADGRG1/GPR56 receptor; (B) mCherry
tagged GAP43 protein; (C) merged bright field image of the cells (C). Scale bar
shows 2 um.

Figure 3.5 shows ADGRG1-L-EGFP carrying W349S mutation located on the GAIN
domain. Similar to C346S, W349S mutation disrupts correct trafficking and
colocalizing with the membrane marker GAP43 compared to the wild-type.

EGFP mCherry Bright-Field
Channel Channel Channel

WT

W349S

Figure 3.5 Laser Scanning Confocal Microscope images of HEK293 cells transfected
with W349S mutant. (A) EGFP tagged ADGRG1/GPR56 receptor; (B) mCherry
tagged GAP43 protein; (C) merged bright field image of the cells (C). Scale bar
shows 2 pm.
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Figure 3.6 shows ADGRG1-L-EGFP carrying R565W mutation, located on the
second extracellular loop of the receptor. This mutation also interrupts correct
trafficking to the cell membrane and colocalizing with the membrane marker GAP43

comparing with the wild-type.

EGFP mCherry Bright-Field
Channel Channel Channel
o T,

with R565W mutant. (A) EGFP tagged ADGRG1/GPR56 receptor; (B) mCherry
tagged GAP43 protein; (C) merged bright field image of the cells (C). Scale bar
shows 2 pm.

Finally, Figure 3.6 shows ADGRG1-L-EGFP carrying L640R mutation, located on
the third extracellular loop of the receptor. Like all other BFPP mutations, L640R
interrupts correct trafficking and colocalizing with GAP43 compared to the wild-

type receptor.

EGFP mCherry Bright-Field
Channel Channel Channel

L640R

Figure 3.7 Laser Scanning Confocal Microscope images of HEK293 cells transfected
with L640R mutant. (A) EGFP tagged ADGRG1/GPR56 receptor; (B) mCherry
tagged GAP43 protein; (C) merged bright field image of the cells (C). Scale bar
shows 2 um.
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3.2 Western Blot

Untagged ADGRG1/GPR56 receptors carrying BFPP mutations were resolved on
PVDF membrane and treated with anti-GPR56 antibody. Except for Y88C and
W349S, all protein bands belonging to BFPP mutants were detected on the blot and
shown in Figure 3.8. Also, EGFP tagged ADGRG1/GPR56 receptors carrying BFPP
mutations were resolved on PVDF membrane and treated with anti-GFP antibody.
Except for C91S, all protein bands belonging to EGFP tagged BFPP mutants were

detected on the blot and shown in Figure 3.9.

R38W Y88( 918 C3465  W349S  RS6SW  LO4OR

— T T T T T T T T

Figure 3.8 Western blot image of ADGRG1/GPR56 protein carrying BFPP
mutations. Red bands show protein bands; green bands show protein ladder.

R38W y88C (918 C3465 W349S RS65W L640R
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Figure 3.9 Western blot image of EGFP tagged ADGRG1/GPR56 protein carrying
BFPP mutations. Red bands show protein bands; green bands show protein ladder.
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3.3 BRET

HEK?293 cells were transfected with GBy and GRK mediated BRET biosensors. The

net BRET results of the wild-type and mutant receptors were shown in Figure 3.10.
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Figure 3.10 Net BRET result of GRK and Gy mediated sensors for wild-type and
mutant (carrying BFPP mutations) ADGRG1/GPR56 receptor. The standard
deviation of the readings was shown by error bars. n=3. p<0.05.

The net BRET ratio of wild-type receptors was shown in the blue bar in Figure 3.10.
The green bars show the mutants, in which the net BRET ratio was shown to decrease
significantly compared with the wild-type. Gray bars in the graph indicate the
mutants, in which the net BRET ratio is not changed significantly compared with the
wild-type.
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HEK?293 cells were transfected with beta-arrestin mediated BRET biosensors. The

net BRET results of the wild-type and mutant receptors were shown in Figure 3.11.
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Figure 3.11 Net BRET result of B-arrestin mediated sensors for wild-type and mutant
(carrying BFPP mutations) ADGRG1/GPR56 receptor. The standard deviation of the
readings was shown by error bars. n=3. p<0.05.

The net BRET ratio of wild-type receptors was shown in the blue bar in the figure.
The green bars show the mutants, in which the net BRET ratio decreased
significantly compared to wild-type. The Gray bar in the graph shows the mutant, in

which the net BRET ratio was not changed significantly compared to wild-type.
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CHAPTER 4

DISCUSSION

Laser Scanning Confocal Microscope images show double transfected live HEK293
cells with EGFP tagged ADGRG1-L-EGFP receptor and mCherry tagged membrane
marker GAP43 protein, GAP43-mCherry. Since both GAP43 and ADGRG1/GPR56
are membrane proteins, it was expected to detect both on the cell membrane.
ADGRG1-L-EGFP receptor was detected on the cell membrane, colocalizing with
GAP43-mCherry as well as in cytosolic vesicles, presumed to be due to biosynthesis
and endocytosis. On the contrary, ADGRG1-L-EGFP constructs carrying BFPP
mutations were not detected on the cell membrane compared with the ADGRG1-L-
EGFP constructs, presumed to traffic like the wild-type. These observations indicate
that BFPP mutations affect the correct localization and trafficking of
ADGRG1/GPR56 receptor. In the light of these images, we proposed that receptors
carrying BFPP mutations were accumulated in the endoplasmic reticulum—like and
vesicular structures. It was clearly seen that the membrane localization was disrupted
when compared to the membrane marker GAP43. These results are consistent with
the previous literature (Chiang et al.,, 2011; Jin et al., 2007) using

immunofluorescence.

The expression of ADGRG1/GPR56 receptors carrying BFPP mutations was
determined using Western Blot Analysis. ADGRG1/GPR56 proteins were detected
by using anti GPR56 antibody, that targets an epitope on the N-terminus of the
protein. Since ADGRG1/GPR56 was auto-proteolyzed from the GAIN domain
(Arac et al., 2012), this antibody only detects the N-terminal part of the receptor. As
indicated in Figure 3.8, except Y88C and W349S, protein bands of all mutants were
detected on the blot. The possible reason for not detecting the bands of the proteins

carrying Y88C and W349S mutations is that; these mutations may decrease the
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expression of the receptor or may affect the topology of the binding site of the
primary antibody. ADGRG1/GPR56 proteins, tagged with L-EGFP from the C-
terminus and carrying the Y88C or W349S mutations, were detected on the blot
when treated with GFP antibody (Figure 3.9), which supports the speculation
mentioned above. Receptors carrying R38W, C91S, R565W, and L640R mutations
were detected between 50-75 kDa, which correspond to the N-terminus of the
receptor (~55 kDa). Faded protein bands were also detected between 75-100 kDa,
which indicates full length (not cleaved by autoproteolysis) state of the receptor (~77
kDa), and very faded protein bands were detected above 250 kDa, which may
indicate the protein aggregates, that could not run through the blot. On the other
hand, these bands might be the oligomeric states of the receptors. C346S mutant was
only detected between 75-100 kDa and above 250 kDa, and no bands were detected,
which correspond to the N-terminus of the receptor. This result is consistent with the
literature stating that C346S mutation results in autoproteolysis deficiency (Chiang
etal.,, 2011; Jin et al., 2007).

In order to detect the C-terminal part of the receptor ADGRG1-L-EGFP, these
constructs were probed by anti-GFP antibody. As shown in Figure 3.3, protein bands
of all mutants, except C91S, were resolved on the blot. The possible reason for not
being able to detect C91S mutant is an experimental error since the proteins can be
seen in confocal microscope images (Figure 3.3). Protein bands belonging to the C-
terminal of the receptor are typically detected around 45, 25, and 15 kDa in size
because ADGRG1/GPR56 is subjected to post-translational processing and
proteolysis (Paavola, Stephenson, Ritter, Alter, & Hall, 2011). Receptors carrying
R38W and Y88C mutations were detected between 37-50 kDa. Considering the
calculated molecular weight of the C-terminal domain of the receptor is 15 kDa, and
EGFP is ~27 kDa (Arpino, Rizkallah, & Jones, 2012), EGFP tagged C-terminus of
the receptor was resolved as faded bands on the blot as expected (~42 kDa in total).
Faded bands were also detected between 75-100 kDa, presumed to be the dimers of

receptor C-terminal domains. Also, brighter bands above 250 kDa alleged to
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correspond the higher oligomeric states of the receptor. Receptors carrying C346S
and W349S mutations were detected as faint bands between 100-150 kDa, which
might indicate trimeric form of the receptors (~129 kDa). There were also brighter
protein bands detected above 250 kDa, which might correspond to higher oligomeric
states of the receptors as well as protein aggregates. Normally, protein bands
belonging to oligomeric states could not be detected by SDS-PAGE. However,
highly hydrophobic proteins such as GPCRs can remain in oligomeric states even
under these denaturing conditions (Guo et al., 2017). Lastly, faded protein bands of
receptors carrying R565W and L640R mutations were only detected as higher bands
above 250 kDa, again presumed to correspond to the receptor oligomers. Overall, it
can be speculated that C-terminal domains of the receptors carrying C346S, W349S,
R565W, and L640R mutations tend to exist in oligomeric forms; while R38W and
Y88C mutants were also resolved as monomers and as receptor oligomers. These

results are consistent with the previous literature work (Chiang et al., 2011).

Investigating the activation of ADGRG1/GPR56 receptor-Gal2 coupling was done
by using Gy and GRK BRET biosensors (Masuho et al., 2020). Stachel (P7) peptide
was used as a peptide agonist to induce the activation. Figure 3.10 shows the net
BRET ratios of the wild-type and untagged BFPP mutant receptors. Comparing the
wild-type receptors C346S, W349S, and L640R mutants showed significantly lower
net BRET ratios. It is reported that, ADGRG1/GPR56 couples to Gal2/13 and
activates the RhoA pathway upon ligand binding, hence preventing over-migration
of neurons and providing proper cerebral cortex lamination (Luo et al., 2011).
Additionally, by coupling with Gol12/13 and activating the RhoA pathway,
ADGRG1/GPR56 plays a role in the myelination of peripheral nervous system
neurons by cytoskeletal remodeling in Schwann cells (Ackerman et al., 2018). Our
findings show that, C346S, W349S and L640R mutants failed to couple with Gal12
compared to the wild-type receptor. Thus, it can be speculated that these three
mutations individually inhibit proper cerebral cortex lamination and neuronal

migration in the brain, as well as myelination of peripheral nervous system neurons
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during the development. It was also reported that, BFPP patients carrying C346S
mutation show microcephaly (Piao et al., 2005). Our laser scanning confocal
microscope results showed that ADGRG1/GPR56 protein carrying C346S mutation
was located on endoplasmic reticulum-like vesicular structures. Therefore, it can be
speculated that this mutation makes the protein accumulate in endoplasmic reticulum
and could result in ER stress. As a result, this mutation may disrupt the normal
function of the ER and hence, the homeostasis of the cell. However, it still needs to
be verified that this mutant protein is located on ER by examining its colocalization
with an ER marker protein. Furthermore, since the C346S, W349S and L640R
mutations prevent the receptor couple with Gal2, our work can be a promising
starting point for developing a drug molecule which can activate the receptor, hence
provides coupling with Gal2.

Beta-arrestin recruitment was assessed by applying beta-arrestin BRET biosensors
(Donthamsetti et al., 2015). Stachel (P7) peptide was used as a peptide agonist to
induce receptor activation, hence beta-arrestin recruitment. Figure 3.11 shows the
net BRET ratios of the wild-type and untagged BFPP mutant receptors. Comparing
the mutant receptors with the wild-type, except R38W, all mutants showed
significantly lower net BRET ratios. This result suggests that these mutations
decrease the potential of the receptor to recruit beta-arrestin. Since beta-arrestin
recruitment plays role in receptor desensitization by bringing the activated receptor
into the clathrin coated-pits and hence supresses the overstimulation of the receptor
(T. Wang et al., 2004), it can be speculated that, except R38W mutation, all BFPP
mutations disrupt the correct signalling for beta-arrestin recruitment, and hence
receptor internalization and re-cycling. Thus, normal regulation of receptor
activation fails, and cellular homeostasis is disrupted. As a result, it can be speculated
that, the normal function of the receptor is prevented by these mutations during the
development. Again, our findings can be a starting point to develop a drug molecule

which can rescue the beta-arrestin recruitment of the receptor.
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Overall, we examined each mutation in a mechanistic manner by using the mutant
constructs in vitro. Our work, approaches the effect of these mutations on trafficking,
membrane localization and signaling of the receptor. Our confocal microscope
images show that, all mutations disrupt the membrane localization of the receptor
compared to wild-type. Western blot images also show that, expression of untagged
C346S mutant is decreased, and autoproteolysis of the receptor is also disrupted by
this mutation. Additionally, BRET biosensors used to investigate coupling the
mutant receptors with, Gal2 and betta-arrestin recruitment mediated by receptor
activation. Our results propose that, C346S, W349S and L640R mutations
significantly decrease the coupling potential of the receptor with Ga12. On the other
hand, all mutations cause significant decrease in beta-arrestin recruitment mediated
by receptor activation. These findings would lighten the molecular mechanisms and
biochemical properties of the disease, as well as the importance of ADGRG1/GPR56
in proper development and functioning of the brain. Moreover, our findings would

be a promising starting point for a drug development for BFPP.
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CHAPTER 5

CONCLUSION

Bilateral frontoparietal polymicrogyri (BFPP) is a monogenetic autosomal recessive
disease that has been associated with ADGRG1/GPR56 receptor. Certain mutations
in ADGRG1/GPR56 are detected in BFPP patients (Piao et al., 2002; Piao et al.,
2005). Eight missense mutations (R38W, Y88C, C91S, C346S, W349S, R565W,
L640R) were examined in this thesis. In order to investigate the effect of BFPP
mutations on trafficking ADGRG1/GPR56 receptor; the arofementioned mutations
were induced on both wild-type, and EGFP (with linker sequence, L) tagged
ADGRG1/GPR56 (ADGRG1-L-EGFP) receptors by using site-directed
mutagenesis with two primers. Plasmids carrying mutant ADGRG1-L-EGFP
receptor and mCherry tagged membrane marker protein GAP43 (GAP43-mCherry)
were used in the transient transfection of HEK293. Laser scanning confocal
microscopy results suggested that BFPP mutations affect the correct localization and
trafficking of ADGRG1/GPR56 receptor, and it was clearly seen that the membrane
localization disrupted when compared to the membrane marker GAP43. We
proposed that receptors carrying BFPP mutations were accumulated in the
endoplasmic reticulum-like vesicular structures. However, it still needs to be
examined by using organelle markers to determine whether our speculation is correct
or not. Our future studies aim at investigating the colocalization of mutant
ADGRG1/GPR56 receptors with ER and Golgi markers.

Western Blot Analysis was used to assess the expression of ADGRG1/GPR56
receptors with BFPP mutations. Anti-GPR56 antibodies, which target an epitope on
the N-terminus of the protein, were used to detect ADGRG1/GPR56 proteins.
Because the GAIN domain of ADGRG1/GPR56 was auto-proteolyzed, this antibody
only recognizes the N-terminal portion of the receptor (Arac et al., 2012). On the
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blot, all mutant proteins were resolved with the exception of Y88C and W349S. In
addition to higher oligomeric forms, proteins with the R38W, C91S, R565W, and
L640R mutations were shown to be in the right size. The presence of the C346S
mutation in the receptor's full-length size is consistent with the literature findings,
which claims that it causes autoproteolysis deficiency (Chiang et al., 2011; Jin et al.,
2007). The C-terminal portion of the receptor ADGRG1-L-EGFP was detected using
an anti-GFP antibody. Except for C91S, all mutant proteins were resolved on the
blot. While R38W and Y88C mutants were also resolved as receptor monomers and
oligomers, the C-terminal domains of the receptors containing the C346S, W349S,
R565W, and L640R mutations appear to have a tendency to exist in oligomeric
forms. These results are consistent with the previous literature work (Chiang et al.,
2011).

Gp/y and GRK-BRET biosensors were used to investigate the activation of the
ADGRG1/GPR56 receptor-Gol2 coupling (Masuho et al., 2020). These sensors
were transfected into HEK 293 cells for this purpose. Following that, the activation
was induced using the peptide agonist Stachel (P7). As a result, when compared to
the wild-type receptors, the mutant C346S, W349S, and L640R receptors had
significantly reduced net BRET ratios. According to this finding, these mutations
reduce the receptor's ability to couple with Ga12. Thus, the function of the receptor
due to coupling with Ga12 and hence RhoA and mTOR pathways is disrupted by
these three mutations.

Beta-arrestin recruitment was investigated by using beta-arrestin BRET biosensors
(Donthamsetti et al., 2015). For this purpose, HEK 293 cells were transfected with
these sensors. Again, Stachel (P7) peptide was used as the peptide agonist to induce
the receptor activation, hence beta-arrestin recruitment. As a result, all mutant
receptors, except the one carrying R38W mutation, displayed significantly reduced

net BRET ratios when compared to the wild-type. This finding implies that these
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mutations reduce the receptor's capacity to recruit beta-arrestin. Since beta-arrestin
recruitment is prevented by the mutations, desensitization of the receptor is inhibited,

and normal function and signaling of the receptor is disrupted.
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Future Studies

We have shown that, BFPP mutations decreases the cell surface expression of
ADGRG1/GPR56 protein, by comparing its colocalization with membrane marker
GAP43. We are also planning to investigate its colocalization with endoplasmic
reticulum and Golgi markers. There are different methods, which provide to
investigate the cell surface expression of a protein. One of these methods are cell
surface Enzyme-linked Immunosorbent Assay (ELISA) (Bishop & Hwang, 1992).
Alternatively, immunofluorescence flow cytometry is another tool provides
investigating the cell surface expression of a protein (Posey, 1990). We are planning
to integrate these methods to our research. We are also searching for an antibody,
which detects the C-terminal region of ADGRG1/GPR56.
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APPENDICES

A. Plasmid Maps
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Figure A.1 pcDNA 3.1 + containing human ADGRG1/GPR56.
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B. Sanger Sequencing
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Figure B.1 Sequencing result of R38W mutation on ADGRG1/GPR56. The box
shows nucleotide change (112 C > T) on cDNA of the receptor.
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Figure B.2 Sequencing result of Y88C mutation on ADGRG1/GPR56. The box
shows nucleotide change (263 A > G) on cDNA of the receptor.
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Figure B.3 Sequencing result of C91S mutation on ADGRG1/GPR56. The box
shows nucleotide change (272 G > C) on cDNA of the receptor.
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Score Expect Identities Gaps Strand
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Figure B.4 Sequencing result of C346S mutation on ADGRG1/GPR56. The box
shows nucleotide change (1036 T > A) on cDNA of the receptor.
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Shjct 121  CCCGGGGCATTGGAGCAGTGCTGGGTGTGAGACCGTCAGGAGAGARACCCAAACATCCTG 180

Query 1131 IGCA 1138

Sbict 181

Figure B.5 Sequencing result of W349S mutation on ADGRG1/GPR56. The box
shows nucleotide change (1046 G > C) on cDNA of the receptor.

Score Expect Identities Gaps Strand
351 bits(190) 4e-101 192/193(99%) /193(0%) Plus/Plus

Query 1621 AACTATGGCCCCATCATCTTGGCTGTGCATAGGACTCCAGAGGGCGTCATCTACC ([.&i. 1680

1
FELEEREREEEEER R e e e p et e el
cr1Ce

Shjct 1 AACTATGGCCCCATCATCTTOOCTGTGCATAGGACTCCAGAGGGLGTCATCTACC 60

Query 1681 ATGTGCTGGAT GACTCCCTOGTCAGCTACATCACCAACCTGOGGCCTCTTCAGLCTG 1740
Sbjct 61 ATGTGCTGOATUTREGGACTCCCTGOTCAGCTACATCACCAACCTGOGGCCTCTTCAGLCTG 120

CAACATGGCCATOCTAGCCACCATGOTOGGTGCAGATCCTGLGOLTGLGE 1869

GTT
CLELELEERERE e L e et
GTTCAACATGGCCATGCTAGCCACCATGGTGGTGCAGATCCTGLGGCTGCGC 188

Query 1741 GIGTTTICT

) I
Sbjct 121 GIGTTTCT
Query 1881 CCCCACACCCAAA

! LELLLEELLLL
Sbjct 181  CCCCACACCCAAA 193

Figure B.6 Sequencing result of R565W mutation on ADGRG1/GPR56. The box
shows nucleotide change (1693 C >T) on cDNA of the receptor.
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Score Expect Identities Gaps Strand
361 bits(195) 7e-104 197/198(99%) 0/198(0%) Plus/Plus

Query 1863 GCC?TGGGCC CTGGCACCTTCCAG! (I:

CrT
IELEETTLLtrn)
CT1G

I [LIfITI
GGCACCTTCCAG

?1c-l TA 1922
GTCdofTA 60

TC

. | | |
Shjct 1 GCCCTGGGLC 1C
Query 1923 GGTCCAT 1982

CT
(LTI
cr

Sbjct 61 GGTCCAT 120

CAGGCT 2042

C
L1111
GCCAGGCT 180

Query 1983 (:((I:GCK:CA GOCCCOGOOATGELCCCTCCCC

) CELEERETEEERE et eenennennl
Sbjct 121  GCGGCTGCAGGCCCGGGGTGGLCCCTCLCC

—-—-—n
(sl dn)
e

Query 2043 CCCCATCAGCTCGGGCAG

) [ELEERLLEELEnnen
Sbjct 181  CCCCATCAGCTCGGGCAG 198

Figure B.7 Sequencing result of L640R mutation on ADGRG1/GPR56. The box
shows nucleotide change (1919 T > G) on cDNA of the receptor.

58



C. Bacterial Cell Culture

Luria-Bertani (LB) broth

Table C.1 Luria-Bertani broth ingredients (for 1 L).

Component Amount
Tryptone 109
Yeast Extract 59
NaCl 10g

After dissolving the ingredients above, 20 g of agar is added to the mixture and
autoclaved. After that, ampicillin is added to the mixture in 1:1000 ratio under

sterile conditions.

Super Optimum Broth with catabolite repression (SOC)

Table C.2 SOC ingredients (for 1 L).

Component Amount
Tryptone 209
Yeast Extract 5¢
1M NaCl 10 mL
1M KCI 2,5mL
autoclave and add below ingredients

1M MgCl,.6H,0, 1M MgS04.7H,0 10 mL
2M glucose 10 mL
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D. Western Blot

Radioimmunoprecipitation assay (RIPA) buffer

Table D. 1 5x RIPA buffer ingredient (for 20 mL).

Component Amount
1M Tris-HCI, pH 8.0 5mL
1M NaCl 15mL
NP-40 1mL
SDS 0,1g
Sodium deoxycholate 05¢g

The buffer is sterilized by using 0.22 pum pore sized filter. Before using the buffer,

protease inhbitors are added as shown below:

Table D. 2 Protease inhibitors added RIPA buffer (for 5 mL).

Components Amount
5x RIPA 1mL
IMDTT 5uL
100 mM PMSF 25 pL
1M Na B-glycerophosphate 250 pL
cOmplete™ ULTRA Tablets, Mini, EDTA-fee, EASYpack Protease 12
Inhibitor Cocktail (Roche, Switzerland)

Laemmli (Sample) buffer

Component Amount
SDS 0,89
1M Tris-HCI, pH 6.8 2,5mL
0.1% Bromophenol blue | 0,8 mL
Glycerol 4 mL
0.5M EDTA 0.5mL
[-mercaptoethanol 2mL
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Running Buffer

Component Amount
Tris-HCI 24 g
Tris-base 560
NaCl 88 ¢

E. Tris-Buffered saline (TBS)

Component Amount
Tris-HCI 24 g
Tris-base 5640
NaCl 884
H20 800 mL

F. Tris-Buffered saline with Tween (TBST)

Component Amount
TBS 250 mL
Tween 250 pL

G. BRET Buffer

Table E.1 BRET buffer ingredients (for 1 L).

Component Amount
0.1% Glucose 1lg

1M MgCI2 500 pL
10x PBS 100 mL

The buffer is sterilized by using 0.22 um pore sized filter.

Note: All buffers are completed to indicated volumes (1L) by using MiliQ water.
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