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ABSTRACT

An expanding body of evidence on GPCR oligomerization has challenged the
classical concept that GPCRs are non-interacting or monomeric membrane receptors
(Bouvier, 2001; Ferre et al., 2014; Milligan, 2008; Pin et al., 2007; Salahpour et
al.,2000). Furthermore, numerous number of evidence that state that G-Protein-
Coupled-Receptor dimers are required for effective G protein coupling have
challenged the belief that one GPCR interacts to one G protein. Therefore, the
monomeric one GPCR: one G protein pattern cannot be generalized for all the
receptors (Maurice et al., 2011).

For the Class A family of GPCRs, there is some evidence that some family
members form dimers; however, it has been more challenging to combine the
observed oligomerization status with whether direct homomeric association of GPCRs
is required for function, given that the interactions are sometimes transient or dynamic
in nature and other times constitutive. It has been observed that these interactions
sometimes correlate with function and sometimes not. The suggested use of dopamine
D2 and adenosine A2A receptor heteromer-specific tools as an approach to treat some
diseases (Armentero et al., 2011) possibly best represents the pharmacological
advantages of further understanding GPCR dimerization and their functional
relevance. Thus, we set out to investigate GPCR dimerization and functional
relevance for the platelet GPCR, P2Y'12, in this thesis.

ADP receptors P2Y1 and P2Y 12 belong to class A GPCRS and are essential

for normal platelet function, hemostasis and thrombosis (Gachet, 2008; Lin et al.,



2013; Nakata et al., 2010). However, the role of P2Y12-P2Y 12 dimer or oligomer
status in receptor function has never been elucidated. This work assesses the ability of
the WT P2Y 12 receptors to form homo-dimers and demonstrates the ability of P2Y'12
mutants reported to occur concurrent with bleeding diatheses to exhibit a notably
changed dimerization ratio compared to the WT receptor.

P2Y12 is a crucial target of anti-platelet drugs, but the role of its
dimer/oligomerization in receptor function has not been clarified, although its in vitro
oligomeric status has been reported. In this project, I investigated the ability of P2Y 12
protomers to homodimerize using Fluorescence Correlation Spectroscopy (FCS) and
Photon Counting Histogram (PCH) analyses of confocal microscopy. Previous studies
from our lab demonstrated that P2Y12 receptors could specifically interact in a
saturable manner in a saturation Bifluorescence complementation (BiFC) assay. To
determine the importance of oligomerization to receptor physiological relevance, we
chose to evaluate the dimerization potential of two mutant variants of P2Y 12, P2Y12-
R256Q and -R265W, which were detected in a patient with a mild bleeding disorder
and was found to have compound heterozygous expression of the mutations (Cattaneo
et al.,, 2003). The platelets from the patient expressing these mutant variants had
compromised Gi function, although the platelets displayed normal ADP binding and
membrane expression (Mao et al., 2010). It is unknown how Arg256 and Arg265
affect structural integrity of the receptor and how they may influence Gi function of
the receptor. The existence of an asymmetric model in which one G-protein may
couple to two GPCRs has been hypothesized and there is evidence for this

stoichiometry for various class A GPCRs.
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Taking these models into account, we hypothesized that the mutant variants
(R256Q and R265W) might weaken the ability of P2Y 12 receptors to dimerize which
in turn could affect their ability to couple to Gi, leading to the observed functional
defect. WT P2Y12 and mutant variants R256Q and R265W did not show altered
expression or altered trafficking when observed by live cell imaging (Khan,2015).
However, in contrast to my hypothesis, both R256Q and R265W mutants displayed
significantly high molecular brightness, indicating enhanced dimerization abilities
compared to WT P2Y12.

Such a modified oligomerization profile of these receptors due to the R265W /
R256Q mutations might alter the abilities or proportion with which Gi might associate
with receptors, thus affecting the net Gi function. We have shown that the R256Q
mutant variant of P2Y12 in fact fails to activate Gi optimally. The change in
oligomerization status of this variant receptor may affect Gi activation either by
disturbing the surface interface for receptor association to G protein or by altering the
conformation which allows G protein to exchange GDP for GTP. These possibilities
will be discriminated in future work. In addition, altered internalization, recycling or
membrane stability of receptors, could be impacted by enhanced oligomerization,
hence reducing the net Gi function of the mutant variants of P2Y12. These future lines
of investigation will help us further understand the potential role of P2Y12

oligomerization in receptor structure/function and dynamics.
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Chapter 1

INTRODUCTION

1.1 G- Protein Coupled Receptors (GPCRs)

G-Protein-Coupled Receptors are the most diverse group of membrane
receptors in eukaryotic cells. GPCR families bind to a vast and varied array of ligands
which include photons, lipids, inorganic ions, nucleotides, neurotransmitters, peptides,
proteases, hormones and pheromones(Rozenfeld and Devi 2011b). GPCRs exist at the
interface of a cell’s external and internal environments and play a crucial role in
human physiology, perception, homeostasis and when dysregulated, disease. GPCRs
are the biggest family of receptors, consisting of about 800 receptors in the human
genome. Approximately 30-40% of current medical drugs target GPCRs (Zhang K. et
al. 2014b), thus signifying their indispensable role in human physiology, health and
disease. Many GPCRs act as basic receptors for sensory functions like sight and smell
and hence are not prime therapeutic targets; however, about 300 GPCRs are potential
candidates for drug discovery initiatives. About 200 of these have known natural
ligands. Among the diverse cellular processes regulated by GPCRs are cell
differentiation and proliferation, leukocyte migration in response to inflammation,
neurotransmission (muscarinic acetylcholine, dopamine, and adrenergic receptors),
vision (rhodopsins), and hormonal response (thyroid-stimulating hormone receptor;
(Zhang K. et al. 2014b).

All GPCRs have a common motif of seven-transmembrane domains comprised

of 7 alpha helices. Each of the 7 helices is made up primarily of hydrophobic amino



acids (around 25-30) that cross the cell membrane and are joined by six loops (three
intracellular and extracellular). Therefore, GPCRs may also be referred to as Seven
transmembrane (TM) receptors. Given that GPCRs bind a vast array of ligands and
exist at the cell membrane, they serve as an important interface between the
extracellular and intracellular environments (Ferre et al. 2014b). Thus, these receptors
deliver information sent from other cells or environmental stimuli.

Many drugs, including some antibody-based drugs, function by binding to
specific GPCRs and inhibiting or initiating their intracellular actions-therefore GPCRs
have been and remain an important subject of basic research and therapeutic
intervention. Pharmaceutical companies desire to develop new drugs that can more
specifically and potently bind to these receptors. Understanding binding of receptors
to ligands (agonists and antagonists), the arrangement of the receptors in the
membrane, and their regulatory control after agonist binding are crucial properties for
the development, optimization, and indications for new medicines (Waldhoer et al.
2005). To completely understand the arrangement and regulatory control of GPCRs,
fluorescent ligands are used to study the regulation and role of receptors in live cell
systems.

GPCRs were originally classified based on sequence homology into six
categories (Waldhoer et al. 2005). These categories were as follows: Class A that are
rhodopsin-like proteins, Class B (or secretin receptors), Class C or glutamate
receptors, Class D (fungal mating receptors), Class E (cAMP receptors) and Class F
(frizzled/smoothened). Classes D and E of these aren't found in vertebrates. An
alternative classification, "GRAFS”, divides vertebrate GPCRs into five categories,

overlapping with the A-F nomenclature: Glutamate family, Rhodopsin family (class



A), Adhesion family, Frizzled family and Secretin family (Sommer, Hofmann, and
Heck 2012).

Agonist-activated GPCRs can induce distinctive signaling pathways to modify
cellular functions because of their ability to specifically interact with functionally
diverse heterotrimeric guanine nucleotide-binding proteins (G proteins). The
versatility and rapid activation kinetics of the G protein-mediated signaling system
might explain why it is the principal mediator of early-stage platelet activation during
thrombosis and hemostasis, which requires the coordinated and rapid action of
diffusible mediators to activate platelets and to recruit them to the growing thrombus

(Waldhoer et al. 2005).

1.2 G Proteins: Types and Mechanism of Function

G-Proteins are specialized proteins that bind the nucleotides guanosine
triphosphate (GTP) and guanosine diphosphate (GDP). Some G Proteins, such as the
signaling proteins Ras, are small proteins with a single subunit. GPCRs couple to
heterotrimeric G proteins, made up o, B, and Y subunits, on the intracellular
membrane through their intracellular loops 3 and 2 (Dupré, Hébert, and Jockers 2012).
After binding with ligands, the G protein is activated by the GPCR as a result of
exchanging Guanosine diphosphate for Guano triphosphate on the alpha subunit. This
leads to the dissociation of alpha subunit from both the receptor as well as from the BY°
subunits; these in turn trigger downstream effector signaling (Figure 1). Depend on the
classification of the Ga subunit; there are four main kinds of G proteins, Gs, Gi, Gq,

and G12/13.
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Figure 1:  Mechanism of GPCRs signaling. When GPCRs bind to their agonists, G-
proteins are activated. The Ga subunit is released from the Y subunits to
activate different downstream pathways through a variety of second
messengers (Masuho, n.d.) Retrieved from http://ikuo-
masuho.squarespace.com/projects.

Goas proteins stimulate adenylyl cyclase, which produces cyclic adenosine
monophosphate (cCAMP) from adenosine triphosphate (ATP). Gai hinders the function
of Gs by inactivating adenylyl cyclase. Gq activates phospholipase C, which cleaves
the phospholipid Phosphatidyl inositol bisphosphate (PIP2) to produce Di-Acyl
Glycerol (DAG) and Inositol 1, 4, -5 triphosphate (IP3). Subsequently, IP3 binds to its
receptors on the ER, which allows opening of calcium channels and release of stored
calcium into the cytoplasm. DAG, along with high intracellular calcium
concentrations, activates protein kinase C, with many consequences for cellular

function. The final class of G protein is the Gal2/13 family, which activate Rho



kinases to contribute to cytoskeletal rearrangements and frequently cell motility
processes.

GPCR signals are terminated by receptor desensitization and internalization
(Dupré, Hébert, and Jockers 2012). Once activated, the C-terminal cytoplasmic tail is
subject to GRK-mediated phosphorylation that allows the recruitment of arrestins to
GPCRs (Figure 2). Mammals express two types of arrestins, which include the visual
(arrestin 1 and 4) and non-visual arrestins (arrestin-2 and 3). In all mammalian cells, at
least one form of non- visual arrestin is expressed (Nisar et al. 2012).

Recent studies have shown that arrestins can act as scaffolding molecules for
GPCRs by recruiting other mediators to the receptor-arrestin complexes. Some of
these proteins include clathrin, mdm?2, adaptin, and of particular relevance to the
present study, SRC family kinases (SFK), which may then elicit further G-protein-
independent signaling events(Li et al. 2010b). GRK phosphorylation undoubtedly
prepares the triggered receptor for Arrestin recruitment. Thus, arrestins prevent
additional G Protein-mediated signaling, target receptors for internalization and

transmit additional signals to potential G-protein-independent pathways.
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Figure 2: GPCRs mediate signals via G proteins and Arrestins. Upon ligand binding
GPCRs trigger G proteins, that releases G-alpha and BY from the receptor
and from each other to trigger downstream ancillary mediators. Following
G protein activation, C-terminus of GPCRs is phosphorylated by GPCR
Kinases. Then, B- Arrestins are added to the phosphorylated C-terminal
tail of GPCRs. Illustration obtained from (GPCR Signalling Project - The
Sejer Research Group).

1.3 Platelets in Hemostasis and Thrombosis

Platelets are anuclear blood cells created by the release of proplatelets into the
circulation. Their major function is to prevent blood loss (haemostasis) during an
event of vascular injury (G. 1962). Thrombosis is the pathophysiological result of
dysregulated platelet activation, and it takes place at sites of arterial wall disease, local
inflammation, or atherosclerotic plaque buildup (Schulze and Italiano 2016). This
causes the formation of platelet plugs (thrombi) that may block blood vessels, causing
heart attacks and strokes.

Platelet activation is a multistep process reached through associated and/or
constant stimulation of a group of receptors held on the platelet membranes

(Offermanns 2006). A blood vessel damage exposes the extracellular matrix (ECM)



proteins like Collagen and Von Willebrand Factor (VWF) located below the
endothelial cell layer (Colman, p. 43). These proteins are recognized or associated
with their receptors on platelet membranes, GP1b/V/IX, GPVI and integrin a2f1,
respectively. Platelets bind to vWF and collagen via cascades result in platelet
spreading and secretion of dense granules. Platelet dense granules hold small
molecules like ATP, ADP, and SHT that activate platelet GPCRs and help the
circulating platelets to recruit at the site of injury. Platelet GPCRs activation leads to
platelet shape change and activation of integrin. Activated integrin allbB3 binds
divalent fibrin molecules thus enabling platelets to create an aggregate or platelet plug

at the site of injury.

1.4 The Role of GPCRs in Platelet Activation

Creation of a stable platelet fibrin clot and maximal platelet activation in
homeostasis requires the stimulation of platelet GPCRs. These include purinergic
(ADP) receptors like P2Y1 and P2Y12, Thromboxane A2 (TxA2 receptor TPa and
TPp), and thrombin receptors. Although these were historically thought to exist as
separate monomeric molecules, current studies suggest that each one of these
receptors may form dimeric or multimeric complexes in the platelet membrane. In this
study, I will define the known function of ADP receptors and I will describe our
rationale for concentrating on understanding their homodimeric interactions.

Platelets flow in the blood and attach to sites of vascular damage to the vessel
wall resulting in the growth of platelet plugs that are required for crucial hemostasis.
Platelets become activated is by their communication with soluble molecules like
collagens and von Willebrand factors at the sub-endothelial surface, leading to the

recruitment of other platelets through diffusible mediators. These adhesive molecules



involve Serotonin, Thromboxane A2, and adenosine diphosphate (ADP) that are
released from the triggered platelets together with thrombin formed on the surface of
stimulated platelets (Schulze, 2016). The platelet inducements are usually transduced
through GPCRs. In comparison to ADP, Thrombin, and Serotonin, Prostaglandin 12
hinders platelet activation.

Concomitant activation of Go-13 by protease activated receptors like PAR1
and PAR4 activates small GTPases like RhoA. ROCK kinases, on the other hand,
phosphorylate LIMK 1 and LIMK2, that then phosphorylate Cofilin, then restructuring
of the actin cytoskeleton takes place. Cytoskeleton rearrangement leads to an
alteration in platelet structure that is essential for appropriate platelet aggregate
formation (Arachiche et al.,2013).

Goagq is activated by adenosine diphosphate (ADP) through P2Y1, Serotonin
through HTR2A, Thromboxane A2 via TBXA2R, and Thrombin through PAR1 and
PAR4. After the activation of PLC-beta2 and PLC-beta3 by G-protein alpha —q, 1,2,
Diacylglycerol and IP3 are produced (Schulze, 2016). The release of calcium ions and
stimulation of PKC —alpha which is a protein kinase C follows. PKC-alpha plays a
major role in regulating platelet aggregation. This is accomplished by facilitating the
subsequent secretion of soluble agonists which include Serotonin and ADP among
others from the dense granules, thus triggering platelets stimulation and activation of
integrins.

Alpha-IIb/beta-3 integrin is a protein complex made up of ITGA2B and ITGB3
subunits and is known to be the major thrombocyte integrin that is essential for

binding and accumulation of platelets, therefore, allows for the interconnecting of



platelets with proteins like fibrinogen; hence it is essential in the blood clotting

process.

1.5 The Purinergic Receptors of Platelets

Currently, there are 8 known members in the P2Y group of metabotropic
purinergic receptors, these include the P2Y1, 2, 4, 6, 11, 12, 13, and 14. On the basis
of evolutionary and structural relationships and functional information about the class
of G proteins to which they bind, they are classified into two major subgroups. P2Y1,
2,4, 6 and 11 mainly join to the Gq family of G proteins, as a consequence activating
the PLCPB/IP3 pathways, this leads to an increase in the concentration of cytosolic
calcium. P2Y12, 13, and 14 on the other hand, couple to Gi/o G proteins, which in
turn hinder adenylyl cyclase. Nucleotides such as ADP, ATP, UDP, UTP and UDP-
glucose stimulate these receptors. Platelets of humans express two groups of the P2Y
family: P2Y1 and P2Y12. They are essential for maximum integrin activation and for
stable platelet aggregates (Jin and Kunapuli, 1998; Dorsam and Kunapuli 2004;
Kahner et al. 2006).

P2Y1 and P2Y12 are activated by ADP, which is secreted from platelet dense
granules at the sites of injury and from the nearby broken endothelial cells in vivo.
P2Y12 couples to Gi family members, the alpha subunit of which inhibits adenylyl
cyclase to control production of cAMP, consequently counter-balancing the influence
of natural platelet suppressive agonists, such as Prostacyclin, which help in the
production of cAMP in inactive platelets. The main pathways leading to permanent
platelet aggregation are started by the BY subunits of the Gi family members of G
proteins. The BY subunits activate PI3K/AKT pathways, hence promoting stable

allbB3 integrin stimulation. On the other hand, P2Y'1 binds to Gq and stimulates the



IP3/DAG signaling pathway to mobilize calcium from the dense tubular system
calcium stocks of platelets. The increased concentrations of calcium, together with
intensification of signaling due to DAG- and PKC-dependent condensed granule
secretion, activates allbPB3 integrin through CalDAGGEF-1, mediating alterable
platelet accumulation (Seifert, p. 141). Fascinatingly, magnification of signaling
through P2Y1 activation is vital for optimum thrombin and collagen-mediated
reactions in mouse. Both P2Y1 and P2Y12 are essential for maximum integrin
initiation and  formation of stable permanent platelet aggregates, as evaluation of
bleeding times in knock-out mouse models have shown that P2Y12 knockout mice
have a severe persistent bleeding time when compared to the wild type mice
(Cattaneo, 2015; Foster et al., 2001; Leon et al., 1999). On the other hand, P2Y'1 mice
have a slighter bleeding syndrome. This happens because, in contrast to the P2Y1,
P2Y12 performs two roles: an initiating role via Y, and an inhibiting function of Gi
on the production of cAMP, thus contrasting the tonic inhibitory role of the
endogenously antiplatelet mediators, like prostacyclin. Furthermore, P2Y 12 is found
in large numbers on platelets, having around 400 sites of binding per platelet
(Ohlmann et al., 2013) in comparison to the P2Y 1 which has around 150 binding sites
per platelet (Ohlmann et al., 2010;Kauffenstein et al. 2001). Therefore, P2Y12 is a
chief target for production of anti-platelet drugs (Schulze et al., 2016).

P2Y12 is highly expressed in platelets, frontal cortex, fetal brain, cerebral
cortex, spinal cord, and retina. It also plays a role in the activation and migration of
microglial cells, activation of dendritic cells and in nociception (Erb and Weisman
2012). P2Y12 is an essential target for drugs for instance, Thienopyridine molecules

have been widely used in the prevention of thrombosis in human since the 1980’s;
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nevertheless, the molecular target of these molecules was only recognized as the ADP
receptor P2Y12 in 2001(Tapon-Bretaudiere 2003). The critical role of P2Y12 in
thrombosis was established by the identification of P2Y12 as the receptor for known
anti-thrombotic compounds, along with knock-out of the receptor in mice (Hollopeter
et al. 2001). Currently, the combination of Aspirin and Clopidogrel, an irreversible
antagonist, is the most widely prescribed antiplatelet drug therapy.

One-third of the population treated with Clopidogrel is resistant to the effects
of the drug although it is the drug of choice for most cases of bleeding disorders.
Around 0.1% of patients treated with Ticagrelor, which is an orally-active P2Y12
antagonist, experienced intracranial-bleeding in the PLATO trial (Wallentin et al.,
2009). Therefore, development of numerous allosteric modulators and reversible
antagonists continues, aiming to reduce the bleeding risk of antiplatelet therapies
while limiting thrombotic events. Knowing the homo/heterophilic interactions of
P2Y12, their regulation of receptor function and platelet activation will help to
identify novel potential drug targets that could help in minimizing thrombotic events
while maintaining the haemostatic risk associated with it.

In this work, I have characterized the interactions of P2Y 12 and analyzed the
oligomeric potential of P2Y12 mutants to acquire an insight into the function of

P2Y 12 oligomerization in receptor function.

1.6 GPCR Oligomerization: Current View on GPCR Status and
Stoichiometries

Traditionally, the functional units of GPCRs were believed to be monomeric
receptors coupled to single G proteins. Nevertheless, evidence from as early as 1985

using radio-ligand joining and cross-linking experimentations have shown that GPCRs
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may exist and carry out their functions as larger molecules rather than single entities
(Salahpour, Angers, and Bouvier 2000). Over the last two decades, the belief that
GPCRs are monomeric non-interacting classes has slowly changed. The use of
biochemical and biophysical methods has confirmed that GPCRs can occur and play
their role as constitutive dimers or create more active oligomers or homo- or
heteromeric dimers to create new pharmacologically manageable diverse receptor
pairs (Qanbar and Bouvier 2003; Ferre et al. 2014a). The best and most studied
obligate GPCR dimers are the class C GPCRs. For instance, the mGluR1 dimers and
Glutamate receptor mGluRS dimers are joined by covalent bonds. In B receptors for
instance the Y-aminobutyric acid (GABA) are connected by coiled-coiled interfaces of
c-end polypeptides of one protomer, are transferred to the cell membrane and are
necessary for the functioning of the receptor (Bonde, Sheikh, and Hansen 2006). The
oligomeric state of the receptors members of class A of the GPCR family has not been
identified so far because the GPCR interactions for this family has been observed to
change quickly. Applying different methods such as Atomic force microscopy of
mouse optic discs, Rhodopsin has been revealed to be in a dimeric
configuration(Fotiadis et al. 2003; Jastrzebska et al. 2013b). Biophysical techniques
with single molecule sensitivity like Fluorescence Correlation Spectroscopy (FCS) and
Photon Counting Histograms (PCH) can determine the oligomer size of freely
diffusing fluorescently tagged GPCRs on the cell membrane. Some members from the
class A GPCRs family, for instance, biogenic amine, muscarinic (M1 and M2) and
Dopamine (D1), adrenergic (B2-AR, alb-AR) receptors have been revealed to exist as
homogeneous populations of constitutive homodimers applying such techniques

(Giraldo, 2013). Oligomer organization of probed muscarinic M-2 and M-3
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acetylcholine receptor has been shown to form homodimers and exist in a dynamic
equilibrium of homodimers by multiple studies utilizing Total Internal Reflection
Fluorescence Microscopy (TIRFM) and FRET spectrometry (Fotiadis et al. 2003;
Jastrzebska et al. 2013b).

1.7 GPCR Oligomerization Boundaries

The transmembrane helices (TM), of GPCRs have been proven to make up the
dimerization interfaces of homo and heteromeric GPCR interactions using several
methods, such as interpretations made from high resolution crystallized structures,
computational molecular models in lipid and water environments and cysteine cross-
linking. The trans-membrane  helix 6 was suggested to participate in the
homodimerization of leukotriene receptor BLT1, as well as f2-adrenoreceptor using
interfering synthetic TM mimetic peptides for TM6 (Hebert et al. 1996; Pellissier et al.
2011). TMS is also involved in homodimerization of Serotonin, 5S-HT2C dopamine D2
and muscarinic M3 receptor. (Ferre et al., 2014). Clarifications made from crystallized
dimeric configurations of CXCR4 and p-opioid receptors suggested that the dimer

interface of these receptors is made by TMS5 and TM6 (Manglik et al. 2012).

1.8 Controversy on P2Y12 Oligomerization

P2Y12 is reported to exist as oligomers in platelet lipid rafts, characterized
predominantly by covalently bounds, slowly migrating bands of higher molecular
weight than that predicted for monomeric forms on immunoblots, although this has
never been detected in intact cells. The structure of P2Y 12 receptors displays TMS to
be at the interface of two parallel P2Y 12 molecules from adjacent units, potentially

implicating its role in P2Y12 homomeric interactions (P. Zhang et al. 2016). To
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generally determine the existence of GPCRs in cell membranes as dimers and whether
their interactions are stable, transient, or change upon agonist stimulation, techniques
such as Fluorescence energy transfer or single molecule imaging methods are now
available. Currently, P2Y12 is a critical drug target of the antiplatelet therapies.
Particular mutations of P2Y 12 are related with slight to severe blood loss phenotypes
due to a single amino acid mutations that have impacts on the functioning of the
receptor or loss of P2Y12 expression, the purpose of my thesis research was to
evaluate the oligomerization properties of P2Y 12 using FCS and PCH techniques. In
addition, there are several P2Y 12 mutant modifications that have been described to
cause slight bleeding illnesses in human beings, yet the fundamental molecular
deficiencies in these variant forms of P2Y12 is not well understood. In this study,
therefore, 1 seek to understand whether two of the described variants might have
altered oligomerization features, may explain the deficiencies in signaling and platelet
accumulation to some extent. I have considered and compared their oligomerization

potential to that of wild type P2Y12.

1.9 GPCR G Protein Association and Stoichiometry

Questions regarding the stoichiometry of G protein pairing to a GPCR have
arisen since GPCRs have been proposed to dimerize. To reconcile the prior model of
one G protein binding to one GPCR, it has now been proposed that two G proteins
bind per GPCR dimer. Nevertheless, several research studies propose the
asymmetrical stoichiometry of 2:1 between GPCR and G proteins. One example of
this is shown for the Class C GPCRS that exist as obligate dimers. In addition,
Rhodopsin, a prototypical class A GPCR, has been thoroughly investigated for its

stoichiometry of binding with G protein transducin (Gt). Rhodopsin’s crystal
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structures suggest an arrangement of the receptor dimer associated with one transducin
molecule (Giraldo, 2013). Additional computational docking and molecular modeling
analyses of Rhodopsin and its G protein transducin (Gt) suggest that the G protein
surface is much larger than the cytoplasmic face of the receptor, thus providing a
requirement of Rhodopsin dimerization to accommodate one transducing molecule

(Seifert and Wieland 2005).

1.10 Applications to Discover GPCRs Dimerization

To understand and evaluate the regulatory interactions between hormones,
pharmacological ligands, and other mediators of GPCR signaling and kinetics, it is
important to consider whether the dimerization and oligomerization of GPCRs could
affect their activity, trans-activation, localization or down-regulation. Different
structural, biochemical and biophysical methods may be employed to obtain
information about the dimerization and oligomerization of the receptors and their
significance. Despite years of diverse approaches to understand these questions, there
remains deep controversy over the extent and functional relevance of receptor
oligomerization. Among the techniques employed to resolve these arguments
biochemical methods which include co-immunoprecipitation, photo bleaching FRET,
time-resolved FRET, BRET and additional structural studies (Giraldo et al., 2013).

Structural studies of the rhodopsin GPCRs using atomic force microscopy
show evidence that many receptors are made up dimers. The studies were carried out
on the membranes of murine rod outer segments. The results showed a complex
arrangement of rhodopsin molecules. These results have been confirmed in different
organisms; for instance, in mice, it has also been shown that rhodopsin can arrange

itself in dimeric configurations (Jastrzebska et al. 2013a). Use of bimolecular
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fluorescence complementation is another method useful to demonstrate direct
interactions between proteins of living cells of organisms (Giraldo and Ciruela 2013).
The method is founded on the reconstruction of a fluorescent protein molecule after
the re- association its non-fluorescent fragments. For instance, if YFP is fragmented
into C-terminal and N-terminal fragments, neither of the two fragments demonstrates
fluorescence on its own, but fluorescence is achieved if the fragments are brought
close enough to reassemble. Some advantages of this method are their high sensitivity
and that specialized imaging apparati are not required, because the interactions can be
easily sensed using a simple fluorescence microscope.

BRET, is also a technique that is widely used to detect dimerization and
oligomerization in GPCRs, in which a luminescent substrate is used to excite an
acceptor, (eYFP) to emit at a unique wavelength when they are within sufficient
proximity. BRET has several advantages, one of which is that from the use of
luminescence to excite the fluorophore causes less auto-bleaching than some other
methods (Devi, p. 168). The main limitation of this method is as a result of the low
amount of fluorescent light that is emitted, which can be insufficient to detect some
GPCR associations.

FRET is another method that can also be used to detect oligomerization in
GPCRs when ligands are conjugated to fluorophores. This method can also be used
together with the fluorescence lifetime imaging (FLIM) method which measures the
average time taken by an excited molecule to return to its ground state. Co-
immunoprecipitation, is a biochemical method that is commonly used to discover
oligomerization in GPCRs. The method is usually completed using dissimilar

molecules tagged with epitopes articulated in collective systems. In this method, cells
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transfected with both tagged receptors are lysed and a receptor is precipitated using
one antibody and detected via immunoblotting with antibody to the second, candidate
associated receptor. Despite being a common method used in the detection of GPCR
oligomers, it has some limitations which are mainly associated with the lysis and
solubilization processes. Firstly, the method is not appropriate for the study of cellular
interactions in live cells, because it requires solubilization. Secondly, because of the
lipophilic nature of all the TM domains of GPCRs, artifactual oligomers are
potentially formed. It can be challenging to select an appropriate concentration of
detergents, which prevents unnatural aggregation that happens during the
solubilization procedure, but also is not in excess, such that naturally occurring
interactions may be disrupted. In addition, receptors are frequently not naturally
expressed at high enough levels to detect these interactions using this method

(Herrick-Davis and Mazurkiewicz 2013).

1.11 Fluorescence Correlation Spectroscopy and Photon Counting Histograms
Fluorescence correlation spectroscopy (FCS) / photon counting histogram
(PCH) analysis performed using confocal microscopes are techniques with single
molecule sensitivity and are valued for their use in live cells. FCS can be used for
studying biophysical characteristics of protein complexes, for instance, determining
the oligomeric size and diffusion coefficients (Herrick-Davis et al. 2012; Herrick-
Davis and Mazurkiewicz 2013). FCS measures the fluctuations fluorescent molecules
as they move into and out of the laser-illuminated observation volume. A PCH then
uses the recorded FCS data to determine the average molecular brightness of the

sample (Herrick-Davis et al. 2012; Herrick-Davis and Mazurkiewicz 2013).
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FCS was introduced over 40 years ago by Magde, Elson, and Webb (1972)
when they wanted to investigate chemical reaction kinetics of the association of
ethidium bromide with DNA in solution (Briddon and Hill 2007; Haustein and
Schwille 2007; Herrick-Davis and Mazurkiewicz 2013). After that, studies discovered
that not only could FCS measure diffusion coefficients but also aggregation, rotational
dynamics, and chemical rate constants (reviewed by Hess et al. 2002). In the 1990s,
FCS was paired with confocal microscopy to afford a sensitive method to monitor
protein dynamics in living cells (Briddon and Hill 2007; Haustein and Schwille 2007;
Herrick-Davis and Mazurkiewicz 2013). FCS has some crucial advantages compared
to other techniques used to study these interactions. It provides real-time information
and requires very low amounts of proteins to obtain both temporal and spatial
resolution of protein properties at physiological expression levels (Briddon and Hill
2007; Herrick-Davis et al. 2012; Herrick-Davis and Mazurkiewicz 2013).

FCS experiments are conducted using a small detection volume formed by
focusing a laser beam to a diffraction-limited spot (~0.3um) utilizing an objective lens
with a high numerical aperture (Figure 3). A detection volume is created by
positioning a pinhole in the confocal plane (reviewed by Briddon and Hill 2007;

Herrick-Davis et al. 2012; Herrick-Davis and Mazurkiewicz 2013).
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Figure 3:

Schematic principle of the FCS method: A high numerical aperture
objective and the laser are utilized to create a small detection volume.
Fluorescent molecules are excited by the laser as they pass through the
detection volume. The objective lens captures the emitted fluorescence
which is focused through a pinhole onto a photon detector passes through
dichroic mirrors and selected emission filters. The detector records the
fluctuations in fluorescence over time. The spontaneous fluctuations in
fluorescence emission of the molecules in thermodynamic equilibrium can
be used to detect whether molecules are specifically interacting (reviewed
by Haustein and Schwille 2007). So, when fluorescent molecules pass
through this volume they are excited, and the emitted photons are
recorded in real time by a photon counting detector.

Autocorrelation analysis of the fluorescence signal describes the fluctuations as

a function of diffusion time and particle number (Herrick-Davis et al. 2012; Herrick-

Davis and Mazurkiewicz 2013). It resembles the fluctuation size (81) from the average

intensity (<I>) at time (t) with a following fluctuation at a time t + t (reviewed by

Hess et al. 2002; reviewed by Briddon and Hill 2007; reviewed by Haustein and

Schwille 2007; Herrick-Davis and Mazurkiewicz 2013). The autocorrelation function,

G(7), results from using a range of values for 1. It can yield information on the average
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dwell time (tD) and the number of molecules (N) of the fluorescent particles in the
volume during measurements (Figure 4)(Hess et al. 2002; Briddon and Hill 2007;
Haustein and Schwille 2007; K. Herrick-Davis et al. 2013). Moreover, the diffusion
coefficient of the species can be calculated with information of the size of the

detection volume; however, that was not completed as part of this project.
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Figure 4: An example of an autocorrelation curve for a single FCS experiment. (A)

The variations in fluorescent intensities are shown as they are recorded in
real time by the photon detector. Frequently, five to ten consecutive 10-
second observation intervals are taken through each FCS recording.
Usually, some photobleaching can occur in the first 10-second interval
and hence, may not be included in the data. (B) Autocorrelation analysis
of the fluorescence intensity trace. The dwell time (tD) can be calculated
from the midpoint of an autocorrelation curve, as drawn on the graph. The
inverse relationship between the autocorrelation function at time zero
[G(0)] and the number of diffusing particles (N) is not shown here. The
image adopted from Briddon and Hill, 2007.
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Analysis of the amplitude of the fluctuations in fluorescence intensity can be
utilized to create a photon counting histogram (PCH) and estimate the molecular
brightness of a fluorescent species (Herrick-Davis et al. 2012). Molecular brightness is
a term used to describe the number of photon counts per molecule (Herrick-Davis et
al. 2012; Herrick-Davis and Mazurkiewicz 2013). The molecular brightness of a
protein oligomer can be used to determine the oligomeric size of that complex because
it is directly proportional to the number of fluorescent molecules present in the
complex (Herrick-Davis et al. 2012; Katharine Herrick-Davis and Mazurkiewicz
2013). Hence, its application to the study of potential oligomers formed by the GPCRs
in vivo provided us a novel method for us to detect the forms of P2Y 12 occurring in

whole cells in real time.
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Chapter 2

MATERIALS AND METHODS

2.1 Cell Culture and Transfection

2.1.1 Plasmid Constructs and Cell Culture

Our lab performed site-directed mutagenesis on P2Y12mEGFP to generate
R256Q and R265W mutant variants fused to mEGFP. For R256Q mutants of P2Y12:
the cds of P2Y12 was mutagenized from CGA at 766-768 to CAA. For R265W
mutants of P2Y12: the cds of P2Y 12 was altered at base pairs 793-795 from CGG to
TGG.

2.2 Controls and Reference Standards for Molecular Brightness:

CD86 coding-plasmids were tagged with either mEGFP or tandem mEGFP-
mEGFP (Herrick-Davis et al. 2013) were gifted from (Prof. Graeme Milligan -
Unversity of Glasgow). CD86-mEGFP was used as a monomeric receptor control and
CD86-mEGFP- mEGFP was used as a dimeric control to determine the increase in
molecular brightness. All plasmids described in this part were verified by Sanger
sequencing (Genewiz). To eliminate self-aggregation of GFP (Zacharias et al. 2002),

all GFP constructs contained an A206K mutation.
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2.3 Fluorescent Correlation Spectroscopy (FCS)

2.3.1 Cells Preparation for FCS:

Dulbecco’s Modified Eagle Medium (Cellgro 10-013 CV) (containing 10%
fetal calf serum and 1% penicillin/streptomycin (Hy Clone SV300010) at 37°C and
5% CO2) was used to maintain Human Embryonic kidney (HEK)293T cells. Cells
were then grown in a cell media of DMEM (Cellgro 10-013 CV)) that is made up of
5% carbon dioxide, 10% fetal bovine serum (FBS — Gemini) and 1% Penicillin-
Streptomycin ((Hy Clone SV300010 at 37°C and 5% CO2). Laminin(25ug/ml) coated
4well Nunc chambers (1.5mm cover glass bottom) were used to plate 15000 cells per
well at 37c overnight. The following day, cells were transfected with 50ng of each
plasmid constructs (CD86-EmGFP, CD86-mEGFP-mEGFP, P2Y12-mEGFP,
P2Y12R265W-mEGFP, and P2Y12R256Q-mEGFP), TransIT293 transfection reagent
(Mirus BioLLC) in a 1:3 ratio of DNA: transfection reagent. pcDNA 3.0 empty vector
was used to keep the total DNA amount in the transfection mixture to 50ng. The
transfection complexes were prepared in 250ul OptiMEM and incubated for 30
minutes. 50ul of this transfection complex was added per well. Before imaging or
loading the wells onto the microscope, the cell media (DMEM/10 %FBS) was

replaced with 1x live cell imaging media (Life Technologies).

2.3.2 Imaging Settings

A Zeiss LSM-880 Confocal microscope equipped with a gallium arsenide
phosphide photon detector at the Delaware Biotechnology Institute Bio-imaging
Centre (Newark, DE) was used to take FCS measurements. The system was switched
on and then warmed up for at least an hour before imaging. To observe the extent of

excitation of the mEGFP-tagged proteins, the argon laser line was used as one photon
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excitation source, using a 40X 1.2NA C- Apochromat water immersion objective with
collar adjustment at 0.17, the main beam splitter of 458/514, laser intensity of 0.2%;
Pinhole of 1 airy unit was used. A correlator bin time of 0.20us was used with a data
acquisition time of 10s for five consecutive replications per cell. With an intensity of
0.2%, the 488-nm laser excited the mEGFP-tagged proteins as they moved through the
observation volume. The emitted fluorescence was then captured by the objective
lenses, passed through a beam splitter and it was focused onto the photon detector
utilizing a pinhole of 1 Airy unit (32 pm). Analysis of the recordings was made using

the Zeiss Zen 2.1 (black) software.

2.3.3 System Alignment

To align the system, a calibration dye rhodamine 123 (1.6 nM dilution) was
prepared and positioned in LabTekIl Chambered 1.5 German Coverglass System
wells. With a microscope fixated in the 1.6 nM rhodamine solution, the X and Y
planes changes were made by adjusting the microscope’s pinhole. Rotational FCS
recording on almost five of each cell that were transfected with the control plasmids
(containing clones CD86-mEGFP and CD86-mEGFP-mEGFP) and those transfected
with the investigational plasmids (P2Y12-R265W and P2Y12-R256Q) fused with
GFP, was made after the alignment and calibration of the instruments. Selection of
cells with an average plasma membrane photon count rate ranging from 50 to 200 kHz
was made. Regions on the membranes having filopodia were not considered. Some
photobleaching was observed in most of the first of five 10-second intervals even with
a low laser intensity of 0.2%. It is crucial to use the lowest laser power possible, while
still maintaining a good signal to noise ratio since higher laser powers can result in

photobleaching of the fluorescent probe.
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2.3.4 Data Representation and Statistics

Raw data were imported in Graph pad prism 6 for graphical representation. Bar
graphs are represented as mean = SEM and were analyzed by unpaired t-tests and
Welch’s correction to account for unequal standard deviations. (*=p<0.05, **=p<0.01,

***=p<(.001, ****=p<0.0001).

2.4 GloSensor™ cAMP Assay

To measure the levels of cAMP, I used GloSensor cAMP assay from Promega
that gives a straightforward strategy to track GPCR action through a shift in the
intracellular cAMP concentration. It is a dynamic assay that is made up of luciferase
merged with a cAMP binding domain; the system allows instant detection of an
agonist effect that is forskolin-free. This assay employs a mutant form of Photinus
pyralis luciferase into which a cAMP-binding protein moiety was inserted (Figure 5)
Upon binding of cAMP, a conformational change is triggered resulting in increased
light output that allows assessing the activity of ligands at the receptor under study.
After pre-equilibration using a substrate, cells stably expressing a biosensor variant
can be used to assess GPCR function that enables easy kinetic measurements of cAMP

accumulation or turnover in living cells.

26



a Firefly luciferase b
. !l/o/ﬂ Ty
> A
BN
Rabc
0
Engineer new J
N- and C-termini N T
Fuse cAMP binding
dorial s

Figure 5:  Summary of the GloSensor cAMPassay. A- a representation of the
biosensor used in the GloSensor cAMP assay. B- Conformational change
upon binding to cAMP that generates an increase of light output. Adapted
from Promega (Kumar et al. 2017).

2.4.1 Cell Culture Preparation

HEK293 cells were grown in Dulbecco’s modified Eagle medium (DMEM)
supplemented with 10% fetal bovine serum (FBS), and transferred to tissue culture-
treated, flat white, 96-well assay plates Immediately after transfection, described

below.

2.4.2 Transiet Transfection and Cell Culture
pGloSensor-20F cAMP and/or pGloSensor-22F cAMP plasmids (Promega),
TranIT transfection reagent (Mirus BioLLC), Opti-MEM® I reduced-serum medium

(Invitrogen).
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2.4.3 Pre-equilibration Requirements

GloSensor cAMP Reagent (Promega), GloSensor cAMP Reagent Stock
Solution: suspend GloSensor cAMP Reagent in 10 mm HEPES, pH 7.5 (25 mg/817
ml; 250 mg/8.17 ml.

2.44 Equilibration Medium
Medium independent of CO2 (Invitrogen) added with 10% FBS and

comprising 2% v/v GloSensor cAMP Reagent Stock Solution.

2.4.5 Compound Addition and Luminescent Measurements

Forskolin: 10 uM with ADP 10 uM and Plate reader GloMax plate reader).
Human embryonic kidney (HEK293) T cells were grown adherently in DMEM media
and incubated at 37°C in an atmosphere of 5% CO; overnight. Cells were harvested in
CO2-independent medium and were counted to the desired number. Then were
incubated in equilibration medium containing a 2% v/v GloSensor cAMP reagent
stock solution, 10% FBS and 88% CO2 independent medium. The cells were
dispensed in wells of 96-well plate after 2 hours of incubation. When a steady-state
basal signal was obtained, agonist (ADP) 10 uM was added in the presence of
adenylyl cyclase activator Forskolin (FSK) 10 uM. Luminescence measurements were

made at indicated incubation times.
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Chapter 3

RESULTS

3.1 HEK293T Cells Expressions in Heterologous Systems
To study the stoichiometry of the P2Y 12 receptor, we performed Fluorescence
Correlation Spectroscopy (FCS) and Photon Counting Histograms (PCH). FCS
measures the fluctuations in the fluorescence intensities of the molecules moving
through the observation volume (Confocal volume) on the cell membrane (Elson
2013). P2Y12 receptor-encoding plasmids tagged to mEGFP were expressed in
HEK?293T cells. Fluorescence was observed in cells 36 hrs. post-transfection. For FCS
measurements, fluorescence intensity fluctuations of the receptor molecules freely
diffusing in the confocal volume were made over a period of 10 sec per measurement
and repeated five times per confocal volume. Photon counting histograms (PCH)
created from the FCS data recorded determine the oligomeric state of the diffusing
molecules in the confocal volume. PCH measures the molecular brightness of a given
fluorescent species or a heterogeneous mixture of fluorescent species from the
probability distribution of photon counts which is directly proportional to the oligomer
size of the fluorescent species (K. Chen et al. 1999).
Autocorrelation curves were obtained using the Zeiss Aim 4.2 software,
depicting the autocorrelation function G (1) on the Y axis and diffusion time on the X

axis. It represents the decay of fluorescence signal of the molecules over time.
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Figure 6: Expressions of P2Y 12 and variant receptors in HEK293T cells. HEK293T
cells transfected with P2Y 12-encoding plasmids to achieve low receptor
expression were selected. All images were taken at approximately 36
hours’ post-transfection using a Zeiss Axio Observer D1 microscope and a
40x objective. FCS is optimal at low levels of protein expression to mimic
the physiological range of receptor expression levels (Bleicken, Otsuki,
and J. Garcia-Saez 2011).

3.2 The Molecular Brightness of the Dimer Mimic Control is Significantly
Different than the Monomeric Control

Transfected HEK293T cells with the specified plasmids and proteins were
given 36 hours to express before carrying out FCS and PCH experiments. The mean
molecular illumination of 30 cells conveying the monomeric CD86-mEGFP construct
was established to be 15,234 CPSM whereas 36 cells expressing the dimer mimic had
a mean illumination of 25758.45 CPSM. Although the molecular brightness of the
dimer is expected to be twice that of the monomer, the difference between the two is
statistically significant (Figure 7). The fact that the brightness is not exactly double
that of the monomeric control may be caused by misfolding of the second mEGFP or

its photobleaching (Monillas et al. 2015).
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Figure 7:  Molecular brightness of CD86-mEGFP and CD86-mEGFP-mEGFP
controls. Error bars represent the standard deviation and the asterisk
means statistically significant difference between molecular brightness of
monomer and dimer (student’s t-test, p < 0.001)

3.3 P2Y12 Receptors Exist Predominantly as Monomers

We applied FCS in cells transfected with P2Y12-mEGFP, as well as two
mutant variant receptors, to determine the oligomeric state of the receptors in the cell
membrane. The mean brightness of the molecules of (25 cells) that have P2Y12-
mEGFP was 16234.76 CPSM. The intensity of P2Y12-mEGFP mixture at the cell
membrane was not statistically different from that of the monomer control and was
statistically distinct from that of cells expressing a receptor tagged with two GFP
molecules to mimic the fluorescence expected of a dimer (dimeric control, CD86-
GFP-GFP) (Figure 8). Thus, it appears that the predominant species of P2Y12

detected in P2Y 12-expressing cells is monomeric.
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Molecular brightness of CD86-mEGFP and -mEGFP-mEGFP controls
compared to the WT P2Y12mEGFP. Error bars present standard
deviations and the asterisks designate the statistically significant
difference between the brightness of the CD86-mEGFP-mEGFP dimer
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significant difference between CD86-mEGFP brightness and P2Y12-
mEGFP brightness (student's t-test, p = 0.699).
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Figure 9: The molecular brightness of P2Y12WT compared to its mutants R256Q
and R265W. Both mutants form a higher proportion of dimers than WT

P2Y12 (student’s t-test, p < 0.01).
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Figurel0: Molecular brightness of mEGFP controls and P2Y12-GFP mutant
variants. Consistent with our lab’s previous studies, the two P2Y12
mutant variants, P2Y12R256Q and P2Y12R265W have enhanced
potential to homo-oligomerize and interestingly, the P2Y12-R256W
mutant variant exhibits a greater potential to form dimers than either
P2Y12-R256Q or WT receptors (student’s t-test, p < 0.01).

3.4 R256W Mutant of P2Y12 has Increased Ability to Oligomerize than P2Y12
We next used FCS to evaluate the species of a mutant variant of P2Y 12 that
had been detected and isolated from a patient with a defined bleeding disorder. This
patient was a compound heterozygote, expressing two different P2Y 12 mutations.
Thus, we evaluated the dimerization capacity of each of the mutant variants in
isolation. For the first, the molecular brightness of R265W-mEGFP 20293.07 CPSM
was significantly greater than P2Y12mEGFP 16234.76 CPSM. This indicates that

mutation R265W in P2Y12 enhances the ability of the receptor protomers to self-
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associate into dimers (forming more dimers per cell). This residue, Arg256, is at the
boundary of transmembrane domain 6 (TM6) and extracellular loop 3 (EL3). We next
evaluated the dimerization of P2Y12 containing a mutation in the second residue,
detected as the second mutant variant of P2Y12 in the patient with compound
heterozygous expression of P2Y 12 variants. This mutation, R256Q-mEGFP showed a
statistically higher molecular brightness than that of P2Y 12, but was not significantly
different from R256Q-mEGFP (Figure 10). This suggests that the second mutant
variant found in the patient also exists as a more dimeric species than the native

P2Y12. Arg265 is a part of EL3.
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Figurell: The sites of amino acid substitution in patients with dysfunctional P2Y12
R265W and R256Q mutant variants are shown at EL3 and TM6 (Margaret
et al, 2013).
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Previous studies of agonist and antagonist-binding to these variant-expressed
receptors done by others have revealed that both R256Q and R265W mutants were
more sensitive to P2Y12 antagonists than the wild type receptor, with R265W
showing a stronger sensitivity than R256Q (Mao et al. 2010). This suggests that
mutation of R265W alters the conformational state of the receptor, increasing the
affinity of the receptor for the antagonist. Our work indicates that this change in the
conformational state of the receptor might alter P2Y 12 self-association affinities as

well.
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Figure 12: R256Q failed to activate Gai proteins. HEK293T cells transfected with
WT P2Y12(WT) or P2Y12(R256Q). The results represent the mean +/-
SDs of three experiments (P<0.0001) ANOVA. In addition, ADP
inhibited the Forskolin-induced increase of cAMP in cells transfected with
WT P2Y12; in contrast, it had a minimal or no effect in cells transfected
with P2Y12(R256Q) when used at concentrations between 1 and 5 uM,
and caused only marginal inhibition at 10 pM.
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3.5 R256Q Failed to Activate Gi Proteins

In order to understand whether oligomerization of P2Y 12 might affect receptor
function, we next evaluated the ability of these two mutant variant receptors to
activate G protein. Both of these mutant variants, P2Y12R256Q and P2Y12R265W
exhibit higher potential to form dimeric forms, as discussed earlier. This demonstrates
that the structural integrity of P2Y12 at these sites might affect receptor
conformational states, which influence both oligomerization potential as well as Gi
function of the receptors. To evaluate Gi activity, a cAMP glosensor assay was used to
quantify cAMP levels in P2Y12-WT- expressing cells and in P2Y12-R256Q
compared to un-transfected control cells. When compared to P2Y 12-expressing cells,
the mutant variant P2Y12R256Q failed to elicit an ADP-dependent reduction in
forskolin-stimulated adenylyl cyclase activity (Figure 11). The cyclase-activator
forskolin increased cAMP in both P2Y12 and P2Y12-R256Q-expressing cells.
However, the reduction in cAMP following ADP stimulation was significantly blunted
in P2Y12-R256Q-expressing cells compared to P2Y12-expressing cells.  This
suggests that the mutant receptor is not coupling efficiently to Gi (interesting for our
purposes). Future investigations of G protein coupling using different techniques will
further test these hypotheses. These results are consistent with previous studies that
show that platelets from the compound heterozygote fail to show efficient ADP-
induced cAMP suppression as well. Interestingly, the Gi defective function in the
mutants is present although the sites of mutations, R265W and R256Q, are far from
where Gi-binding takes place. Therefore, it is possible that oligomerization status of

the receptors influences the efficiency of Gi coupling.
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Chapter 4

CONCLUSIONS AND DISCUSSION

The question of GPCRs oligomerization and their stoichiometry in vivo is one
that remains unanswered at present. It is known that most GPCRs can form homo-
and/or heterodimers in heterologous expression systems (Hébert and Bouvier 1998;
Prinster et al. 2005; Bulenger et al. 2005; Milligan 2009). However, the jury remains
undecided concerning the functional roles of such dimers in vivo. GPCR crystal-
structure studies have confirmed that some GPCRs can crystalize as dimers (Manglik
et al. 2012; Wu et al. 2012). In contrast, it is additionally evident from studies using
reconstitution of G-protein coupled receptors (GPCRs) into proteoliposomes, that they
can signal as monomeric proteins (Whorton et al. 2007, 2008).

Over the last decade, platelet GPCRs have been shown to exist in both homo-
and hetero-dimeric forms (Arachiche et al. 2013; Maria de la Fuente et al. 2012; Frey
et al. 2013a; Leger 2006; Savi et al. 2006); however, their influence on physiologically
relevant platelet signaling pathways and pathophysiological manifestations is still
poorly understood. In this study, we seek to determine whether the homodimerization
of P2Y12 influences the already-established signaling or binding events essential for
platelet function. Our laboratory has previously shown that P2Y12 can form
heterodimers with the GPCR PAR4 on membrane surfaces. However, the ability of
P2Y12 to form functional homo-dimeric complexes is controversial. In our own
laboratory, we have previously demonstrated using bi-molecular fluorescence

complementation (biFC), a very sensitive technique involving reconstitution of two
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portions of a single fluorescent molecule tagged to two different P2Y 12 protomers,
that P2Y'12 can self-associate. However, this technique is unable to yield any insight
into the amount or ratio of monomeric, dimeric, or other multimeric forms of the
receptor. Therefore, we sought to understand whether the functional form of P2Y 12
exists as monomers or dimers in live cells. In this work, using FCS and PCH analysis,
I demonstrate that P2Y12 exists predominantly as a monomer on the membrane and
that two specific P2Y 12 mutant variants, P2Y12R256Q and P2Y 12R265W, known to
cause a mild bleeding disorder in a compound heterozygote human subject, have
enhanced potential to homo-dimerize. Interestingly, the P2Y 12-R256W mutant variant

exhibits a higher potential to form a dimer than either P2Y12-R256Q or WT receptors.

4.1 P2Y12 Oligomerization and Platelet Activation

P2Y 12 has previously been stated to be detected as an oligomeric form
confined to platelet lipid rafts when analyzed exclusively by SDS-PAGE (Savi et al.
20006). In this study, the P2Y 12 receptors isolated from human platelets were
characterized predominantly by covalently bound, slowly migrating bands of higher
molecular weight than that predicted for monomeric forms on immunoblots, although
this technique precluded direct evaluation of the oligomerization in intact cells.
Interestingly, the dimeric species was a minor species in SDS-PAGE; however, more
recently, the crystal structure of P2Y 12 was solved and shown to consist of a dimeric
form, with TMS at the interface of two parallel P2Y 12 molecules from adjacent units,
potentially implicating a role for this transmembrane domain in P2Y 12 homomeric
interactions (K. Zhang et al. 2014a). Unfortunately, neither of these techniques
allowed evaluation in live cells or direct correlation of the forms to the active or

regulated state of the receptor. Thus, our study sought to determine whether P2Y12
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exists predominantly as monomer, dimer or other species in intact, live cell
membranes. This is now possible with the recent application of techniques such as
Fluorescence energy transfer or single-molecule imaging methods.

The homo-oligomeric forms of P2Y 12 receptors detected in heterologous
expression systems (HEK293 and CHO cells) and cell lysates of human platelets by
Savi et al. could be disrupted by incubation with a clinically applicable antagonist,
with Clopidogrel (Savi et al. 2006). Mutation of Cys97 residue rendered P2Y 12
insensitive to the disruption of the oligomers by clopidogrel detected on SDS-PAGE.
Therefore, it was proposed that the antagonistic properties of clopidogrel might be
associated with the disruption of P2Y 12 oligomers into monomers. This concept was
refuted, since it has been observed that the antagonistic effect of clopidogrel on P2Y 12
function can be detected before the detection of disruption of the oligomers in SDS-
acrylamide gels (Ding et al., 2009). It is likely that the action of clopidogrel is more
direct than in disruption of dimeric structure, and therefore the role of P2Y12
dimerization on its function remains to be further explored.

To better understand this aspect of P2Y 12, I asked the following questions 1)
Do P2Y 12 monomers self-associate in live cells? What is the oligomer status of
P2Y 12 receptors freely diffusing on cell membranes? Moreover, is it required for
receptor function? By employing FCS and PCH on HEK293T cell membranes and
measuring the level of cAMP in them, my primary data show that P2Y 12 receptor is
predominantly a monomer on cell membranes. Although previous experiments done
in our lab, using systems with high sensitivity to detect dimers i.e. BifC and BRET,
have revealed that P2Y 12 can be detected in a dimeric form, these techniques were not

able to assess the ratio of monomer to dimeric form, nor able to assess the correlation
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of these forms with activity. Thus, we evaluated not only the ability of P2Y12 to exist
as a monomer or dimer in live cells, but also evaluated the monomer/dimer species of
two mutant variants that have been reported to have reduced activity in vivo in human
subjects. In FCS/PCH experiments, we analyzed heterologously-expressed
fluorescently-tagged version of the P2Y 12 receptor. Our results demonstrate that the
predominant species of P2Y 12 in live cell membranes is monomeric were unexpected.
It is likely that a small number of dimers may exist, but the ratio of naturally-occuring
receptor in the membrane is likely monomeric.

In addition, endogenous P2Y 12 expression may influence the percentage of
each species detected by FCS/PCH experiments, because untagged endogenous
receptor may compete/interfere with the GFP-tagged detection of dimer. However,
this may explain results that are intermediate between controls for monomeric and
dimeric species, as we have shown that untagged receptor species can compete for
those that are tagged (data not shown). Furthermore, it is conceivable that a
Fluorescent protein can influence the diffusion rates and the ability of receptor
monomers to interact with each other due to the conformational constraints they can
confer on the proteins. This will be resolved in future experiments by testing P2Y 12
tagged to different FPs like citrine.

A survey of reported studies detecting multimeric interactions of GPCRs
reveals a diverse array of potential interaction structures. For example, a tetrameric
organization of GPCRs was revealed with the combination of RET and PCA for A2-
adenosine receptor homo-oligomers and hetero-oligomers of cannabinoid/D2
dopamine receptors CXCR4 multimers were detected using a similar combination of

techniques (Hamatake et al., 2009). FRET spectrometry, which is a relatively new
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approach, has demonstrated that muscarinic receptors M3 are present in a dimer-
tetramer equilibrium (Patowary et al. 2013), supporting an earlier finding by
quantitative FRET that predicted quaternary structures of M3 muscarinic receptors
(Pisterzi et al. 2010). Contrary to these results, muscarinic receptors M1 and M2
receptors were reported to be dimeric in FCS and PCH analyses without any detection
of trimers or tetramers (Herrick-Davis et al. 2013). Our current studies demonstrate
that P2Y 12 exists predominantly as a monomer when expressed in heterologous
systems. The R256W mutant variant is probably different from the WT receptor in its
oligomerization behavior. In our PCH studies, this mutant variant of P2Y 12 displays
enhanced dimerization potential, suggesting that a conformational change initiated at
this site pushes the receptor towards forming higher- order clusters. For future FCS
experiments, it may be useful to add an additional control, such as evaluation of
naturally-occuring dimers, as has been reported for CD28, with additional comparison
of this to our dimer-mimetic control of membrane receptor CD86-GFP-GFP used in
the above experiments. FCS can also be used to determine not only the
oligomerization state of P2Y 12 or other plasmids but also to resolve their diffusion
coefficient. In addition, since the homomeric interactions of P2Y 12 have not been
probed with other biophysical approaches that are currently employed extensively to
determine receptor interactions, techniques such as TIRF or FRET might provide
additional insights into the regulation of the receptor by agonist application in real
time.

To determine whether oligomerization may play a role in regulating receptor
function, we assessed both the oligomerization properties and began to explore the

activation potential of two P2Y 12 mutant variants (R256Q and R265W) detected in a
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patient with a defined bleeding disorder. Both R265W and R256QQ mutant forms of the
receptor displayed enhanced potential to dimerize compared to WT control. R265W
especially exhibited a propensity to form a higher proportion of receptor oligomers
than the WT receptor. This demonstrates the influence of structural integrity on
receptor oligomerization dynamics and in turn, alludes to a possible mechanism by
which oligomerization could influence G protein receptor interaction/function and vice
versa.

Reported molecular and functional analyses of inherited P2Y 12 mutants
documented in patient cohorts presenting with a range of bleeding disorders has shed
light on a structure-function relationship for P2Y12. Of specific interest to this project:
ECL3 has been shown to be critical in maintaining the integrity of receptor signaling
(Cunningham, Nisar, and Mundell 2013). Mutations R256Q and R265W in P2Y'12 are
at the periphery of the TM6-ECL3 interface and a part of ECL3, respectively. They do
not impair receptor expression or ligand binding, but some studies reported that they
may have altered the receptor function of platelets, (Cattaneo, 2015; Cattaneo et al.,
2003). Yet the functional analysis of each individual mutant when expressed in
isolation remained to be explored. G proteins are generally reported to bind to ICL2
and ICL3 of GPCRS: the most well-studied G protein interaction sites within receptors
are reported for B2 adrenergic receptor-Gs and Rhodopsin-Gt (Gahbauer and
Bockmann 2016). It is, therefore, unclear why mutations R265Q and R265W in
P2Y12 ECL3 (far from the putative G protein-interaction sites on the intracellular
surfaces of receptors) may have a defective Gi function. Some GPCR dimers like

Rhodopsin, Serotonin receptors, and Neuropeptide Y receptor are increasingly being
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reported to be essential for efficient G-protein function (Maria de la Fuente et al. 2012;
K. Herrick-Davis et al. 2013a; Jastrzebska et al. 2013a; Parker 1972).

Similarly, Thromboxane A2 receptor DRY motif mutants fail to homodimerize
in saturation BRET assays(Frey et al. 2013b). Loss of receptor interactions of the
mutants is reported to influence G protein function in both these cases. To
comprehend how enhanced homodimerization abilities of P2Y 12 mutants R256Q and
R265W may regulate the receptor function, we examined whether the ability of these
mutants to dimerize differentially versus the WT also correlated with a change in the
individual functional coupling.

To address the hypothesis that mutations R256Q and R265W might alter
oligomerization properties and in turn, lead to an inefficient binding of Gi to the
receptor, we began to analyze Gi function of each mutant variant. Moreover, this
approach would allow us to link the physiological relevance of P2Y 12 oligomerization
to platelet function and hemostasis since R256Q, and R265W mutations in P2Y'12 are
associated with a mild bleeding disorder. Contrary to our original hypothesis
R265W/R256Q had higher molecular brightness compared to the WT. This suggests
that these mutants have enhanced abilities to self-associate or an increase in the
affinities for homodimer formation. This is uncommon, as most prior investigations of
mutant receptors have reported a reduction in their dimerization potential. To
comprehend how enhanced homodimerization abilities of P2Y 12 mutants R256Q and
R265W might regulate receptor function, it would be beneficial to understand the
oligomer organization of P2Y 12, not only with itself, but with other receptors in

platelet membranes.
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4.2 Biological and Functional Impact of GPCR Oligomerization

Homo- and heteromeric receptor structures produce an extra layer of
pharmacological diversity, as they moderate the binding of ligands as well as the
ability of the individual receptor to initiate signaling cascades that are different from
what they would as monomers. The heterodimers of GPCR can elicit signals different
from those that are detected because of expression of either alone. For instance,
heterodimers of a2¢ adrenergic receptors, d-k opioid receptors, and a2a- and 6-p
opioid receptors produce arrestin-dependent signaling responses as heterodimers that
would possibly not be observed after expression the monomers only (Rozenfeld and
Devi, 2007,2010). Homodimers and heterodimers formed by the platelet GPCRs are
necessary for the functioning of receptors when expressed in a heterologous
expression system; although, their physiological influence to platelet activation
pathways/thrombosis is unclear (Tapon-Bretaudiere 2003a). For instance,
homodimerization of Thromboxane A2 receptor has been shown to be essential for the
functioning of Gq, shown by the ability of TP receptor homodimerization mutant
variants to produce IP3 after stimulation in both HEK293 cells and megakaryocytic
cell lines (Frey et al. 2013a). Of particular relevance to P2Y 12 interactions, work from
our own laboratory has demonstrated that PAR4 and P2Y 12 heterodimerize upon
PAR4 activation and regulate arrestin-mediated Akt activation (Khan et al. 2014b)
which has been shown to influence fibrinogen binding in platelets (Li et al. 2010a),

signifying its physiological relevance.

4.3 CONCLUSION
In summary, these studies provide evidence that P2Y 12 are monomers on cell

membranes. PCH analyses reveal monomers of P2Y 12 on HEK293T cell membranes.
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Mutations R256Q and R265W of P2Y 12 vary in their oligomerization properties from
the WT receptor. Both R256Q and R265W mutants show significantly enhanced
homodimerization as compared to P2Y12-WT. One and two component PCH analyses
reveal that R265W and R256Q mutant receptor complexes have a significantly higher
average molecular brightness than P2Y12, in turn suggesting that the composition of
the receptor clusters of R265W and R256Q mutants are different from that of P2Y12.
Further, we demonstrate that the R256QQ mutant variant form of P2Y 12 has
significantly impaired Gi function compared to P2Y12-WT. It is unclear how
enhanced oligomerization might impair Gi function of the R256Q and R265W mutant
variants of P2Y 12 or in fact, whether the altered dimerization is rather a consequence
of deficient signaling. It is also possible that these two alterations are independent of
one another. Nevertheless, enhanced oligomerization of the receptors on the cell
membrane could alter the proportion of Gi associated with the P2Y 12 receptor, as this
has been implied in studies with other GPCRs. Increased receptor oligomer formation
could also affect receptor life cycle (membrane stability, internalization, and
recycling)(Khan , 2015). These leads will be pursued in future investigations to fully

understand the role of oligomerization in P2Y 12 receptor function.
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Chapter 5

FUTURE DIRECTIONS

5.1 To Analyze Gi Coupling of R265W

Mutation of P2Y12 at residue 265 has been shown to exist in a patient with a
bleeding disorder and is thus likely to cause dysfuction in the receptor (Cattanco
2011, 2005). Since our experiments showed that the other mutation associated with
altered dimerization properties (P2Y 12-R256Q) failed to activate Gi in the presence of
even high concentration of ADP, it will be of equal significance interest to determine
whether R265W mutation also alters coupling to Gi proteins Interestingly, R265W has

a higher potential of oligomerization than R256Q mutant variants.

5.2 To Test the Ability of P2Y12 Mutants to Associate with Gi: GTPyS Binding
Assay

Although we have shown that R256Q and R265W have a functional defect in
Gi activation, it has not been investigated whether these mutants cannot adequately
bind Gi or whether they are simply unable to activate them. Thus, we propose to
conduct both GTPY'S binding assays and G protein- P2Y 12 co- immunoprecipitation
studies. Regarding the stoichiometry of G protein-GPCR coupling, Asymmetric (2:1
ratio of GPCR: G-protein) and symmetric (1:1 ratio) coupling of GPCRs to G protein
is still a debated area, although there is strong evidence for both (Maurice, Kamal, and

Jockers 2011). We expect that we will need to co-transfect cells with both Gi as well
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as P2Y12 forms to adequately immunoprecipitate and detect G protein-GPCR

associations.

5.3 To Examine the Membrane Stability and Recycling Dynamics of P2Y12
Mutant Variants

No gross differences in trafficking and expression pattern of the WT P2Y 12 or
its mutants R256Q and R265W were observed. However, the enhanced
oligomerization of R256QQ and R265W mutants of P2Y12 might alter their
internalization, recycling, and membrane stability. P2Y'12 is known to get internalized
in an arrestin-dependent manner and is recycled with the help of Rab GTPases to the
membrane to undergo another round of activation, thus amplifying the platelet
activation responses (Mundell et al. 2006). Reduced stability of the membrane or
impaired recycling can also result in the apparently reduced Gi function. These
inteeractions may be evaluated using live cell immunoflourescent confocal
microscopy and by co-staining for known markers of intracellular vesicular

compartments.

5.4 To Test the Ability of R265W and R256(QQ Mutant Variants to Associate
with Arrestin

Bioluminescence resonance energy transfer (BRET) has been utilized to
observe arrestin recruitment to GPCRs. BRET is universally used to examine protein-
protein interactions in intact cells. One protein is fused with a donor protein that is
Renilla luciferase, and the other protein is fused to a green fluorescent protein(GFP) or
the acceptor protein to investigate proteins interactions in living cells using this
technique. When the donor and acceptor proteins are within ~10 nm of each other, the

donor transfers energy to the acceptor and exits it. This will result in emission from
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the acceptor protein. To evaluate the ability of P2Y12 mutant variants to recruit
arrestin, R265W or R256Q mutant variants will be genetically fused with the acceptor
protein and arrestin tagged with GFP their relative BRET association measured

relative to that of arrestin with the WT P2Y 12 (Donthamsetti et al. 2015).
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